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Abstract 

This paper compares space-based AI compute against terrestrial hyperscale data centres across six 

environmental parameters, using Google's published research programme on solar-powered TPU 

constellations in dawn-dusk low-Earth orbit as the reference case (Arcas et al., 2025). The comparison 

uses a dual functional unit — 1 MW-year of delivered IT power, and 1 MW of IT power over 1-, 5- and 

10-year missions — under a cradle-to-grave boundary that includes launch and re-entry for the orbital 

case. Three findings emerge. First, the carbon result is functional-unit dependent: per kWh of energy 

delivered to the payload, orbital systems are 1.5–1.95× more carbon-intensive than terrestrial ones (52.1–

66.3 versus 34.0 gCO₂e/kWh) (Ohs et al., 2025); but per MW of IT capacity against real-world grids, 

launch-phase emissions of 1,032–2,585 t CO₂e are repaid within the first year and amount to only 5.5–

13.7% of five years of terrestrial operation at the 395.65 gCO₂e/kWh global data-centre average (Vries-

Gao, 2025). Break-even occurs at grid intensities of 21.6–54.1 gCO₂e/kWh over five years. Second, water 

and land are where space wins categorically: no evaporative cooling, and no terrestrial land conversion of 

the tens-to-hundreds of hectares a hyperscale facility requires (Hlabisa, 2025). Third, the binding physical 

constraint in orbit is not compute silicon but radiative heat rejection — 33–67 cm² of radiator per watt of 

waste heat, or 3,333–6,667 m² per MW (Vicente, 2021) — which converts thermal inefficiency directly 

into launch mass and launch carbon. 
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1. Introduction 

The environmental footprint of AI infrastructure has become a first-order energy policy question. Data 

centres consumed approximately 415 TWh in 2024, with projections reaching ~945 TWh by 2030 — 

annual growth of 15%, roughly four times faster than heavy industry (Bermejo et al., 2026; Manassero et 

al., 2026). United States data-centre electricity demand is projected to rise from 176 TWh yr⁻¹ in 2023 to 

325–580 TWh yr⁻¹ by 2028, corresponding to 37–66 GW of average load (Turyshev, 2026). 
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Against this backdrop, Google published a feasibility study for a space-based AI infrastructure system, 

publicly known as Project Suncatcher, proposing fleets of solar-powered satellites carrying tensor 

processing units, networked by free-space optical inter-satellite links and flown in tight formation in dawn-

dusk sun-synchronous low-Earth orbit. The stated motivation is explicitly environmental as well as 

economic: the Sun emits 3.86 × 10²⁶ W, more than 100 trillion times humanity's total electricity production, 

and a panel in the favoured orbit receives up to 8× more solar energy per year than one at mid-latitude on 

Earth. Google frames the long-run case as "the most scalable solution, with the additional benefit of 

minimizing the impact on terrestrial resources such as land and water" . 

Precision about status matters. This is a research moonshot and feasibility study, not a deployed data 

centre. Its published results concern inter-satellite link budgets, orbital formation dynamics, TPU radiation 

tolerance, and launch-cost trajectories; thermal management, high-bandwidth ground communications, 

and on-orbit repair are explicitly deferred to future milestones. Any environmental claim about a "Google 

space data centre" is therefore a claim about a proposed architecture. 

The literature contains isolated data points — a claim that space platforms improve PUE by 30.5% while 

cutting water footprint by 58.1% (Periola et al., 2021); a finding that in-orbit computing carries 

significantly higher carbon costs even under optimistic assumptions ; engineering assessments of radiator 

and array geometry (Kumar, 2026) — but no integrated comparison across parameters. That gap is what 

these paper addresses, and resolving the apparent conflict between those first two findings is one of its 

central tasks. 

 

2. Reference Architectures and Analytical Framework 

2.1 The two systems compared 

The terrestrial reference is Google's own fleet, which offers unusual transparency. In 2024 the company 

consumed 30,825,600 MWh at its data centres at a fleet-average PUE of 1.09, with direct water 

consumption of 29,477,002 m³ . At that PUE, IT equipment electricity was approximately 28.28 TWh, 

implying a water usage effectiveness of 1.04 L per kWh of IT electricity. Google's PUE of 1.09 sits at the 

efficient end of the industry range of ~1.09–1.4, while legacy facilities still commonly exceed 2.0. 

The orbital reference is the architecture in Google's feasibility paper: an 81-satellite planar cluster of 1 km 

radius at a mean altitude of 650 km, with V6e Trillium TPUs radiation-tested to the total ionising dose 

equivalent of a five-year mission and inter-satellite links targeted at ~10 Tbps aggregate per link. 

Independent engineering analysis of comparable orbital compute concepts converges on a mass intens ity 

of ~30–50 kg of spacecraft per kW of delivered IT power once fixed spacecraft mass is included, with 

array area ≈4.4 × 10³ m² and radiator area ≈1.9 × 10³ m² for a 1 MW node. 

2.2 Method 

The assessment uses comparative life-cycle framing with a dual functional unit: (i) 1 MW-year of 

delivered IT power, and (ii) 1 MW of delivered IT power over the mission lifetime. Boundaries are cradle-

to-grave, following the four-phase convention of manufacturing, transport, use, and end-of-life processing 

(Wu et al., 2024). For the orbital case the boundary must additionally include launch and re-entry, which 

the terrestrial boundary does not. Six parameters are examined: operational energy and carbon; water, 

direct and embedded; land occupation; embodied materials and circularity; atmospheric and re-entry 

emissions; and thermal rejection. Where published parameters permit, quantitative estimates are derived 

and clearly labelled as arithmetic; where they do not, the parameter is treated qualitatively and flagged as 

a data gap. 
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2.3 A note on metrics 

The comparison is complicated by the fact that the industry's own metrics are contested. PUE has been 

criticised because it considers only energy, can improve merely as IT load rises, and correlates poorly with 

carbon emissions (Mytton, 2020). WUE is criticised for its dependence on IT energy as denominato r, 

seasonal variability, and failure to account for water type and geographic context — a limitation that 

matters acutely because the same withdrawal in a water-stressed basin is not environmentally equiva lent 

to withdrawal elsewhere (Brand & To, 2025). Less than a third of data-centre operators track any water 

metric at all. Further, the largest component of a data centre's water footprint is often not on-site cooling 

but electricity generation, invisible without a source-based metric such as WUE_source (Mytton, 2021). 

A comparison reporting only direct WUE therefore understates the terrestrial burden and correspondingly 

overstates the space advantage. 

 

3. Parameter-by-Parameter Comparison 

3.1 Operational energy and carbon 

The energy case for orbit rests on three physical facts: near-continuous illumination in dawn-dusk sun-

synchronous orbit, absence of atmospheric attenuation and weather, and no battery cycling except for 

eclipse survival. Google estimates a mid-latitude terrestrial panel receives up to 8× less solar energy per 

year than one in the favoured orbital regime. Independent analysis identifies an optimal regime at a 70–

80% sunlight duty cycle, in which high-power computation is limited to sunlit orbit and batteries are sized 

only for eclipse survival, yielding average delivered compute power of ~70–80 kW per satellite. 

 
The absence of a carbon-intensive grid in orbit does not, however, make orbital energy carbon-free. A 

lifecycle model of in-orbit computing found energy intensities of 34.0 gCO₂e/kWh on Earth versus 66.3 

gCO₂e/kWh with Falcon 9 launch and 52.1 gCO₂e/kWh with Starship — orbital energy carrying roughly 

1.5–1.95× the carbon intensity of terrestrial energy per kWh delivered, because launch and re-entry 

embodied emissions are amortised over delivered kilowatt-hours. Improved panel efficiency in vacuum is 

significant, "even outweighing the launch and re-entry cost," but it does not erase it. The rhetorical claim 

that "energy is carbon-free in space" is therefore not supported at the per-kWh level. 

At the fleet level, terrestrial operational carbon is large and geographically variable. Global data centres 

were associated with an estimated 182 Mt CO₂ for 460 TWh in 2024, implying an average intensity of 

395.65 gCO₂/kWh — below the IEA's 445 gCO₂/kWh global generation average, reflecting concentration 

in the United States (321 gCO₂/kWh) and Europe (174 gCO₂/kWh) . Applied to Google's United States 
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facilities, de Vries-Gao's site-level reconstruction estimated ~7.2 Mt CO₂ with ~57.5 billion L of embedded 

water, closely matching Google's reported North America scope-2 figure of 6.9 Mt CO₂. 

Table 1. Terrestrial operational carbon for 1 MW of delivered IT power (PUE 1.09; author's arithmetic 

using the intensities reported in) 

Grid carbon intensity 1 year 5 years 10 years 

Global data-centre average, 395.65 gCO₂e/kWh 3,778 t 18,889 t 37,778 t 

IEA global generation average, 445 gCO₂e/kWh 4,249 t 21,245 t 42,490 t 

United States, 321 gCO₂e/kWh 3,065 t 15,325 t 30,650 t 

Europe, 174 gCO₂e/kWh 1,661 t 8,307 t 16,614 t 

Near-zero-carbon grid, 34.0 gCO₂e/kWh 1,623 t 8,117 t 16,234 t 

 

Figure 2 plots those accumulation paths against the orbital launch pulse, so the crossover is visible rather 

than tabulated. The terrestrial lines rise with time; the orbital lines are flat, because the launch carbon is 

paid once. 

 
3.2 Water consumption — the categorical asymmetry 

Water is where the architectures diverge most sharply and where the space case is strongest. 

Terrestrial data centres consume water both directly, for evaporative cooling, and indirectly through 

electricity generation. Direct consumption for a 15 MW facility is estimated at 80–130 million gallons 

annually, and a medium-sized data centre uses more water each year than three hospitals or two 18-hole 

golf courses (Gaston et al., 2023). The IEA reported about 140 billion L of direct water consumption 

against 360 TWh of data-centre electricity and a global average PUE of 1.43 in 2023, implying a WUE of 

0.56. For Google specifically, 29,477,002 m³ against 28.28 TWh of IT electricity implies 1.04 L/kWh. 

Embedded water is larger still: the reconstruction of Google's United States facilities implies 2.97 L per 

kWh consumed. 

Table 2. Water consumption per 1 MW of IT load per year (Google fleet PUE 1.09; volumes are the 

author's arithmetic from the 1.04 L/kWh direct intensity and the 2.97 L/kWh embedded intensity) 

Component Volume per MW-year 

Direct cooling water at WUE 1.04 L/kWh of IT electricity 9,930 m³ 

Embedded water in electricity at 2.97 L/kWh 28,359 m³ 
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Total 38,289 m³ 

 

Figure 3 shows the split, which matters for how much of the water saving orbit can actually claim: roughly 

a quarter is direct cooling water that radiation genuinely eliminates, and three quarters is embedded water 

that a renewable-matched terrestrial facility could also avoid. 

 
The orbital alternative consumes, in principle, zero water for cooling: heat is rejected by radiation rather 

than evaporation, and power comes from photovoltaics rather than thermoelectric plants. The benefit is 

categorical, not incremental. This underpins Periola et al.'s finding that a hybrid terrestrial–space 

architecture reduces water footprint by 58.1% and improves PUE by 30.5% on average , and their related 

result that a water-potential metric falls by 4.9–93% depending on configuration (Periola et al., 2022). 

Two qualifications are needed. First, the embedded water figure is contingent on the terrestrial power 

source: because wind and solar generation have low water footprints, a grid-matched renewable terrestrial 

facility would already capture much of the embedded-water saving without leaving the ground. The non-

substitutable saving is the ~9,930 m³ per MW-year of direct cooling water — significant, but an order of 

magnitude smaller than the embedded figure. Second, orbital systems displace water stress rather than 

water dependency: the upstream footprint of semiconductor fabrication, propellant production, and launch 

operations remains, and is unaccounted for in every study reviewed here. 

3.3 Land occupation 

Terrestrial AI infrastructure is spatially extensive. Data centres and fabrication facilities typically require 

tens to hundreds of hectares of serviced land with cooling systems, substations, and access infrastructure, 

and once established remain operational for decades, permanently converting agricultural, peri-urban, or 

semi-natural landscapes. In Northern Virginia, existing data centres occupy about 6,200 acres while 

proposed projects would add nearly 21,000 acres — more than tripling the regional footprint where 

roughly 80% of the state's facilities sit; the 152 proposed facilities average five times the size of the 191 

existing ones (Gour et al., 2026). Land-use conflict has driven community opposition in Ireland and an 

early expansion moratorium in Singapore . Occupation also extends upstream: renewable capacity 

procured for the sector can claim a substantial share of regional territory, as analysis of Aragon's 47,719 

km² illustrates (Torrubia et al., 2026). 

Orbital compute removes this demand from the terrestrial surface entirely — a genuine advantage for 

water-stressed and land-constrained regions. But it substitutes a different spatial claim. The architecture 

depends on the dawn-dusk sun-synchronous low-Earth orbital band, which Google describes as capable 
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of hosting terawatts of compute capacity. That band is a finite, unowned common-pool resource, and 

within it the number of satellites in a cluster scales quadratically with cluster radius for a given minim um 

inter-satellite distance, so the orbital footprint is itself a governed quantity. Land displacement is real; land 

abolition is not. 

3.4 Embodied materials and circularity 

Both architectures share the same dominant embodied burden: the chips. For a Dell PowerEdge R740 rack 

server, 49.8% of lifecycle emissions come from hardware manufacturing, 80% of which is integrated -

circuit manufacturing . Embodied carbon modelling for servers now typically follows the Boavizta 

framework combined with the Architectural Carbon modelling Tool, which combines process electric ity, 

material embodied carbon, and die size to estimate chip-level emissions (Vanderbauwhede, 2025; 

Wadenstein & Vanderbauwhede, 2025). 

The orbital case adds to this baseline and then subtracts from it. It adds the satellite bus, solar array, radiator 

mass (~4 kg/m² for a 1.5 mm aluminium panel ), radiation shielding, and the launch vehicle's structural 

share. It also weakens the circularity loop: terrestrial servers are refurbished, resold, and materia lly 

recycled, whereas orbital hardware is designed to ablate completely on re-entry, converting engineered 

materials into atmospheric aerosol rather than recovered feedstock (Barker et al., 2024; Ferreira et al., 

2024). Google acknowledges the operational analogue: failed TPUs are manually replaced on Earth, which 

is "relatively simple and low-cost," but "obviously impracticable in space," with redundant provisioning 

the simplest mitigation. Shortened service life and redundancy provisioning both raise embodied burden 

per unit of delivered compute — and embodied carbon is already the category where the literature cautions 

that accounting can overstate real reductions and distort operational incentives (Bashir et al., 2024). 

3.5 Atmospheric and re-entry emissions 

This parameter has no terrestrial counterpart of comparable scope, and is the least-regulated dimension of 

the comparison. 

Rockets emit gases and particles directly into the middle and upper atmosphere where removal 

mechanisms are weak. Instantaneous radiative forcing from major rocket engine emissions — CO₂, H₂O, 

black carbon, and alumina — has been estimated at 16 ± 8 mW m⁻², with relative contributions of 70% 

from black carbon, 28% from alumina, and 2% from water vapour; alumina particles previously thought 

to cool the Earth by scattering solar flux were found to absorb outgoing longwave radiation, producing 

net positive forcing (Ross & Sheaffer, 2014). Rocket soot is estimated to be up to 500 times more effective 

at contributing to global warming than equivalent aviation soot, because it persists in the stratosphere for 

years (Olawade et al., 2025). Lifecycle assessment of reusable launch fleets concludes that climate impact 

is dominated by exhaust emissions rather than manufacturing or propellant production (Calabuig et al., 

2024). 

Re-entry adds a second, growing stream. A typical 250 kg satellite generates around 30 kg of aluminium 

oxide nanoparticles on demise, which may endure for decades; the entire satellite population re-entering 

in 2022 produced roughly 17 metric tons, while mega constellation scenarios point to over 360 metric tons 

per year. Aluminium oxides from satellite demise are known catalysts for chlorine activation that depletes 

stratospheric ozone. Under a scenario in which all mega constellations filed with the FCC as of 2022 

operate, re-entry-ablated alumina reaches 2.52 Gg/yr, with an atmospheric lifetime of one to two years 

and a cooling radiative forcing of approximately −0.378 mW/m⁻² (Jain et al., 2023). For satellite re-entry 

specifically, current near-Earth drag rates imply roughly 0.2 Gg/yr, with scaled growth scenarios reaching 

0.8–2.5 Gg/yr and up to 5 Gg/yr including re-entering boosters (Revell et al., 2025). Projected burdens of 
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20–40 Gg stratospheric alumina imply 1.5 K temperature anomalies in the mesosphere and stratosphere 

at Southern Hemisphere high latitudes and a 10% reduction in polar vortex wind speed (Maloney et al., 

2025). 

Scaling this to an AI constellation is necessarily indicative, since no orbital compute system of relevant 

scale exists. Applying the ~30 kg Al₂O₃ per 250 kg of satellite mass ratio proportionally to the 30–50 t of 

spacecraft required per MW of delivered IT power yields roughly 3.6–6.0 t of alumina per MW of orbital 

compute at end of life. That is an order-of-magnitude indicator extrapolated across four orders of 

magnitude of structural complexity, not a modelled result. 

 

Figure 4 visualises that indicative range against the mass intensity it scales with; the linearity is the 

point — re-entry alumina grows in direct proportion to the launch mass per megawatt. 

 
The terrestrial comparison differs in kind rather than degree. Data-centre air-quality impacts are local and 

immediate: modelling suggests that by the late 2020s, emissions from United States data centres alone 

could be responsible for 1,300 premature deaths and 600,000 asthma cases annually, alongside noise and 

land-conversion pathways affecting nearby communities (Neto & Kazak, 2026). The trade is therefore not 

"impact versus no impact" but local, regulated, measurable, and reversible  against global, unregulated, 

persistent, and effectively irreversible on policy timescales . 

3.6 Thermal rejection — the binding physical constraint 

This parameter most fundamentally differentiates the architectures and is the one most often omitted from 

popular comparisons. 

On Earth, waste heat is rejected to the atmosphere by convection and, where water is available, evaporation 

— an effectively free, high-capacity sink requiring no apparatus beyond a cooling tower or dry cooler. 

Data centres dissipate more than 90% of their energy input as waste heat . In space, the only viable heat 

rejection pathway is radiative cooling governed by the Stefan–Boltzmann law Q = εσT⁴, and "reducing 

heat generation is thus an indispensable avenue to reducing the operating temperature," because radiative 

rejection is fundamentally constrained (Abraham et al., 2026). 

The engineering consequences are severe. A radiator facing outer space with infrared emissivity ε = 0.85 

at 280 K dissipates approximately 300 W/m² in theory, halved in practice to 150 W/m² to account for 

equipment-to-radiator temperature gradients and illumination from the Sun or solar array . Heat rejection 

scales with the fourth power of radiator temperature and with radiating area, so design effort concentrates 

on elevating operating temperature and deploying larger surfaces, and the radiator must be positioned so 

it is not exposed to solar radiation, a major heat source (Selvadurai et al., 2022). Passive radiators suit heat 

rejection up to several hundred watts; deployable radiators are required beyond that, up to several 

kilowatts, bringing complexity, mass, and heater-power penalties (Tachikawa et al., 2022). 

http://www.ijfmr.com/
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3AnVfNjhxFEh6vdq09r7QS2h9tSrsr2cLTXVXd7p7hgoZhbAaDPZoxGIkDyq6Mqkp3VmaRmdU%2FvmB%2BblyQeAEOvIQRB54FiTeAExe%2BzKouDzBw4DCtqqzIiPi%2BLyIy58Nne38qjJWl1H8Wa2OXz%2Fb%2BVvGF85bnfnv9y6P%2BkR0bjac299JoZgqm25qsaR1z3JNS0hOrqeR5MMM7D3aOSc18RUyZNTvh1lfM2IX07MYbJw9ushuTJPn26efZrSRJ2LK%2ByaRjjTWPKfckmFmRjZtzU0tdMkE5F%2BRG7MR5WSMoQrdlSc7DiocfCkktsAvpDVnFHLhmiAhPrRKMNjnB%2FyyJcRdbliXTZMQeYr%2FUuSXuwkP0x7VuuWI1d44Vqt0Ez1z7yprGlKRljk%2BerISN1N7EPW3TIAXua%2BOaiiycOMaZJdcqH%2FbXHKb4C5hgj2BX8NZlauUKniMw7luLZ5PnrbVha02eoFvIoE9uxN6Q3isk79hSmzVgL0zbEcOhlTPKdVStpVJsQYFs0ebgAiRYIu3tlq14A7dPYh632LqSeYUQS%2FAIpgPvfd6A5UwuAV8wWTcoEcdQGbmK2oAlKPjEaGJCFoXMAX7EjlQLKds6ZMgRHaaI%2BLyAoHSDLbpXNKap5JLUNmRLNeAhmmgjAVclPGKnQTi4d74VW7Ym5mTdglVkNOyAI%2Bf6Mk4Tdrccb%2B2tgCdkF8AhNkfogTRLKlQFgCLvHQazkYLYjSOVPZjcDOWDj4pWBJEKIMXq80D4FASWkBjg1hKNQJumq%2FNfqc9Ka9awGCrzUajHVaC%2FDEAqNFPXVHlnH4pyV24oCI4aiZijgj0I8PAkaIEelou2%2FwSNLBfQUK5iMaBwvYTScLjjqgOyEziEraUQir59%2Bpk3%2BPlltcdsCwnPkUZBDWkRWEWeO58hNcjTFcnv5Qf8mA9T%2FHx2t4SklvsB5aK1giL2LsVBrAE%2BgDRG0ZpblGLBJgm7P75AIfk18gjCh%2FBYXdYjdlEHwREYUZAdqM6xgNqUpZYoXzQ9yyuuMW7CbKjJDYlU1PUEksNHFAqgG5aObrN7gSSqQVDo3gDXIEwguB8vg5uOirB0CSQWPbtAB%2BNZs9dCMXXLlSyrgUQMREwuTJGrI%2FHwlofG4lp2nc6B%2Ff8QA60fywfJrINgrgljsU%2Ftqrhgk1u2MtbT5lZEGtvFwOOaMCIsXITWxJigvvkrCAB2DRZ26rucNLfShFZyJvaBlaTz0KFAT9hfYbSGkiliKvcR8PdSGSkAJIf%2BfBUSlFmSzfbTpEZPhTFL9lQX5tneX0oORMa6p5hQoZrv4M9YMRklc0KbtnSdwKiizYuvm9bqMGwLdpdMU21dqAZ2Dpa5xTg8GqrdFSuDeUAvfKRCuFi6CPEJDlWheU3hcC14LdW2fJMrELKlEr2ml8eVRZHBN1lhwdHer3dUZ0BX4wTqttA5Wmv0W8bi3ICAaCjfxEELFe%2F%2FpnEFY9LKFN2G6h6KBOz29kXF3Zkovs%2BlcKAtF0b6NBmlSXY4BrfTxyKZZtNphl5d6Kf4dfoTmaTTg%2F0ky%2BYyS2%2FP9jMY4ml2uH9wOH9n93Q4Uxgx%2BiiqdSp8mh0kyWw2PZikyTSdT7JsOq%2BCBYcKy0fTaXIwn2WTgwMEecB%2FeBxViiI%2Fhv%2Fb%2B8lkP0srha5seUkL0nXTLpR0ILXT%2FFoEvvnHEa4qoYd%2FJudbGsW%2FhIZQO6e3rNrcqbxv3EvjsaXGOAkltyMlFxaH1EgbzkelWY1Xktbj8Daep7fTeXx8Lz6%2B9%2BpFOmpEUbp24bdNIHwZpMgVPcTrNYQjU9xDq11eJh8GDWxVjiNQvLI9Nq32f0cjFCgwtIV4hFuZi6sv3OxL9IPT4TzYHcdnJpwt4SYylCeGE7gezoI4Y86HeX8au2DXZ
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3AnVfNjhxFEh6vdq09r7QS2h9tSrsr2cLTXVXd7p7hgoZhbAaDPZoxGIkDyq6Mqkp3VmaRmdU%2FvmB%2BblyQeAEOvIQRB54FiTeAExe%2BzKouDzBw4DCtqqzIiPi%2BLyIy58Nne38qjJWl1H8Wa2OXz%2Fb%2BVvGF85bnfnv9y6P%2BkR0bjac299JoZgqm25qsaR1z3JNS0hOrqeR5MMM7D3aOSc18RUyZNTvh1lfM2IX07MYbJw9ushuTJPn26efZrSRJ2LK%2ByaRjjTWPKfckmFmRjZtzU0tdMkE5F%2BRG7MR5WSMoQrdlSc7DiocfCkktsAvpDVnFHLhmiAhPrRKMNjnB%2FyyJcRdbliXTZMQeYr%2FUuSXuwkP0x7VuuWI1d44Vqt0Ez1z7yprGlKRljk%2BerISN1N7EPW3TIAXua%2BOaiiycOMaZJdcqH%2FbXHKb4C5hgj2BX8NZlauUKniMw7luLZ5PnrbVha02eoFvIoE9uxN6Q3isk79hSmzVgL0zbEcOhlTPKdVStpVJsQYFs0ebgAiRYIu3tlq14A7dPYh632LqSeYUQS%2FAIpgPvfd6A5UwuAV8wWTcoEcdQGbmK2oAlKPjEaGJCFoXMAX7EjlQLKds6ZMgRHaaI%2BLyAoHSDLbpXNKap5JLUNmRLNeAhmmgjAVclPGKnQTi4d74VW7Ym5mTdglVkNOyAI%2Bf6Mk4Tdrccb%2B2tgCdkF8AhNkfogTRLKlQFgCLvHQazkYLYjSOVPZjcDOWDj4pWBJEKIMXq80D4FASWkBjg1hKNQJumq%2FNfqc9Ka9awGCrzUajHVaC%2FDEAqNFPXVHlnH4pyV24oCI4aiZijgj0I8PAkaIEelou2%2FwSNLBfQUK5iMaBwvYTScLjjqgOyEziEraUQir59%2Bpk3%2BPlltcdsCwnPkUZBDWkRWEWeO58hNcjTFcnv5Qf8mA9T%2FHx2t4SklvsB5aK1giL2LsVBrAE%2BgDRG0ZpblGLBJgm7P75AIfk18gjCh%2FBYXdYjdlEHwREYUZAdqM6xgNqUpZYoXzQ9yyuuMW7CbKjJDYlU1PUEksNHFAqgG5aObrN7gSSqQVDo3gDXIEwguB8vg5uOirB0CSQWPbtAB%2BNZs9dCMXXLlSyrgUQMREwuTJGrI%2FHwlofG4lp2nc6B%2Ff8QA60fywfJrINgrgljsU%2Ftqrhgk1u2MtbT5lZEGtvFwOOaMCIsXITWxJigvvkrCAB2DRZ26rucNLfShFZyJvaBlaTz0KFAT9hfYbSGkiliKvcR8PdSGSkAJIf%2BfBUSlFmSzfbTpEZPhTFL9lQX5tneX0oORMa6p5hQoZrv4M9YMRklc0KbtnSdwKiizYuvm9bqMGwLdpdMU21dqAZ2Dpa5xTg8GqrdFSuDeUAvfKRCuFi6CPEJDlWheU3hcC14LdW2fJMrELKlEr2ml8eVRZHBN1lhwdHer3dUZ0BX4wTqttA5Wmv0W8bi3ICAaCjfxEELFe%2F%2FpnEFY9LKFN2G6h6KBOz29kXF3Zkovs%2BlcKAtF0b6NBmlSXY4BrfTxyKZZtNphl5d6Kf4dfoTmaTTg%2F0ky%2BYyS2%2FP9jMY4ml2uH9wOH9n93Q4Uxgx%2BiiqdSp8mh0kyWw2PZikyTSdT7JsOq%2BCBYcKy0fTaXIwn2WTgwMEecB%2FeBxViiI%2Fhv%2Fb%2B8lkP0srha5seUkL0nXTLpR0ILXT%2FFoEvvnHEa4qoYd%2FJudbGsW%2FhIZQO6e3rNrcqbxv3EvjsaXGOAkltyMlFxaH1EgbzkelWY1Xktbj8Daep7fTeXx8Lz6%2B9%2BpFOmpEUbp24bdNIHwZpMgVPcTrNYQjU9xDq11eJh8GDWxVjiNQvLI9Nq32f0cjFCgwtIV4hFuZi6sv3OxL9IPT4TzYHcdnJpwt4SYylCeGE7gezoI4Y86HeX8au2DXZ
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3AnVZNchtFFJYpIKwpVrDpKiosgiVLsizbbMCxjcsVElKxIRs2remembZ6uifdPZLGqwQOwIITsOQIXnMDzsAVsmLD93pGthQ7pIqFZWnm9fv53vu%2B16%2BuOu%2Bl1qlMmffF3LrpVefjnE98cDwJ9b37B%2B1Xdp5LJhclN15Zw2zKBA%2BcJdIE6ZgyqeMwrJJQOcmUZ076nJfKZCzTdsI1E3ImtS0LHGAlDzhlPJvnSsMcPuA2rclcyIIb4RmSYtJIl9WbbM5hvsnwnGl89Ni5zWTI6Rk%2BvWQlwnlE9qzgNfMqMypVCTdB14ynqUT%2BMrG%2B9kEWfpNpmyCjxBZFZVRQEo%2FIt6984MrwCXJaSRfhclTEXVAJ3sgFL5RBKIRmpUXqQcGbNDPlrKED%2BOWUn%2BKI9zZRSF6wuQp5PLGKA1CkR4e8Srjia4iWzl5Q2sqwQ8ndn79vIl%2BAJKQjlOgYKtI2Q5mazSoNqPhEaRVqcvvEOpigJYCZPXT8Uum2DB8qUTNZlNrWyJAVaiFFtwCcFqjzEoF5khM4E2Uo1ERNtLIwcCoBTFzXXgGwFxVHMB7UTDJ8QfTYeidnSs4bPFGRTaqIiKtZwtGoJvoEXwXDGK2DphWK9xSzoIYDVd9jp4Hhv2Vc2DIgQRPHxQnlE1VqdAuuS%2Bl8CbQol8zZygi4B3LHZycsszNgwE0iY04EnJZZbD%2BelbEJQDIBsugX%2BY81oteUEfJpJjE2nVLz6B%2FqXM88567osRPENzECtSqyAVzpYqiyJrjBL4tkgZpFEKAB0PybY9C2HrPdTvnN8GhVRMzhfnmKz7jScWRv4AMdrQOGsIsMabBH84OTcRqbQkFnbZGMBYRKa0x%2Fkxm5fsdgoxgns0o3hzNeolOkELcmgQFX%2BEkVokqV5QHY3IKPnCLHIDMoEZj1Jm9WibHKH0rjGs8eO45yEcGvirKpPnNSmtxWqD9D1bJQngSsZXwUlq6TqAOxmtrm1F4CrbA%2BsNTJFxViQUhWKrnJFX7KEgRtYGf74022N2qcj0f3l01qsMBBmv94ClrVTqyuG%2BhW%2BIEKglwEYtglDjUa16J3gxJBg5DUyGslQJpLLcBEoEXUTkpmJXkacSGge3EGW4c1jBsUgmUgV6l5IiPIhEqT4VIBMaCl9chAGTSzpBGi8pcsit0ESe2NoDa6hLZCpq87BxNnRZW0UnrcHn9Gx59JuIUZKRTEneY%2BMr0lLZBBZ3ghaWNFglqXcaMuYx5rs7XChVbkS3JNhnAMwkbVEDJRNBfdgk%2FpVYzjIuE1d5nseoALM%2BzJ1unKvusBK1QBTTsiMIf94bg76BfURVQv3SlSuOp8kPEKIuv8S1RTYqV%2Biz%2FrxKg32peYykpuyKCClvMjaBupFjtbwy%2BdWQ01vafJsVOTCqf9z9jfwgAJ2uMpRErX4okMFp1HbfOjC64Lzg70jDt5iU1gkxxKKpzVsnP7qHzEL%2Fm0OZs%2BQ%2BTAG9M05%2F6pSF%2BjQx6lJMKqxaeDfm%2FQ7%2B9u%2BdH2eDjoUtn90Wg87O5ggCbmJT69eaWGYzza398bgbbSHESoToXfHg92dvv9ve2d0WAAB6PdvZwMgPNi%2Bnx32N%2Fb6493tvvw8j1%2FfRERigBfRID7%2B93%2BTo7rQFZBXifSFGWFReWhlw3eG7E2e1YSNwHmkyhLUxDPVi6RPzi9OMpDKP1XW1vYI9Oeby172H1bkYImbJUi3Xp7nT28znw1CXVJKE5bhpzj5wamSdr0kTJi9bHE%2BOgatjqBVIqH9SHWVehAmFPoDoZOPMdI%2B%2Fj0k2YeFur4Dgl%2Bxw3M3HUFAGds0QrGDVVXtmcabKkS%2F8tV58NU2AKzh0wnSvDtCOaLpzmWPy3Gs0RRsl5CUbRojCbDYbSaHhvcJmW8qOBxej4YDrf34qvFZyekx%252
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3ArVTNjhw1EO5ZhZ8zx4iDJcQlYma6e6Z7Z7jAZneRogSxyi7J2W2X27Xjtju2ezLDKRFHnoRH2JfgGRAvwAXEgQvV3bPJSgQucJgfl8vl7%2FvqK7%2B%2BSY6U81ijvSdfOr%2B5ST4yXAgIAeQZj1DnaV5Os7QRzkaOFvwjq9xN8l7Nu6idD68MNi0X8Sv6OC%2BPZ4sCMIQOPoCI0YA6gy0KUFtnugbutW%2FqPHGC04mbZIItr%2BEptzX0C4U%2BxAuK3E8mP8xNn%2B%2Bx6ig1fE9opeUN5R0pxRs0%2B%2Fqk8lxTqMYtWH3GtyjZ%2BUx6ZyD5e7p4jIfU6zMOet9Z9uQfkwlTw%2B2Y3p7w8JJHzS54jLzSOB5SmocLqX4TKAOJIqTD3cdZOsvSrJxfz%2BTAfdZr2Iey8lhiqOwr%2Bg72NeZlWU7X61VpXAv2ZJD9kYxZuc5WyzQtiuWa%2Fh6XRbHQfQY3sNs8Xy6z42KxWqU5lfmG%2F349yD1063roVlpMs0IbErQjGSuwTdtVBoO%2Bbd5kILo5N4HwgWcPn208BNd5Ad96s2M6xjZ8Pp9zv8PtzPl63ko1z4uUWJTFalWHror7tpdqw31EYeCKlhN0Fpx6jFbeDUPkxuwp1wiMIB%2FuT11n41H0oMCDFSCfk%2FHCEE1G0%2BwurzSwSIAbbphwITKnmOZ%2BCyGirfstFpzhfopWee5BMnKVYWhZIDfCtOJkYNZqFx05j%2FZEUNG19EMmel9J15AJCVOFki8GOV5c6H1AQfddCuxhBVAIRo5JVZ4fRLM0KwCeUFBYXWX5Il0PW7tPBkRMgDGsBU9zRfYRwFwbscHveOz1CcJ5%2BPOLX%2F%2F46eckSTQpeecWmefpaiz26bkBQc7vAXFLnh6WzqJgdyD831yWy3Fr94AaMIj%2FlEsckA8oTp0zvf5XILR1xtVIpQ%2BUFj8%2B%2BPLdlIqxJjvFLfWor3MZfSdi5%2BmC%2F85mLP%2FiaxoAj9yE27SRU7pcpuP90xO57Rsi2UDOwUFh9vZkj218sN7Qul%2F%2B8s5OFQda4e3pUw0Nhuj3sp%2BOD0VHw%2FTZ7TDR0zCM0r%2B9Dpv%2BCX4GPpDek78A
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3AxVbNbhxFF52g74uQYMcGkJBKQkgQ2fPrjGMkFBknSBYxWHFC1jVVt7srrq7qVFXPuFnx91J%2BCZ4B8QKsEAs2nFs9Mx5CskNiYclTXXXvueece6u%2Bvx68UfhgSuP%2Bp1c%2BXF4P3qnkIqYgVepuPz3WS%2BkU1eRSFMaJKBNZaxKJRKpy3vrSUBQyEL6qQDIaV4pUkWj8ioLQ5KJJnfCFIEsqBe%2BMwn6nRSM766WOQ%2FGsIrdzRnkX27pJxrtNUKRYmVQBgBTW1MivxdLbtqY9sZIRcCqSSZTkKMh8UNrod05zQpyPwpGiCEioA6uiCb5BSv5MRWGUQaEMJdTSilo6WebaReyQpB6KMx%2BT7fZEbVTw%2BZiTzm9ZiaKNKEMiwxIUreOgIBSOeJQqr6NYkJK8D6Rw1davsCWmPeEQUmvDBeBYz0agF60JGcWe4GL4mKkbm5dysXsZyIJSwv5NUpQFYVGCoqE4XyPaILBSXebccmGAuxPJ4xsloSgkCZo3UXayRwFarQzlmq%2BI7xb%2F31iisTJxTkj6hLlmPwkHkYJR2NuJmFrNdsla3%2BDjiqKvt4S8jr9sOfOiRYTYqkrIHClvYcM2cQ%2FroZCIqDyYcSVW6tYms29lB6gGxgJG9sfHZ49OP%2BmJC1IbmXyIAoDgifnTvradyoCgMGW79paSIXTscwkf6P2VBFbjioAu0Aj87PTxJxt3i1XlIRm8g3platEnjggKgPAFx%2FUWZ7RfgXIvJuPxl0Nxug3FgUwNDwLbWonslp1wfQnZRrQkyxRyUEYHBSAbzoB5TQ05NGNiEXn3Fi%2Bjt%2BTKVGXZCGhBUwqQjTXnzoZXdeZmKYPxLRabxkJSJoOngrKQFQkfypAq4ReRwrL%2FuIfEBUHiHibXknlL4vTxS5lhfVUZ1MDwAOKlOrP7suo76BC178R9FTqfyYTIMU8Qo4nLy17GEluv6%2Ft3Y7PKlHBPPzm0geWa7BkeVNt5x%2FtubMBk1L51PH4gl%2BzP0pWqpOO24AbgiVQZxrl1J%2FhXvkXH9qccTqBTucU31gPF67m54%2BZMWc7QmIZ6dXhKYYyCjb6GbYBovkVmHxYYbTZrYtxGg9hwS5BbGozfNXE7RaVkQA7lCQubxQYJGGiuvV1Pl5cbK3MB1lQb2R1k5cJDKfbaTRe9un%2BGmD48hEk%2FwIZyOp7O9yfjmrsco4cC%2FO%2BvB%2F8vZYthFeJ3GPgoIH2BPx%2F0bHhvTlCrpdsE4JaaY3YjMFzw9Ebgor8Z3m62ER95mNWH68EtaFzSY1aLfxQmxHSOlffeumPzlDGLlifBT7gWtZM1dr1RFLI2tnt%2BQXYpNWowVGI6ueYCqtdtKcGRlkHWGjOKBv88WZ1gow7S9ef0MSR%2B3V7zjURLgOF1Enogl0a%2FdvcjWTcBUxE08u7y84AZfj7s9xeVjOe6%2BF0ZHcGn0t7EyXg4mx2NR%2BjgyXQ8n967ew8iLtx33ADuezMdH873ZweTQ4t70R1nnU51nB%2FenR3dO5jP5uOjo8l0NjmYVbwBYK8unx1McezwcHx3hihfy9%2BfZ3myus%2Bh7nR%2FPIPAlQXtLchekKubdmFNhN17sW%2Flwq6GZzys2VUGkjoZOvEATxN29Hl%2FgLvkFAMAjk10CbP6Nih6GuzV%2FSqlJn46Gq1Wq2GtGzNUvh5t6xlNpqP5iOsdNbq4v8RIhRU%2Fm8wP5kcYu7PDMraL1DXM7iXmmFGWnuDnLewiX3xpnN5dJmCyHfZaxY%2BRz7sTHgvvfpgC5l1gG%2BpnuP1iv%2FxB79SrHzb3MDo5N%2FrJ%2BmZ7QNGUTpz11%2FOeOAazXTT478TD%2FMHEzS3%2FcClt219D3Gdn23fIV39%2Fh5xs7qjtbXKaL5Ii%2BQYvsB%2BvB7cL7Wu0B4pYGC1nWYIX5xXy4rb
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3ArVdNcxtFEFUoSHGkuJDiwpyofFiytLYiOxdwnKQwlIkrNgRujHZ6d8eandnMzMoWp%2FDxB%2Fg1lK9UceGncM%2BJKoo3s7uSTeyQAg6Wrd2e7tevX3ePvzvrvZEZK3Op3xQnxs7Oeu8WfOq85alfXP9tp%2F2T7WlmKSXtWaW4Js%2FtgtFppYzlXhrNXMVTYqV0Dt%2FcWvM9tTzzjFsKpsaRYN4wR3PCE1%2BQLblipOfSGl3CtcND3tg7U5KXJTlWmnjcWyrDIa7xAVfBI1lJOoVXqRlx6wtm7FR6N2BHBTGBOMpUwTEzGeNizqNxFzg12lujWMk9HHHlGNcinJIpwnqTU7BkJxJ%2BLSnJp4qiCU%2FTGlkjW%2BKuDrgCdISAvbSNf1MVCydThKmsAVAv4TMkpokEQIDzYPh3kG7hPJUOj53MdcNXSeSjLWlUiYBV5ywtuFJ4ELw6Z1IJPKLBClPQc7EeA%2FaUApK5FMgBqZeVpYK0k3NCcnNJJ20CzHm46pusjy99kLoirkKkYP%2BaBHal5HMuVSQvJN3g4lWlwE5QTtQKpTILbKnFGptzOAvmFNHPpV%2F8Q8hSptaQohTvSgI1OjLfkXlz%2F%2BH%2B4a01ZrmQJrP0rIZqFuzmk0e3%2BhC3BiQb%2BIer9VCWWsfwzihuGXrB2Mo3MEIwbzx8FwFcBVQx0usgXWu0s2TRUl8Q%2BmcRgwVs3CN6LOGS8ot5Su1qFUkbsAMrA1bDTG3xIviKOj1XSqjgFWhOiE3RP5laMFeXJUj%2FNtpf3pjQuTW1FkF7q9ZeiwdAeBgRcOy8TLtOuKIHlhpoZsMqwagXIbMMPZehjm2bw9nKJhzOIw5WO2oYjZpFs0QBgbTYRv%2BqdMH7VRrHhImoB2EQQqcwBu%2FeVG3Cl%2FZAQ09mlDInkbh6egyRNoPAYAqGYpG4F82mHFyBKalTWUERcHoVGA%2BNawkZuyWuJtS5gfTqKsSXgV4NGBdk4WTZaqzrB6P7cawyAI4kx5cdJngEb2Vk3pPzcCEoh5xbs%2FBoifKCppryhUGPEYYJsJyhTJYgINg0PtqnfAqs0LlLrZy%2B1Bvd2EEoaLEO7X9xAiqMbXLYQQ9wLk%2BGyd3%2BaFgGSjmmqt3TmTnrvZXzGsRY91wBBBw9wo%2BxYmOwtU3wVNN1rCWv6PTDPY3wOiJEsE8hh%2FAbWLF7lqy7bG5UXdKNOyoWT05ruHM%2FYusKzUsK2zfjpVQLecTTQs74CaccNdfFYV1Kz2dcoOLUe%2FlA9jnPuTaNNX2CYsqrTPlOY1XuzKTl7DHE44orrYvg2CFyc0h8XR%2B3tlnB3YHIXqRSOHCVCiNP3x8NB6PhcLLuRsPJ3XF%2FmCT94cZwNOxvCOmm%2Bjk%2Bnf5eDkfb4%2F52svWVHI0nSX97fHeCvUd6J1ZlT%2FjRaAKbzUmyNRpvTsYbG%2FBWBAsOtmdPN5NkM9m6O06GcPiYvziO1YjFPEYxEXSzn4wK3E3ymuc0RbZVPVVItKvttZjn6QeHocdyTJnDNF4f7tyvHRTgHNsnDOGZJYdipvSFVacPCu8rd299XUk9G7j25AD7cz3UExJdr0S2fjUHA7zO0fd%2BUQWKZ1ioMlV0hK%2FXoBwy2WdSi%2FOPcbXCGoStSiV2%2Bv3FLuadv4FrGGE0xvvOU9zTXPP4sJXj451uZRy0QyPKEIrcbYfG%2FoV2edC2S5h5h8txfI%2FtsCdxhWTNaPvhrHc9E6ZEiwDRVAq%2BEVl8dtANlZZER5kkJRqjaZJEq9nD1Y0Fj7OjUbK5ud2U4VxUgAkDPOI6CqPNKJMv0Oe4%2Bf3x0e%2FvTD%2Fu9XoFSDwXQiQoevRU75A1Ta%2BfC%2Ff%2F425end7ueH0SN3Y7J8GygUTyFX5M2S6DX%2F789ZvLMxi3XOxiAano59DbGuPLIsB%2Fz
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Table 3. Thermal and power area requirements per MW of delivered IT power 

Parameter Value 

Radiator area at 150 W/m² effective (280 K, ε = 0.85) 6,667 m² 

Radiator area at 300 W/m² theoretical 3,333 m² 

Radiator area, 1 MW node at 350 K, 5 kg/m² ~1,900 m² 

PV array, 1 MW node ~4,400 m² 

PV array at 1.361 kW/m² insolation, 22% efficiency ~3,340 m² 

 

Figure 5 makes the asymmetry Concrete: an orbital megawatt carries several thousand square 

metres of radiator and array area that must be launched, while the terrestrial equivalent's heat 

sink is the open sky. 

 
Expressed per watt of waste heat, the requirement is 33–67 cm² of radiator surface. Independent 

assessment of a 100-kW orbital compute satellite with ~1 t spacecraft mass reached the same structural 

conclusion: solar array areas of ≈400–600 m² and radiator areas of ≈100–250 m² are practical, but "heat 

rejection — not compute silicon — emerging as the dominant constraint," with a hard feasibility boundary 

near ~1,000 kg total spacecraft mass. Google's paper likewise defers thermal management, describing only 

a system of heat pipes and radiators at nominal operating temperatures. 

The asymmetry is therefore stark. A terrestrial 1 MW facility requires essentially no dedicated heat-

rejection area — the atmosphere does the work. An orbital 1 MW facility requires 1,900–6,667 m² of 

radiator whose mass must be launched, whose surfaces must be shielded from solar illumination and from 

the infrared radiation of neighbouring satellites within the cluster , and whose materials must withstand 

strong ultraviolet radiation, cosmic rays, and atomic oxygen exposure over a mission life targeted at five 

years (Xu et al., 2025). 

 

4. Statistical Analysis 

4.1 Break-even carbon analysis 

The central quantitative question is: under what conditions does orbital compute emit less carbon than the  

http://www.ijfmr.com/
https://app.jenni.ai/citation/aBDVC0OaKsBtFpmJvNOa/z%3AtVdNcxtFELUpoLhSXIALcwZJ3pUlf3AjcagEYkhhQwK32Zle7eDZmc3MrCxx4uPGP%2FIP487r3VUsx1EOVHGwLe309Md7r7vXf9zsvVP6YBbGvauvfbi62fuokkVMQaq0fv%2F4B6mNTGZJQnlvjVsIE4UUjYyRH6aKQi2tqKWTC6rJJcFXEy3WOJNJWFpSwFFkU%2BFkagPMZWGsSWvhS9xMFIy0MPBCG7ht8ERUhMupCr5dVMK4MshAWoQ%2BG%2B8m4kkSlYwimoUzpVESkU3dWHzi8yhQlCBHAYlQCQNDTq1HQlnDEYXUskmd6UhIp0VsY5LGycKiKFKV89bjqkb61jdc2Ehcm1QJ2WwFMU40FKJ3qOk%2BFCNRtMZqBi1RDUOunkSgRWu3QksKPjZSEfIFDQQ43GIiHvtrxm60KXqLArhCeQiEO6ADuStqkuly9%2FCyNME7zoChhstFX2JDCkC%2Fdq6806arZiSADT4yxwkk94UOTKFSWqWAurbvR6RJgQxXIlTAZQWXgZaGrpncN1zh8zdpqgkUcUx6BOpUG%2FmxR1BXoUz%2BcteHho6G1Li2jaNbqifisoLbIZfShAiBuBS8btWgRk2sHkQ2iNBYPEXKnfBopRB2gQTxx5EFNteVUWAf%2FEEn1rMaCxnxG0mysw39pfXXgl6CeFME09bMiAc5tfkN1N%2BrXEkwPwC8lMH4Nu4A%2BqItIvzii4WOAyluNqmXrILOhF3cD3DbX4xTbVTwYyed5z5tFQuSwUDN0jIYncZRS6RtXLjsuI5QMZyDYovOMBEsAYBNX%2FS0DXCY0HVjl1gndU4OiSBa4myEvibbM7ZV5OiOyZtggM7QLU62vdJeO%2BpE3jfSNnLnYMt3rZS2JEFLaVuA02thS0CkWP3cmC6Z8Wvd1GnO9FLZJHgfdIwNA5VNxFMZO7quaM1ashYtjsuVcbpr80GHr4YMu93prp9pb2ypO1OJ2fJtwlVmhytpfIIdgzpMZ66AhQlUlIe3nvGu%2F7ecNME3vqNY4oSz9fysbng0M8dl2000uKjhCP7Nb%2F14tlIhYVw942jTbHo0zrMas4aHLIUnrvQ3e%2B8twGPlQ%2FwdgcFb%2Bho%2F4Oown8wPCaugpX1KJlkK30Gx43MWr3hKCSqJ5dLbtqYPm1dOn3oA4MPN3j5WyIJ%2B4AbmL13vP8OTT%2FbPLFsHU7QwjH9j92kna1i9U5ayNnZdvGgBzhIsfWOkQ8k6eEt79w3VC0O9pXpOZqfVY%2BkGf49pBY87%2FekXRvrB9GGFX%2Bt2l2nx1PSG%2Bpu3JEi%2FdBOsM6SfTQkZ7ArN8YbQF5XE2tltCqebLB8Yt253e92OX5ztRAge%2FQA5g9Wbldjsz3T5jzI63uy9r7Q3q0%2FzbJJn2fFBnGUn02ycTefjLD85nI9PMYoK9zu%2FO7g%2FzTSfZ%2BP5fJ6b6WGej4%2BOsyP0FrmvOkE%2B0Sk%2FPj06nZ%2Fks2w%2BO5yfnOT57LRiC2lpdfV8Nsun2enJ6Wmum9roapYdTafz%2FAjuv5f%2F%2FNqpslP1r1A1UjgeZ0eVRaktFFaQq5u2sCZiG%2FQi3%2B8KXn12weN0QUFcdPuJvnjAOw4piXNCv19h7Pk2KPox2NVZlVITvzw4QAtfTeJwc4I2O2D9opUPGl0e7EZkguNFbIu0bhjrKxkwLy1d4us%2B2pN8%2BS0m0PZjwhSxa9habCPSD9YPfevSx2cYNiU2PBLWz%2FF2GPvHN31brh7cvh4%2BHGbV%2Bat9w9Pq0TCtHt2ZVl9tTasy%2Bcao%2BBd4LrWv0clIojBaHnbAvXxWrWM36wfcIpWGrO6Nium0s7p6dPvmhMflZT6dzfqj1eeXw2YecsUu4pG4yfdy87KHkUhRYfzsV0BuK4ieTrN570s8NEuDaYv7F8P6hOOt4P%2Bxit79y1v
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terrestrial facility it displaces? Launch emissions are a one-off; terrestrial operational emissions 

accumulate annually. The break-even grid intensity — the intensity at which the two are equal over a 

mission — is the discriminating statistic. Above that value the orbital system is the lower-carbon option; 

below it, the terrestrial facility is. 

 

Table 4. Break-even grid carbon intensity (gCO₂e/kWh) (author's arithmetic; launch intensities 

from, mass intensity from, PUE 1.09 from) 

Spacecraft mass 

intensity 
Launch vehicle 

1-year 

mission 

5-year 

mission 

10-year 

mission 

30 kg/kW 
Falcon 9 (51.7 

kgCO₂e/kg) 
162.4 32.5 16.2 

30 kg/kW 
Starship (34.4 

kgCO₂e/kg) 
108.1 21.6 10.8 

50 kg/kW Falcon 9 270.7 54.1 27.1 

50 kg/kW Starship 180.1 36.0 18.0 

 

Figure 6 presents the same result as a crossing problem. The rising line is five years of terrestrial 

operation; the two horizontal bands are the optimistic and pessimistic launch carbon. Wherever 

the line sits above the band, orbit wins on carbon — which, across the plausible grid range, is 

almost everywhere. 

 
 

http://www.ijfmr.com/
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Figure 7 shows how the break-even threshold falls with mission duration — the longer the 

spacecraft operates, the more thinly the launch carbon is amortised, and the lower the grid 

intensity at which orbit remains the lower-carbon choice. 

 
Launch-phase embodied carbon is 1,032 t CO₂e per MW at the optimistic corner (30 kg/kW, Starship) and 

2,585 t CO₂e per MW at the pessimistic corner (50 kg/kW, Falcon 9). Against the 395.65 gCO₂e/kWh 

global data-centre average, that one-off equals 5.5–13.7% of five years of terrestrial operation: over that 

horizon the terrestrial facility emits 7.3× to 18.3× more than the launch. Against the United States average 

of 321 gCO₂e/kWh the ratio is 5.9× to 14.8×; against the European average of 174 gCO₂e/kWh, 3.2× to 

8.0×. 

The break-even values themselves establish where these reverses. Every one of the table's five-year values 

(21.6–54.1 gCO₂e/kWh) is far below the 395.65 gCO₂e/kWh average, so orbital compute is the lower-

carbon option against any realistic operating grid — but it ceases to be so on grids already approaching 

the break-even band. That is exactly the regime in which Ohs et al.'s benchmark sits: their terrestrial 

comparison points of 34.0 gCO₂e/kWh yields 1,623 t over five years at 1 MW, against 1,551 t of launch 

carbon at 30 kg/kW with Falcon 9 — a difference of about 5%. The two literatures are therefore consistent, 

and the apparent conflict dissolves once the functional unit is made explicit. 

4.2 Why the functional unit flips the sign 

Three things must be said about that reconciliation, because it is the most consequential methodologica l 

point in this paper. 

First, per kWh delivered to the payload, orbital energy is genuinely worse: 52.1–66.3 gCO₂e/kWh 

against 34.0 on Earth, or 1.5–1.95×. Any claim that space makes energy carbon-free fails at this level. 

Second, per MW of installed IT capacity over a multi-year mission against a real grid, the launch 

carbon debt is small relative to avoided terrestrial emissions — 5.5–13.7% of five years at the global 

average. This framing favours orbit, because it credits the orbital system with full-time capacity utilisat ion. 

Third, per unit of compute work actually delivered, the advantage narrows again, and Ohs et al.'s 

conclusion that in-orbit systems incur significantly higher carbon costs, driven by embodied emissions 

from launch and re-entry, becomes reachable. Duty cycling at 70–80% sunlight, redundant provisioning 

for unrepairable hardware, and a five-year replacement cadence all reduce delivered compute per kilogram 

launched, and each of these appears in the per-work framing but not in the per-capacity framing. 

http://www.ijfmr.com/
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The honest summary is that the carbon verdict is contingent, not structural — and that it depends more 

on the displaced grid and the assumed utilisation than on any property of orbit itself. 

4.3 Dispersion across terrestrial sites 

A second statistical observation strengthens the space case on water specifically. Reconstructing Google's 

United States data-centre locations shows markedly different dispersion across parameters. 

 

Table 5. Dispersion of environmental parameters across Google United States data-centre 

locations (n = 5 sites; values from) 

Parameter Mean SD CV Range Max/min ratio 

Grid carbon intensity (tCO₂/MWh) 0.398 0.057 14% 0.35–0.46 1.3× 

Embedded water intensity (L/kWh) 4.240 4.015 95% 1.74–11.30 6.5× 

 

Figure 8 contrasts the two coefficients of variation directly: siting decisions move carbon intensity 

very little but move embedded water intensity enormously. 

 
Grid carbon intensity varies by only 1.3× across these sites, but embedded water intensity varies by 6.5×, 

with a coefficient of variation of 95%: 11.3 L/kWh at The Dalles, Oregon, against 1.74 L/kWh at Ashburn, 

Virginia. Two implications follow. Siting can substantially mitigate terrestrial water impact — but only if 

the embedded dimension is measured, which most operators do not do. More importantly for this 

comparison, the terrestrial water footprint is highly location-dependent and therefore physically and 

politically contingent, whereas the orbital water advantage is invariant. For a firm facing water-permitt ing 

risk in a specific basin, that invariance has real value a fleet average conceals. 

4.4 Reconciling the contradictory literature 

The apparent conflict between Periola et al. (58.1% water-footprint reduction, 30.5% PUE improvement) 

and Ohs et al. (significantly higher carbon costs in orbit) is not a contradiction at all. Periola's result is a 

water-and-PUE result with a hypothetical substitution of high-PUE terrestrial facilities by low-PUE space 

facilities; it makes no carbon claim and does not include launch emissions in its boundary. Ohs's result is 

a carbon-per-unit-of-compute result that explicitly includes launch and re-entry embodied emissions and 

finds these dominate. Both can be simultaneously correct. The error would be to generalise either to 

"environmental impact" as a whole — precisely the aggregation problem that multidimensional KPI 

frameworks were developed to address, distinguishing energy efficiency, cooling, greenness, thermal 

management, and other dimensions rather than collapsing them into a single score (Silva et al., 2023). 
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5. Discussion 

5.1 What the comparison actually establishes 

Read together, the six parameters resolve into a conclusion that is more conditional than either promotiona l 

or dismissive accounts suggest. 

On carbon, the advantage is real but contingent. Launch-phase emissions of 1,032–2,585 t CO₂e per MW 

are one-off and are outweighed within a single year by terrestrial operation at the global average data-

centre intensity of 395.65 gCO₂e/kWh. But the advantage evaporates on grids approaching the 21.6–54.1 

gCO₂e/kWh five-year break-even band, and it narrows under per-work accounting because of duty cycling, 

redundancy, and replacement cadence. Space is not a general decarbonisation strategy; it is a low-carbon 

option for high-carbon grids and a roughly neutral one for clean grids. 

On water and land, the advantage is structural rather than contingent. No amount of terrestrial 

engineering eliminates evaporative cooling demand in the way that radiative rejection does, and no 

terrestrial siting decision avoids the tens-to-hundreds of hectares of permanent land conversion a 

hyperscale facility implies. These are the parameters on which the project's environmental case genuine ly 

rests. 

On the atmosphere, the balance is unfavourable and ungoverned. Terrestrial impacts are local, measurable 

at the fence line, and subject to permitting; orbital re-entry and launch emissions are global, dispersed, 

unmonitored at the point of emission, and currently unallocated — and roughly 10% of stratospheric 

aerosol particles already contain elements unique to spent satellites and discarded rocket bodies. 

5.2 The thermodynamic asymmetry that dominates 

The single most important technical insight is that the two architectures are not symmetric in their 

constraints. On Earth the binding constraints are resource and siting constraints: grid interconnection, 

water permitting, land availability, community acceptance. In space the binding constraint is a physical 

law — heat rejection by radiation alone, at Q = εσT⁴. 

This has a counterintuitive consequence. The terrestrial industry's waste-heat problem — more than 90% 

of energy dissipated as heat, with reuse adoption at only 3–5% in the UK against a 10% Energy Reuse 

Factor mandate in Germany — is a problem of underutilisation. In orbit, the same waste heat becomes a 

mass and area penalty that propagates directly into launch mass, launch cost, and launch carbon. Every 

watt of inefficiency must be radiated away by 33–67 cm² of radiator surface at 150–300 W/m², and every 

kilogram of that radiator must be launched at 34.4–51.7 kgCO₂e per kilogram. In orbit the waste-heat 

problem and the carbon problem are the same problem. This is why heat rejection rather than compute 

silicon emerges as the dominant constraint in independent feasibility analysis, and why Google defers 

thermal management to future milestones. 

5.3 Governance and the atmospheric commons 

Alumina from satellite demise is a known catalyst for chlorine activation that depletes stratospheric ozone, 

and re-entry-ablated alumina has an atmospheric lifetime of one to two years. If orbital AI compute scales 

toward the terawatt capacity Google suggests the dawn-dusk band could host, the aggregate alumina and 

black carbon burden scales with launch and re-entry mass — that is, with the 30–50 t per MW mass 

intensity. No current framework allocates responsibility for that burden. The terrestrial alternative, 

whatever its failings, at least has an accounting protocol: the Greenhouse Gas Protocol, however 

imperfectly applied to cloud workloads, and emerging multidimensional KPI regimes that go beyond PUE 

to include CUE, ERE, and WUE. 
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5.4 Where the numbers are weakest 

Three gaps materially limit confidence. 

First, no orbital compute system exists at relevant scale , so all orbital figures derive from engineer ing 

models and analogous systems; Google explicitly treats thermal management, ground communications, 

and on-orbit repair as future work. The alumina scaling in Section 3.5 extrapolates a 250 kg-satellite 

demise ratio to a 30–50 t spacecraft and should be treated as indicative only. 

Second, embodied carbon accounting for semiconductors remains uncertain. Methodologies have 

advanced through Boavizta and the Architectural Carbon modelling Tool, but over-emphasis on embodied 

carbon can overstate real reductions and distort incentives for operational decarbonisation. Since 

embodied carbon is where orbital systems are weakest, this uncertainty cuts asymmetrically against the 

space case. 

Third, water accounting is systematically incomplete . WUE's denominator dependence, seasonal 

variability, and blindness to water type and geography make even the terrestrial baseline in Table 2 

uncertain, and regulatory reliance on WUE risks underestimating true water impacts. Because the largest 

water footprint component is often electricity generation rather than on-site cooling, the terrestrial figure 

is highly sensitive to the generation mix assumed. 

 

6. Conclusion 

This paper compared space-based AI compute — represented by Google's solar-powered TPU 

constellation architecture in dawn-dusk low-Earth orbit — against terrestrial hyperscale data centres 

across six environmental parameters, using a dual functional unit and a cradle-to-grave boundary. 

First, the carbon verdict is contingent on the displaced grid and the functional unit. Per kWh 

delivered to the payload, orbital energy is 1.5–1.95× more carbon-intensive than terrestrial energy (52.1–

66.3 versus 34.0 gCO₂e/kWh). Per MW of IT capacity against real grids, launch-phase emissions of 1,032–

2,585 t CO₂e amount to 5.5–13.7% of five years of terrestrial operation at the 395.65 gCO₂e/kWh global 

average, and break-even occurs only at 21.6–54.1 gCO₂e/kWh over five years. Per unit of compute work 

actually delivered, the advantage narrows toward Ohs et al.'s more pessimistic conclusion, because duty 

cycling, redundancy, and replacement cadence reduce delivered compute per kilogram launched. Space is 

a low-carbon option for high-carbon grids, not a general decarbonisation pathway. 

Second, water and land are where the space case is structural, not contingent. Eliminating evaporative 

cooling avoids ~9,930 m³ of direct water per MW-year, and eliminating thermoelectric generation avoids 

~28,359 m³ of embedded water against a terrestrial baseline of 38,289 m³, while removing tens to hundreds 

of hectares per facility from terrestrial conversion. The terrestrial alternative cannot improve on these 

beyond its physical limits. 

Third, the binding constraint in orbit is thermodynamic, not computational. Radiative rejection at 

εσT⁴ requires 33–67 cm² of radiator per watt of waste heat, or 1,900–6,667 m² per MW, because space 

provides no convective sink. This converts waste heat directly into launch mass, launch cost, and launch 

carbon, making thermal efficiency the highest- leverage design variable for the environmental performance 

of orbital compute. 

Fourth, the atmospheric dimension is a governance gap, not merely an emissions line item. Re-entry 

alumina and launch black carbon deposit directly into the stratosphere with one- to two-year residence 

times, catalytic ozone effects, and no allocation framework. Any scaling of orbital compute should carry 

lifecycle-based atmospheric accounting, since the terrestrial alternative — despite local air-quality impacts 
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that modelling suggests could cause 1,300 premature deaths and 600,000 asthma cases annually in the 

United States alone — is at least subject to permitting and measurement. 

The practical implication is that orbital AI infrastructure should be evaluated as a water-and-land 

intervention whose carbon position depends on the grid it displaces , targeted at water-stressed, land-

constrained, high-carbon-grid jurisdictions, and not marketed as a general sustainability solution. Framing 

it otherwise would repeat, at planetary scale, the error that PUE-only accounting already produced in the 

terrestrial industry: optimising the metric that is easy to measure while misallocating the resource that 

actually matters. 

 

References: 

1. Coyle, W. L., & Gee, K. L. (2024). An application of aircraft noise metrics to the Artemis-I launch. 

NOISE-CON Proceedings, 270(5), 6304–6311. https://doi.org/10.3397/in_2024_3712 

2. Gee, K. L., Mathews, L. T., McLaughlin, B., Anderson, M. C., Edgington-Mitchell, D., & Hart, G. W. 

(2023). Rocket noise: What does it mean for Australian spaceports? The Journal of the Acoustical 

Society of America, 154. https://doi.org/10.1121/10.0023749 

3. Gee, K. L., Pulsipher, N. L., Kellison, M. S., Hart, G. W., Mathews, L. T., & Anderson, M. C. (2025). 

Starship Super Heavy acoustics: Comparing launch noise from Flights 5 and 6. JASA Express Letters, 

5(2). https://doi.org/10.1121/10.0035925 

 

http://www.ijfmr.com/
https://doi.org/10.3397/in_2024_3712
https://doi.org/10.1121/10.0023749
https://doi.org/10.1121/10.0035925

