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Summary. Most proposals put the sunshade near the Sun-Earth Lagrange 1 point because of
its gravitational balance and constant shading. Sunshade research has consistently passed over
Earth orbit, either skipping it or dismissing it without a full accounting. Proposals to put a shade
in Earth orbit nonetheless recur. This report works through the physical, engineering, economic
and policy constraints on the concept, and concludes that none of them is worth overcoming.
We first narrow the design space to a single strongest candidate, a noon-midnight sun-
synchronous “magic carpet” at 1,000 km, and then test that steelman against four constraints.
Atmospheric drag rules out every altitude where a shade would be efficient. Solar radiation
pressure breathes the orbit ±360 km on a 139-day cycle, so the constellation occupies a 720 km
shell rather than a ring. Reaching a 0.1% reduction in sunlight from that shell requires 464,000
craft covering 464,000 km2 and massing 9.75 million tonnes — 1.3 million times the cumulative
cross-section currently in low Earth orbit — and every satellite in the shell would be struck three
to four times a year, with collision avoidance unavailable at that scale. Meanwhile a Starship
delivers slightly more usable film to the Sun-Earth Lagrange 1 point than to a 1,000 km SSO, and
each kilogram delivered there buys about 1.24 times the cooling.
The binding conclusion is comparative rather than absolute. Earth orbit sunshades are not
physically impossible. They are simply the more expensive way to buy less shade, and they cost
the rest of humanity its access to low Earth orbit in the process.

All quantitative claims in this report are produced by the Python scripts published alongside it at
github.com/PlanetarySunshadeInstitute/Earth-Orbit, in the calcs/ folder; calcs/README.md maps
each number to the script that generates it.

https://github.com/PlanetarySunshadeInstitute/Earth-Orbit
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1. Introduction & Scope

1.1 Purpose

Most sunshade research focuses on positioning the shade system near the Sun-Earth Lagrange
1 point (SEL1). From the earliest considerations of sunshades, Earth orbit has consistently been
skipped over (Early 1989), or discarded as not a real option (Hudson 1991).

However, people periodically propose placing sunshades in Earth orbit. While these proposals
rarely move beyond non-technical speculation, this report examines the physical, engineering,
economic, and policy constraints which make sunshades in Earth orbit not feasible. We present
the constraints for Earth orbit sunshades as a comprehensive look at why the concept is not a
viable pathway. We challenge future proposals to overcome the core constraints discussed in
this report.

1.2 Scope & definitions

Earth orbit includes the region of space from the very boundary (the 100 km Kármán line)
all the way up to the orbit of the Moon (average 384,300 km) and beyond.1 Low Earth Orbit
(LEO) is commonly defined as the area of space below an altitude of 2,000 km, Medium Earth
Orbit (MEO) goes from 2,000 km to the 35,786 km of Geostationary orbit (GEO), and high Earth
orbits beyond that.

We are interested in the global climate benefit per unit of mass launched from Earth. Global
climate benefit means changing the total amount of incoming solar radiation across the Earth,
or the Earth radiation budget. Mass launched from Earth is useful for two reasons: it is a
more enduring metric than cost (what does $1 billion mean 50 years from now?), but more
importantly, Earth-launched mass is the largest limiting factor.

We are concerned with climate-relevant scale, by which we mean an intervention that could
conceivably impact the global average temperature. This work is grounded in the global
political goal of capping temperatures below 2 °C of warming. As a lower bound, we consider
systems sized to 0.1 °C to be the floor for climate-relevance. While climate sensitivity varies
with the exact level of greenhouse gases, for this report we assume that 1% of sunlight reduction
results in 1 °C of cooling (Visioni et al. 2021). However, throughout this report we use 0.1%
as the very upper bound of what might be technically plausible and the very lower bound of
what we consider to be climate-relevant.

Our process identified the most likely engineering pathway for an Earth orbit sunshade, which
we refer to as our ‘steelman’ concept. Because only a cohesive engineering proposal is relevant,
we must first understand why this is the strongest candidate. Sections 2 and 3 take us through
a series of design choices that result in the steelman candidate.

Sections 4 through 7 work through the four major constraints of the Earth orbit environment,
evaluating the steelman concept against them. The constraints are (a) atmospheric drag, (b)
debris and collision risks, (c) comparison to the shading effectiveness of an equivalent mass
and energy focused on a SEL1 sunshade, and (d) consideration of other commercial activities
which might result in shade.

1We will see that higher orbits are less and less efficient, until reaching the edge of Earth’s Hill sphere, where
the constant position in line with Earth and Sun of the Lagrange 1 point becomes the dominant factor for shading.
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1.3 Shade and desirable climate outcomes

This report is primarily interested in planetary climate outcomes, e.g. the Earth radiation
budget. Simply put, reducing the total incoming solar radiation, such that the budget is closer
to balanced.

Climate science shows that planetary scale shading should be relatively even to reduce regional
climate disruptions. Furthermore, shading a specific region from Earth is generally not possible
because objects in orbit are defined by their motion: without sufficient speed, an object in space
simply falls.

We briefly consider one exception where the climate stabilization field’s interest and orbital
dynamics almost align. The Arctic is a region of heightened climate concern where regional
shading may make sense. The Arctic is experiencing rapid warming, which in turn drives
multiple feedback loops and risks specific tipping points including the total loss of sea ice,
melting permafrost, collapse of the Greenland ice sheet, and the shutdown of the Atlantic
Meridional Overturning Circulation (AMOC). Thus, the steelman design choices consider
Arctic cooling as a possible sub-global intervention.

1.4 Classification

We evaluate our findings with four categories, to define where the deal-breaker exists:

• Physical impossibility: does it violate the laws of physics? No engineering can fix this.
• Engineering impracticality: does it require performance beyond even ambitiously projected

capabilities?
• Economic or logistical implausibility: while buildable, would the effort required be better

spent on other outcomes?
• Governance and climate harm: while buildable, does operation violate the other significant

interests of humanity and the biosphere generally?

1.5 Method & assumptions

This study is one output from the Space Reflector Baseline Survey, a year-long study of
engineering and climate science for six different sunshade architectures. While the other
five architectures focus on SEL1, we knew that Earth orbit had not been taken seriously by
the sunshade community. Planetary Sunshade Institute technical staff reviewed increasingly
detailed proposals, and eventually presented plausible concepts to a design review of technical
advisors. Through a year’s worth of research, we are confident that we have arrived at a clear
set of conclusions.

While this report refers to peer reviewed literature, our primary focus is a first-principles
conclusion. To demonstrate this, our calculations are conducted via Python scripts and
published alongside this report at github.com/PlanetarySunshadeInstitute/Earth-Orbit.

We assume an ellipsoid shape for the Earth, as its oblateness has real impacts on very low orbit
and high drag spacecraft. Elsewhere, we assume more general values, such as a point-source
of light for the sun and a circular orbit for Earth. The reference shade element is a thin film
at a density of 21 g/m2 with drag coefficient 2.2. The material is highly reflective because
otherwise it would re-emit longwave radiation toward the Earth and decrease the cooling
effectiveness. Various designs imply attaching propulsion systems and structural support
to make the film operational as a shade element, and we assume an efficient (and highly
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speculative) solar electric propulsion system to provide the necessary long-term thrust. Where
parameters needed to be assumed, we have generally chosen values favorable to the LEO
constellation’s operability. This is a deliberate choice to present a LEO sunshade in the best
light possible, and show that even with generous assumptions, the realistic opportunity space
here is small to non-existent.

2. Possible approaches to Earth orbit sunshades

Numbers: calcs/elliptical_heliotropic.py, calcs/leo_shade_calcs.py

Let us start by defining the broad categories of Earth orbit concepts. These are: dust or particle
clouds, equatorial orbits, mid-inclination drifting orbits, elliptical sun-apogee orbits, and
sun-synchronous orbits (SSOs). This section rejects the first four and narrows to two possible
sun-synchronous options, to be developed in Section 3. Figure 1 maps the whole decision
space.

2.1 Dust clouds or rings: a non-starter

While a paleoclimate paper suggested that prehistoric Earth had Saturn-like rings (Tomkins,
Martin, and Cawood 2024), intentionally doing this is a non-starter. Comets, asteroids, or
manmade activity could conceivably create such a dust cloud which would then be captured
by the Earth’s gravity forming a ring. Due to orbital mechanics, such a ring would necessarily
be equatorial.

This is not physically impossible; however, it clearly violates our fourth evaluation category,
of governance and general interests of humanity. No amount of engineering could counter
these impacts. A dust ring would render virtually every manmade satellite unusable, and the
effects would not be reversible for millennia. Furthermore, from a climate perspective, the
shade cast by such a ring would be highly irregular, causing intense shading only in the winter
hemisphere while possibly increasing sunlight in the summer hemisphere due to reflection
from the ring’s sunward side. This would lead to massive disruptions of the Intertropical
Convergence Zone ( ITCZ), the band of rainfall which corresponds to the monsoons. We will
not return to this concept in this paper.

Verdict: governance and climate harm. Irreversible for millennia; denies use of space;
shades winter hemisphere only, likely disrupting rainfall for billions of people.

2.2 Equatorial orbits

This concept considers the most efficient version of an Earth orbit sunshade (climate benefit per
mass launched from Earth). To achieve maximum efficiency, this would orbit directly over the
equator, which requires less energy for launch and provides shade in the area of maximal solar
intensity on Earth. This would be a thin film sunshade, made up of thousands of spacecraft,
with a total surface area large enough to be relevant to the climate.

An equatorial orbit is confined to directly above the Earth’s equator, with the corresponding
shade only occurring a few km in either direction underneath. Wider bands in equatorial orbit,
even at a 0.1% sunlight reduction scale, would risk colliding with themselves. This is due to the
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Shade material in Earth orbit
reference film 21 g/m², 1 km² per craft

form

Dust or particle ring
§2.1

Discrete shade craft
station-keeping possible

WALL: Governance and climate harm

irreversible for millennia; denies
use of space to everyone; shades

the winter hemisphere only

§2.1

orbit choice

Equatorial
§2.2

Mid-inclination
§2.3

Elliptical sun-apogee
§2.4

Sun-synchronous
§3

WALL: Governance and
climate harm

5% dimming concentrated
on the ITCZ and nowhere

else

§2.2

WALL: Engineering
impracticality

inherits the dawn-dusk
and noon-midnight

failures, with no benefit

§2.3

WALL: Engineering
impracticality

less shade than circular
(27.6% / 23.3% vs 33.2%);
crosses every shell twice

per orbit

local time of node

Dawn-dusk "blade"
LTAN 06:00 — §3.2

Noon-midnight "carpet"
LTAN 12:00 — THE STEELMAN, §3.3

WALL: Governance and
climate harm

74–150 shade days per year,
polar only; not climate-relevant

§3.2

altitude

274–500 km
§4.2

~1,000 km
§4.4

WALL: Engineering impracticality

23,021 m/s per year at 350 km —
54% of craft mass in propellant,

every year

§4.2

Implications of the surviving configuration

SRP breathes the orbit ±360 km on a 139-day cycle;
33% duty cycle × 0.83 cosine = 27.5% effective shade;

464,000 craft over 464,000 km², 9.75 Mt of film

§4.3, §4.4

Commercial orbital data centres

choose dawn-dusk SSO for continuous
power, so they cast no useful shade.
1 TW of panel = 3,500 km², under 1%

of the target area.
§7

WALL: Engineering impracticality and governance

sweeps 640–1,360 km, the band holding OneWeb, Iridium
and the sun-synchronous Earth-observation fleet; every

satellite in it struck 3–4 times a year, with collision
avoidance unavailable

§5

WALL: Economic implausibility

SEL1 receives 77% of a Starship payload as usable shade
against 75% for a 1,000 km SSO, and shades at 0.33

efficiency against the carpet's 0.275, so each kg
delivered buys 1.24× more cooling at SEL1

§6

Figure 1. The design space for shade material in Earth orbit, and where each branch fails. Every path but
one terminates in a wall; the surviving branch is the steelman evaluated in Sections 4 through 7.
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fact that reaching 0.1% shading requires a near continuous band of satellites many kilometers
wide. As the width increases, the outer edges are no longer over the equator, but instead at an
inclined orbit, and that inclined orbit necessarily crosses the equator where the rest of the band
resides. Furthermore, solar radiation pressure acts as a major force decreasing the orbit on the
sun side, while having no effect for the majority of the orbit, adding a significant perturbation
which can only be addressed by added thrust and fuel. (More on SRP in Section 4.)

The climate impacts of an equatorial band, while not formally studied, are intuitively problem-
atic. An equatorial band concentrates dimming along a very narrow strip of the Earth, often
directly over the ITCZ. In order to reach climate-relevant scale for the planet as a whole, the
local dimming under this proposal would approach 5% or more in that narrow region. This
would be disruptive.

Verdict: governance and climate harm. Dimming of 5% on the ITCZ and nowhere else is
the opposite of the even dimming favored by the geoengineering research community.

2.3 Mid-inclination

A mid-inclination orbit drifts relative to the sun. For an observer, the shade passes overhead
at every local time of day. Most satellites, including the International Space Station, are mid-
inclination. While it could achieve the even dimming that the climate consideration favours, it
inherits all of the challenges of both the noon-midnight and the dawn-dusk designs discussed
in the next sections. Given that, we do not consider this concept on its own.

Verdict: engineering impracticality. Worst of both worlds from the dawn-dusk and
noon-midnight cases, with no benefit.

2.4 Highly elliptical sun-apogee orbits

An orbit could be designed to maximize the efficiency of a shade, i.e. spend more time shading
the Earth than it does in locations that don’t shade the Earth (Bewick et al. 2013). This notion
exploits Kepler’s second law of orbital dynamics, that orbiting objects move more slowly at
apogee than perigee. If the perigee of the craft is on the dark side of the Earth and apogee
toward the sun, then the time spent between the Sun and the Earth casting meaningful shade
is maximized. However, a ‘magic carpet’ also has much more time edge-on to the sun and
therefore not casting shade. So if we assume the shade element is not normal to the sun the
entire orbit, the efficiency reduces like this:

Orbit type Orbit size Shade fraction

circular 1,000 km 33.2%
elliptical 1,000 km × 8,000 km 27.6%
elliptical 1,000 km × 20,000 km 23.3%

Table 1. Fraction of each orbit during which a horizontal shade casts shade on the Earth, for sun-
apogee ellipses (perigee × apogee) against a circular orbit at the same 1,000 km perigee. Source:
calcs/elliptical_heliotropic.py.

In addition to the decreasing shade, this concept suffers two fatal flaws.

First, this configuration suffers the most consequential risk of orbital debris collisions: the
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ellipse crosses every altitude shell transcribed by the perigee and apogee twice per orbit,
making this a collision risk for almost every other spacecraft and uncontrolled debris. The
steelman we eventually settle on is not free of this problem — solar radiation pressure gives
it a 720 km breathing band, and Section 5 treats that band as a showstopper in its own right
— but the difference in degree is large. A 1,000 × 20,000 km ellipse sweeps every shell from
LEO past geostationary altitude, twenty times the span, and does so with a low perigee that
no amount of station-keeping makes benign.

Second, solar radiation pressure (SRP) exerts a constant force on objects. SRP at Earth is
4.3 × 10−4 m/s2, equivalent to 37 m/s per day of applied acceleration for our 21 g/m2 film. By
asymmetrically placing more of the orbit in the sun than the shade, this configuration is also
more impacted by SRP than a more circular orbit. Given the lack of advantage, and distinct
challenges of an elliptical orbit with regard to debris and SRP, we’ll focus on more circular
orbits.

Verdict: no benefit, and engineering impracticality. A reduction of shade time. Addi-
tionally, it crosses every satellite shell twice per orbit.

3. Sun-synchronous orbits

Numbers: calcs/leo_shade_calcs.py, calcs/noon_midnight_calcs.py,
calcs/penumbra_intensity.py

3.1 Overview of sun-synchronous orbits (SSOs)

SSOs are a specific class of orbit. Given that the Earth orbits the sun once per year, spacecraft in
SSO must precess their orbit about 1 degree around the Earth per day, so that over the course
of a year they maintain a fixed position relative to the sun. To do this, they take advantage of
the Earth’s oblateness, making them popular for many spacecraft. Sun-synchronicity couples
altitude to inclination: a 274 km very low orbit is inclined at 96.6 degrees, a 575 km orbit at 97.7
degrees, and a 1,300 km orbit at 100.9 degrees. These are always retrograde of polar. Within
these constraints, we can choose the local time of ascending node (LTAN), the node direction,
and altitude.

3.2 Is there an Arctic shade option?

In the family of SSOs, an orbit could be designed to prioritize shading the Arctic. However,
there are serious constraints.

Dawn-dusk is defined as LTAN 06:00/18:00. This orbit is perpendicular to the sun vector,
riding the terminator (the line between day and night). This sail is a vertical ‘knife’, its face
remaining normal to the sun, and a single orbit can shade only one of the two poles. The
shadow only grazes the Earth for as many as 150 days per year at an impossibly low 274 km
orbit, and at an 800 km orbit that number drops to 74 days per year. Since orbits below about
800 km require propellant for boosting to compensate for atmospheric drag, we can see that this
option is very limited. While it is possible that an Arctic climate value could be derived from
this polar shading, the challenges faced by the design are similar enough to the noon-midnight
configuration that we will not explore this further on its own.
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Noon-midnight is defined as LTAN 12:00/00:00. The orbit plane aligns with the sun’s vector,
and the satellite crosses the sub-stellar point on every orbit. This casts shade 33%–41% of
every orbit depending on altitude, every day of the year. It also passes into Earth’s shadow an
equivalent amount of time. This sail is a horizontal ‘flying carpet’, so as to avoid flying face-on
to the atmospheric drag.

3.3 Summary of the steelman configuration

While many orbits can be imagined, our review has narrowed down the interesting option to
one which we’ll use as the steelman. The remainder of this report considers the following:

• a noon-midnight SSO horizontal carpet, constructed from multiples of
• a model shade craft of 100 m wide and 10 km long, for a total area of 1 km2,
• with a shade material of density 21 g/m2,
• making each craft 106 m2 × 21 g/m2 = 2.1 × 107 g = 21,000 kg = 21 tonnes of film, not

counting avionics, structural elements, thrusters and fuel.

This hypothetical craft is orders of magnitude beyond anything built, and no specific designs
exist, but for the purpose of this study we find this the most plausible.

• This craft does not cast a fully dark umbra on the Earth, but instead results in a penumbra
of about 10 km wide.

• A sunshade system which achieves a 0.1% reduction in overall sunlight requires 127,000 km2

effective area of shade. Because shade is cast only 33%–41% of every orbit, depending on
altitude, the exact size of a sunshade will be defined in Section 4.

Sections 4–7 will evaluate this steelman configuration against drag, debris, the comparison to
a SEL1 option, and the economic tradeoff comparison.

4. Constraint A: orbital decay

Numbers: calcs/drag_reboost.py, calcs/shade_fraction_table.py

4.1 Altitude vs. shading fraction

A noon-midnight shade only casts shade on the Earth while it is on the sunward side of its
orbit, between the Sun and the Earth’s disk. The lower the orbit, the larger the Earth looks from
the craft, and the larger the share of each orbit spent in front of it. The shade fraction therefore
falls steadily with altitude, from 41% at 274 km to 33% at 1,000 km and 27.5% at 2,000 km. For
the noon-midnight geometry it is essentially constant through the year, varying by no more
than 0.1 percentage points at any altitude.

This sets up the central tradeoff of this section. Low orbits give the most shade per square
kilometre of film, but they sit in the densest part of the upper atmosphere, where drag is
highest. Climbing to escape drag costs shade time: a craft at 1,000 km shades about a fifth less
of each orbit than one at 274 km, so more craft are needed for the same cooling. The rest of this
section quantifies the drag side of that tradeoff.
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Orbit type Altitude Shade fraction

circular (noon-midnight SSO) 274 km 40.8%
circular (noon-midnight SSO) 350 km 39.7%
circular (noon-midnight SSO) 500 km 37.8%
circular (noon-midnight SSO) 575 km 36.9%
circular (noon-midnight SSO) 800 km 34.8%
circular (noon-midnight SSO) 1,000 km 33.2%
circular (noon-midnight SSO) 2,000 km 27.5%

Table 2. Fraction of each orbit during which a noon-midnight SSO craft casts shade on the Earth, averaged
over the year. Source: calcs/shade_fraction_table.py.

4.2 Drag on an edge-on sail

Drag has two main factors: the density of the atmosphere (ρ), and the amount of drag caused
by the sail not being perfectly flat, altitude errors, billowing, etc., which can all be represented
by the value ε.

The drag force on an orbiting body is F = 1
2 CdρAramv2, with Cd ≈ 2.2 in free-molecular flow, ρ

the local atmospheric density, v the orbital velocity (7.4–7.8 km/s in LEO), and Aram the area
presented to the velocity vector. For a sail flown edge-on, Aram is not the sail area A but a
residual fraction ε × A, set by how flat the membrane is and how well it is pointed (Section
4.4). The resulting decay rate of a circular orbit is da/dt = Cd(Aram/m)ρ

√
µa. Every number

in this section reduces to a choice of ρ and ε.

Density is taken from a representative exponential-atmosphere table rather than from a model
run. Our values agree with the standard reference tables (Vallado’s exponential atmosphere,
of the CIRA family) to within about 25%, and reproduce qualitatively the behaviour of
NRLMSISE-00, the widely used empirical model (Picone et al. 2002). Density at a fixed
altitude is far from constant: solar ultraviolet heating expands the thermosphere, so at solar
maximum the atmosphere at a given altitude is roughly an order of magnitude denser than at
solar minimum. At 575 km our representative values are 1.6 × 10−13 kg/m3 (moderate activity)
and 8 × 10−13 (high). We use moderate values as our baseline, and note where fluctuations
have a significant impact.

We flag the provenance because these tables would be easy to over-read. Density is not the
binding uncertainty here: ε is unknown to two orders of magnitude, and every drag figure
below scales linearly in it. A 25% error in density moves nothing that the uncertainty in ε does
not already move much further.

4.3 Maintaining the orbit

Consider three different magnitudes of how well the sail minimizes its drag. While a perfectly
flat, perfectly pointed sail would give ε of about 10−7, real values plausibly span 10−3 to 10−1.
The following shows the station-keeping ∆v per year:

We can translate that into the amount of propellant needed every year to maintain this orbit.
This is represented as a percentage of the shade’s overall mass, and calculated as mp/m =
1 − exp(−∆v/ve).

Below 800 km, the fuel tanks and associated systems start to contribute to the drag. The above
numbers are based on a very flat, thin film, but actual shade craft would not be as thin.
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Altitude (km) ε = 10−3 ε = 10−2 ε = 10−1

274 3,970 m/s 39,700 m/s 397,000 m/s
350 686 m/s 6,860 m/s 68,600 m/s
500 48 m/s 480 m/s 4,790 m/s
575 15 m/s 152 m/s 1,520 m/s
800 1.1 m/s 11 m/s 110 m/s

1000 0.3 m/s 2.7 m/s 27 m/s

Table 3. Station-keeping ∆v to hold a circular orbit against atmospheric drag alone; solar radiation pressure
is treated separately in Section 4.4. Representative densities at moderate solar activity, Cd = 2.2, 21 g/m2

film. ε is the fraction of sail area presented to the airstream. At solar maximum every figure rises by two to
seven times, the multiple growing with altitude. Source: calcs/drag_reboost.py.

Above 800 km, the fuel needed to offset drag starts to become manageable. However, the
debris risks become much more consequential. At lower altitudes, the drag cleans the orbit
eventually, while orbits that minimize drag necessarily mean that debris from collisions persist
for centuries or more. Collisions and debris is treated in the following section.

Verdict: engineering impracticality. For low orbits, below 800km, fuel to maintain orbit
becomes a significant mass problem.

4.4 Solar radiation pressure (SRP)

Numbers: calcs/drag_reboost.py

SRP is a force which acts upon all spacecraft, and is especially prominent on large surface areas
with low mass, of which this is a prime example. In particular, because of our requirement that
the material be highly reflective, so as not to re-emit long-wave radiation toward the Earth,
SRP cannot be minimized by using more absorbtive materials. Sunlight pushes the reflective
shade away from the Sun, and because that push is always in the same direction it steadily
stretches the orbit into an ellipse. The Earth’s equatorial bulge slowly rotates that ellipse out
from under the push, so the stretch builds up and unwinds again on a 139-day cycle rather than
growing without limit — which is why the orbit breathes ±360 km instead of simply decaying
(Colombo, Lücking, and McInnes 2012; Lücking, Colombo, and McInnes 2012). This behaviour
has flight precedent: the LightSail 2 mission observed the same solar-pressure-driven orbit
evolution (Mansell et al. 2023).

The orbital fluctuation caused by SRP can be used to help maintain the orbit of a sunshade, but
Section 5 discusses the much larger issue of orbital debris, as the shades would sweep across a
very large number of orbits.

4.5 Conclusion: atmospheric drag requires propellant, or dictates a less effective and more
debris-prone orbit

Numbers: calcs/drag_reboost.py, calcs/constellation_sizing.py

We consider the engineering impractical at the altitudes where the shade is maximally efficient
(274 km, up to 800 km), because the propellant fractions are a significant percent of the overall
mass per year. At higher orbits, the drag is much less of a factor, but the shading efficiency
continues to drop (33% at 1,000 km vs. 40% at 274 km) and the primary concern flips to
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collisions and debris.

Alt. (km) Hold circ. Frozen Cheaper Total ∆v/yr SEP %/yr Chem %/yr

274 90,690 m/s 199,184 m/s hold circular 90,690 m/s 95.4% 100%
350 23,021 m/s 47,393 m/s hold circular 23,021 m/s 54.3% 100%
500 3,569 m/s 3,959 m/s hold circular 3,569 m/s 11.4% 70.3%
575 2,221 m/s 1,467 m/s frozen 1,467 m/s 4.9% 39.2%
800 1,547 m/s 129 m/s frozen 129 m/s 0.4% 4.3%

1000 1,504 m/s 26 m/s frozen 26 m/s 0.1% 0.9%

Table 4. Total annual ∆v at ε = 10−2, solar maximum throughout, comparing two strategies: holding
the orbit circular, which pays for both eccentricity control and drag, against letting it settle at its frozen
eccentricity, which is free of SRP cost but drags permanently at perigee. Propellant columns are mass
fraction per year, solar electric at Isp 3,000 s and chemical at Isp 300 s. Source: calcs/drag_reboost.py.

For the remaining sections, we’ll consider the steelman to be a somewhat elliptical 1,000 km
orbit, with ±360 km variability.

At a 1,000 km average orbital altitude, how large of a sunshade is required to achieve 0.1%
shading? The size of Earth’s disk, as seen from the Sun, is πR2 = 1.275 × 108 km2, and 0.1% of
that is 127,500 km2. However, in orbit a shade only casts shade on the Earth for a fraction of
the time. Specifically, at 1,000 km a shade has a 33% duty cycle, but because it is not directly
facing the sun for its orbit, the effective shade drops to 27%. In order to reach the effective
0.1% shading, we require 464,000 km2 worth of sunshade, or 464,000 craft, in Earth orbit. At 21
tonnes per craft, this equals 9.75 million tonnes of shade material.

5. Constraint B: collisions and debris

Numbers: calcs/kessler_crosssection.py

This section primarily deals with the risk of collisions. We consider isolated collisions which
likely disable satellites, and then the risk of cascading collisions commonly referred to as the
the Kessler Effect.

5.1 Risk of collisions in orbit

Let’s look at the likelihood of collisions with other space debris, and the impact of those
collisions. We are concerned with the steelman somewhat elliptical orbits between 640 km and
1,360 km, given the variability of an orbit impacted by SRP.

Sunshade satellites are large and much less nimble than all other satellites, requiring other
more maneuverable objects to make adjustments. Think of smaller boats getting out of the
way of a container ship.

The orbital environment is not stable. Fluctuations in the atmosphere caused by solar activity
can raise and lower the density of the atmosphere, and these small differences in drag impact
satellite paths. Because SRP exerts a different force on sunshade satellites vs. other denser
satellites, it is not the case that all satellites move in a coordinated fashion. Instead, a sunshade
sweeps through all other orbits. This causes every operational satellite in the region to cross
the path of a sunshade multiple times per day, and hundreds to thousands of times per year.
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ESA Space Debris User Portal statistics give us the following stats for orbital debris:

Value

Catalogued objects in LEO 27,465
— payloads 16,811
— fragmentation debris (payload + rocket) 8,231
— rocket bodies 968

Cumulative cross-section, LEO 0.36 km2

Mass, LEO 9,874 t
Count of objects by size: >10 cm / 1–10 cm / >1 mm 54,000 / 1.2 M / 140 M

Table 5. The current population of objects in low Earth orbit: catalogued counts by type, their combined
cross-sectional area and mass, and estimated counts by size including objects too small to catalogue. Sources:
ESA Space Debris User Portal (European Space Agency 2026b); size-bin counts from ESA’s Annual Space
Environment Report (European Space Agency 2026a), derived from the MASTER-8 reference population.

To put this project in context, a 0.1% sunshade requires 464,000 km2 of area, as compared to the
0.36 km2 of total cross section in orbit, or 1.3 million times more.

Currently, orbital collisions are avoided by active adjustments to orbits. While all functioning
satellites can adjust their orbit to avoid collisions, the degree of adjustment is limited by the
force of the thrusters, and across its operating life by its fuel. More adjustments to avoid
collisions means the lifetime of the satellite gets shorter. Furthermore, pieces of debris cannot
adjust their orbit. While debris tends to be small, satellites routinely adjust their orbits to give
wide margins to known pieces of debris. Because a shade cannot maneuver away, it absorbs
every one of these encounters. The constellation would be struck by debris larger than 10 cm
93,766 times a year, or once every six minutes, and by debris larger than 1 cm 2,170,515 times a
year.

Without avoidance maneuvers, every satellite in the operational band would be hit 3–4 times
per year, 12,000–32,000× the current rate. This includes major operational satellites such as
Landsat, Sentinel-1/-2, MetOp, Suomi-NPP/JPSS, Terra, Aqua, Iridium NEXT, OneWeb, and
many more. Of course, avoidance maneuvers are standard practice for satellites. Unfortunately,
the scale and the dynamic motion of the sunshade constellation makes this virtually impossible.
Useful avoidance warnings must be delivered in time for action, and the error in predicting
where a shade craft will be, even at 24 hours, is several times the size of the craft, producing a
very high false alarm rate. Even with avoidance, a satellite may have to maneuver out of the
entire 720 km band circumscribed by the constellation. For many science missions, altering
course enough to avoid collisions would also alter their ground track enough to invalidate the
science.

5.2 Consequences of collisions

Collisions do happen, and while many cause only minor damage, some are significant. On
February 10, 2009, an active commercial Iridium satellite and a derelict Russian military
satellite accidentally collided at a speed of 11.7 km/s (26,000 mph) and an altitude of 789 km.
This collision created more than 1,800 pieces of debris 10 cm and larger (Johnson 2009).

The greatest orbital risk comes from a specific class of orbital debris: expended upper stage
rockets. The three notable clusters are a result of Russian space activity between 1980 and 2000.
These upper stages have masses of 1,000 to 8,000 kilograms, and being dead objects, cannot
maneuver. One cluster at an altitude of 775 kilometers affects the most operational satellites,
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and also includes the European Space Agency’s Envisat satellite, the largest defunct satellite in
orbit. The second, at 850 kilometers, contains some of the largest objects and thus could create
the largest amount of debris in a collision. The third, at 975 kilometers, is the most numerous
and has the highest probability of a collision. The risk is already high: in May of 2019, two of
the rocket bodies in the cluster at 850 kilometers passed within 87 meters of each other, with a
relative velocity of 14 kilometers per second (Foust 2019).

For our thin-film sunshade, we can calculate the impact of collisions. A spacecraft striking
∼10 m2 of 15 µm film sweeps up 0.21 kg at 9.8 km/s. That is 10.1 MJ delivered to a 700 kg
bus, a specific energy of 14 kJ/kg, well under the 40 kJ/kg NASA catastrophic fragmentation
threshold. Consider this a mission-ending event for the satellite — the arrays and optics do
not survive — but this does not produce a fragment cloud. The risk is loss of the fleet, not
automatically a classical Kessler cascade.

Conversely, the shade is damaged by these impacts. If a section of shade becomes severed,
not unreasonable considering it is 100 m wide, many objects will move across that space, and
if only some of it is severed the whole membrane could tear loose. This would become an
uncontrolled piece of very large surface-area debris, threatening the sunshade as well as other
satellites.

5.3 Orbit raising for geostationary satellites

An Earth orbit sunshade would impact the ability to reach the most valuable specific satellite
orbit: GEO. Specifically at 35,786 km, the distance at which a satellite’s orbital velocity exactly
matches that of the Earth’s rotation, thus maintaining a position above a point on the Earth’s
equator. These orbits are valuable for telecommunications and military operations. Currently
573 geostationary satellites operate in GEO. Reaching GEO requires passing through the
congested ∼1,000 km orbital band in which a sunshade would operate.

Most GEO satellites reach their position with a deployment in a Geostationary Transfer Orbit,
a highly elliptical orbit which passes through the area of possible sunshade deployment. The
satellite then uses a highly efficient but slow solar electric propulsion thruster to raise its
apogee up to GEO. Because this takes on the order of months, the satellite passes through the
sunshade constellation many times before completing its mission. This efficient method of
reaching GEO would be judged too risky for such valuable satellites. Instead of the efficient
solar electric propulsion, this risk could be remediated by using chemical rockets to directly
reach a higher orbit.

This risk can be mitigated, then, but only by making access to the most valuable orbit in space
more expensive. We note it here as an additional concern.

5.4 Space debris policy

While no binding international policy exists for space debris, there are relevant policies.

The Outer Space Treaty, the foundational law of space, was signed by all major spacefaring
nations in 1967 (United Nations 1967). While its impetus was to prevent nuclear weapons in
space, it detailed a number of other activities. First, that all objects in space are the respon-
sibility of the country which launched them, and consequently that country is responsible
for damages incurred. Private space activities are the responsibility of the launching country.
Furthermore, Article IX requires “due regard” for others’ interests and obliges a state to con-
sult internationally before proceeding with an activity that could cause “potentially harmful
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interference” with others’ use of space.

In 1972 the UN further clarified the provisions with a Liability Convention (United Nations
1972) which goes into greater detail about the mechanisms for determining fault, assessing
damages, and handling claims.

While not strictly legally binding, the UN COPUOS Space Debris Mitigation Guidelines,
endorsed by UN General Assembly Resolution 62/217 in 2007 (United Nations General
Assembly 2007), form the regulatory baseline. The guidelines detail (1) preventing on-orbit
break-ups, (2) removing spacecraft and orbital stages that have reached the end of their mission
operations from the useful densely populated orbit regions, and (3) limiting the objects released
during normal operations.

The Zero Debris Charter is a community-driven and community-building document and
initiative for the global space community. Facilitated by ESA’s ‘Protection of Space Assets’
Accelerator and created and written by 40 space actors, the Charter contains both high-level
guiding principles and specific, jointly defined targets to get to Zero Debris by 2030. Most
notably, the charter calls for: “The probability of space debris generation through collisions
and break-ups should remain below 1 in 1000 per object during the entire orbital lifetime”
(European Space Agency 2023).

Given that every spacefaring nation has an interest in access to space, these policies and
guidelines are increasing in relevance. An Earth orbit sunshade would prompt direct scrutiny
from these policies — this is exactly why the policies were written. Furthermore, it is not the
case that an Earth orbit sunshade would simply be a tradeoff where proponents could argue
that addressing climate change is a more valuable use of Earth orbit than other space activities:
debris collisions are a virtual showstopper to an Earth orbit sunshade being able to function.

5.5 Cascading collisions and loss of access to space

Proposed by NASA scientists Donald J. Kessler and Burton G. Cour-Palais in 1978, the "Kessler
effect" describes a situation in which the density of objects in low Earth orbit becomes so high
due to space pollution that collisions between these objects cascade, exponentially increasing
the amount of space debris over time. This proliferation of debris poses an existential risk to
satellites, space missions, and the International Space Station. It would render certain orbital
regions unusable and threaten the sustainability of space activities for many generations
(Kessler and Cour-Palais 1978).

Many space policy practitioners consider the Kessler effect to already be a serious concern.
They argue that current proposals for large satellite internet and data center constellations are
radically escalating this risk (Secure World Foundation 2026). The 0.1% sunshade contemplated
in this report is at least an order of magnitude larger than these proposals.

5.6 Conclusion: orbital debris is a virtual showstopper

Overcoming the risks of orbital collisions in the 640 km to 1,360 km orbital band would be a
tremendous task. It would require removing the thousands of pieces of known orbital debris
(a good thing in general) and then making a significant sacrifice to the types of space activity
available to humanity. While it is possible to imagine a political and technical process that
could achieve this result, it is extraordinarily difficult. If an Earth orbit sunshade was the
only way to reflect sunlight from space, we might set ourselves the task of figuring this out.
However, we should compare this approach to the energy required to construct a sunshade at

Planetary Sunshade Institute • Earth Orbit Sunshades 15



the more typically considered location of SEL1.

Verdict: engineering impracticality and governance challenge. Every satellite in these
very congested bands would be struck at least once per year.

6. Comparison to SEL1

Numbers: calcs/sel1_comparison.py

What if the same rockets were used to send a comparable amount of shading to SEL1 instead of
Earth orbit? The energy difference alone is surprisingly small, let alone all the other difficulties
mentioned here.

Let’s look at the fraction of a Starship payload that could be delivered as usable shade craft
at these two locations. The remainder of the Starship payload would need to be fuel for the
desired transfer required. If we assume a Starship launch delivering the payload to a 400 km
orbit, then we need to look at the energy required to reach either 1,000 km or SEL1. However,
these are not identical 400 km orbits. If a Starship were used to get a payload to SEL1, it would
launch due east, preserving the equatorial inertia of the Earth. However, in order to reach the
SSO, the Starship does not benefit from that inertia. For the purposes of this comparison, we’ll
add the extra energy as the launch penalty for reaching SSO, with the eastward launch serving
as a baseline. Both scenarios assume the efficient solar electric propulsion at 3,000 s Isp.

Leg of journey ∆v Launch penalty for SSO In-space Net

A: 1,000 km SSO 0.32 km/s 76% 99% 75%
B: SEL1 7.7 km/s 100% 77% 77%

Table 6. Because solar electric propulsion thrusts continuously rather than impulsively, both legs are
calculated as low-thrust spirals. This makes little difference over a small altitude change — 400 to 1,000 km
costs 0.32 km/s either way — but it matters a great deal for escape, where spiralling out of Earth’s gravity
well costs roughly the full orbital velocity of 7.7 km/s against about 3.2 km/s for a single impulsive burn. We
use the spiral figure for both, which is the assumption least favourable to SEL1.

Surprisingly, slightly more of the Starship payload arrives at SEL1 as usable sunshade than at
the 1,000 km SSO. But arriving is only half of the comparison, because a square metre of film
does different amounts of work at the two destinations.

How effective is the shade in these two locations? As we have seen, a shade in Earth orbit
is casting shade on the Earth for a fraction of its orbit, depending on it’s altitude. A 800km
orbit casts shade 34.8% of the time on average. However, once we apply the cosine projection
to represent the edge-on nature of the shade craft, that percentage drops to 27.5% shading
efficiency.

A shade at SEL1 casts shade continously, but the shadow spreads wider than the Earth. From
the mass-optimized distance of 2.36 million km from Earth, the ’shading efficiency’ of a sail is
33% to 34% (Angel 2006, Sanchez and McInnes).

The same area of shading material at the optimal distance near SEL1 is doing 1.2 times more
work than a 1,000km SSO. If we also consider the lack of clear advantages for Earth orbit, the
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difficulties described in this report are most easily addressed by placing sunshades near SEL1.

Verdict: economic implausibility. Energy to deliver payload to 1,000 km SSO virtually
the same as to SEL1, and each kilogram delivered buys about 1.2× more cooling at SEL1.

7. Commercial orbital data centers

Would very large commercial data centers cast shade on the Earth either unintentionally, or
with so little effort that private companies undertake this as a minor optimization to their
constellation for the purposes of global cooling? We think this is highly unlikely. In addition
to all of the challenges listed above for sunshades, which would apply equally to any large
surface area, we wish to expand on the economic tradeoff faced by data centers.

To frame the scale of the question, let’s consider the surface area of a data center. The vast
majority of that surface area is solar panels, which would function as a shade. Because the
power generated by solar cells increases linearly with size, we can make educated guesses
about how much surface area would be required to power various size constellations of data
centers, as measured in megawatts or gigawatts.

7.1 Size of Data Centers

Currently there are ∼10,000 Starlink V2 satellites in orbit. Each has a 116 m2 area (Clark 2023).
From this we can derive a ∼33 kW power output from the panels. For reference, SpaceX has
filed a proposal for its second generation Starlink constellation with 30,000 units. The total
surface area of this constellation would be about 3 km2, far short of the 464,000 km2 required
to reach a 0.1% dimming. As a benchmark, the 3 km2 value is about a gigawatt of power.
But much larger constellations are proposed, with terawatt-sized data center constellations
discussed. How much shade is that? Using the Starlink V2 numbers, assuming no fundamental
changes in the efficiency of solar panels, 1 GW is 3.5 km2. This scales linearly, so 100 GW is
350 km2 and 1 TW is 3,500 km2. For reference, the entire world’s electricity generation was
about 3 TW in 2025. So the scale of data centers required would dwarf today’s energy regime.

7.2 Commercially valuable orbits for data centers

Would these larger data centers cast shade on the Earth? The most energy efficient orbit for a
data center to reach is a low inclination orbit, due to the launch energy requirements discussed
in the previous section. This is also where the majority of satellites currently operate. This orbit
casts shade, and is also shaded by the Earth, requiring batteries to operate continuously. At
some point, the need for constant power that does not rely on batteries may push data center
operators to use an SSO rather than a low-inclination orbit. In doing so, they would spend
much more energy on launch as a tradeoff. We expect this increase in launch energy to pay
for itself by achieving satellites which have continual sunlight, and therefore continual power
generation.

Current private actors exploring orbital data centers propose nearly continuous SSO orbits.
Google’s Project Suncatcher (Google Research 2025) and the startup Starcloud both plan for a
dawn-dusk SSO at 600–800 km. Starcloud’s white paper states “. . . the most important factor is
continuous solar power generation, and thus a low-Earth, dawn-dusk sun-synchronous orbit
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(SSO) has been selected” (Starcloud 2025). Other companies do not specify, but given the forces
involved here we are confident in assuming that a successful commercial data center effort
will use a dawn-dusk SSO, possibly after a development stage in lower inclination.

As we see in Section 3.2, the only possible shading use of a dawn-dusk SSO is to shade the
polar regions during the peak of their summer. This modest regional shading may have a
limited application. However, this report is concerned with globally relevant shading and thus
we conclude that even an extremely large orbital data center will not inadvertently cast any
meaningful shade. We add that the orbital debris and energy budget considerations listed in
Sections 5 and 6 also apply equally to data centers, making any low-latency computing task
much more likely to use data centers located outside of Earth orbit.

Verdict: economic implausibility. Data centers at meaningful scale would use non-
shading orbits.

8. Conclusion: sunshades are not for Earth orbit

There are serious impediments to sunshades in any Earth orbit. While each one individually
could theoretically be overcome, they are not worth overcoming because the same outcome
can be achieved with equal or even less energy at Sun-Earth Lagrange 1.

Orbital dynamics, atmospheric drag, and the risk of collisions from orbital debris eliminate a
lot of Earth orbit sunshade concepts, leaving only one steelman worth considering. A noon-
midnight sun-synchronous orbit at 1,000 km would be the most likely scenario. However, the
risk of orbital debris collisions is very high and the consequence of even one collision could
be catastrophic to all of human space activity. The energy and effort required to launch a
sunshade and place it in this steelman orbit is surprisingly similar to the energy required to
deliver the same payload to SEL1. Therefore, this report makes the strong conclusion that
Earth orbit sunshades should not be considered.

This table summarizes the configurations which have been considered in this study.
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§ Concept or
constraint

Verdict The number that binds it Engineer-
able
away?

2.1 Dust ring Governance and
climate harm

Irreversible for millennia; denies use of space; shades
winter hemisphere only

No

2.2 Equatorial
band

Governance and
climate harm

Highly concentrated local dimming on the
climate-sensitive ITCZ

No

2.3 Mid-
inclination

Engineering
impracticality

Worst of both worlds from the dawn-dusk and
noon-midnight cases, with no benefit

No

2.4 Highly
elliptical
sun-apogee

Engineering
impracticality

No benefit — overall shade time is decreased. Plus the
cost of crossing every satellite shell twice per orbit

No

3.2 Dawn-dusk
SSO

Governance and
climate harm

Only 74–150 shade days per year on a tiny portion of the
Arctic; not climate-relevant

Not
globally

4.3 Drag below
500 km

Engineering
impracticality

Drag of 23,000 m/s per year at 350 km would require
54% of the craft’s mass in propellant annually

No

4.4 SRP
eccentricity
at 1,000 km

Engineering
impracticality

The orbit breathes ±360 km No

5 Collisions
and debris

Engineering
impracticality,
governance

Every satellite in these very congested bands would be
struck at least once per year

No

6 Comparison
to SEL1

Economic
implausibility

Energy to deliver payload to 1,000 km SSO virtually the
same as to SEL1, and each kg delivered buys 1.24× more
cooling at SEL1

n/a

7 Commercial
orbital data
centres

Economic
implausibility

1 TW of solar power is 3,500 km2, under 1% of the target
shade; above that scale, data centers would use
non-shading orbits

No
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