Planetary Sunshade Institute

TARY SUNSHADE

Atmospheric Impact of Rocket Launch, Reentry, and Deorbiting e

Overview

The scale of terrestrial launch operations required to create megastructures or sustainable
planetary settlements may generate significant greenhouse gas effects on Earth. Alongside cost
and operational complexity, climate impact should be considered in the trades between space
resource and terrestrial launch architectures.

Space launch today is an atmospherically insignificant activity, with 135 orbital launches in
2021 (UNOOSA 2022) dwarfed by aviation’s 38.3 million scheduled flights in 2019 (ICAO 2019).
Space launch CO, emissions — using an estimate of 500 tons kerosene-oxygen propellant per
launch today and an emissions index of 0.6 tons CO, per ton of propellant (M. N. Ross and
Sheaffer 2014) — are 0.04 million tons annually, compared to 1,034 million tons annual CO;
emissions from aviation (Lee et al. 2021). While the atmospheric effects of rocket plumes are
more complicated, as reviewed below, this orders-of-magnitude difference illustrates that at
current launch rates, rocket emissions are not a significant driver of anthropogenic climate
change. To date, humanity has launched 15,000 tons to orbit; a million tons a year or more
(Musk 2022), leveraging industrial-scale space resource utilization (Scott et al. 2022), will be
needed to satisfy visions of millions of people living and working in space. Backed by $440
billion in capital from two of their proponents, these futures should be considered seriously. If
reusable rockets parallel the jet age, the history of commercial aviation offers precedent for a
75-fold increase in global activity: it grew that much between 1960 and today (Lee et al. 2021).

Launching a million tons annually over perhaps 10,000 launches will require new launch
architectures with a high level of reusability, burning liquid fuels that are inexpensive, non-
toxic, and clean-burning. The next generation of rockets incorporating reusability (Starship,
New Glenn, and Vulcan) use methane-oxygen first stages and either methane-oxygen or
hydrogen-oxygen upper stages. Dallas et al. (2020) review the environmental impact from
space launches through a survey of 41 studies conducted between 1974 and 2014, of which
29 focused solely on solid rocket motors and 8 solely on hypergolic propellants. Four studies
included kerosene rockets and 3 covered hydrogen rockets, none solely. None of the studies
reviewed considered methane rockets. Lack of data on methane rockets hampers useful
prediction about likely futures where methane rocket utilization is much higher than kerosene,
and especially solid and hypergolic launches.

Methane Rockets

If methane rockets are expected to dominate next-generation launch volume, understanding
their atmospheric impact is most significant. Methane exhaust plume data is absent from the



peer-reviewed literature, but SpaceX’s environmental impact statement for Starship operations
in Texas offers some contracted analysis of methane rocket plume emissions (Sierra Engineering
2021). The kinetics and heat of the Raptor exhaust plume, including ambient air entrapment,
were numerically modeled and fit to unspecified test data at sea level. The resultant physical
profile was then modeled as a one-dimensional flow for chemical reaction analysis. No soot
was predicted to form. At the thrust chamber nozzle exit, the predicted mass fractions are
predominantly CO (40%) and H,O (42%), with substantial CO, (12%) and trace O, Hy, OH, O,
CHy, and H. As the hot exhaust plume entrains air, the model predicts nearly complete CO
oxidation down to 1 ppm, with no significant thermal NO, formation. Plume composition at
reduced atmospheric pressure is not considered.

Stoichiometric combustion of 10,000 Starship/Super Heavy launches would yield 27.8 mil-
lion tons of CO,, or about 3.5% of annual aviation CO, emissions. Carbon neutral methane
fuel could be synthesized by the Sabatier reaction using atmospheric CO, and green hydro-
gen formed from water electrolysis as feedstocks. Stratospheric water vapor may contribute
to radiative forcing, although with large uncertainty due to poorly understood underlying
processes, and against a natural background orders of magnitude higher than rocket emis-
sions; mesospheric clouds may also have some minor but unknown effect (M. N. Ross and
Sheaffer 2014). Modeling of high-altitude exhaust composition or sampling the exhaust of a
research engine in a vacuum thrust chamber are academically accessible next steps to improve
understanding of methane rocket emissions.

Hydrogen Rockets

Continued growth of the space industry and transition of the energy sector toward hydro-
gen may lead to hydrogen rockets developed as successors to tomorrow’s launch architec-
tures. Larson et al. (2017) analyze the atmospheric response of 10,000 annual launches of
the hydrogen-powered Skylon vehicle, sufficient to deploy 3,000 space-based solar power
stations, each generating one gigawatt for terrestrial baseload use. Total hydrogen combustion
would inject 40 million tons of water into the stratosphere annually, with a 3-year lifetime
leading to a steady state of 120 million tons from rocket emissions. The natural stratospheric
water load is 1.5 billion tons. Hydrogen-rich combustion with incomplete afterburning at high
altitudes is also expected to inject molecular hydrogen into the stratosphere; the potential
indirect radiative forcing from tropospheric hydrogen inhibiting methane degradation via
hydroxyl radicals (Warwick et al. 2022) may be mitigated by altitude of injection. Hydrogen
peroxide and HO, radicals were not expected to be formed in measurable quantities.

Hypersonic Reentry and NO,

Hypersonic reentry impacts the atmosphere via thermal NO, production. Park and Rakich
(1980) predict that Space Shuttle reentry might produce 12-23% of the orbiter’s mass in nitric
oxide (NO) on reentry. Nitric oxide equilibrates with nitrogen dioxide (NO;) and ozone (O3)
via the Leighton relationship (Baylon et al. 2018), affecting the ozone layer — with NO, driving
radiative forcing 300 x stronger than the same mass of CO,, and precipitating as acid rain (EPA
2022). Analysis of 10,000 annual Skylon flights (producing 100,000 tons of NO,, about 3% of
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current global emissions) under various assumptions by Larson et al. (2017) predicts ozone
depletion of 0.4-1.1% and effective radiative forcing of —0.01 to +0.08 W/m? (contributing up
to 0.01 degrees of global warming). These climate effects are not severe but they are significant;
the reviewed work depends on several expedient assumptions and should be replicated by
experimentally grounded research on NO, production during reentry. If these results hold,
reentry heating may be the dominant atmospheric impact of methane- and hydrogen-powered
rockets.

Satellite Deorbit

If what goes up comes down, then atmospheric reentry of payloads at end of life will also have
an atmospheric impact. SpaceX’s Starlink megaconstellation is intended to have up to 42,000
active satellites (Henry 2019), with short lifespans before atmospheric reentry. If each satellite
has a 5-year lifespan and a reentry mass of 300 kg, Starlink’s steady-state reentry flow will
be 2,500 tons per year — much less than the 57,000 tons of natural meteorite flux (Larson et al.
2017) — and deorbiting satellites may produce proportionally less NO, due to lower reentry
velocities. The material composition of satellites is different from meteorites, with potentially
greater flux of rare earth elements from the burnup of electronic components. At 2,500 tons
annually, the environmental effect of precipitating satellite vapor is probably negligible, but in
a million-ton-per-year launch economy, satellite rain will dwarf the impact of natural meteorite
flux and could potentially have environmental or regulatory consequences.

The potential for awareness of the environmental consequences of atmospheric reentry at
some scale opens an argument for capture and recycling of satellites at end of life and their
use as space resources. Satellites today are engineered to vaporize on reentry, but could be
further engineered for useful recycling. To the direct economic value of useful materials in low
Earth orbit for a mature space economy, the value of avoided environmental impact of reentry
can be added. Even if this does not pencil out from a strictly economic standpoint, recycling
already carries extra social value in high-value and high-visibility markets, of which space is
the highest.

More generally, the atmospheric impact of reentry strengthens the case for going up the
gravity well and weakens the case for going down it. It strengthens the case for using space
resources in space by avoidance of launch emissions, and it weakens the case for the return of
space resources to Earth, unless non-atmospheric means of deceleration are used. Immediate
regulatory action should be unlikely, as global NO, emissions at 20 million tons annually
(Lamsal et al. 2011) are orders of magnitude beyond reentry flux, but it can be expected
that a million-ton space economy will intersect with a political economy more focused on
atmospheric management than today’s.

Strategic Implications

Going to space can also have climate benefits that outweigh the climate costs. Deploying 3,000
gigawatts of baseload space-based solar power would substantially decarbonize global energy
production, or reduce the requirement for energy storage in an already-decarbonized grid. By
leveraging space resources, a planetary sunshade at L1 could also be constructed, reversing

Planetary Sunshade Institute ® Launch and Reentry Emissions — Literature Review 3



the warming impact of prior accumulated emissions (Roy 2022; Scott et al. 2022). Space launch
at the million-ton scale offers the potential to move significant industrial activity to space and
break the material and energy limits to growth inherent to terrestrial civilization. As with
all industrial projects in a regulatory environment focused on environmental preservation,
projects focused on green outcomes are likelier to attract regulatory support.

Kerosene Rockets

Kerosene rockets are unlikely to scale to 10,000 flights yearly due to reusability being impaired
by soot fouling, as well as lesser performance and greater cost than methane. Soot also fouls
the atmosphere, with black carbon particles entrained in the stratosphere on the order of a
year before precipitating. While atmospheric microphysics of black carbon are poorly un-
derstood and depend on particle size, it drives negative radiative forcing, slightly cooling
Earth’s surface (M. N. Ross and Sheaffer 2014). Black carbon’s potential as an atmospheric
geoengineering agent has been evaluated by Kravitz et al. (2012) and found to be undesirable
due to predicted severe degradation of ozone (at extreme injection volumes of 1 billion tons an-
nually) through stratospheric heating. Negative radiative forcing from black carbon emissions
does, however, greatly outweigh positive radiative forcing from kerosene rocket combustion
products (M. N. Ross and Sheaffer 2014). The economics of rockets as potential atmospheric
geoengineering platforms has been evaluated by Smith et al. (2022), concluding that aircraft
are better suited for such applications.

Solid Rocket Boosters

Solid rocket boosters are less likely to scale up to transformative launch capability both because
they are either non-reusable or require extensive refurbishment and recasting, and because
they have serious deleterious effects on the ozone layer. Aluminum-ammonium perchlorate
(Al/NH4ClO4) propellant and binders produce a complex mix of exhaust gases that primarily
degrade stratospheric ozone and also may drive radiative forcing. Chlorine gas formed from
afterburning HCl in the exhaust plume catalytically destroys ozone under photolytic daylight
conditions; NO, exhaust products inhibit ozone decomposition (Brady et al. 1997) but also
have atmospheric impact similar to NO, generated on reentry, along with substantial black
carbon emissions. Lohn et al. (1999) model solid rocket exhaust emissions of a Titan IIIC at
1540 km and predict that solid rocket launch knocks a nearly complete hole in the ozone
layer several kilometers wide. Ross et al. (1997) measure substantial to nearly complete ozone
loss by flying a WB-57 through the wake of two Titan IV launches and suggest that a catalytic
cycle based on Cl,O, might be responsible for the depletion. While dramatic, these localized
ozone holes are outweighed globally by one to two orders of magnitude by dispersed global
losses from solid rocket emissions (Danilin et al. 2001). Alumina particles enhance ozone
degradation by providing a substrate for surface reactions; Jackman et al. (1998) calculate that
for contemporary Titan and Shuttle launch rates global ozone was degraded by 0.025% — a
minor global effect, but one that would pose an environmental risk if solid rocket booster use
were scaled up by two orders of magnitude. While solid rockets are operationally useful for
increasing the performance of commercial liquid rocket systems, breaking large or high-energy
payloads into multiple standardized launches and assembling or fueling them in space is likely
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to be a more economical and environmentally sound option than solid rocket boosters for a
million-ton space launch economy.

Hypergolic Rockets

Hypergolic orbital rockets using unsymmetrical dimethylhydrazine (UDMH, H,NN(CHj3),)
fuel with nitrogen tetroxide (N>Oy) oxidizer are used in Chinese Long March 2 and 3, India’s
PSLV, and Russia’s Proton orbital rockets. Expedient mainly for its room-temperature stora-
bility, UDMH makes a poor candidate for reusable rockets primarily due to human toxicity;
lower performance and higher fuel costs further disfavor hypergolics. Most studies focus on
toxicity; only Ross et al. (2004) consider the atmospheric effects of UDMH rockets, calculating
that Proton launches cause 66-90 times less ozone degradation than comparable solid rocket
engines, primarily through stratospheric NO formation. Hypergolic rockets are predicted to
drive somewhat less radiative forcing than kerosene rockets, but are likely to be phased out of
atmospheric use due to toxicity (M. N. Ross and Sheaffer 2014), with the possible exception of
emerging or internationally isolated space and military applications. The use of hydrazine for
orbital and deep-space applications poses little to no atmospheric impact.

Policy and Regulatory Context

It is not too soon to consider and manage the atmospheric impacts of spaceflight from scientific,
engineering, and policy perspectives. Ross and Vedda (2018) provide a historically grounded
argument for doing so. They draw a parallel between the seeming insignificance of space
debris at the dawn of the space age and the potential existential risk to spaceflight it is seen to
pose today, and conclude that now is the time to develop and implement policy to mitigate the
risks to the natural and operational environments from rocket emissions. As rockets transition
from being mostly a national security concern — and therefore out of public view — to mostly a
commercial concern coupled very tightly to public perceptions of wealth, consumption, and
equity, they will attract environmental scrutiny in proportion to the visibility of space activity
and its perceived cultural purpose.

Ross and Vedda illustrate the history of the Space Shuttle as a moment when a paradigm shift
occurred: prior to it, space was an entirely national security endeavor and scientists paid no
attention to rocket emissions, even while studying the atmospheric impact of supersonic flight.
But the Space Shuttle’s visibility — and its presence as the single largest rocket emission source
by an order of magnitude — brought scientific attention to spaceflight’s impact on the ozone
layer, which was not just of scientific concern but a potential regulatory matter through the
Montreal Protocol. The Montreal Protocol did not end up specifically addressing emissions
directly into the atmosphere, instead regulating ozone-depleting gases through a measurement
that is only defined at the Earth’s surface, thus subtly exempting atmospheric emissions from
assessment. This is a policy gap that poses a risk for spaceflight due to ill-defined regulatory
measurement and intent. Changes in regulatory attention follow changes in public perception,
and in public policy perception often equals reality: with space launch generating public
interest via its futuristic nature (and the visible ambitions of Earth’s wealthiest citizens), it is
reasonable to expect a paradigm shift as awareness increases.
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Conclusion

Fortuitously, the coming generation of methane- and hydrogen-fueled rockets avoids the
environmental problems of their predecessors. If reusability, turnaround time, and cost
per kilogram to orbit continue to improve — and on-orbit assembly and refueling become
normalized — there appears to be a path to a space sector launching on the order of 10,000
orbital rockets and a million tons of payload to low Earth orbit annually. At about two orders
of magnitude more than today’s launch sector, such a future may not seem near, but it is both
a minimum for supporting the sustainable expansion of humans throughout the solar system
and a stated objective for the largest of these new launch systems (Musk 2022).

It is not too early to focus more research on the atmospheric impact of methane rockets and fully
reusable launch vehicles. Establishing facts in advance of a paradigm shift in public perception
allows responsible, anticipatory governance to be established. A future that looks like the
present — where atmospheric impacts are unknown and unregulated — creates the risk that
parties fundamentally opposed to spaceflight will have a regulatory void to influence along
many axes of political pressure, not all scientifically based. The aviation sector again illustrates
a possible direction, with trade groups (IATA 2021) and regulators (FAA 2021) adopting policy
for net-zero operations by 2050 without a firm technology roadmap in place to achieve that
goal. Even though carbon neutrality is an amorphous policy goal, the launch industry should
develop a roadmap toward synthesizing propellants from atmospheric CO, and electrolyzed
water. A scientifically grounded and rational policy will channel the scrum of politics in more
productive directions, and is a better alternative to uncertainty in a world which is increasingly
focused on atmospheric emissions and in which spaceflight is increasingly visible.

Visibility should also be focused on environmentally beneficial payloads. Today, climate
observation satellites illustrate the unique value of space for observing our environment.
Tomorrow, space-based solar power can provide tangible economic value and energy security,
and if spaceflight and space resource utilization are successfully placed in an environmentally
sensitive context — while less forward-looking terrestrial activities continue to degrade our
atmosphere — space-based climate intervention may become a viable and attractive wind-down
strategy for atmospheric geoengineering.

Space launch is the fundamental technology of space resources: without launch no space
resource utilization is possible; the easier access to space becomes, the easier it is to access
space resources. Environmental contextualization of space launch strengthens the case for
space resources, not just by drawing attention to the absence of atmospheric impact for offworld
activity, but also by rooting access to space in the awareness that there are limits to growth on a
finite planet, and that environmental as well as financial investment in space can compound in
ways that terrestrial investment cannot. Space resource technology development can illustrate
this value without even leaving Earth by emphasizing carbon-neutral propellant production
now. The best futures in space are green and rooted in benefit to all humanity. As commercial
space travel opens broader cultural access to the overview effect and an appreciation for
Earth’s fragile atmosphere, the space industry has an opportunity and an obligation to create a
technical and political environment where the environmental consequences of access to space
are in alignment with an incredible appreciation for our living planet.
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