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Abstract
The growth of mega-constellations is rapidly increasing the number of rocket launches required to place
new satellites in space. While Low Earth Orbit (LEO) broadband satellites help to connect unconnected
communities and achieve the Sustainable Development Goals, there are also a range of negative
environmental externalities, from the burning of rocket fuels and resulting environmental emissions. We
present sustainability analytics for phase 1 of the three main LEO constellations including Amazon
Kuiper (3,236 satellites), OneWeb (648 satellites), and SpaceX Starlink (4,425 satellites). In baseline
scenarios over five years, we find a per subscriber carbon dioxide equivalent (CO2eq) of 0.70±0.34
tonnes for Kuiper, 1.41±0.71 tonnes for OneWeb and 0.47±0.15 tonnes CO2eq/subscriber Starlink.
However, in the worst-case emissions scenario these values increase to 3.02±1.48 tonnes for Kuiper,
1.7±0.71 tonnes for OneWeb and 1.04±0.33 tonnes CO2eq/subscriber for Starlink, more than 31-91 times
higher than equivalent terrestrial mobile broadband. Importantly, phase 2 constellations propose to
increase the number of satellites by an order-of-magnitude higher, highlighting the pressing need to
mitigate negative environmental impacts. Strategic choices in rocket design and fuel options can help to
substantially mitigate negative sustainability impacts.

Introduction
The growth in Low Earth Orbit (LEO) satellite broadband constellations involves plans to launch tens of
thousands of new satellites into space to provide global broadband coverage. Indeed, LEO constellations
are a key reason why the quantity of rocket launches to space has rapidly increased, from fewer than 250
launches annually in the 1970s (below 2,900 per decade), to exceed 1,300 launches per year (~16,000 in
a single decade, more than a 400% increase) [1]. This growing number has resulted in a range of
emerging questions around the negative environmental externalities of these satellite mega-
constellations [2] and the environmental sustainability aspects of this approach [3]–[5], given the
increasing commercialization of space activities, from tourism to earth observation.

The shift towards ultra-dense satellite mega-constellations, has raised new environmental sustainability
questions [6], with evidence-based studies indicating projected trends are likely to produce adverse
impacts, attracting the attention of regulatory authorities [7]. It is therefore imperative that governments
carefully balance the growth of the space sector against environmental sustainability issues [8]. To do
so, provides strong research motivation for assessing the sustainability implications of launching the
large numbers of planned LEO satellites in key mega-constellations. Particularly as the space sector is
growing at such a rapid rate as to concern those outside of the space community. Evidence is urgently
needed to understand the associated negative environmental impacts, to direct the design of mitigation
strategies, as evaluated here.

Satellites providing broadband connectivity are of special interest since the United Nations has made
achieving universal broadband an essential part of its Sustainable Development Goals (SDGs), via Goal
9 [9]. Current estimates from the United Nations Broadband Commission indicate that 34% of the global
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population is not connected to the Internet (2.7 billion citizens), with at least 10% living in areas with no
terrestrial broadband infrastructure at all (800 million citizens) [10]. Therefore, spaceborne satellite
technologies are seen as one potential option for solving the global broadband connectivity
challenge [11]. Policy makers are examining new ways for connecting areas without broadband
connectivity, and LEO satellite constellations are one of a set of key options being considered. 

However, with the SDGs being recognized as interdependent, achieving one should not jeopardize
others [12]. Therefore, it is prudent for stakeholders seeking to provide universal broadband to do so
while adhering to existing international agreements including the Montreal Protocol on Substances that
Deplete the Ozone [13], and Paris Agreement on climate change [14]. Indeed, the World Health
Organization’s estimates of 250,000 deaths per year by 2050 under current conditions due to climate
change impacts reinforces the need to drive down emissions [15]. Multiple studies have demonstrated
that reducing emissions leads to several benefits such as stabilizing food ecosystems, reducing risk of
hunger and premature deaths that can be to the tune of 15,000 to 2.5 million people a year depending on
the country [16]–[20].

Given this important context, in this paper we develop an integrated model capable of assessing the
environmental impacts associated with rocket launches for specific LEO constellations, with concurrent
metrics on the provided capacity, the Social Cost of Carbon (SCC) and associated cost of delivery.
Indeed, our model quantifies the sustainability impacts associated with phase 1 of the three main LEO
constellations, including Amazon’s Kuiper (3,236 satellites), OneWeb (648 satellites) and SpaceX’s
Starlink (4,425 satellites). The results demonstrate that the rapid growth in the satellite sector is a
pressing issue with substantial environmental sustainability impacts, particularly with regard to the
SDGs. Fortunately, strategic future choices in rocket design and fuel options could help mitigate impacts.

Current and proposed LEO satellite broadband
constellations
Providing universal, affordable broadband infrastructure is fundamental to delivering the SDGs. In very
remote areas, where terrestrial broadband infrastructure is not economically viable due to low population
density and/or low adoption, LEO satellites can provide high-capacity, low-latency broadband
connectivity to hard-to-reach communities [21], [22]. Importantly, there are key differences when
compared to traditional Geostationary Earth Orbit (GEO) constellations. For example, LEO satellites are
designed to be smaller in size, with a shorter lifespan (e.g., 5 years), and are therefore less costly to
produce [23]. However, the more proximate orbit to Earth means many more satellites are required for
each constellation to achieve global coverage [24].

That has prompted satellite operators to file for a very large number of satellites in their proposed
constellation designs, with the expectation that each constellation will need to be continuously
replenished as older satellites end their operational life. For example, in 2022 there were ~6,300
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satellites in operation, whereas the total number of proposed satellites over the next decade in new
constellations will be as high as ~320,000 [25]. Fig. 1 shows the technical details of three operational
and planned LEO constellations assessed in this paper.

Life cycle assessment of satellite constellations
Quantifying the associated dangers arising from human-driven environmental pollution is an urgent
research priority, with the consumption of fuels being an important way that human activities contribute
to global environmental change [28]–[31]. Human activities lead to the production of greenhouse gases
(GHGs) including CO2, sulfur dioxide (SO2), nitrogen dioxide (NO2) and particulate matter (below 10

micrometers) (PM10) [32], [33]. Data on global GHGs emission suggest there are five main contributing
sectors globally, including (i) energy (34%; 20 GtCO2eq), (ii) industry (24%; 14 GtCO2eq), (ii) agriculture,
forestry and other land uses (21%; 12 GtCO2eq), (iv) transportation (14%; 8.3 GtCO2eq) and (v) the
operation of buildings (6%; 3.3 Gt CO2eq) [34]. Within this context, space is a small but rapidly growing
sector. While peer-review of the global GHG emissions produced by the Information and
Communications Technology ecosystem vary from 1.8%–2.8%, one assessment identifies a range of
methodological and assumption differences which could lead to global emissions being as high as
3.9% [35] (subject to caveats [36]). 

Emissions produced during the launching of satellites depend on the rocket vehicle used. Most
operators planning or launching LEO broadband satellites have used (or intend to use) SpaceX’s Falcon-9
(F9) or Falcon-Heavy, the European Space Agency’s (ESA’s) Ariane, or Russia’s Soyuz-FG rocket launch
systems. This analysis focuses predominantly on the emissions produced by rocket and propellant
manufacturing, transportation, rocket testing and finally launching carried satellite payloads into LEO. 

Fig. 2 illustrates these rocket vehicles along with key technical specifications. Depending on the
properties of each launch capability, either one or a combination of propellants is utilized, leading to a
unique profile of environmental emissions when ignited. Importantly, many compounds are released into
the environment, including nitrogen gas, carbon dioxide, carbon monoxide, black carbon, water vapor,
hydrogen gas, aluminum oxide, hydrochloric acid and the radicals of chlorate, hydrate and nitrate [3], [37].

Quantifying these emissions from rocket launches is complex and not well understood. However, there
has been extensive work conducted on approximating the emissions per mass of the fuel burned for the
four common propellants used (known as the “mass fraction”) [3], [37], [41], [42]. Additional studies have
further explored the role of black carbon due to its impact on climate change [43]. 

Given the differences in constellation size, rocket launch vehicles, quantity of rocket launches, and the
provided broadband capacity, each constellation has heterogenous environmental impacts, as reported
here. The impacts are broken down in five categories. Firstly, Global Warming Potential (GWP) defined as
the radiative forcing in CO2 equivalents over a 100-year horizon by the Intergovernmental Panel on
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Climate Change [44]. Secondly, Ozone Depletion Potential (ODP) defined by the World Meteorological
Organization (WMO) [45] as the steady-state depletion potential in chlorofluorocarbon-11
equivalents (CFC-11eq). Thirdly, Mineral & Metal Resource Depletion Potential defined as the abiotic
resource depletion (reserve base) in antimony (Sb) equivalents as implemented by the Centrum voor
Milieuwetenschappen (CML) at the University of Leiden [45]–[47], and recommended by the ESA Life
Cycle Assessment (LCA) Handbook [46]. Fourthly, Freshwater Aquatic Ecotoxicity Potential as the
Comparative Toxic Units for ecosystems (CTUe) as implemented in USEtox in potentially affected
fraction of species per m3 per day (PAF.m3.day). Finally, Human Toxicity Potential as the Comparative
Toxic Units for humans (CTUh) as implemented in USEtox as in the estimated increase in morbidity
(Cases).

Two emissions scenarios are presented (a baseline and worst-case option) for the launch event in terms
of the GWP and ODP categories. The baseline option classifies the exhaust products in accordance with
the models applied in this study, as adapted by [37] for space applications. Alternatively, the worst-case
scenario also includes the potential influence of black carbon, aluminum oxide and water vapor exhaust
particles, termed here as Non-normally Included Emissions (NIEs). The complexity and high uncertainty
associated with each of these exhaust products at altitude make them extremely difficult to account for
in traditional impact assessment models. As such, they are generally excluded in such models as they
are not well-mixed once emitted to the atmosphere because of their very rapid decay. However, it is
hypothesized that these could be the most influencing particles from the launch event, therefore it is
critical that such impacts are also presented for the GWP and ODP categories, utilizing impact factors
from aviation [42].

One of the largest aspects affecting the environmental impact of each constellation is the rocket system
utilized by each satellite constellation. For example, the Starlink constellation has been utilizing the
Falcon-9 rocket system, OneWeb Soyuz-FG (420 satellites) and Falcon-9 (156 satellites) [48], while
Kuiper is expected to mainly use the Ariane rocket system.

LEO constellations have large and growing environmental
impacts
The Kuiper constellation is estimated to use a total of 36 Mt of fuel to launch all 3,236 phase 1 satellites,
in contrast to OneWeb which is estimated to use a total of 6 Mt of fuel from the combined use of the
Soyuz-FG (66%, pre-March 2022) and Falcon-9 (24%, post-March 2022) to launch 576 satellites of all
648. The SpaceX Falcon-9 rocket system is estimated to use a total of 37 Mt of fuel to complete the
launch of all 4,425 Starlink phase 1 assets, as illustrated in Fig. 3a. 

The resulting launch emissions per subscriber are illustrated in Fig. 3b as CO2eq. Publicly available
subscriber data [49], [50] are utilized to account for the baseline adoption scenario as detailed in the
methodology and Supplementary Information (SI) Fig. 3. For lifetime emissions over 5 years (the lifetime
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of a LEO satellite), the estimated baseline emissions correspond to 0.47±0.15 t CO2eq/subscriber for
Starlink, 0.70±0.34 t CO2eq/subscriber for Kuiper and 1.41±0.71 t of CO2eq/subscriber for OneWeb.
Thus, per subscriber emissions from OneWeb are 66% higher than Starlink, and 50% higher than Kuiper.
However, in the worst-case emissions scenario these values increase to 1.04±0.33 t CO2eq/subscriber

for Starlink, 3.02±1.48 t CO2eq/subscriber for Kuiper and 1.7±0.71 t of CO2eq/subscriber for OneWeb.
Interestingly, the worst-case estimates indicate OneWeb still has higher per subscriber emissions relative
to Starlink of 39%. But that Kuiper has the highest emissions impact, being 44% higher than OneWeb
when including NIEs. This is primarily due to the type of fuel used, as Amazon’s Kuiper constellation is
planning to mainly use Ariane which utilizes solid propellant, and is therefore more toxic, emitting
significantly higher quantities of aluminum oxide particles in comparison to kerosene, hypergolic or
cryogenic propellants.

For comparison, analysis of 2018 operational emissions for terrestrial European Mobile Network
Operators (MNOs) (using 2G-4G) suggests reported annual emissions of 6.6 kg CO2eq/subscriber [51],
compared to annual emissions of 141±69 kg CO2eq/subscriber for Kuiper, 282±118 kg CO2eq/subscriber
for OneWeb and 95±30 kg CO2eq/subscriber for Starlink,  and  (so more than 14–21 times higher than
terrestrial mobile broadband in the baseline emissions scenario). However, when considering the worst-
case emissions scenario, annual emissions increase to 604±295 kg CO2eq/subscriber for Kuiper,

341±142 kg CO2eq/subscriber for OneWeb and 207±65 kg CO2eq/subscriber for Starlink (more than 31-
91 times higher than terrestrial mobile broadband when including NIEs).  

Detailed results are reported in Fig. 4, with the baseline emissions visualized (Fig. 4a and Fig. 4c)
alongside the worst-case emissions which include NIEs (black carbon, aluminum oxide and water vapor)
(Fig. 4b and Fig. 4d). The results suggest that climate change emissions account for one of the highest
proportions of LCA impacts. For example, full launch of the planned Kuiper constellation in the baseline
emissions scenario is projected to produce 1.8 Mt CO2eq, versus 1.1 Mt CO2eq for OneWeb and 1.9
Mt CO2eq for Starlink, as illustrated in Fig. 4a. Thus, when compared to Amazon’s Kuiper constellation,
the total emissions from Starlink are 6% higher, whereas total emissions from OneWeb are 39% lower. 

When accounting for the worst-case outcome, where the climate change effects of NIEs are included,
Kuiper is estimated to account for 7.5 Mt CO2eq, compared to OneWeb at 1.4 Mt CO2eq and Starlink at
3.6 Mt and (Fig. 4b). Thus, when compared to Kuiper, Starlink is 52% lower and OneWeb is 81% lower in
total emissions. For comparison, terrestrial European MNOs (2G-4G) reported emissions of 4.7 Mt in
2018, with estimated total emissions of 6.2 Mt [51]. However, terrestrial networks serve millions more
users, highlighting the need to have metrics reported on a per subscriber basis (as presented in Fig. 3).

In the baseline accounting approach for ozone depletion, 4.7 Kt, 0.1 Kt and 0.5 Kt of CFC-11eq are
estimated to be produced when all satellites are launched by Kuiper, OneWeb and Starlink, respectively
(Fig. 4c). Planetary boundaries define environmental limits within which humanity can safely operate to
maintain a sustainable human presence on Earth. They essentially act as the ecological threshold based
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on the level of impact that can be sustained in a single year. When comparing these CFC-11eq values
against annual planetary boundaries, the value provided for Kuiper represents 0.42% of the annual
planetary boundary for ozone depletion [52], whilst OneWeb and Starlink contributes just 0.01% and
0.001%. Over 99.9% of the impact is driven by the solid fuel propellant utilized by Ariane, due to
hydrochloric compounds (HCl) and emissions from chlorine oxide radicals (ClOx), hydrogen oxide
radicals (HOx), and nitrous oxide radicals (NOx).

Consequently, on completion of the constellation, this means Kuiper CFC-11eq emissions will be 46
times higher than OneWeb and 9.4 times higher compared to Starlink. However, when accounting for the
worst-case Kuiper, OneWeb and Starlink are estimated to contribute 11.4 Kt, 0.28 Kt, and 2.28 Kt CFC-
11eq, respectively (Fig. 4d). Moreover, when considering resource depletion, Kuiper contributes 179 t,
OneWeb 254 t and Starlink 159 t, equivalent to a unit of Antimony, Sb (Fig. 4e). OneWeb has an
exceedingly large impact relative to other constellations due to the partial use of Soyuz FG vehicle which
utilizes large quantities of aluminum alloy. Additionally, in terms of environmental freshwater ecotoxicity
impacts, the launching of all the planned satellites is estimated to result in 95 108, 66 108 and 73108

equivalent of PAF.m3.day for Kuiper, OneWeb and Starlink, respectively (Fig. 4f). Finally, we estimate that
the launch of all the satellites in each constellation will also result in significant human ecotoxicity
impacts, estimated at 673 Cases for Kuiper, 460 Cases for OneWeb and 556 Cases for Starlink (Fig. 4g). 

The provided broadband capacity for different LEO
constellations
The provided capacity by each LEO constellation has a direct impact on the broadband service each user
can access. Sustainability assessments need to capture the infrastructure trade-off between
environmental impacts, provided capacity and costs, demonstrating the need for the metrics presented
here. Thus, the provided capacity is reported by constellation for different adoption scenarios, while
capturing the stochastic variation in Quality of Service (QoS) resulting from satellite altitude, spectrum
bandwidth, and antenna and receiver designs. 

For example, in Fig. 3c, the estimated data rate per subscriber is visualized if all users access the
network simultaneously. In the baseline adoption scenario, Kuiper is estimated to provide 5±1 Mbps per
user, compared to 3±0.05 Mbps for OneWeb and 9±1 Mbps per user for Starlink. This is translated to
Starlink providing a mean per user capacity which is 45% higher than Kuiper, and 203% higher against
OneWeb. In terms of the potential traffic demand that could be served from the phase 1 constellations,
we also estimate the baseline mean monthly traffic per user which could be accommodated by each
constellation, given the provided aggregate capacity and estimated subscribers. For example, in Fig. 3d
the potential monthly traffic demand capable of being served by Kuiper is estimated at 5.6±1.4 GB per
user, versus 3.3±0.01 GB per user in the case of OneWeb and 10.1±1.6 GB per user for Starlink. Thus,
given the baseline adoption scenario, the mean monthly traffic which Starlink can enable is 45% higher
compared to Kuiper, and 67% higher when compared to OneWeb. 
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As per Supplementary Information (SI) Fig. 8a, the highest baseline channel capacity for a single satellite
is estimated at 0.9±0.08 Gbps for Starlink, which compares to 0.5±0.09 Gbps for Kuiper (45% lower
compared to Starlink), and 0.4±0.01 Gbps for OneWeb (53% lower compared to Starlink). The difference
in channel capacity is due to the variation in orbital altitude, antenna design and spectrum bandwidth.
Overall, with each satellite consisting of 8 channels, the estimated capacity of each satellite is reported
in SI Fig. 8b. OneWeb provides the least capacity at 6.6±0.01 Gbps in the baseline QoS scenario,
compared to Kuiper with 7.5±1.4 Gbps and Starlink with the highest at 12.8±1.3 Gbps. As detailed
in SI Fig. 8c, the total usable constellation capacity of Starlink is 92% higher than OneWeb and 61%
higher than Kuiper (based on the mean satellite assets over land, excluding other minor uses including
in-flight, off-shore and marine connectivity). For example, Starlink, Kuiper and OneWeb record baseline
total usable constellation capacities of 22.3±5 Tbps, 7.9±1.5 Tbps and 1.5±0.01 Tbps. For the baseline
adoption scenario, Kuiper serves 16 subscribers per km2, compared to 1 per km2 for OneWeb and 30 per
km2 for Starlink as reported in SI Fig. 8f. Therefore, per square kilometer the estimated mean subscribers
are 97% higher for Starlink than OneWeb and 47% higher when compared to Kuiper.

The Social Cost of Carbon (SCC) for different LEO
constellations
The design and construction of new infrastructure assets have dramatic sustainability implications [53].
Therefore, decision makers need analytics to understand the trade-off between environmental
sustainability impacts and cost (especially in market contexts). Here, we estimate the SCC for the two
emissions scenarios, associated with each constellation, as illustrated in Fig. 5. The SCC measures the
cost, in US dollars, of damage done by one additional ton of carbon emissions over its lifetime in the
atmosphere, and is used as part of a cost-benefit analysis (often required by regulatory agencies), to
quantify the dollar value of a policy or action’s effect on climate change.

Firstly, the total social cost in the baseline emissions scenario is estimated at $325 million for Kuiper,
versus $209 million for OneWeb and $354 million for Starlink (Fig. 5a). In contrast, for the worst-case
emissions scenario the social cost of Kuiper is estimated at $1.4 billion, versus $252 million for OneWeb
and $664 million for Starlink (Fig. 5b). 

Secondly, it is imperative that these estimates are broken down by the number of users expected to be
served by each constellation. For example, the per subscriber social cost is estimated to be $130 for
Kuiper in the baseline emissions and baseline adoption scenarios, versus $261 for OneWeb and $101 for
Starlink (Fig. 5c). In contrast, when accounting for the worst-case emissions scenario, the estimated
social cost per Kuiper subscriber is $558, versus $315 for OneWeb and $190 for Starlink (Fig. 5c). 

The required financial cost for different LEO constellations 
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The financial costs to launch each constellation are also estimated, providing insight on required
investment (as well as the per user cost), helping to inform strategic choices. Consequently, Starlink
records the highest overall capital expenditure (capex) (SI Fig. 9a), operational expenditure (opex) (SI Fig.
9b) and TCO (SI Fig. 9c) for the baseline capex scenario, consisting of US$ 475±0.1 million, US$ 393±8
million and US$ 2.4±39 billion respectively. This is logical as Starlink has the most satellites, aiming to
serve the largest number of subscribers with the highest broadband speeds (e.g., 50-100 Mbps), thus
requiring the most launches. In contrast, Kuiper is the second most expensive constellation with capex
of US$ 396±0.1 million (17% lower to Starlink), opex of US$ 353±8 million (10% lower to Starlink) and
estimated TCO of US$ 2.2±0.39 billion (11% lower to Starlink), as detailed in SI Fig. 9a, b, and c
respectively. Finally, the lowest cost is estimated for OneWeb with capex, opex and TCO costs of US$
353±0.1 million (26% lower than Starlink), US$ 292±8 million (26% lower than Starlink) and US$ 1.8±0.39
billion (24% lower than Starlink), as visualized in SI Fig. 9a, b, and c.

However, the total financial costs of each constellation do not account for the number of subscribers
served, and thus the cost efficiency of each constellation per user. For example, while Starlink had the
highest aggregate cost, we estimate the constellation to have the lowest per user cost, with a capex per
subscriber of US$ 144±36, opex per subscriber of US$ 119±29 and TCO per subscriber of US$ 734±182,
as illustrated in SI Fig. 9d, e, and f. In contrast, OneWeb has the lowest aggregate cost for the baseline
scenario, but this translates to the highest subscriber capex of US$ 500±153, subscriber opex of US$
413±125 and subscriber TCO of US$ 2,612±801 due to lower targeted adoption numbers, as reported in
SI Fig. 9d, e, f. Finally, Kuiper’s values are much lower than OneWeb, and only slightly above Starlink, for
example, with a capex per subscriber of US$ 178±65 (64% lower than OneWeb), an opex per user of US$
159±57 (62% lower than OneWeb) and a TCO per user of US$ 977±353 (63% lower than OneWeb), as
reported in SI Fig. 9d, e, and f. These estimates translate to a monthly TCO over the 5-year period of US$
12±3 for Starlink, US$ 44±10 for OneWeb, and US$ 16±5 for Kuiper.

Policy implications
The results presented in this paper demonstrate that the phase 1 LEO constellations currently being
deployed have significant sustainability implications, with these impacts likely to substantially increase
as the sector aims to move to constellations an order-of-magnitude larger over the next decade (from
thousands of satellites to tens of thousands). Hitherto, the space sector has largely operated and been
regulated under the premise that launch traffic and operational intensity would be low enough to
minimize environmental impacts [45], [54]. Our analysis shows this assumption is breaking down in the
era of mega-constellations, given the thousands of planned satellite assets requiring frequent rocket
launches to reach orbit. Indeed, phase 1 LEO constellations have annual operational environmental
footprints under the baseline emissions scenario (0.22-0.38 Mt CO2eq) equivalent to the energy usage of

28-48k annual US homes or 49-85k annual gasoline-powered passenger vehicles. In the worst-case
scenario (0.28-1.5 Mt CO2eq), this rises to operational environmental footprints equivalent to the energy
usage from 35-189k annual US homes, or 62-334k annual gasoline-powered passenger vehicles [55]. 
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In contrast, for a baseline adoption scenario the annual per subscriber environmental footprints under
the baseline emissions scenario (95-282 kg CO2eq) are equivalent to a one-way economy-class flight
between London and Rome (275 kg CO2eq) (1,500 km), rising in the worst-case scenario (207-604 kg
CO2eq) to the equivalent of a one-way economy-class flight between New York and San Francisco (688

kg CO2eq) (4,200 km). While improvements in launcher designs and transportation logistics may reduce
this footprint, the coming rush of large LEO constellations suggests the total environmental footprint of
the space sector is likely to rise regardless (particularly as this assessment did not include a range of
other growing space activities, such as tourism).

Much of the focus on LEO mega-constellations hitherto has been regarding orbital debris and changes to
the night sky [56]. Those impacts are not generally covered under existing environmental policies and
international agreements. By contrast, the environmental sustainability impacts we measure here are not
novel per se, so are better represented in existing environmental policy. For example, the Montreal
Protocol has been ratified by 198 nations, including all nations currently with space launch
capabilities [57]. We estimate for the total 5.3 kt CFC-11eq released from all three constellations in the
baseline emissions scenario, this equates to approximately 0.7-5.9% of CFC-11eq annually released,
rising in the worst-case emissions scenario to approximately 1.9-15.5% of CFC-11eq annually released
(given an annual estimated total range of 90-725 kt, as per [58]). Governmental action to address the
environmental impacts of large satellite constellations may therefore already be feasible or even
required under existing environmental management frameworks. In contrast, other environmental
impacts, such as CO2 emissions, may not be covered under binding international agreements but are
recognized under existing legal structures, e.g., the Paris Agreement. Further research on life cycle
impacts of satellite constellations is needed to clarify their implications for existing environmental
agreements and targets.

How might these responsibilities be carried out? Broadly, there are two paths: targeting launches within a
covered jurisdiction directly, or targeting services provided to users. While some concerns may exist
regarding polluting launchers fleeing to jurisdictions with laxer regulations (i.e. “launch leakage”), some
prior analyses of environmental regulations have found relatively low levels of leakage [59]. The
magnitude of this effect in the space sector is an important open empirical question. Where targeting
launchers is infeasible or not currently taking place, existing border carbon adjustment policies offer an
example of a potential policy response [60]–[63]. By pricing emissions at the point of service delivery,
national actors – particularly those with large or lucrative domestic markets – can partially offset the
incentive to flee to so-called “pollution havens”.

Environmental policies will likely impose costs on the space industry. Some of these costs will be
passed on to service users, reducing service availability for those who need it most and these systems’
contribution to the SDGs (particularly, Goal 9). Our calculations, combined with recent SCC estimates
[64], suggest the efficient carbon price necessary to induce the systems to internalize these externalities
is on the order of US$ 209–325 million, equating to US$ 101–261 per user over a 5-year period (given
estimated user costs, $185 per tonne of carbon, and plausible demand scenarios). However, when
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including NIEs these estimates increase under the worst-case emissions scenario to US$ 0.25–1.4
billion, equating to US$ 190–558 per user over a 5-year period.

These carbon prices offer useful guidance on the magnitude of the externalities these systems generate.
Balancing the management of these externalities against the social benefits of greater broadband
access is a challenging task requiring further development of integrated modeling frameworks like this
one.

It is also worth noting that satellite constellation systems likely feature significant economies of scale
due to high fixed costs [23], though the market structures that will determine system-level costs and
economic efficiency are still emerging (with potentially large environmental sustainability implications).
SpaceX, for example, is currently the only large constellation operator that is vertically integrated across
launch and satellite operation. Such integration has implications for a system’s cost structure, which in
turn will affect market competition, service pricing, service accessibility, and ultimately the sustainability
implications per subscriber. As in other telecommunications settings, there may exist a tension between
limiting market concentration and controlling the costs of service to benefit society [65]. Integrated
modeling frameworks like ours can help clarify these trade-offs for policymakers to ensure efficient and
equitable broadband markets.

Limitations
We first identify three contextual limitations of this research, followed by three methodological
limitations. The first contextual limitation of this assessment is that only three rockets and three LEO
constellations were evaluated. Therefore, further research should consider the sustainability implications
of a wide range of other rockets and constellations, not just for broadband, but also for earth
observation, interplanetary exploration, space tourism etc. The second contextual limitation is that there
are sustainability impacts which pertain to orbital congestion, debris and night sky implications which
were beyond the evaluation undertaken here. However, these topics are of considerable importance and
therefore merit their own individual exploration as further research. Finally, the third contextual limitation
relates to the rapid development in new launch vehicles, with SpaceX’s Starship being a prime example.
While this rocket is still in an early research, development and testing phase, should Starship enter
commercial operations there could be substantial ramifications. For example, the payload capacity
increase on Starship is significant which might simultaneously reduce both the emissions and cost
associated with each satellite launched. However, this change needs to be juxtaposed against the
proposed phase 2 of Starlink (12,000 satellites), an order-of-magnitude larger than the phase 1
constellation evaluated here (4,425 satellites). 

The first methodological limitation relates to the estimation of the environmental impacts of LEO, as the
system boundary utilized had a notable exclusion in the form of the production development and testing
of spacecraft. The reason this was excluded from the study is because no LCI data for this activity could
be found for Amazon Kuiper, OneWeb or SpaceX Starlink, including either a list of components or bill of
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materials. In the future, it would be beneficial for this analysis to be revisited should such information
later become publicly accessible. The second methodological limitation relates to the capacity
assessment method utilized, as the data traffic estimates are based on the assumption that the LEO
networks will operate and provide nearly uniform speeds to users globally. However, there are many
commercially-sensitive technological options available to satellite operators which are not included here,
for example, with new traffic routing algorithms allowing customization of the capacity provided to users,
given the location and population density. Finally, the capacity estimates reported here have only
focused on the downlink channel as this is frequently the main bottleneck in wireless broadband
networks. However, future research should explore how both the downlink and uplink capacity of the
networks could be integrated, should better information become available on ground stations, inter-
satellite links etc.

Conclusions
Mega-constellations of LEO satellites promise to revolutionize the provision of broadband services to
unconnected communities, helping to deliver key parts of the SDGs (directly Goal 9, but also indirectly
many others). However, hitherto there has been little focus on the negative sustainability impacts of LEO
constellations. In this assessment, we find that the annual operational emissions of these technologies
can be up to 31-91 times higher than terrestrial mobile broadband equivalents, once all associated
emissions are quantified and accounted for, under plausible demand scenarios. 

Importantly, this evaluation considers only phase 1 LEO constellations, including 3,236 satellites for
Amazon Kuiper, 648 for OneWeb, and 4,425 satellites for SpaceX Starlink (a total of 54, 20 and 74 launch
events for these three constellations). While these phase 1 LEO densities are a huge change in the
design of these networks, by launching not tens but thousands of satellites (compared to traditional
GEO), future proposals expect phase 2 to increase by an order-of-magnitude again (aiming to launch tens
of thousands of satellites). Therefore, these systems pose an important source of current environmental
emissions which are set to increase dramatically in the future, to become a key source of environmental
emissions.

Resolving this problem is not easy. Currently, we do not have any viable means to launch heavy payloads
into space using renewable energy, unfortunately. Hence, without viable decarbonization strategies for
the sector, space companies and regulators must take seriously the environmental impacts of design
and fuel choices. Certainly, there is a need to ensure strategic information on the impacts of rocket
launcher systems are available to support decisions, and lead mitigation efforts. For example, the
sustainability analytics estimated here emphasize there is a nuanced trade-off between the
environmental impacts of different rocket launch systems vis-à-vis the provided broadband capacity,
social costs and financial costs. 

Methods
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To assess the sustainability implications of different LEO mega-constellations, we developed the open-
source Sustainability Analytics for Low Earth Orbit Satellites (Saleos) codebase. In this method we
describe each step in the Saleos modeling process taken to estimate the incurred environmental
sustainability impacts, provided capacity, potential demand, and associated social and financial costs,
applied here to the three main LEO constellations. This integrated modeling approach is illustrated and
detailed further in the Supplementary Information, demonstrating how each of these steps fit together,
given the salient exogenous and endogenous model variables used to produce the results. 

Life Cycle Assessment
A process-based LCA is utilized to quantify the environmental impacts associated with delivering the
necessary satellites to complete each phase 1 LEO constellation. LCA is a technique used to quantify the
environmental impacts of a process, product, or service over their entire life cycle, from raw material
extraction through to the end of lifetime of each asset. LCA is internationally standardized through the
ISO 14040 [66] and ISO 14044 [67] standards. The process-based approach is centered on scientifically
analyzing specific activities (i.e., mass/material balance, scientific characteristics, etc.) and linking these
to a functional unit. A functional unit describes the quantity of a product or product system based on the
performance it delivers in its end-use application. In this case, the functional unit refers to the total
number of launches required to place all proposed satellites within each constellation into their desired
orbit. The activities accounted for under this functional unit are determined based on the system
boundary in the SI.

The Life Cycle Inventory (LCI) is a vital step of LCA which involves the data collection and calculation
procedures relating to quantifying the inputs and outputs of the studied system. To assist with this step,
the Strathclyde Space Systems Database (SSSD) is used. The SSSD is one of only two process-based
space LCA databases which exist globally, it contains more than 250 unique foreground space-specific
life cycle sustainability datasets which each contain environmental, costing and social data, based on
Ecoinvent and the European reference Life Cycle Database (ELCD) background inventories [37]. The
database was developed mainly for use in early space mission design concepts as a life cycle
engineering tool. Its purpose is to scientifically quantify life cycle impacts of space system concepts and
use this information to lower adverse implications, without compromising technical aspects [68]. This is
achieved through a process-based methodology which relies on physical activity data to develop a
product tree derived from assessing all the known inputs of a particular process and calculating the
direct impacts associated with the outputs of that process. The data contained in the SSSD comprises of
a mixture of both primary and secondary sources, validated at the ESA through a collaborative project in
2018 [69]. It has been used by stakeholders across three continents to calculate the environmental
footprint of a variety of space missions. The SSSD is available on request to anyone with a valid and
current Ecoinvent licence.
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To evaluate the relevancy of the LCI, the Life Cycle Impact Assessment (LCIA) phase was then applied,
associating LCI data with specific environmental impact categories and category indicators. The
selection of impact categories used within this assessment was made based on those determined to be
the five major ‘hotspots’ of space missions, as defined by the ESA [70]. In this case, the assessment
model applied to quantify each impact category was based on the recommended LCIA method outlined
in the ESA space system LCA guidelines [71].

Table 1 | List of the impact categories with their associated assessment methods in accordance with the
ESA space system LCA guidelines.

Impact Category Unit Assessment Model Method

Global Warming Potential Kg CO2eq Bern model – Global Warming Potential
over a 100-year horizon

[44]

Ozone Depletion Potential Kg CFC-
11eq

WMO 1999 as implemented in the CML
2002 model

[46]

Mineral & Metal Resource
Depletion Potential

Kg Sbeq CML 2002 model – Abiotic resource
depletion, reserve base

[47]

Freshwater Aquatic
Ecotoxicity Potential

PAF.m3.day USEtox model - Comparative Toxic Units
(CTUe)

[72]

Human Toxicity Potential Cases USEtox model - Comparative Toxic Units
(CTUh)

[72]

Provided capacity
The downlink channel capacity of each LEO constellation is estimated (following [24]), which is generally
the main bottleneck for users trying to access online content. To do this, the Friss Transmission equation
is utilized, as detailed in the SI. Firstly, information is gathered on antenna characteristics and then used
to estimate the Carrier-to-Noise-Ratio (in dB). Secondly, this quantity is converted to an estimated
spectral efficiency (in Bits Per Hertz), representing the number of bits capable of being transferred per
radio wave. Thirdly, the approximate channel capacity can be obtained (in Megabits Per Second), given
the bandwidth of the spectrum portfolio available to each constellation. Next, the total satellite capacity
(in Mbps) is obtained, by multiplying the channel capacity by the number of beams and channels. Finally,
the total usable constellation capacity is estimated by multiplying the total satellite capacity, by the
number of satellites in each constellation, along with a factor which represents the average amount of
time each satellite will spend idle over ocean (rather than over land where subscribers are located).

Potential demand
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We develop scenarios of future change which capture demand uncertainty in adoption, as detailed in the
SI. Estimating future demand is a key challenge when evaluating sustainability aspects of infrastructure
systems [73], raising the need for the use of scenarios, given the lack of available robust scientific
information for modeling. Information is gathered on the current number of LEO broadband subscribers
by Q4 2022, and is used as the low adoption scenario (e.g., should no more users adopt these services in
the future). As detailed thoroughly in the SI, the baseline and high adoption scenarios see the existing
customer base broadly increase by 1.5x and 2x, respectively, following industry information. The
estimated data rate capacity per user (Mbps) can then be obtained, by dividing the total usable capacity
with the number of subscribers in each scenario. Finally, the maximum quantity of data traffic which this
capacity can enable each user to download per month is estimated (in GB/Month). 

Costs
Both the social and financial costs associated with launching phase 1 of each LEO constellation are
estimated, as detailed in the SI, following [23] and [74]. Firstly, the total climate change emissions (the
GWP) associated with each LEO constellation is multiplied by the social cost of a single tonne of carbon
as established in [64], to obtain the SCC. Then the total capital expenditure (capex) is evaluated when
considering the costs of satellite manufacturing, subscriber acquisition, satellite launch, ground station
investment, spectrum licensing and other regulatory fees. Next, the annual operational expenditure is
evaluated when considering the recurring costs of renting fiber infrastructure to connect with the wider
Internet, any ground station energy consumption, staff labor, research and development, and
maintenance. Finally, the TCO is then obtained by summing all initial capital expenditure costs, and
recurring annual operational expenditure, discounted at a rate of 5% based on the Cost of Capital [75]
over a five year period (the average life of a LEO satellite). 
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The code used in the Sustainability Analytics for Low Earth Orbit Satellites (saleos) is available at the
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produced in R. The repository code contains input data that users can customize or replace with their
bespoke values to produce new results for similar systems. 
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Figure 1

Orbit design and technical details of the constellations as at August, 2023. a, Amazon’s Kuiper is yet to
launch any of the planned 3,236 phase 1 satellites, b, OneWeb has deployed 98% of the 648 phase 1
satellites (with 6,372 phase 2 satellites planned later) (F9 is the Falcon-9 rocket system), c, SpaceX
Starlink has launched 91% of the 4,425 phase 1 satellite [25]–[27].

Figure 2
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Technical details of the rocket launching vehicles used by LEO constellations. None of the constellations
have hitherto used the Falcon-Heavy rocket. Starlink Phase 2 will likely be launched via Starship, which is
still being developed and has substantially different technical details. OneWeb ceased using the Russian
Soyuz-FG for launching satellite payloads following Russia’s 2022 invasion of Ukraine. Data sourced
from [38]–[40].

Figure 3

LEO Constellation Metrics. a, Required rocket fuel to complete all phase 1 LEO constellation missions,
with Starlink and Kuiper utilizing 60 satellites per launch versus 36 for OneWeb. Additionally, OneWeb
launched 420 satellites via Soyuz-FG and 156 to be launched by Falcon-9. b,Equivalent emissions per
subscriber for each constellation given the baseline versus the worst-case outcome with Confidence
Intervals (CIs) representing low and high subscriber adoption scenarios), c, The estimated mean
provided data rate by adoption scenario with CIs representing 1 Standard Deviation (SD.), d, Potential
monthly traffic per user by adoption scenario (CIs 1 SD.), e,the estimated Total Cost of Ownership (TCO)
by constellation and cost scenario (CIs 1 SD.), f, the estimated TCO per user (CIs 1 SD.).



Page 24/25

Figure 4

Key LEO constellations by environmental impact category. a, Climate change impacts (baseline), b,
Climate change impacts including NIEs (worst-case), c, Ozone depletion (baseline), d, Ozone depletion
including NIEs (worst-case), e, Resource depletion, f, Freshwater ecotoxicity, g, Human toxicity.
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Figure 5

Social cost of carbon. a, The SCC of the emissions baseline over a five-year time horizon, b, The SCC of
the emissions worst-case over a five-year time horizon, c, The SCC per subscriber for the emissions
baseline over a five-year time horizon (CIs represent low and high adoption scenarios), d, The SCC per
subscriber for the emissions worst-case over a five-year time horizon (CIs represent low and high
adoption scenarios).
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