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bstract

fter the success of the reusable Falcon 9 rocket, space actors are pursuing com-
etitive space access by developing Reusable Launch Vehicles (RLVs). While this

nitiative may enhance recycling rates, it may also trigger the Jevons’ paradox as it
mplifies the overall environmental footprint due to increased launch frequencies. It
s therefore essential to quantify RLVs’ impacts and identify key design drivers to
nable efficient design choices while mitigating undesirable environmental effects.

Consequently, this article uses a space specific Life Cycle assessment (LCA) ap-
roach to evaluate the environmental footprint, in terms of climate impact, water
epletion and land use, of different RLV fleets designed to serve a forecasted Euro-
ean space market. The results show that the LH2 fleet options have 2-8 times lower
arbon footprint when compared to the LCH4 fleet as a result of lower propellant
onsumption and lack of black carbon emissions, suggesting that the environmen-
al burdens are mostly driven by propellant choice. Moreover, the analysis reveals
potential underestimation of climate impacts in previous LCA’s by 2-3 orders of
agnitude due to the absence of high altitude characterisation of rocket exhaust

missions and demised aluminium oxides. This increased forcing could lead to fleet
hoices surpassing the Earth’s carrying capacity given by its planetary boundaries.

The methodology and results within this study can support further integration
f launch and reentry emissions within LCA by refining modelling techniques, im-
roving impact characterisation and quantifying uncertainties. These advancements
an ultimately enable robust eco-design strategies for launch vehicles.
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eywords: LCA, launchers, sustainability, reusability, environmental footprint

cronyms

STO Three Stages To Orbit
C Black Carbon
F characterisation Factor
LR German Aerospace Center
RL Down Range Landing
LV Expendable Launch Vehicle
G Gas-Generator engine cycle
TP Global Temperature Change Potential
WP Global Warming Potential

AC In Air Capturing
CA Life Cycle Assessment
CI Life Cycle Inventory
CIA Life Cycle Impact Assessment
OP Agricultural Land Occuption
LV Reusable Launch Vehicle
TLS Return To Launch Site
C Staged Combustion engine cycle
LME Space Liner Main Engine
SSD Strathclyde Space Systems Database
STO Two Stages To Orbit
THL Vertical Take-off Horizontal Landing
TVL Vertical Take-off Vertical Landing

. Introduction

Reusable launch vehicles (RLVs) are establishing themselves as the most competi-
ive option to support the expected growth of the space market[1]. As a consequence,
he main commercial launch vehicle providers are currently rushing to develop the
ext generation of RLVs, primarily fuelled by methane (CH4), and based on vertical
ake-off vertical landing (VTVL) launch vehicles with Down Range Landing (DRL)
nd return to launch site (RTLS) capabilities.

However, as launch rates exponentially increase, the limits of our planet are also
ecoming increasingly apparent, in the form of resource scarcity, biodiversity loss
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nd climate change. Within this context, space presents an adaptation-mitigation
ilemma; while certain space activities, as Earth observation, can help humanity
nderstand and monitor its environmental footprint, the launch vehicles sustaining
he whole space economy emit material directly into every layer of the atmosphere,
ausing significant warming and depleting stratospheric ozone[2, 3, 4]. Moreover, this
tmospheric burden might further escalate in the forthcoming years due to two pri-
ary factors. Firstly, as reusability of launch vehicles is introduced, the consequential

eduction in payload performance can lead to a burden shift from material scarcity to
tmospheric impacts[5]. Secondly, reusability is also leading to reduced space access
osts, which are translating in an exponential increase in launch frequencies and pro-
osed space activities, including space tourism[6]. In this way, RLVs may turn out
o be a prime example of the rebound effect associated with the Jevons’ paradox[7],
ith resource efficiency leading to larger absolute emissions. The increase in launch

ates and emissions, combined with anticipated exacerbation of the environmental
risis over the coming years, may lead to an inflexion point in public awareness about
he potential environmental costs of the spaceflight industry, forcibly steering pol-
cy and regulations in the sector[8]. As such, there is added importance for space
gencies, companies and other stakeholders to be able to scientifically quantify the
nvironmental impacts of launchers and design them to ensure a certain extent of
itigation through eco-design practices.

The atmospheric impact of launchers include the direct alteration of stratospheric
zone concentration[9, 10, 11, 12], the creation of large polar mesospheric clouds[12]
nd the injection of climate-altering long-living greenhouse gasses and aerosol pol-
utants in the upper atmosphere[13, 2, 14, 4, 3]. However, previous launcher Life
ycle Assessments (LCAs)[15, 16] have only considered the effects of CO2 and CO

missions using ground-based climate metrics, failing to take into account the effects
f H2O, NOx and key aerosols in the upper atmosphere layers leading to an erroneous
onclusion that the climate footprint of the launch event is negligible.

Given that impacts are mostly driven by emissions to the upper atmosphere, it
ppears that mission performance and propulsion design choices have the largest
nfluence on the environmental footprint of a launch vehicle. Specific emissions of
oncern such as black carbon (BC) are mostly driven by hydrocarbon fuels, engine
ycles, film cooling and oxidizer to fuel (O/F) ratios, which are highly integrated
ith other system design choices. It is therefore necessary to fully quantify the

nvironmental sustainability of different launch architectures[6, 5].
There has been previous studies assessing the impacts of different design choices.

. Romaniw et al[17] examined the environmental impact of light weighting struc-
ural components of Expendable Launch Vehicles (ELVs) finding that these are gen-
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rally translated to reduced life cycle impacts. S. S. Neumann[18] assessed differ-
nces in environmental impacts between existing ELVs and RLVs. Nevertheless, the
ethodologies did not account for impacts of non-CO2 emissions in the upper atmo-

pheric layers. Other studies did account for these in comparisons between different
aunch vehicles. A previous study by M. N. Ross et al[2] addressed the influence of
ropellant choice on the atmospheric radiative forcing with climate simulations, but
he functional unit was not entirely representative of launch vehicles as it assumed
imilar propellant masses for all options. The issue was partly addressed recently with
n LCA framework[5] which included the use of proxy launch vehicles designed for
common payload mass to orbit with a simplified optimal staging methodology[19].
evertheless, the sizing methodology was highly simplified, the characterisation of

missions did not account for stratospheric radiative forcing and the chosen func-
ional unit may not fully address the suitability to compete in forecasted launch
arket scenarios.

Within this study, different reusable launch vehicles fleets were assessed using an
CA framework including high altitude effects. The fleets were designed to serve the
ame set of missions and are composed of launchers with two stages to orbit (TSTO)
ith and without reusable boosters, three stages to orbit (3STO), different propel-

ant types as LH2 and CH4, and VTVL with DRL recovery or winged VTHL with
AC recover options. The launch vehicle families and their composition are summa-
ized in Section 2. Section 3 presents the Strathclyde Space Systems Database[20]
nd an updated LCA methodology for launch vehicles based on Ref.[5] and Ref.[6].
ection 4 assesses the environmental life cycle impact and includes a sensitivity as-
essment on the fleet reusability and in the climate characterisation factors (CFs).
his study is then concluded in Section 5 including recommendation for future work
n environmental assessments and eco-design of launchers.

. Launch Vehicle Fleets Assessed

This study assessed three launch vehicle fleets, which were each composed of
ultiple launch vehicle types sharing some commonalities. Each fleet was tailored

o accommodate the same forecasted European launch market[1] thanks to their
exibility to be integrated in different launch vehicle architectures with two or more
tages and boosters. The forecasted market is composed of a set of missions delivering
ayloads to multiple orbits, which is the functional unit for the LCA. These are
nalysed in larger technical detail in Refs. [21, 22, 1], with their technical data
hown in Table 1, including the average number of launchers of each type per fleet.
he respective launcher layouts are shown in Figure 1 with their composition being

ummarized below:
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able 1: Reusable launchers analysed. The corresponding fleet sketches can be seen in Figure 1.
he last row reports the average number of total launches necessary for a robust cost optimal fleet

ifting the same payload [1]. Cores and boosters are represented with a (c.) and (b.), respectively.
ach mass represents values for each block. From Sippel et al[21].
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Propellant LOX/LH2 LOX/LCH4 LOX/LH2

Stage 1
/

Boosters

md [Mg] 25.675 30.435 64.4
mp [Mg] 240 520 378.2
O/F [-] 6.0 2.67 6.5
nr [-] 15 15 50
Rec. DRL DRL IAC

ddrl [km]
740 1511 (c.)

1160 (b.)
Exp. (c.)
1160 (b.)

650 1470 (c.)
974 (b.)

Exp. (c.)
974 (b.)

2650 630 630

Engines Type 4 x Prometheus-H GG 7 x Prometheus-M GG 4 x SLME
me [kg] 1551 1288 3096

Stage 2 md [Mg] 6.068 6.299 3.3 13
mp [Mg] 61 110 14 150
O/F [-] 6.0 2.8 5.8 5.5

Engines Type Vac. Prometheus-H GG Vac. Prometheus-M GG Vinci Vac. SLME
me [kg] 2352 1792 816 3375 3375

Stage 3 md [Mg] 3.3
mp [Mg] 14
O/F [-] 5.8

Engines Type Vinci
me [kg] 816

Fairing md [kg] 1625 2500 2500 1625 2500 2500 1650 3000 3000
Launches n [-] 55.4 145.1 43.7 65.1 121.5 66.6 40.2 137.5 68.1

• Ballistic vertical take off and vertical landing (VTVL) fleets with the hydrogen
fuelled Prometheus-H gas-generator (GG) as engine or the methane fuelled

5
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Prometheus-M GG. These are tailored for DRL manoeuvres, landing on a
floating barge and being towed back by a tugboat. This family was composed
of TSTO vehicles with expendable upper stages. An XXL option used side
boosters with a common core which may be reusable depending on the mission.
The reusable first stage and boosters were assumed to achieve around 15 reuses
before expended. This may be seen as equivalent to SpaceX’s Falcon 9 and
Falcon Heavy fleet technology.

• Winged vertical take off and horizontal landing (VTHL) with hydrogen as fuel

igure 1: Sketches of the different fleets analysed in this study. From Sippel et al[21]. Only the
ehicles corresponding to the cost optimal fleet compositions derived by [1] were analysed.
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using the Space Liner main engine (SLME) with a staged combustion (SC)
engine cycle[23], and performing an in-air Capturing (IAC) recovery manoeuvre
with an aircraft (for DRL), as studied by DLR[24]. This launch vehicle family
would use a small expendable upper stage using the Vinci engine, a larger
upper stage using a vacuum adapted SLME, or the two combined within a
3STO tandem configuration. The reusable first stage was assumed to achieve
50 reuses before expended, a larger number than for the VTVL vehicles as
a consequence of the possibly smoother flights with lower aero-thermal peak
loads, resulting in reduced maintenance effort. This fleet showed the highest
performance in terms of total take off mass, despite a 4% larger total dry mass
when compared to the VTVL LH2 configuration.

Technosphere

Background Databases 
(eg. Ecoinvent)

Space Database 
(eg. SSSD)

Foreground (eg. a 
TSTO launcher)

Case 
Database

Parametric
Foreground

Life Cycle 
Emission 
Inventory

Characterisation Impact

Figure 2: Generalised space based LCA processes
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. Life cycle assessment methodology

This section describes the LCA methodology used in this study starting with a
escription of the space specific database used, outlined in Section 3.1, and followed
y Sections 3.2 to 3.6 which describe the specific foreground processes used to assess
he launch vehicle fleets.

.1. Space-specific life cycle inventory (LCI)

An updated version of the Strathclyde Space Systems Database (SSSD) v1.0.3
sing the latest Ecoinvent version (3.9.1) as the only background inventory was used
o solve the inventory database of each launcher configuration. The SSSD is a space-
pecific Life Cycle Sustainability Assessment (LCSA) database which can be used
o determine the environmental impacts of a space system. The SSSD was devel-
ped in openLCA using a process-based, attributional methodology which relies on
hysical activity data to create a product tree. Validated at ESA through a collabo-
ative project in late 2018, the SSSD consists of space-specific life cycle sustainability
atasets, based on Ecoinvent and ELCD background inventories, which each contain
nvironmental, costing and social data. Additionally, the SSSD aligns closely with a
ariety of widely accepted international standards and norms. Further information
n the development of the SSSD is outlined by A. R. Wilson[20]. A diagram out-
ying how space specific databases interact with dedicated foreground activities and
eneric background inventories representing the rest of the technosphere can be seen
n Figure 2.

The database was extracted in python, decoupling space specific processes from
ackground databases and enabling non-linear modelling of the background inven-

Figure 3: Space LCA phases and processes included within the system boundaries
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able 2: Climate change life cycle impact per kg of emission. Values from IPCC[26] for ground
ased emissions unless otherwise stated, Lee et al[27] for aviation cruise emissions, and derived using
he GWP methodology from radiative forcing as described in an accompanying publication[28] and
y Miraux et al[29] for high altitude emissions.

Species GWP100 GWP20 GTP100 Reference
Aviation Ground High

Altitude
Aviation Ground High

Altitude
Aviation Ground

H2O 6 × 10−2 5 × 10−4 1.48 × 103 0.22 −1 × 10−3 5.18 × 103 0.008 0. [30]
NOx 114 8.5 619 31.5 13 −0.65 [31, 32]
H2 12.8 12.8 40.1 40.1 2.3 2.3 [33]
CH4 29.8 29.8 82.5 82.5 7.5 7.5
CO 4.0 4.0 9.2 9.2 1.95 1.95
CO2 1.00 1.00 1.31 1.00 1.00 3.29 1.00 1.00
BC 1166 900 1.60 × 106 4288 3200 5.59 × 106 161 130 [34]
Al2O3 2.79 × 105 9.78 × 105

ory database and faster computation. It will eventually provide drivers to alternative
ackground inventories such as Gabi or the open-source ELCD database, addressing
heir differences and uncertainties[25]. The LCA problem for launchers was then
onstructed as shown in Figure 3 and then solved with a Brightway2 driver to eval-
ate the background Ecoinvent inventory and perform the impact assessment with
odified LCIA methods. The tool composed of only the space specific background

nd foreground processes can be accessed on request1.

.2. Life cycle impact assessment (LCIA)

The analysis used five midpoint impact categories, one for water use based on the
WARE LCIA[35] implemented in OpenLCA, one for land use based on ReCiPe 2016
1.03, midpoint (E) agricultural land occupation (LOP)[36] and three for climate
hange. These were global warming potential over 100-year time horizon (GWP100),
lobal warming potential over 20-year time horizon (GWP20), and Global Temper-
ture change Potential over 100-year time horizon (GTP100). GWP and GTP are
ifferent methods for comparing the relative impact of a climate forcing agent with
espect to carbon dioxide. The first one is the integral of radiative forcing change
esponse at the top of the atmosphere for a pulse emission, and the second one is the
verage temperature change at the surface. These are highly dependent on the time
orizon, location of the emission, associated lifetime, meteorological conditions, and
ther factors[37].

As a first approximation, since no GWP and GTP factors were available for

1Private repository is available on requests through https://github.com/strath-ace-labs

9
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able 3: Climate change life cycle impact for a kg of propellant represented in carbon dioxide
quivalents (CO2,eq.). The change in the impact when including the characterisation of the H2,
Ox and H2O emissions from background processes is shown in the % CFs. columns.

Propellant Type GWP100 GWP20 GTP100

[CO2,eq.] [% CFs.] [CO2,eq.] [% CFs.] [CO2,eq.] [% CFs.]

LH2
Cradle to loading 17.9 2.6% 22.2 7.9% 16.1 0.0%
Production 9.9 1.4% 12.2 4.5% 8.9 -0.1%

LCH4
Cradle to loading 10.8 2.1% 13.6 6.6% 9.7 -0.2%
Production 3.6 1.5% 4.2 4.9% 3.3 -0.1%

LOx
Cradle to loading 8.1 2.4% 9.9 7.8% 7.3 -0.2%
Production 1.2 1.7% 1.4 5.5% 1.1 -0.1%

aunch and reentry emissions, CFs of kg CO2eq for aviation[27] were assumed as the
ost analogous, as has been done in previous studies[6, 5]. However, it should be

oted that recent studies from The Aerospace Corporation[2] have estimated a sig-
ificant contribution from the emission at high altitudes as a consequence of different
hemical reactions, higher residence times and the relatively decoupled atmospheric
ayers. These could also lead to increased cloudiness which may have additional
nvironmental impacts[11, 12] comparable to aviation cirrus clouds.

To attempt to quantify the potential uncertainty ranges, a sensitivity analysis was
ncluded in this study with ground releases based CFs reported by the IPCC[26] and
ssumed in previous space industry LCA studies[15, 38], and CFs for high altitude
missions derived from past studies as described in Section 4.4. Table 2 summarizes
he values assumed for the extended LCIA method both for the ground, aviation,
nd high altitude CFs.

.3. Propellants

The life cycle impacts of the different propellants used for this study are shown
n Table 3, including all propellant related activities and the relative increase (%
Fs.) when account for the CFs from Table 2 in the background processes. It can
e seen that the life cycle from cradle to loading of hydrogen rocket fuel, mostly
onsisting of the energy intensive production through natural gas steam reforming,
as a considerably higher impact than methane rocket fuel. It is also seen how the
haracterisation of hydrogen emissions in background processes leads to a increase
n the cradle to loading impact which is specially noticeable in GWP20. In addition
o the activities mentioned above, a leakage rate of 1% of the total fuel for the space
pecific activities was assumed, although this might be an underestimation given
ydrogen and methane fugitive emissions[39, 40] and the large venting operations
bserved during propellant loadings. These rate may also be higher for hydrogen,

10
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s a consequence of its reduced molecular mass and stricter storage and handling
onditions. It should be noted that the life cycle impacts may change significantly
n the future, specially with the use of sustainable fuels as green hydrogen or bio-
ethane. For example, a prospective LCA recently estimated that green liquid

ydrogen produced through wind energy could achieve up to an order of magnitude
ower carbon footprint[41]. Nevertheless, it could also produce a burden shift towards
ther impact categories, such as mineral resource depletion[41].

.4. Production and refurbishment

For production, it has been assumed that there are no differences between the
ifferent vehicles types due to a lack of inventory data. The inventory was pre-
ominately based on a literature review reported in Ref. [20, 18], with some data
xtrapolation for the manufacturing processes. Generic aluminium processes were
sed rather than aluminium alloys. Refurbishment operations were mainly based
n the space shuttle orbiter and sized per kg., although this might overestimate its
mpacts given that the shuttle required heavy refurbishment operations after spend-
ng several days in orbit and recent reductions in operational effort from new launch
roviders.

.5. Recovery operations

The impacts during stage transportation activities in the recovery operations
nclude direct emissions from a tug boat and supply vessel for the VTVL case, and
rom an aircraft for the VTHL case. Values for fuel consumption were scaled based
n a per km basis from a recent study on cost estimations for recovery operations of
imilar RLV stages[42, 43]. Typical global averaged emission indexes and GWP were
hen applied to the vessels and aircraft[27]. Sulphur oxides (SOx) emissions from
hipping were excluded given the current state of uncertainty in its indirect GWP
alues[44], unknown proxy ships, and because of current worldwide efforts to reduce
aritime SOx emissions in the short term due its harmful effects on humans and the

cosystem[45]. Their indirect emissions from their corresponding production, retro-
ttings, refurbishment and other upstream activities were added through a proxy
stimation and assumed to be amortized over 150 launches.

.6. Launch and reentry emissions

Emissions from launch vehicles are a result from combustion exhaust compounds
nd subsequent plume reactions, nozzle film cooling emissions, material releases at
igh altitudes during high speed demisable reentries[46, 47] and from high temper-
ture chemical reactions occurring within induced hypersonic shock-waves[48, 11].

11



Journal Pre-proof

T
t

W
R
S
s
a
o
p
p
m
w
S
u
t
t
w
a
v
e
k
g

4

f
 Jo
ur

na
l P

re
-p

ro
of

able 4: Main emission indexes in g/kg of burned propellant for the different engines considered in
his study.

Exhaust Prometheus-H Prometheus-M SLME
BC 4.6916
CH4 54.706
CO2 312.4
CO 168.8
H2 47.706 5.4457 24.133

H2O 928.4 425.6 975.8
OHx 19.160 17.816 0.018
NOx 1.0 1.0 1.0

ithin this study, the direct nozzle exit emission indexes (EI) were obtained from
PA and are shown in Table 4, except for NOx which was assumed based on the
SSD[38]. The RPA calculation assumptions are chemical equilibrium up to low
upersonic expansion and ”frozen composition” afterwards, and only includes those
bove a default threshold. For BC, it was assumed that the turbine flow had an EI
f 64.4 g/kg, and that this would mix with the nozzle flow. Plume post-combustion
henomena was also modelled by analysing RTLS trajectories from Falcon 9 and em-
loying an empirical model previously used in Ref.[49] derived from infrared plume
easurements[50, 51]. This estimated that although only 58.9% of all propellant
as burned in the stratosphere, nearly all BC was released above the troposphere.
pecifically, it was assumed that 75.4% of the BC emitted in the stratosphere was
nburned, as opposed to the post-combustion of 96% of the BC emitted within the
roposphere. For reentry emissions, only alumina and nitrogen oxide emissions for
he demised upper stages was included. Reentry emissions from reusable first stages
as neglected as they typically enter at lower speeds, gaining kinetic energy at lower
tmospheric altitudes than the space shuttle. At those aerothermodynamic regimes,
ibrations excitation and dissociation onset is delayed by higher pressures[52]. Nev-
rtheless, given its geometry and flight profile dependency and possible high entry
inetic energies for reusable first stages with higher staging conditions, this perfect
as assumption should be revised in the future.

. Environmental impacts of RLVs

The launch vehicles described in Section 2 were then assessed with the LCA
ramework discussed in Section 3. Results are presented in Section 4.1, followed

12
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able 5: Life cycle impacts per launch from the different launch vehicles types assessed with the
xtended impact assessment methods using the aviation CFs from Table 2 and represented in carbon
ioxide equivalents (CO2,eq.). The percentage shows the increase with respect to ground based CFs
or climate change.
Launcher GWP100 GWP20 GTP100 Water Land

[CO2,eq.] [% G.] [CO2,eq.] [% G.] [CO2,eq.] [% G.] [Mm3] [ha]
L-RLV: H240 + H61 4.71 0.5% 6.44 2.0% 4.01 0.1% 6.3 9.7
XXL-RLV: 2 H240 + H240 + H61 12.49 0.5% 17.20 1.9% 10.61 0.1% 15.0 26.3
XXL-RLV, exp. core.: 2 H240 + H240 + H61 13.99 0.5% 18.75 1.8% 12.08 0.1% 16.7 29.2
L-RLV: M520 + M110 10.36 3.6% 18.51 8.9% 7.35 0.6% 11.2 17.9
XXL-RLV: 2 M520 + M520 + M110 27.74 3.5% 49.59 8.8% 19.68 0.6% 28.3 48.5
XXL-RLV, exp. core.: 2 M520 + M520 + M110 29.60 3.3% 51.53 8.4% 21.48 0.5% 30.4 52.0
RLVC4 VTHL Mini-TSTO 7.22 0.5% 11.24 1.5% 6.01 0.1% 8.1 14.0
RLVC4 VTHL TSTO 7.35 0.6% 10.07 2.3% 6.36 0.1% 10.3 17.3
RLVC4 VTHL 3STO 7.77 0.6% 10.60 2.2% 6.73 0.1% 10.7 18.2

able 6: Life cycle impacts for the different fleets for their cumulated lifetime of 20 years normalised
ith respect to annual planetary boundaries (PB) from JRC[53]. These are 6.79 × 1011 kgCO2 for
limate change (CC) in GWP100, 6.85 × 1011 m3 for water use (WU). CC is evaluated with the
viation CFs as baseline while CC* accounts for high altitude impacts using the corresponding CFs
rom Table 2 as described in Section 4.4. For land use, the normalisation is with respect to European
gricultural land occupation (ELOP) of 157.4 million hectares (ha) in 2020 from Eurostats.
Fleet CC [Tg] CC* [Tg] WU [km3] LU [km2] CC [%PB] CC* [%PB] WU [%PB] LU [%ELOP]
LH2 VTVL L&XXL 2.684 159.673 3.254 56.369 0.40% 23.52% 0.48% 0.0036%
LCH4 VTVL L&XXL 6.016 1229.818 6.195 105.201 0.89% 181.12% 0.90% 0.0067%
RLVC4 VTHL 1.829 161.548 2.473 41.852 0.27% 23.79% 0.36% 0.0027%

y a contribution analysis of the life cycle impacts in the sensitivity assessment in
ection 4.2, a sensitivity assessment on the reuse rates in Section 4.3, and a sensitivity
ssessment of the CFs assumed in Section 4.4.

.1. Fleet Assessment

Table 5 shows the environmental impacts per launch and the increase with respect
o assumed fully ground based emissions for the launch vehicles shown in Figure 1
ased on their technical data from Table 1. The aggregate impact for each fleet can
e seen in Table 6 and Figure 4.

The results show that the RLVC4 fleet achieved the best performance in all
mpact categories, followed by the VTVL LH2 fleet with a 46% higher GWP100, and
pproximately 32% increased water and land use, despite its 4% lower total dry mass.
his difference can be explained by the 30% larger propellant mass requirements for

he VTVL LH2 fleet and increased reusability of the RLVC4 fleet. For the VTVL
H4 fleet, the climate impact was found to be 2-5 times larger than the LH2 fleets,
artially because of BC emissions. This larger footprint was also seen in water and
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and use, with a 90% higher demand compared to the RLVC4 fleet. These results
uggest that propellant choice might be the driving factor when it comes to space
ransportation eco-design.

The comparison with respect to the planetary boundaries (PB) from JRC[53]
hown in Figure 4 also provides some insights into the scale of the footprint over
he fleet lifetime. The climate impacts assessed with the baseline aviation based
haracterisation factors would be between 0.1-1% of the annual PB. However, the
esults in the CC* field characterising high altitude impacts, as further described in
ection 4.4, indicate that this can be a large underestimation. For water use, the
esults would reach almost 1% of the global planetary boundary, or between 6-15%
f the annual European water usage. In terms of land use, the results would be
pproximately equivalent to the available land to sustain 20,000-60,000 individuals,
ased on a globally averaged 0.18 arable hectares per capita[54], although they would
ot reach a significant portion of the total European agricultural land occupation.
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igure 4: Fleet total climate change life cycle impacts assessed with the extended impact assessment
ethods
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Nevertheless, results are dominated by uncertainty. Firstly, the linear nature
f the LCA itself might not be applicable to large economic activities with respect
o the global and regional background[55], as can be a large fleet of niche reusable
pace rockets. Additionally, the space foreground and background databases used in
his study contain significant uncertainty which can affect the resulting comparisons.
urthermore, the engine exhaust emissions and plume post-combustion phenomena
t higher altitudes such as from propellant burning, reentry aero-heating and demise
f the expendable stages are highly uncertain, especially for newer methane engines.
his, together with the uncertainty around the LCIA factors, may mean that stages
ith larger overall propellant consumption cause significantly worse impacts. There

s also a concerning lack of data regarding fugitive emissions from methane and hy-
rogen within their extraction, synthesis, storage and loading processes which may
ominate the uncertainty on their life cycle impacts. Leakages can also have a sig-
ificant regional dependency based on the technologies and regulations implemented
n each state. The other main source of uncertainty comes from the climate impacts
f high altitude BC, water, nitrogen oxides, hydrogen and carbon monoxide. This is
lear when comparing the sensitivity to the assumptions in CFs in Section 4.4. In
ddition, the choice of climate metric significantly affected results; for example, the
mpacts of the LCH4 fleet was more than 100% greater when compared within a 20
ear time horizon due to fugitive methane emissions and stronger BC impacts over
maller time scales, whereas the RLVC4 performed slightly worse than the LH2 fleet
n terms of global temperature change potential when considered over 100 years.

Another source of uncertainty affecting the comparisons is the cross dependency
ithin impact categories, which has not yet been addressed directly in LCA frame-
orks. This can be seen through the increased stratospheric radiative forcing from
igh altitude emissions causing ozone depletion as discussed in Section 4.4. Another
ossible cross dependency may arise if bio-methane produced at the proposed Kourou

aunch site is used as fuel, contributing to land use and deforestation if its feedstock
s sourced from regional markets[56]. This would lead to an effect on regional and
lobal climates and water budget, affecting the corresponding LCA footprints. Ad-
itionally, the impacts of climate change may increase water use as a consequence of
ore frequent draughts or saline intrusion from sea level rise depleting groundwater

ources[57].

.2. Contribution analysis

Figure 5 and Figure 6 show a contribution analysis from the main activities of
he life cycle evaluated with the aviation based CFs from Table 2.

It can be seen how for all launch vehicle types, recurrent activities have a large
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hare of the final impact which might be explained by the omission of infrastructure
evelopment. Furthermore, within this study their impacts were independent of stage
ize. Nevertheless, it cannot be assumed that this would be the same for the XXL
lass of launch vehicles and for small launchers with easier handling considerations.
his non-negligible dependency on stage size is already captured within some cost

stimation methodologies[58, 59].
Propellant related impacts were also seen to be a significant share of the life cycle

mpact. This was partly a consequence of the large footprint modelled with the SSSD
ssociated with decontamination activities of the propellant infrastructure after use,
nd from general handling activities, constituting around two thirds of their impact.
evertheless, it must be highlighted that the underlying life cycle inventory data
ight be biased towards spacecrafts and upper stages as a consequence of larger
ata availability. These are composed of significantly less propellant by mass and
ostly entail hydrazine and other hazardous fuels with complex handling and de-

ontamination requirements. This, combined with the linearity assumption within
CAs, might mean that the processes are significantly overestimating the associated
ffort for large liquid launch vehicles, which typically employ relatively benign pro-
ellant and can benefit from economies of scale. However, this overestimation could
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igure 5: Contribution analysis to the different environmental impacts for the LH2 VTVL L&XX
eet type evaluated with the aviation based CFs from Table 2.
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e counterbalanced by the relatively low leakage rates assumed for hydrogen and
ethane, as explained in Section 3.3.

From the contribution analysis, it also seems that the impacts from the launch
vent are small for hydrogen fuelled launchers, but dominate for methane powered
ehicles because of the assumed BC emissions. It should be noted that the later
xhaust currently has large uncertainty for methalox engines, given the lack of mea-
urements and the complex plume post-combustion of some BC at lower altitudes
ith larger oxygen supply[3]. The estimated launch event impacts, however, may be
n underestimation, given the identified larger climate impacts from BC emissions
mitted by launch vehicles compared to its emissions from other industries[2, 4].
tratospheric water emissions may also have a significant climatic impact, as has
een seen in past studies for hydrogen powered hypersonic aircraft[60].

In addition, it can be seen how the choice of climate metric affects results signifi-
antly. For the methane powered launchers assessed with the GWP100 methodology,
he impacts from the launch event were around one quarter of the total life cycle.
owever, this share increased to almost a half when assessing with the integrated
lobal warming potential over a 20 year time horizon, highlighting the extremely high
ensitivity to the underlying methodology, particularly with regards to the treatment
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igure 6: Contribution analysis to the different environmental impacts for the LCH4 VTVL L&XX
eet type evaluated with the aviation based CFs from Table 2.
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f launch related exhaust emissions.

.3. Sensitivity of climate impact to reuse rates

Figure 7 shows the sensitivity of the GWP20 impacts to the assumed reuse rates.
lthough a large sensitivity is observed with a low number of reuses, the overall re-
uction achieved through reusability quickly settles to between 30-40% for the LH2

eets and 20% for the CH4 fleet. This low fraction is explained by the large contri-
ution of recurrent activities such as launch emissions and recovery processes to the
otal impact, as shown in Section 4.2. In fact, it might not be clear if reusing stages
ould be more sustainable from the carbon footprint point of view, as it adds new
ecurring activities as recovery operations, refurbishment and maintenance which
ranslates into lower performance after factoring in the additional inert and propel-
ant mass. This would also add to the high altitude atmospheric impact burden
hich may be underestimated with the aviation based CFs[19, 5], although a pos-
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igure 7: Life cycle emissions of the different reusable launch vehicle types for 1 to 20 reuses assessed
ith the extended global warming potential over 20 years impact assessment method
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ible trade off might exist with the reentry demise emissions from the expendable
ounterparts. The CF sensitivity is further addressed in the following section.

.4. Sensitivity to characterisation factors

The final sensitivity assessment concerned the CFs presented in Section 3. The
aseline LCIA method used for this study employed CFs based on averaged avia-
ion emissions and impacts at cruise altitude. For launch vehicles, this might be a
ignificant underestimation. However, a lack of understanding around the most ap-
licable climate metrics complicate the application of an LCA methodology. Within
his study, two CFs sensitivities were performed, as reported in Table 2. The first
haracterised launch emissions as if they were emitted in the lower troposphere. This
howed reduced impacts, especially in GWP20. The second characterised high alti-
ude emissions with GWP100 values derived from the Bern model[61] by assuming an
xponential decay with an averaged lifetime of 4 years from instantaneous radiative
orcings normalised per kg of exhaust obtained from past climate simulations[2, 60],
s described in an accompanying publication[28]. However, these values should be
aken with caution as high uncertainty remains around the radiative forcing of launch
ehicle emissions and this approach should be applied to the relaxed radiative forcing
fter stratospheric adjustment. It should also be noted that GWP does not trans-
ate directly to global average temperature change, since the mechanisms through
hich stratospheric warming affects the climate differ considerably from those of
HG emissions in the troposphere. Nevertheless, GWP serves as a potential indica-

ion as to how important launch emissions might be when compared to ground GHG
missions within an LCA.

Results from both sensitivities in terms of GWP100 can be seen in Table 6 and
igure 8. The corresponding GWP20 results had a 2.5× larger footprint. Here, it

s seen how the previous relative advantage of the RLVC4 fleet when compared to
he VTVL LH2 fleet is cancelled (and even reversed to a 1.1% larger footprint) as a
onsequence of the demised aluminium oxide emissions resulting from its higher total
ry mass. It is also observed how the climate impact may be approximately 100×
arger for the LH2 fleets and up to 1000× larger for the CH4 fleet as a consequence of
he stratospheric warming caused by high altitude emissions of non-CO2 pollutants.
his would put its impact in the Gt range, making it comparable to the Earth’s car-

ying capacity given by its annual planetary boundary for CO2 emissions[62]. The
ethalox fleet would emit in its entire ≈ 20 year lifetime approximately the same

mount of CO2eq as the annual emissions of global commercial aviation. Never-
heless, this result is dominated by uncertainty for two main reasons. Firstly, the
eet performance can change according to different technologies which may affect the
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ssociated BC emissions from methalox engines (such as staged combustion). In ad-
ition, the resulting stratospheric radiative forcing might not translate directly into
lobal temperature change. There is a possibility of surface cooling from stratospheric
arming from BC emissions[8] and of tropospheric warming from stratospheric water
missions[60]. Furthermore, stratospheric radiative forcing does not only influence
limate, but may also deplete the ozone layer together with other pollutants emitted
y launchers and demising spacecraft[8, 3, 4, 63].

A major finding is that launch event emissions dominate, followed by reentry
missions. This may have large implications for previous space sector LCAs both
n terms of the absolute impact (underestimated by 2 to 3 orders of magnitude)
nd in the identification of the underlying cause. These findings may also lead to
complete redefinition of what space sector sustainability may actually be. For

xample, in terms of launcher sustainability, a previous LCA conducted[5] showed
ow large reusability rates could eventually achieve break-evens in climate impact, in
pite of it more ground activities and larger propellant consumption. These results

Ground Aviation High Altitude
0

200

400

600

800

1000

1200

Ca
rb

on
 D

io
xi

de
 E

qu
iv

al
en

ts
 [T

gC
O2

eq
]

2.7 2.7

159.7

5.8 6.0

1229.8

1.8 1.8

161.5

LH2 VTVL L&XXL
LCH4 VTVL L&XXL
RLVC4 VTHL
Upper Stage Reentry
Launch Event

Figure 8: Fleet total climate change life cycle impacts in GWP100 assessed with different CFs
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uggest that the trade-off would be inexistent, and that reusing launcher components
ould always lead to larger climate impacts given the lower performance and higher
on-CO2 emissions in the stratosphere. In the same way, CO2-neutral ”sustainable
viation fuels” could fail in achieving any appreciable climate impact reduction unless
hey can also achieve reduced stratospheric BC, water and NOx emissions.

It must be noted that the quantities of stratospheric BC emissions considered
ight be of such magnitude (around 100 Mg) when compared with background con-

entrations that the linear assumption within LCA might fail to adequately estimate
ts aggregate impact. This effect has already been observed in past studies on avi-
tion NOx emissions leading to different or even negative in climatic impacts as
consequence of the modified atmospheric composition[64]. For example, climate

imulations from nuclear war between major countries address the injection of strato-
pheric BC emissions in the order of several Tg and indicate potential surface cooling
ffects of several degrees associated with nuclear winters[65]. A possible non-linear
ffect might also be the case with reentry emissions of aluminium oxides and other
etal compounds, as these may overshadow the natural injection by meteorites[46],

r even from the direct high altitude heat emissions from the energetic launch and
eentry operations. The linearity of the radiative forcing from launchers BC emis-
ions was partially addressed in Ref [3]. In addition, it also neglects effects from
nduced cloudiness, which already dominates the uncertainty in the climate response
or aircraft[27] at short time scales. These issues highlight the need to complement
CAs with climate simulations in order to validate the environmental impact of large
pace activities. It is also necessary to derive adequate climate metrics for launch and
eentry emissions, and compare different climate metrics when assessing the possible
ncertainty, given the large sensitivity to time horizons.

. Conclusions

This work analysed, for the first time, the environmental footprint of different
eusable launch vehicle fleets which could serve future Europe’s needs. LCA results
ere contextualized to enhance the understanding of the scale of the impact.

The LH2 fleets had the lowest impact in all impact categories showing that propel-
ant choice is the main differentiation factor when it comes to environmental criteria.
he RLVC4 also achieved an approximately 30% lower environmental footprint in wa-

er and land use when compared to the VTVL LH2 fleet given its higher performance.
hen high altitude GWP100 CFs were considered for BC, water and aluminium ox-

de emissions in the stratosphere, GWP climate impacts were up to 1000× higher,
eaching magnitudes comparable to those of global annual commercial aviation and
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otentially exceeding Earth’s carrying capacity defined by its planetary boundaries,
specially for the CH4 combination. Given that the burden would only correspond to
he European potential contribution from launchers, these findings highlight the ur-
ent need of addressing global launch vehicle emissions from all spacefaring nations.
his becomes more concerning when considering the current low state of knowledge
round their climatic response, its possible diverse influences on the Earth system,
nd the nature of the GWP metric itself, complicating the direct translation into
simplified global surface average temperature change criterion. This uncertainty
as evident when comparing the different climate metrics from this study; as the
CH4 fleet had a 100-250% higher impacts when considered within a 20 year time
orizon as a result of fugitive methane emissions and stronger BC impacts. There
lso remains significant uncertainty on the exhaust emissions of BC for methalox
ombustion, plume post-combustion modelling and the impacts at higher altitudes
rom propellant burning, reentry aero-heating, demise of the expendable stages, and
ugitive life-cycle emissions from the different fuels.

Future studies on the sustainability of launchers should address all these as-
ects to ensure an accurate quantification of its environmental performance and
ncertainty. Studies could also perform prospective LCAs to address future changes
n background processes as with the possible uptake of sustainable hydrogen and
ethane fuel production. Furthermore, to support eco-design efforts, it is also neces-

ary to determine adequate climate change metrics and an overall sustainability score
hich can aggregate the different faces of its climatic response. In addition, studies

ould also consider other impact categories such as stratospheric ozone depletion, and
urther inventory processes, such as the development phases with qualification flights;
est firings; travelling; treatment of infrastructure; and the transportation of stages
etween Europe and French Guyana for production and maintenance operations.
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Life cycle assessment of launch vehicles including impacts from stratospheric 

radiative forcing

Liquid hydrogen-oxygen fuelled fleets show lower impact than the liquid methane

oxygen fleet  

Global warming impacts in a 20 year horizon were 1.4-2.5x higher than in a 100 y

horizon 

Climate impacts become up to 1000x higher when characterising high altitude 

emissions

Impacts over the fleet lifetime comparable to annual emissions of global commerc

aviation
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