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Introduction
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CO2 emissions forecast from future proposal space activities [1]
B LCA’s being conducted to assess environmental footprint of the space sector [1,2]
B What are the bottlenecks?
B Within launcher’s life-cycle (excluding launch/reentry)
B Atmospheric impact from launch-reentry
B To address these: this presentation shows results from 2 studies
B LCA of different RLV types
B Atmospheric impact Black Carbon within LCA
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Launch vehicle fleets

h XXL L

L Launcher

M Launcher

§ Launcher

Figure 7: Building-Block launcher family LOX-LH2 combination
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M-Launcher L-Launcher XL-Launcher XXL-Launcher

80m

-VTHL RLVC4, VTVL LCH4, VTVL, LH2
families. From [9,10]
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LCA Methodology: Space Based SSSD

Background Databases ¢ Space Database | Foreground (eg. a
(eg. Ecoinvent) (eg. SSSD) : TSTO launcher)

.
' Case | Parametric
Database Foreground

Biosphere

Technosphere

B Strathclyde Space Systems
Database (SSSD)

B Updated to latest background
database (Ecoinvent 3.91)

B Available on request on:
https://github.com/strath-ace-

labs/SSSD

Emission | Characterisation
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LCA Methodology: Launcher foreground case

B Infrastructure not considered (only
recovery specific infrastructure)

B Activities based on proxies:

B Phase C+D
B Propellants life cycle
F Production
B Clean room fuelling
B Decontamination
B General handling
B Storage
B Production of launcher components
B Production of Stage 1/ Common
Core+Boosters
® Production of Stage 2
® Production of Stage 3
B Production of Fairing
B What about allocation of Phase A+D?
B Dominated by protoypes/test
firings/travel
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Climate Change Impacts of RLVs: Fleet impacts

Launcher n GWP) GWPy, GTP,y
(COreq) [% G [COneq] [% G [CO2eq [% G.
L-RLV: H240 + Ho61 ahd 4.73 (.53 4.02 4.068 6.31 4.0]
XXL-RLV: 2 H240 + H240 + H61 84.2 798  14% 1184 4.9% 6.49 0.2
XXL-RLV. exp. core.: 2 H240 + H240 + H61  45.9 948  1.2%  13.39  4.3% 796 0.2
[ Number Of |aunCheS from L-RLV: M520 + M110 61.7 1208  69% 2487 15.2% 758  1.2%
XXL-RLV: 2 M520 + M520 + M110 587 2310 99% 5512 18.7% 1201 2.1%
XXL-RLV. exXp. core.: 2 M520 + M520 + MI110 69.0 24.95 9.1% 57.06  18.0% 13.82 1.8%
accom pany paper RLVC4 VTHL Mini-TSTO 39.9 593 1.0% 79T 3.7% 513 0.19
RLVC4 VTHL TSTO 78.0 707 1.1% 942 4.2% 6.15  0.29
E RI—VC4 VTH I— |OW€St RLVC4 VTHL 38TO 70.7 749 1.1% 995  4.1% 6.53  0.29

impact \
T : BN LH2 VTVL L&XXL
E Slgnlflcant differences mes LCH4 VTVL L&XXL
L :

between climate metrics — e
B Assuming ground based
emissions result in
significantly lower impacts
(especially for LCH4 fleet

with GWP20)
B Are these CF’s adequately

modelling the launcher

Carbon Dioxide Equivalents [TgCO2eq]

impact?
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Climate Change Impacts of RLVs: Contributional

Analysis (GWP100)
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Climate Change Impacts of RLVs: Contributional

Analysis (GWP20)
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Climate Change Impacts of RLVs: Use of Analogue CFs
derived from RF [11]

1400 1 mmm LH2 VTVL L&XXL -
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GCM Modelling

asteoroidimpactWRF
(Senel et al. 2023)

Land-surface physics, microphysics, cumulus convection S planetWRF-core
Boundary-layer turbulence (Senel et al., 2019) (R|chardson et al. 2007)
v
Q-\steroid impact dynamic model | «—— Impact event
w8 NASA
- - " \ . Goddard
| Aerosol microphysics module | | Aerosol radiation module | + Radiation
8 | Scheme
L - |S-bearing gas SW|
S-bearing gas | | Silicate Dust | |Soot — Black Carbon (Kiehl and Briegleb, 1993)

= |S-bearing gas LW |

| Silicate Dust SW —> (Feng et al., 2015)

—
| Silicate Dust LW [—> (Dufresne et al., 2002)
| Wet deposition | | Wet deposition | | Wet deposition | | Soot-BC SW_| (Hess et al., 1998)
(Feichter et al., 1591) (Tsarpolis et al., 2018) (Tsarpolis etal., 2018) | Soot — BC LW | (Kaiho et al., 2016)
| Dry deposition | |Two-moment dry depositionl |Two-moment dry deposition |
. (Binkowski & Shankar, 1995) (Binkowski & Shankar, 1995)
(Feichter e: al., 1936) {Zhang & Shao, 2014) (Zhang & Shao, 2014)
(Xu, Charmichael, 1998) (Senel et al.. 20?1? ! (Senel et+al.. 2021)
| Spectral dust lifting (Toon et al, 2016)

(Shao et al., 2001, 2004, 2009, 2010, 2011)
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GCM Input: Emission profiles
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GCM Results: Radiative Forcing

1200 1x launch per year - Surface net SW radiative flux
I I I T
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Conclusions

F RLVC4 had the lowest impact (except in GTP100)

B In-air capturing approach showed lower impact than the sea fleet required

within DRL operations

B Launch event impacts appear as a dominating process, specially for the LCH4
fleet and when employing GWP20, because of the non-co2 emissions modelled.
B Uncertainty in results may be completely dominated by high altitude impacts from
launch and re-entry emissions when using analogue CFs

B Significant challenge to incorporate these within LCA's
B Climate simulations ongoing to verify analogue. Currently no major signature
identified (different from past studies). Uncertainty in:

B Reflectivity properties vs wavelength might not be adequate for study case

(based on large forest fires)

B Pulse vs Sustained Emissions

B Particle size distribution for methalox required

B Plume post-combustion model
B Future studies shall address these high-altitude impacts, fugitive emissions, and
include additional LCI processes as:

B Launch infrastructure (launch sites/landing sites),

F Transportation processes

B Development phases and test firings
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HANG ON.

I DIDN'T SAY ¥

you couLd A
LEAVE.

Any Questions?

Email: gquillermo.dominguezcalabuig@dir.de
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Appendix: LCIA methods

Table 2: Climate change life cycle impact for a kg of emission. Values from IPCC
24| for ground based emissions and Lee et al [25] unless otherwise stated.

SI)()(?i(?S (‘;\\"Pl[)l) (.;\\"P'_g() GT‘PW(, R.(,‘.f(,‘.l'(?ll(.‘(.‘
Aviation Ground Aviation Ground Aviation Ground

H,0 6x107° 5Hx10~* 022 —1x10~" 0.008 0. [‘26]

NO, 114 8.5 619 31.5 13 —0.65 127]

H, 12.8 12.8 40.1 40.1 2.3 2.3 28]

CH, 20.8 29.8 82.5 82.5 7.5 7.5

CO 1.0 1.0 9.2 0.2 1.95 1.95

BC 1166 900 4288 3200 161 130

ELCIA

B Global Warming Potential over 100 years (GWP100)

B Global Warming Potential over 20 years (GWP20)

B Global Temperature Change Potential over 100 years (GTP100)
E Aviation based impact factors assumed as default for the assessment

B Sensitivity was performed with ground based emissions
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Appendix: Past studies and climate metric derivation for

J
LCA S Table 1: Instantaneous stratospheric Radiative Forcing A for emissions of different
species in the stratosphere obtained from past studies
= Based on [1 1] Species A (W/m?/Tg) |
. Ross et al.[3] Ryan et al [5] Pletzer et al,[8] This study
. C o
From |nStantaneOUS BC 34300 8720 34300
Stratosphenc radiative HQ() 31.8 —24.0 1.58, 1.90 31.8
. Al203 6000 6000
forcing (A): CO2 0.017 0.017
NOx
RFi (t) — Ai Ri (t) Cloudiness

= Not TOA or Tropopause,
nor RF or ERF

= Assumes exponential _ _
» Absolute Global Warming Potential:

decay ;
() =e T H _t
. Rf(t) ¢ AGWP;(H) = f RF;(t)dt = A;t; (1 —e Ti)
= Lifetime assumed from

: = Global Warn?ing Potential
averaged stratospheric

i i AGWP;(H
circulation GWP.(H) = i (H)
= Where does it sink? AGW P, (H)
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Appendix: Past studies and climate metric derivation for

LCA’s
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Appendix GCM Results Residence Time
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