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Life Cycle of a space mission
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A concern for Society
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Spacecraft Launched into LEO
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• Natural input: Around 12.4 kt enter Earth’s 
atmosphere every year (error of factor 2)

• Anthropogenic input: Around 0.89 kt re-enter 
Earth’s atmosphere (2019)

• However - The current and future annual mass influx is 

significant compared to the natural mass influx! 

• Aluminum: Today, 160% compared to natural 

injection. In the future: 6 to 18 times the natural 

injection. 

• Copper: Today, 700% compared to natural injection. 

In the future, 18 to 50 times the natural injection. 

• New complex materials ➔ new impacts?

The current situation

Human-made injection of matter into Earth’s 
atmosphere is significant and can in some 
cases even dominate over the natural 
meteoric injection

10% of stratospheric particles contain 
spacecraft metals (NOAA)
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Drivers and Knowledge gaps

Environmental and climate 
effects of orbital launches and 

re-entry events?

Emission profiles

Particle transport modelling

Cloud formation

Atmospheric modelling

Engine characterisation

International collaboration

Environmental metrics

Lack of measurements

Ablation process

Opto-chemical properties 
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Closing the Knowledge gaps 

Modelling

 Simulate emissions, 
atmospheric interactions, 

climate impacts  

Measurements
 

Dedicated measurements 
campaigns In- & Ex-situ, 

characterization databases 

Technology 
development

Measurement technologies 
and novel materials to 

address potential effects

Engaging partner and supporting a growing community -> creating awareness
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On-Going Initiatives - focus
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• ICARUS focuses on the vaporized fraction

• Measures elemental evaporation, molecular formation, and ablation 

dynamics using laser-induced fluorescence, video imaging, and 

downstream mass spectrometry

ENVIPACE research questions:
How much aluminium from spacecraft re-entries goes into long-
lived atmospheric carriers, and how much into rapidly setting 
particles?

The nature of the long-lived atmospheric carriers is unknown: 
they may be sub-micron aluminium/alumina residues or 
aluminium hydroxide nanoparticles formed from re-condensed 
aluminium vapour (SSPs), or both. 

Objectives:
Understand the fragmentation and vaporization of aluminium 
parts from melting to ablation residues.
Establish the environmental impact of aluminium in the upper 
atmosphere. 
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On-going initiative at ESA - overview

Measurement

FIREWALL — flight campaigns; ESA-

FLPP / DLR

DRACO Mission — ESA-S2P / Indra

CLUSTER Campaigns — Salsa 2024; 

Tango 2026; recurring re-entry campaigns

BeSAFE — balloon-borne space-debris 

aerosol fetching; CNRS

ICARUS — chemistry of atmospheric re-

entry; CSIS

ISRL Phase 1 — in-situ resonance LIDAR 

measurements; Fraunhofer

MODELLING

REACT — space logistics analysis tool; 

atmospheric impact into LCA. ESA-

FLPP

IDEAS — debris-ablation impact on 

atmospheric systems. ESA-university of 

leeds

ML-AIL — machine learning for 

atmospheric impact of launchers. ESA 

KO Q2 2026

OSIP — platforms for stratospheric and 

mesospheric observation; KO Q3 2026

TECHNOLOGY

DISAPPEAR — thermoplastic composites for 

clean atmospheric re-entry; Q1 2027

Space Scavenger — lower-impact solid 

propellants; Q1 2027

TPRise — sustainable eco-materials for 

thermal protection; Q1 2027

EWM — enhanced wood material for 

sustainable transportation; Q1 2027

Envispace— Understand the fragmentation 

and vaporization of aluminium parts from 

melting to ablation residues; ESA, University 

of Stuttgart, IAA ongoing
ISRL Phase 2 — Observation of non-

natural metals in stratospheric aerosols; 

ITT open now



Outcome of previous workshops on Atmospheric 

CleanSpace Days 2026
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Understanding the Atmospheric 
Effects of Spacecraft Re-entry

Aim: Highlight the gaps in our understanding 
of the modelling and how we can improve 
testing to obtain relevant data and suggest 
appropriate mitigation and regulatory 
measures

Participants: atmospheric chemists and 
physicists, material experts, the space industry, 
and international space research

Outcome: White paper

Atmospheric effect on space activities Workshop #1 – Jan 2024

Day 1: Understanding the natural influx compared to the 

anthropogenic mass influx, accompanied by the state-of-

the-art in modelling space debris in the atmosphere.

Day 2: Testing capabilities, including ESA/NASA missions 

from the past and for the future, for identifying and 

characterising re-entry events
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Outcomes

Contents:
• Emissions profiles
• Atmospheric chemistry 
• Atmospheric modelling and impact 

assessment 
• Measurement capabilities 

• Associated proposed actions
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1. Field measurement campaigns – reviewing existing field study 
findings and exploring future initiatives to detect and analyse 
aerosols containing launcher and spacecraft-derived particles.

2. Chemistry of launch and re-entry emissions – investigating how 
spaceflight compounds such as nitrous oxide, metal oxides, 
black carbon, and ablated materials interact with the gases and 
aerosols already present in the ‘background’ stratosphere and 
mesosphere, including their potential to catalyse ozone 
depletion and alter cloud formation.

3. Advancements in modelling and laboratory simulations – 
assessing how experimental and computational approaches can 
improve predictions of atmospheric impacts.

4. Methodologies for integrating atmospheric impacts into life 
cycle assessments – Evaluating how launchers and spacecraft 
can be designed to minimize environmental impact.

Cross-disciplinary collaboration – bringing together experts in 
atmospheric science, the space sector, and policy to identify 
research gaps and explore strategies for regulation.

Atmospheric effect on space activities Workshop #2 – Jan 2025
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Priorities to tackle key unknowns include: 

Atmospheric observations: Targeted aircraft, balloon, HAPS, sounding 
rocket, launcher in-situ sampling, satellite and ground-based remote 
sensing to constrain particle number, composition, size, morphology, 
and their global distributions and to estimate emission rates of gases 
and aerosols, altitude distribution and related transport. 

Laboratory experiments: Controlled plasma wind tunnel simulations to 
characterise re-entry ablation processes and the resulting particle 
production. Atmospheric chamber experiments to investigate the 
physicochemistry and cloud-nucleating ability of space activity particles, 
including their optical properties at multiple wavelengths, from the UV to 
the IR domain, for estimating climate forcing and assessing the 
feasibility of monitoring space activity particles using remote sensing. 

Plume and chemistry climate modelling: modelling of launch and re-
entry emissions and plumes, with integration into global models to 
evaluate microphysical, chemical and radiative impacts. 

Outcomes - 2nd Workshop – Atmospheric Impacts of Launch and Re-entry

European Space Sciences Committee 
AIRL WG 
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Engaging partners and supporting a growing community

SHARED CHALLENGE

Continued 

effort is needed

Understanding potential 

atmospheric effects requires 

coordinated work beyond a 

single workshop.

01
Cross-cutting effort
Align activities across science, engineering, policy and 

operations.

02
Gather science-community inputs
Capture key uncertainties, methods and data needs from 

active researchers.

03
Grow the stakeholder group
Bring agencies, academia, industry and emerging actors into 

one conversation.

04
Keep initiatives connected
Translate evidence gaps into shared knowledge and 

coordinated next actions.

Next step: use workshops and research networks to convert unknowns into coordinated priorities.
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Other Initiatives to follow

Near-term opportunities to connect LCA, research networks and atmospheric-effects work

SEP 2026

4th workshop on LCA 
of STS

University of Stuttgart

See next presentation

2026-2029

SLICE doctoral 
network

MSCA under TUD leadership

PhD network investigating 

environmental and climate effects 

of launch systems, emissions, 

atmospheric interactions and 

sustainable design.

Q1 2027

3rd ESA workshop on 
atmospheric effects

ESA community forum

Bring institutions, academia and 

industry together around 

evidence, priorities and next 

actions.



KEY TAKEAWAY

Atmospheric effects

01 Complex interdisciplinary challenge
Connect emissions, chemistry, climate, measurements and space-system 

expertise.

02 Community momentum is building
Several initiatives are under way, with more opportunities emerging.

03 Next opportunity: align the field
Bring institutions, academia and industry together around priorities and 

actions.

Join the 3rd ESA workshop on atmospheric effects of space 

activities
Q1 2027



Thank you! 
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