
A Methodology for Integrating Life Cycle Assessment into a 
Multidisciplinary Design Analysis and Optimization Framework 
for Sustainable Launcher Development

1Fédération ENAC ISAE-SUPAERO ONERA, Université de Toulouse, Toulouse, France
2ONERA/DTIS, Université Paris-Saclay, Palaiseau, France

Tuesday, 30th June 2026

Alice De Oliveira1, Mathieu Balesdent2, Loïc Brevault2, Annafederica Urbano1

Clean Space Days 2026, ESA ESTEC, Noordwijk, The Netherlands, 29th June – 3rd July 2026 



Tuesday, 30th June 2026 Slide 2

Background

• Life Cycle Assessment (LCA) practices for launch vehicles:

Clean Space Days 2026 / A. De Oliveira et al. – A Methodology for Integrating Life Cycle Assessment into 

a Multidisciplinary Design Analysis and Optimization Framework for Sustainable Launcher Development

➢ ESA promoted the use of the LCA methodology [1] 

To transport a [payload of V kg] from 

destination A to destination B in T time

➢ A Life-Cycle Inventory (LCI) analysis must be conducted

Interaction between background data (from 

LCI databases [2,3,4]) and foreground data

➢ Life-Cycle Impact Assessment (LCIA) must be performed

Use of environmental impact categories indicators 

computed from available methods [5]

➢ Interpretation of the results

Identification of the areas for improvement
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➢ ESA promoted the use of the LCA methodology [1] 

To transport a [payload of V kg] from 

destination A to destination B in T time

➢ A Life-Cycle Inventory (LCI) analysis must be conducted

Interaction between background data (from 

LCI databases [2,3,4]) and foreground data

➢ Life-Cycle Impact Assessment (LCIA) must be performed

Use of environmental impact categories indicators 

computed from available methods [5]

➢ Interpretation of the results

Identification of the areas for improvement

Current drawback:

LCA achieved after the system architecture is finalized

Solution:

Using Multidisciplinary Design Analysis and Optimization (MDAO) methods for early-

stage design studies.
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Background

Aviation sector in 2023: ~1.0E+12 kgCO2eq

• MDAO methods for early-stage design of launch vehicles:

Clean Space Days 2026 / A. De Oliveira et al. – A Methodology for Integrating Life Cycle Assessment into 

a Multidisciplinary Design Analysis and Optimization Framework for Sustainable Launcher Development

Example of MDAO problem:

minimize GLOW (Gross Lift-Off Weight)

w.r.t. design variables

s.t. equality or inequality constraints
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Background

Clean Space Days 2026 / A. De Oliveira et al. – A Methodology for Integrating Life Cycle Assessment into 

a Multidisciplinary Design Analysis and Optimization Framework for Sustainable Launcher Development

➢ Design and coupling variables selection and level of 

fidelity of the LCA discipline

➢ Optimization problem formulation

➢ Classification of the environmental impacts

➢ Building the LCI (resource- and time intensive)

➢ Level of available data and knowledge at early design
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Aviation sector in 2023: ~1.0E+12 kgCO2eq

Clean Space Days 2026 / A. De Oliveira et al. – A Methodology for Integrating Life Cycle Assessment into 

a Multidisciplinary Design Analysis and Optimization Framework for Sustainable Launcher Development

Contents

I. Methodology for including a predictive LCA model within an early-stage 

MDAO framework for launch vehicles

II. Case study: application to a two-stage-to-orbit vehicle

III. Conclusions and future works
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Aviation sector in 2023: ~1.0E+12 kgCO2eq
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Description of the predictive LCA discipline model:

In compliance with the ESA guidelines [1], the 

following functional unit has been selected:

To transport 1 metric ton of payload from the 

launch site to destination B over 1 year’s 

operations (multiple launches).

Results expressed in t. orbit−1. year−1.
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Description of the predictive LCA discipline model:

Building the LCI (resource- and time intensive)

I. Parametric LCI for launch vehicle production 

II. Model to estimate the launch vehicle emissions during flight

III. Characterization method for impact assessment
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Construction of the parametric inventories:

Definition of foreground and background processes:

⚫ Background = processes that are not under the direct control of 

the optimizer (e.g., production of 1 kg of aluminum)

⚫ Foreground = processes that depends on the launcher design 

phase (e.g., the components’ masses)

Directly obtained from LCI databases (e.g., 

ecoinvent, ESA LCA database) and evaluated 

prior to their integration into the MDAO 

framework

Parametric inventories are based on dynamic parameters and supports fast processing speeds of the impacts assessment

Defined as algebraic formulas depending on 

design and coupling variables of the MDAO 

framework as well as on the pre-generated 

background processes.
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Construction of the parametric inventories:

Example of the engine production inventory: corresponding algebraic formula
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Estimation of the launch vehicle emissions for practical software implementation:

NASA CEA (rocketCEA) [6] Fischer et al. [7]: NASA CEA hp

GWP (kgCO2-eq)

× 𝐶𝐹𝑠𝑝𝑒𝑐𝑖𝑒𝑠

Development of a surrogate model
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Impacts assessment:

Background LCI

Foreground LCI 

via algebraic 

formulas

Launch 

emissions 

surrogate model

Impact 

assessment via 

EF method [5]

Conversion into 

GWP via the 

available CFs GWPem

GWPprod GWPtot

Other impacts

Impact indicators

LCA

MDA
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Aviation sector in 2023: ~1.0E+12 kgCO2eq

Clean Space Days 2026 / A. De Oliveira et al. – A Methodology for Integrating Life Cycle Assessment into 
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Contents

I. Methodology for including a predictive LCA model within an early-

stage MDAO framework for launch vehicles

II. Case study: application to a two-stage-to-orbit vehicle

III. Conclusions and future works
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II. Application to a two-stage-to-orbit vehicle

Case study: Two-stage-to-orbit launch vehicle 

• Liquid Oxygen (LOx) / Liquid Methane (LCH4) for both stages

• 21 metric tons of payload 

• LEO of 800 km altitude 

• Launched from the Guiana Space Center.

Multi-objective optimization:

• GLOW(∙)
• 𝑓𝐿𝐶𝐼𝐴(∙): environmental indicator among EF categories or single 

score
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II. Application to a two-stage-to-orbit vehicle

1st case: Minimizing GLOW and GWP

➢ GLOW is expressed in metric tons

➢ GWP is expressed in tCO2-eq, relative to 1 metric ton of payload per orbit per year (t. orbit−1. year−1)

• Increase of the mixture ratio (2.9 ➔ 3.2)

• Reduction of the second stage (𝑚prop,2 

and ሶ𝑚2 reduced by 12.3 and 13.8%) 

• Most of the GWP reduction comes from 

the launch emissions
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II. Application to a two-stage-to-orbit vehicle

1st case: Minimizing GLOW and GWP

Analysis of the PEF single-score
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II. Application to a two-stage-to-orbit vehicle

2nd case: Minimizing GLOW and PEF
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Aviation sector in 2023: ~1.0E+12 kgCO2eq
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stage MDAO framework for launch vehicles

II. Case study: application to a two-stage-to-orbit vehicle
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III. Conclusions and future works

Key findings

✓ Demonstrated integration of 

LCA within early-stage 

launcher design

✓ Multi-objective optimization 

reveals trade-offs between 

GLOW & environmental 

impacts

✓ Environmental objectives are 

antagonistic and must be 

carefully selected

✓ Single-score indicators can hide 

impact category conflicts

Limitations

• Results depend on disciplinary 

modeling assumptions

• Parametric LCI inventories: 

component distribution, mass 

models, process scope/detail

• Lack of space-specific data 

and high-altitude emission 

models

• Uncertainties in LCI data and 

impact assessment

Future developments

➢ Flexible MDAO formulation 

adaptable to different

architectures

➢ Modular LCA framework 

enabling progressive 

refinement: improved

databases, emission models

& characterization factors

➢ Extension to additional life-

cycle phases and other 

launch vehicle architectures
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Thank you !

Alice De Oliveira, alice.de-oliveira@isae-supaero.fr

More information in the journal paper (currently under review):

A. De Oliveira et al., A Methodology for Integrating Life Cycle Assessment into a Multidisciplinary Design 

Analysis and Optimization Framework for Sustainable Launcher Development, preprint submitted to Acta 

Astronautica.  
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• Construction of the parametric inventories:
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework
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I. Methodology for including a predictive LCA 
model within an early-stage MDAO framework

• Estimation of the launch vehicle emissions:

Let us define the rocket emissions:

𝑚𝑠𝑝𝑒𝑐𝑖𝑒𝑠,𝑖: mass of a species 𝑖 emitted

𝛿𝑡 = 𝑡𝑓 − 𝑡𝑖: duration of the trajectory segment

𝐸𝐼𝑠𝑝𝑒𝑐𝑖𝑒𝑠,𝑖(∙): emission index expressed in g/kg

ℎ(∙): altitude 

ሶ𝑚(∙): mass flow rate
Primary Emission Index (PEI) Secondary Emission Index (SEI)

Common framework in the literature:

1. Estimating PEI

2. Evaluating SEI

3. Determining the vehicle’s trajectory profile

4. Converting the emissions into environmental impacts

➔ Subject to significant uncertainties
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II. Application to a two-stage-to-orbit vehicle

Case study: Two-stage-to-orbit launch vehicle able to inject 21 metric tons of 

payload into a circular and equatorial low Earth orbit of 800 km altitude from the 

Guiana Space Center.

• Liquid Oxygen (LOx) / Liquid Methane (LCH4) for both stage

• 7 engines for the 1st stage, 1 engine for the 2nd stage

• Chamber pressure and expansion ratio fixed for both stage [14]

• LCA discipline: 10 similar launches are performed over 1 year

Table X: Design variables of the MDAO framework studied with 

the bounds considered for optimization.

Multi-objective optimization:

• GLOW(∙)
• 𝑓𝐿𝐶𝐼𝐴(∙): environmental indicator among EF categories or single score

• Optimization solved using COMO-CMA-ES [15] (evolutionary strategy) 

combined with NGSA-II [16] (genetic algorithm).
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II. Application to a two-stage-to-orbit vehicle

2nd case: Minimizing GLOW and PEF

• Values of PEF not obtained before

• Reduction of the second stage (𝑚prop,2 

and ሶ𝑚2 reduced by 21 and 25.5%) 
• In the current formulation, minimizing the 

PEF = minimizing the ADP for metals 

and minerals.
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II. Application to a two-stage-to-orbit vehicle

3rd case: Minimizing GLOW and water use
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