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This PhD thesis is part of a European Doctoral Network called SLICE (Space Launch Impact on
Climate and Environment)dealing with different aspects of the environmental impact for launch
vehicles.

In the context of the New Space, the access to space has been significantly developing, under the
leadership of public and private actors. Particularly, the number of launch systems and the number
of flights are rapidly increasing, motivated by different needs such as mega constellations, space
exploration, etc. Despite the current limited number of spaceflights compared to the aeronautic
industry, the rapid increase of launches per year and the specificities of rocket flight, the
environmental impact of space industries is becoming a key-driver for the next decade. One of the
particularities of launch vehicle systems is to eject gases in the upper layers of the atmosphere that
implies large lifetime duration and a potentially significant contribution to the climate change. In
addition, the launch vehicle design might involve a variety of different propellants. The propulsion
modes can vary during the flight and the accurate estimation of emissions along the trajectory is
still a challenge. Apart from the atmospheric emission, the impact of launch vehicles covers a wide
spectrum of effects (degradation of air and water quality, biodiversity near the launch pads, ozone
depletion, pollutant emission near the manufacturing sites, energy consumption, propellant
synthesis) and the environmental impact has to be assessed in a global Life Cycle Analysis.

The assessment of environmental impact of reusable launch vehicles depends on both
architectural and technological choices (e.g., type of return strategy, type of propellant, trajectory
shape). The design of new reusable launch vehicle requires a multidisciplinary analysis and
optimization process coupling different physical models such as propulsion, aerodynamics,
structure and trajectory. Moreover, such a process needs to assess a system-level trades-off
between performance and environmental impacts through the addition of a discipline associated to
the environmental impact estimation, (for example with radiative forcing calculation [1]). In this PhD
thesis, it is proposed to focus on the trade-off associated to different architectures and technological
choices corresponding to the reusable first stage [2] (e.g., toss-back/glider strategies, liquid
propellant choices). The performance and environmental assessments require the simulation of
both ascent and return trajectories. An important challenge in the introduction of environmental
impact in a multidisciplinary process in early design phases is to be able to deal with the
computational cost of rocket engine emissions and climate model and their associated uncertainty
levels. A possibility is to rely on models with different fidelities translating different computational
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costs and different prediction accuracies (e.g., high fidelity model is associated with a high
computational cost and a high accuracy whereas low fidelity model is associated with a smaller
computational cost but higher model uncertainties) [4].

The objectives of the PhD thesis is to develop a multidisciplinary optimization approach dealing
with multi-fidelity models for the rocket engine emissions and the climate impacts in system-level
trade-offs assessment. The multi-fidelity models will allow to aggregate information generated by
different models while taking into account the different uncertainty levels relating to the
environmental impact assessment [3]. Moreover, during the PhD thesis, the rocket emissions and
climate impact models will be updated according to the other data generated in the European
Doctoral Network project. Therefore, a methodology for adaptive refinement of the multi-fidelity
model to reduce the uncertainties associated to the rocket emissions and climate impact will be
developed.

The proposed methodology will be applied to the design of reusable first stage for different types
of architectures in order to balance between overall performance and climate impact through
dedicated optimization strategy.

The PhD thesis will deal with the following phases:
o State-of-the-art on multidisciplinary design optimization of reusable launch vehicle, rocket
emission models and climate impact models
e Development of a multi-fidelity design process to account for model uncertainties and
system level trade-off
e Application to reusable launch vehicle design
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