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ArianeWorks, an innovation platform initiated by CNES and ArianeGroup, has accelerated the development of Themis, a low-cost and reusable rocket stage demonstrator propelled by liquid oxygen and biomethane, paving the way for the 2030 European launch family. In accordance with its shareholder's ecodesign vision, ArianeWorks initiated the implementation of an ecodesign strategy within the Themis Program. In this context, this study presents the Life Cycle Assessment of a launch service based on a semi-reusable launcher derived from Themis and operated in the Guyana Space Center, which occurred during the early design stages of Themis. This analysis implies the development of a specific framework to account for the reusability of the lower stage, requiring the use of an adapted functional unit, the introduction of new phases in the lifecycle, and a specific parametrization to depict its complexity. The paper goes on with a sensitivity analysis to identify the major drivers of impacts and to support design trade-off analyses, followed by an estimation of maximum credible mitigation potentials. Then, a methodology to evaluate the possible environmental benefits of reusability is outlined, and preliminary results are provided for the launch service under study. Impact assessment results confirm that the production of structures and propellants is responsible for the largest share of lifecycle impacts regarding the Ariane heritage. Recovery and refurbishment of lower stages also play an important role due to additional impacts generated by extended life phases, but also enable some impact reductions that can be isolated by explicit conventions. The transatlantic transport phase or the propellant consumption during testing and fueling causes non-negligible impacts that could be mitigated through the adoption of frugal approaches or technology innovations. Overall, the study highlights a potential reduction of ~30-80% of total impacts on climate change and on resource depletion with respect to the baseline. However, while it is commonly assumed that reusability reduces lifecycle impacts, the study suggests that the reality is more complex since the conclusions drawn from the comparison of launcher's environmental performance depend on conventions, market parameters, operating schemes, and environmental impact categories. For the studied launch service, results indicate that while reusability likely reduces impacts on resource depletion, it could increase impacts on climate change. Furthermore, any environmental benefit of reusability is likely to be entirely offset by the growth in global space activities this technology enables, leading to a backfire rebound effect. The potential reduction in impacts highlighted in this study thanks to the ecodesign approach would allow to mitigate this effect.

Introduction and background

In the past years, there has been a growing interest in reducing the environmental impacts of European space activities. For instance, the European Space Agency (ESA) required Arianegroup to scientifically quantify the environmental impacts of the launch service based on Ariane 6 over its lifecycle, whose qualifying flight is scheduled in 2023. This study allowed to identify a few impact mitigation solutions [START_REF] Gallice | Environmental impact of the exploitation of the Ariane 6 launcher system[END_REF]. Now, the Centre National d'Etudes Spatiales (CNES) and ArianeGroup are preparing the future of European launchers beyond Ariane 6 and Vega-C with the introduction of more efficient and competitive technologies (e.g. methane fuel and reusability) and organizations. Both have stated environmental ambitions in their corporate social IAC-22,D2,2,10,x70201

Page 2 of 15 responsibility policy. To achieve these targets, a key element of the strategy consists in using Life Cycle Assessment (LCA) combined with ecodesign to properly identify and reduce the environmental impacts of their products and services. In this regard, an LCA study has been performed on a theoretical model of Ariane Next, the Ariane launcher coming after Ariane 6, which provided a trade-off analysis between the use of biomethane, fossil methane, and grey hydrogen for propulsion [START_REF]CNES ArianeNext LCA trade-off analysis[END_REF]. Results indicated that biomethane was a better solution in terms of climate change and in the Guyana context. Following this study, a project of biomethane production plant was initiated for Themis, a low-cost and reusable rocket lower stage paving the way for the 2030 European launch fleet. In addition, the Guiana Space Center (GSC) aims at using 90% of renewable electricity by 2025 and net-zero emissions by 2050.

In this context, ArianeWorks, an innovation platform initiated by CNES and ArianeGroup, was mandated to accelerate the development of Themis. It is exploring scenarios of launchers derived from Themis that could consist of a Themis-like lower stage combined with a similar (but expendable) upper stage. Therefore, a semireusable launcher derived from Themis, that will be called "Themis Launch System" (TLS) in this study, would be very similar to what Ariane Next will look like. An environmental target was set up for the 2030 European launch fleet: the aim is to reduce the impacts of the Ariane 6 / Vega-C couple by at least 40% on climate change and 75% on resource depletion while fulfilling at least the same market and service conditions. Consequently, ArianeWorks wants Themis and TLS to carry also environmental high-level requirements.

Realizing this environmental ambition implies to scientifically quantify the environmental impacts of European launchers and to derive solutions to reduce them. Therefore, this paper presents a parametric LCA of a theoretical space launch service based on the TLS vehicle derived from Themis, and outlines preliminary conclusions regarding levers to reduce its impacts. Note that since the design of the launcher TLS is derived from the demonstrator Themis, these solutions will also be relevant for its own development (Figure 1). Then, since the results of the LCA will provide a unique insight on the environmental impacts of semi-reusable launcher, an evaluation of the potential advantages of reusability in this regard will be carried out. 

Materials and methods

This section presents the framework that was developed to account for the reusability of the lower stage of the launch vehicle. It is tailored to a semireusable launcher, but a study on a fully reusable launcher would require a similar analysis. For convenience, reusability will next refer to reusability of the lower stage only. In addition, the section will outline how the LCA was performed in the early stages of the design of the launch service.

Functional unit

The functional unit (FU) characterizes the function of the system and constitutes a reference to which inputs and outputs can be related. The ESA LCA Handbook [START_REF]Space system Life Cycle Assessment (LCA) guidelines[END_REF] proposes the following functional unit for launch systems:

"To place a payload of X tons maximum into orbit Z" However, this FU is not suitable to portray the reusability of the stages of a launch vehicle. In the case of TLS, after separation with the upper stage during the ascent phase of launch, the lower stage comes back to Earth and performs braking and landing maneuvers. It is recovered, stored, inspected, repaired, and refurbished. This introduces new operations that need to be accounted for in the lifecycle. For subsequent rounds, the lower stage reenters the lifecycle at the level of the launch campaign, while the expendable upper stage pursues its lifecycle with orbit and disposal (Figure 2). However, in practice, the lower stage can be recovered and reused only a finite amount of times. For its last use, the lower stage can be used in an "expendable mode" different from the "recoverable mode" because all components related to the return and recovery phases (the "recovery kit", including flight control systems, grid fins, and landing legs) are withdrawn to gain mass and increase the launcher's capability. Note that very often a reusable lower stage can also be used in an expendable launch before the end of its natural lifetime because a client IAC-22,D2,2,10,x70201

Page 3 of 15 might require the higher capability of the expendable mode with schedule constraints. This means that there are in fact two launch vehicles operating in the launch service: a recoverable launch vehicle (RLV) and an expendable launch vehicle (ELV). This introduces an additional complexity that will be further discussed during the full description of the lifecycle in Section 2.3. For these reasons, a temporal dimension must also be specified in the FU. Therefore, the following FU is proposed for reusable launch systems:

"To place a payload of one ton into orbit X over one year of operations".

This FU implies to use market and operating scheme hypotheses describing the launch service over a year that will be outlined next. Therefore, reusability introduces a complexity that requires a parametrization of the LCA model based on these market and operating scheme variables. Consequently, the FU for the present study is:

"One ton of payload placed into a 500km Sun Synchronous Orbit over one year of operations of TLS under a reference scenario"

Market and operating scheme parameters

There are system-level, organizational-level and market-level parameters that will have influence on the lifecycle and the performance of the launch service. Parameters that can be considered as inputs of our launch service are the total number of launches per year 𝑁, of which the number of recoverable launches 𝑁 𝑅 and expendable launches 𝑁 𝐸 , the number of times a recovery kit can be reused 𝑅 𝑘 , and the mean performance in terms of mass delivered to 500km SSO in reusable and expendable modes 𝐶𝑎𝑝 𝑅 and 𝐶𝑎𝑝 𝐸 . Since the launchers are not used at their full payload capacities, the mean payload mass filling rate of the ELV 𝑓 𝐸 and of the RLV 𝑓 𝑅 should also be considered. A coefficient of crash of the lower stage at landing C has also been considered. Note that this crash coefficient is assumed to be embedded in 𝑅 𝑘 for the recovery kit. From these parameters can be calculated:

• The number of lower stages produced per year:

𝑁 𝐿𝑆 = 𝑁 𝐸 + 𝑁 𝑅 𝐶 • The number of upper stages produced per year:

𝑁 𝑈𝑆 = 𝑁 • The number of recovery kits produced per year:

𝑁 𝑅 𝑘 = 𝑁 𝑅 𝑅 𝑘 +1
• The capability of the launch service over one year (tons/year): 𝐶𝑎𝑝 = 𝑓 𝑅 𝐶𝑎𝑝 𝑅 𝑁 𝑅 + 𝑓 𝐸 𝐶𝑎𝑝 𝐸 𝑁 𝐸 For simplicity, maximum performance will be considered, meaning that 𝑓 𝑅 = 𝑓 𝐸 = 1. The parameters defining the fictive market and operating scheme scenario of reference are outlined in Table 1. Note that this is only one possible scenario, and that the sensitivity of environmental impacts to different scenarios will be discussed later. In addition, there are important assumptions associated with this scenario. Expendable launches always use a stage that has already been used and recovered at least once, meaning that the case in which a customer asks for a new lower stage for an expendable launch is not considered. Furthermore, no production bottlenecks are assumed, as well as no storage requirement and no production needed to deal with the unavailability of stored and refurbished stages. As such, 𝑁 𝐿𝑆 is the ideal number of lower stages used in a year, corresponding to minimum that can be expected operationally. In the particular case where no ELV mode is used, a final recovery could be attempted to recover a maximum of reusable subsystems or recycle the materials. Likewise, this case is not considered in the model.

Table 1. Parameters in the reference scenario. 2 illustrates a fraction of the lifecycle of the launch starting with the production of a new lower stage and ending with its disposal at sea. Note that the potential event of a crash of the lower stage during landing is not represented for simplicity, even though it is considered in the analysis. During this period, the total number of launches is equal to 𝑅 + 1 where 𝑅 is the number of times the lower stage is reused, 𝑅 = 𝑁 𝑅 𝑁 𝐸 . Another 𝑅 definition could be used that embeds the crash rate, 𝑅 = 𝑁 𝐿𝑆 𝑁 . The latter convention is used here. Over one year, this phase is repeated 𝑁 𝐸 times. The number of occurrences of each lifecycle phase is derived and applied as a multiplier to compute total impacts per year (Table 2). Ultimately, a final coefficient 1 𝐶𝑎𝑝 can be applied to express environmental impacts with respect to the capability of the launcher, in accordance with the FU. 

𝑁 𝑁 𝑅 𝑁 𝐸 𝑅 𝐶 𝑁 𝐿𝑆 𝑁 𝑈𝑆 𝑅 𝑘 𝑁 𝑅 𝑘 X X X 2 X X X X X 2.3 Description of the lifecycle 2.3.1 Overview Figure

R&D

The Research and Development (R&D) phase is usually not considered in LCA studies of mass-produced systems. However, space systems are very intensive in R&D and are produced in low volumes, meaning that this step can represent a significant share of the total impacts. Nevertheless, due to numerous unsolved methodological issues, most past space LCA studies have not considered it [START_REF] Maury | Application of environmental life cycle assessment (LCA) within the space sector: A state of the art[END_REF]. Similarly, it has not been considered in the scope of this study. However, it can be noted that the Themis program has adopted an organizational and economic approach allowing to maximize the value delivered while minimizing the means required. This is achieved, for instance, through the reuse of existing infrastructure and test areas or the exploitation of already existing hardware. Furthermore, preliminary design choices of the launcher have helped to reduce the impacts associated with the R&D phase, with, for instance, the use of a single propellant combination (LOX/LCH4), a single engine, and only two stages. This approach has likely decreased the impacts of the R&D phase.

2.3.3

MAIT Therefore, the lifecycle starts with the MAIT phase, which involves the production of the dry mass with the extraction of raw materials, the manufacturing of components, various acceptance tests, transport, and assembly. The production of propellants and other consumables also occurs in this phase. Because of high reliability requirements and low production rates, tests are important to consider for space systems [START_REF] Maury | Application of environmental life cycle assessment (LCA) within the space sector: A state of the art[END_REF]. Testing is performed during various phases of the lifecycle, in R&D, MAIT, and during the launch campaign. However, it was not accounted for in the present analysis due to lack of reliable data.

The MAIT of the lower stage does not occur at every launch since it is reused, but it will occur only when it has been disposed of in an expendable launch or lost in a crash during a landing attempt. The recovery kit, composed of 4 landing legs, 4 fins, one Attitude Control System and one Flip Control System is also produced by small batch or as required, driven by its reuse rate that imbeds the crash rate of the lower stage. Furthermore, upper components including one Prometheus engine, one inter-stage skirt, one tank bay, one payload adapter and one fairing are produced for each launch.

For the MAIT, an important question is how to extrapolate Themis data to the launcher. The vast majority of available data relevant for this phase such as masses, materials, and industrial processes is available for Themis only. In order to model the launcher's stages, Themis data is therefore scaled using various approaches (proportionality, geometrical models, invariance…).

2.3.4

Propellant production TLS is propelled by a combination of liquid oxygen (LOX) as an oxidizer and liquid biomethane (LCH4b) as a fuel. LOX is obtained through the process of cryogenic air separation. Then, it is stored, transported and fueled in the launcher. These processes are modeled in the ESA Life Cycle Inventory database, based on data from Ariane 5 and Soyuz. Since the boiling point of LOX is very low (-183°C), there can be significant losses during fueling operations with some propellant vaporizing, which were accounted for. For the production of LCH4b, the modelled input mix is based on the CNES study mentioned in introduction. It includes household and agricultural waste as well as dedicated energy crops. Importantly, for the energy crops, it was assumed that land will be taken on unexploited areas and will not lead to the deforestation of primary forest, as it is currently planned [START_REF]CNES ArianeNext LCA trade-off analysis[END_REF]. The biogas produced from these inputs is then purified with pressure switch adsorption, liquefied, stored, and fueled in the launcher. Losses and leaks were also accounted for. In addition to the mass of propellant to be produced to fill the launcher, a non-negligible mass is also burnt during engine tests and was accounted for as well. Furthermore, other consumables are needed to fulfill various functions, like gaseous nitrogen to pressurize the tanks of the lower stage and for pre-launch operations, rocket-grade Hydrogen Peroxide for attitude control of the launch vehicle during the flight, and helium to pressurize the tanks of the upper stage.

Transport

The transport phase should cover the logistics across all lifecycle steps, including transport of components of the launcher between factories and transport of the stages from Europe to French Guiana. However, only the latter has been included since other transport phases have been identified to have negligible impacts. In addition, employees commuting to work was not included due to lack of data and prediction capabilities.

2.3.6

Launch campaign and infrastructures The launch campaign covers all the preparation activities before launch at the GSC, including launcher integration, payload integration to the launcher, preparation of the launch base, fueling of the launcher, and travelling of workers from Europe to French Guiana. On the other hand, the infrastructures category should include all facilities playing a direct role in the launch service. However, in the present study, only infrastructures related to the launch campaign are considered due to lack of data.

IAC-22,D2,2,10,x70201
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Several facilities are involved in the launch campaign (encapsulation hall, launcher assembly building, storage lines and launch pad). The dimensions of all these facilities were roughly estimated and extrapolated to TLS based on Ariane 6 data. This allowed to evaluate the energy consumption from air-conditioning, which was allocated to the launch campaign or to the recovery and refurbishment phase. It also allowed to estimate the raw material requirements for the construction of these facilities, which was allocated to the infrastructures. For all infrastructures, a 15-year lifetime is assumed.

Regarding plane trips, which are included in the launch campaign, a total of 50 persons per launch is assumed.

2.3.7

Launch event At lift-off, the engines of the lower stage provide the thrust to increase the velocity of the launch vehicle. Then, for a reusable launcher, there are two possibilities depending on whether the launch vehicle operates in RLV or ELV mode. For an ELV, when the propellant of the lower stage is exhausted, the lower stage separates from the upper stage and falls into the ocean, while the upper stage continues its mission to deliver the payload to its target orbit. However, for an RLV, some propellant is saved in the lower stage before separation so that it can follow a descent trajectory and perform braking and landing boosts. The lower stage lands on a platform at sea. The launch profiles based on CNES calculations need to be analyzed to identify where the combustion of the propellant takes place, for three reasons: • To scope out the emissions in space, assumed to have no effect on the atmosphere. In this regard, emissions above the mesopause (85km) have been considered to have a null impact. • To distinguish ELV and RLV trajectories.

• To enable the use of different characterization factors (CFs) depending on the altitude of emission.

Unfortunately, due to the unavailability of these altitude-dependent CFs in the literature, groundbased CFs were used in this study.

Then, in order to evaluate the environmental impacts of the launch phase of TLS, it is necessary to characterize the exhaust composition of its Prometheus engines. Emissions of CO2, CO, H2O, and CH4 were considered. No data on NOx or black carbon (BC) emissions were available. Since the biomethane comes partially from green waste and crops that act as carbon sinks during plants growth, a share of CO2 emissions when biomethane is burned is biogenic and must not be accounted for. However, it should be noted that if altitude-dependent CFs were used, the warming effect of 1kg of CO2 emitted during launch could not be assumed to be unbalanced by the absorption of 1kg of CO2 during crops growth, as its warming effect could be more or less important at higher altitudes.

Then, these emissions are then translated into impacts using CFs from ref. [START_REF] Wilson | Advanced Methods of Life Cycle Assessment for Space Systems[END_REF]. However, these CFs do not portray accurately actual impacts because real effects are not well understood yet and require complex atmospheric chemistry and climate modelling. This is a particularly prominent issue for particles like BC, which accumulate in the stratosphere and are responsible for an impact on the climate several orders of magnitude higher than greenhouse gases emissions [START_REF] Ross | Radiative forcing caused by rocket engine emissions[END_REF]. Although not representative of the real effect of BC, a sensitivity analysis will be carried out using aviation-based CF for BC from ref. [START_REF] Lee | The contribution of global aviation to anthropogenic climate forcing for 2000 to 2018[END_REF] assuming emissions of 0.8g BC / kg of propellant.

2.3.8

Recovery and refurbishment This phase is a novelty with respect to past LCA studies on expendable launchers. It occurs 𝑅 times over the lifetime of a first stage, and 𝑁 𝐸 𝑅 times over a year. The lower stage can be recovered by directly returning to the launch site, or by pursuing its trajectory and falling downrange at sea. The former approach, although greatly simplifying operations, requires more propellant, which is detrimental to the launcher's capability. Here, a downrange recovery is considered. The stage is recovered at sea on a platform off the coast of French Guiana, which is towed from its harbor to the landing location by a tugboat, accompanied by a support ship fulfilling various functions. A second-hand semisubmersible platform is used, which does not require any propulsion means. Once the stage has landed on the platform and operations are completed, the platform is towed by a tugboat up to its storage zone a few kilometers off the coast of French Guiana. There, the stage is grabbed by an airship and transported up to the GSC. The production and combustion of all mentioned vehicles were accounted for. Then, the lower stage will be placed into the building for refurbishment and storage. A worstcase scenario is considered for refurbishment, involving replacement of main engine parts and other components.

2.3.9

Orbit While the lower stage is being recovered, the upper stage continues its mission after separation, described by the orbit phase of the lifecycle. It goes to the target orbit, releases the payload, and performs a deorbit maneuver to reenter the atmosphere. This step does not generate any impacts on the Earth system. However, the orbital environment may be degraded due to the generation of space debris, but a re-entry maneuver is planned so that the upper stage rapidly leaves the orbit.

Disposal

The disposal phase of the upper stage begins when it enters the atmosphere. Due to its high velocity, aerothermal loads will demise a part of its components in the upper layers of the atmosphere, while the remaining parts end up in the ocean. During its hypersonic re-entry, NOx will be produced in shock waves. Because of uncertainties on this aspect, this effect will be considered only as a sensitivity analysis assuming a mass of NOx equal to 17.5% of the mass of the upper stage is generated [START_REF] Park | Atmospheric Environment, Figure 11. A new way of designing next-generation European launch systems[END_REF].

On the other hand, the lower stage will, when operating in expendable mode, directly be disposed of in the ocean after separation with the upper stage. On rare occasions, the lower stage might be recovered and not reused. In this case, it would have a different disposal scenario, but this is not part of the normal functioning of the launch service and it will not be considered. Due to lower re-entry velocities, NOx production during lower stage re-entry is assumed to be null.

New MAITs and propellant production

After the Recovery & Refurbishment phase, the lifecycle loops by going back to a MAIT phase limited to upper components, and on some occasions depending on its reuse rate, the recovery kit. Propellants are produced again. Then, subsequent steps of the lifecycle are repeated.

Life Cycle Impact Assessment methods

Life cycle impact assessment (LCIA) is the step evaluating a set of potential environmental impacts by converting inventory data using various methods. The methods used in this study have been selected in accordance with the ILCD Handbook (International Reference Life Cycle Data System) [START_REF]International reference life cycle data system (ILCD) handbook :general guide for life cycle assessment: provisions and action steps[END_REF] and the guidelines of the ESA LCA Handbook [START_REF]Space system Life Cycle Assessment (LCA) guidelines[END_REF]. Due to the specificities of space systems lifecycles, it can be important to consider extra impact categories and flow indicators. Those that were identified as relevant for the future development of these practices in the space sector by a previous study [START_REF] Wilson | From Life Cycle Assessment of Space Systems to Environmental Communication and Reporting[END_REF]. To anticipate on these potential further developments, some of these indicators have been considered in the present study.

Data sources and quality

Primary data describing the system under study was provided by definition documents of Themis. Although some systems, energy or material flows in the scope of the LCA were well defined at the moment of the study, many others had limited to no definition While this obviously degrades the reliability of the outcome of the IAC-22,D2,2,10,x70201
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LCA, it should be noted that this is inherent to an LCA performed at the early design stages. It added an important difficulty for data collection and modeling, but also offered opportunities to create interactions between environmental and other ongoing analyses. Many hypotheses, therefore, needed to be made for the purpose of the LCA. Discussions with internal experts allowed to obtain the most up-to-date information and to get help to formulate best estimates. Tradeoffs between some design choices were even implemented in the LCA model as it will be presented in Section 4.3. Regarding secondary data, the Ecoinvent database version 3.6 was used most of the time along with the ESA LCI database, and literature sources were used when data was not available.

LCIA results and discussion

The Life Cycle Impact Assessment (LCIA) results have been evaluated (Figure 3) for one year of operations of the launch service based on TLS under the market and operating scheme of reference (Table 1). In addition, an analysis was run in the case of one single launch made with an RLV using a newly manufactured lower stage for comparison but are not displayed in this paper.

Results for one year show that MAIT and propellants production and fueling are the main contributors to almost all impact categories. The relative contribution of the MAIT over one year is significantly decreased with respect to the case of one single launch, while that of propellants is increased because it is not mitigated by reusability. In particular, MAIT contributes to 21% on climate change (CC) (against 34% for a single launch), 58% on mineral, fossil and renewable resource depletion (MFRRD) (against 75%). Moreover, within this MAIT phase, the contribution of the upper stage increases while that of the lower stage decreases. Propellants production and fueling plays the most important role on CC (33%, against 23%) and on MFRRD (28%, against 15%), and contributes to almost all the impacts on water use (WU) (92%, against 88%) mainly due to LOX production. The launch campaign plays a minor role on all impact categories (e.g. 6% on CC). The launch event also plays a minor role on CC (6%) but is responsible for almost 100% of the impacts on OD, as found in other LCA studies on launchers [START_REF] Maury | Application of environmental life cycle assessment (LCA) within the space sector: A state of the art[END_REF]. However, it is important to note that the magnitude of the effect of BC emitted during launch on CC are typically orders of magnitude higher than that of greenhouse gases emissions when they are depicted with advanced climate and chemical models [START_REF] Ross | Radiative forcing caused by rocket engine emissions[END_REF], [START_REF] Maloney | The Climate and Ozone Impacts of Black Carbon Emissions From Global Rocket Launches[END_REF], [START_REF] Ryan | Impact of Rocket Launch and Space Debris Air Pollutant Emissions on Stratospheric Ozone and Global Climate[END_REF]. Therefore, when the modeling of these effects will be possible, it is likely that the launch event would largely dominate the impacts on CC. Instead, if an aviation-based CF is used for BC for CC, impacts of the launch event are multiplied by 2.7, and total impacts are increased by 11%. Then, Recovery and refurbishment has an important contribution on CC (9%), showing that additional impacts linked to reusability are important. How its environmental benefits balance with its additional burdens will be further investigated in Section 4.5. The transport phase contributes significantly to CC (23%). However, having a space port in French Guiana in Kourou, about 500km above the equator, allows launches to the east to equatorial orbits or geostationary orbits to take advantage of a slingshot effect due to Earth's rotation giving a velocity of 460m/s, and, consequently, saving fuel. Infrastructures still have a minor role, with a 3% contribution on CC and 1% on MFRRD. Lastly, accounting for re-entry NOx would have increased total impacts on CC by 5%, on OD by 20%, and on acidification by 2%. Therefore, this aspect is worth investigating further in future studies.

Ecodesign of a space launch service

Generalities / context

The LCA of the launch service carried out in the previous chapter allowed to identify the environmental hotspots on various impact categories in the early stage of design. This section presents a preliminary ecodesign approach that was applied to the launch service as standardized in the ISO 14062:2002. The objective is to increase the eco-efficiency of the service, i.e. to offer more economic value per unit of environmental impact. To this aim, several elements of the launch service can be addressed, each requiring different levels of effort and time investment (Figure 4). When designing a new service, questioning the business model is the first actionable lever, although it is typically difficult and time consuming. For instance, including active debris removal in the missions of a launcher could be an effective way increasing the eco-efficiency. However, this was not explored in this study. Then, technological innovations (biomethane), architecture changes (reusability) and the use of new material and processes can be investigated. In this section, all 3 of these aspects will be investigated to derive solutions to reduce the environmental impacts of the launch service. These steps are typically easier in an agile organisation when adding the criterion of environmental performance in systems development and optimization models. 

Methodology

To find various solutions to efficiently reduce the environmental impacts of TLS's launch service without reducing its performance:

• The relative importance of each parameter of the LCA in LCIA results has to be known to concentrate the efforts of reduction through a sensitivity analysis. • Environmental performance was added into the decision-making process for system design trade-off analyses and different alternatives were explored, taking advantage from the fact that this study occurred in the early design phases. • Based on these analyses, the maximum impact reduction potential was evaluated and compared to the baseline.

To facilitate these analyses and the subsequent decision-making, only two impact categories were conserved that are believed to be the most relevant for a space launch service based on a reusable launch vehicle: CC and MFRRD. OD should also be important but due to knowledge gaps in the modeling of the effects of TLS's exhaust, it is not conserved here. Consequently, only these two indicators will be discussed in this section.

The evaluation of the effect of a variation of a parameter of the LCA on the environmental impacts of a launch service can be particularly difficult and require further precisions. If a parameter or a tradeoff choice that is not affecting the maximum payload capacity of the launch vehicle is varied (e.g. fuel consumption of tugboats for recovery), then the resulting effect on the environmental performance of the launch service can be readily assessed. However, many parameters and tradeoff choices are changing the structural mass or the propulsive efficiency of the launch vehicle (increasing or decreasing), which can have different repercussions: 1. The maximum payload capacity is conserved but the size of the whole launch vehicle changes, affecting the masses of structures and propellants required. 2. Everything is conserved but the capability of the launch vehicle changes. The launch operator can choose not to affect the ascent phase and payload delivery, but to affect the recovery phase, meaning that the lower stage will land closer to (or farther from) the launch pad. 3. Everything is conserved but the capability of the launch vehicle changes. However, this time the launch operator choses to affect the ascent phase, meaning that the maximum mass of payload deliverable changes. For instance, a gain in capability originating from the use of a lighter material would not be used to further reduce the impacts like in cases 1 and 2 but used to send heavier payloads. This is a typical example of a rebound effect, as discussed in Section 4.6. In this case, the effect of a change in the structural mass of the launch vehicle on its payload capacity must be known. While this would provide no additional effect on absolute environmental impacts, the impacts relative to the capability (according to the FU defined in Section 2.1) would change significantly since the impacts of the complete lifecycle would be divided by this enhanced or degraded capability.

Figure 5 illustrates each type of repercussion when a design choice leads to a decrease in the vehicle's mass (or an increase in its propulsive efficiency). The effects on the environmental impacts would change in magnitude and in nature depending on the choice made. Evaluating them would imply to know for each case the relationship between a change in structural mass or propulsive efficiency and the corresponding repercussion. However, these relationships are very complex and not known for this launch system. Moreover, in practice, a combination of the three repercussions would occur in the design phase, and different choices could be made for each mission in the operating phase. Here, this complexity was unraveled by simply considering that approach 3 will be adopted systematically. A rule of thumb derived from CNES calculations was used to relate the change in structural mass of the lower and upper stages to the change in TLS's capability. Consequently, there is a high uncertainty attached to these estimations. IAC-22,D2,2,10,x70201 Page 9 of 15

Sensitivity analysis

Various parameters influencing the environmental performance of the launch service have been identified during the LCA analysis. These parameters can be put in three categories (Tab.3). A first analysis was run on the market and operating scheme parameters. Increasing the reutilization rate was found to decrease absolute impacts, more significantly for MFRRD than CC. However, impacts relative to the performance (FU) are increased due to the reduced capability of RLVs with respect to ELVs. Then, increasing the number of production batch of upper components 𝑁 𝑈𝑆 𝑏𝑎𝑡𝑐ℎ enhances the benefits of operating with a RLV and further reduces the absolute impacts on CC. Then, the effect of increasing the launch rate per year was investigated under two scenarios with and without an increase in the number of recoverable launches. A key finding is that the relative importance of the transport phase in total impacts increases significantly as the launch rate is increased. This is because the velocity of the cargo ship needs to be increased to keep up with the higher launch activity, resulting in an exponential increase in fuel consumption. Reusability allows to efficiently mitigate this effect when the possibility to send several upper sets is taken advantage of. An important consequence of this analysis is that LCA results obtained with a particular market and operating scheme scenario cannot be readily scaled up without carefully investigating the environmental implications of increasing the pace of operations.

Regarding the parameters of the launch service, credible values that can be reached in an effort to reduce environmental impacts and costs were defined based on various assumptions and discussions with internal experts. The relative improvement margins between baseline and these credible values were calculated for every parameter. They were plotted against LCIA results sensitivities (Figure 6). Results clearly indicate that the velocity (or consumption) of the cargo ship is the major driver of impacts on CC. There are also some additional parameters with low sensitivity but with a high margin allowing room for improvement. Regarding MFRRD, there are no single parameter featuring high sensitivity and high margin, but there are two parameters with high sensitivity and low margins (𝜂 𝑚𝑎𝑛𝑢𝑓 , 𝜉 𝑠,𝑅𝐿𝑉 ), and 6 parameters with low sensitivity and high margin. This also leaves room for significant improvement. 

Cascading potential gains

To estimate the maximum reduction potential of the environmental impacts of the launch service, potential gains obtained with the credible variations of the launch service and external parameters were calculated. The reference market and operating scheme parameters is considered. Then, potential gains obtained with the solutions selected in design tradeoff analyses were added. Results have been expressed in terms of absolute impacts and impacts relative to the capability. Note that the baseline launch service modeled in the LCA was already improved due to initial design choices, including low impact manufacturing processes with stiffened tanks instead of an orthogrid approach, the use of biomethane instead of fossil methane, and the adoption of rationalized logistics with 𝑁 𝑈𝑆 𝑏𝑎𝑡𝑐ℎ = 2 instead of 1. Gains from these early choices have been roughly estimated. Other initial gains could be added but were not evaluated, such as the choice to increase the standardization of the launch vehicle by using the same engine Prometheus on both stages, and the two-stage architectures which reduces the vehicle's complexity, thereby reducing impacts. Since the speed (or the consumption) of the cargo ship was identified as the major driver of impacts on CC, a particular attention was given to evaluate the potential of several mitigation solutions, and sharing the ship with Ariane 6 was identified as the most viable one. Therefore, it is this solution that is included in the calculation of potential gains.

Overall, it was estimated that a 44% reduction of the impacts on CC from the baseline is possible (Figure 7). Furthermore, a 75% reduction in impacts on CC relative to TLS's capability could be obtained when capability associated with tradeoffs choices are included with the methodology discussed in Section 4.2. Note that an order of implementation had to be assumed for parameters variations or tradeoffs choices affecting the launcher's capability. Changing this order would result in individual contributions being changed as well (but their sum would be identical). Moreover, these gains relative to performance are much less robust because of approximations as discussed previously. Regarding MFRRD, a 43% reduction could be obtained, with improvements on LCH4 fueling losses being the most important lever (Figure 7). Impacts relative to performance could be reduced as much as 78%. These results indicate that when considering this FU, optimizing the capability of a launch vehicle is an efficient way to improve the environmental performance of a launch service.

Potential environmental impacts of reusability

When we deal with reusability, the comparison between reusable and expendable vehicles is a recurring question that the program team has to answer for technical, economic but also environmental aspects. The naïve question "does reusability reduce environmental impacts?" is not well-posed. Here, it was reformulated into two different questions that are addressed in this section using the parametric LCA model previously presented.

4.5.1

For a reusable launcher, how do the environmental impacts of its recoverable configuration compare to those of its expendable configuration?

To make this comparison, allocation factors have to be derived to distribute the burdens of lifecycle phases that are common to both the ELV and RLV, the MAIT and the transport of the lower stage. To derive these factors, it is necessary to evaluate the number of lower stage that each vehicle configuration is accountable for. To this aim, Figure 8 illustrates the exploitation logic of a semi-reusable launcher operating either in recoverable or expendable mode. The potential lifespan of the reusable lower stage 𝑅 𝑚𝑎𝑥 was added as an additional key parameter.

In RLV mode, the maximum lifespan of a new lower stage is 𝑅 𝑚𝑎𝑥 + 1 launch. However, at each launch, there is a probability of recovery failure equal to 𝐶, meaning that an additional term 𝐶(𝑅 𝑚𝑎𝑥 + 1) needs to be added. The allocation factor is obtained by dividing this quantity by the total lifespan of a lower stage. On the other hand, the ELV mode consumes one lower stage. However, the Several additional allocation factors can be derived according to conventions:

• Market allocation The full lifespan potential of the lower stage is not considered since the market values a high performance that only the expandable configuration is capable to deliver. The ELV is less penalized than the RLV, which takes the burden of lower stage MAIT and transport, comprising the crashes. 𝑅 𝑚𝑎𝑥 = 𝑅.

• Marginal allocation

The ELV intrinsically requires producing a new stage since the lower stage is disposed of at the end of its flight. Therefore, all the burden of the MAIT and transport of the lower stage production should be allocated to the ELV. However, crashes are still allocated to RLV. This convention corresponds to an asymptotic lifespan allocation when 𝑅 𝑚𝑎𝑥 becomes large, and provides the maximum environmental advantage that can be obtained by the RLV configuration.

• Uniform allocation The differences in configurations for MAIT and transport are not considered and impacts are allocated uniformly to each launch. 𝑅 𝑚𝑎𝑥 = 𝑅; 𝐶 = 0. However, the difference in impacts of other lifecycle phases is accounted for. Alternatively, impacts over a year could be uniformly allocated to each launch, regardless of its RLV or ELV configuration (Impact RLV/Impact ELV = 1). The latter method will be depicted hereafter.

Based on this model, the evolution of the ratio of the impacts of an RLV launch and of an ELV launch can be plotted against the number of reuses of a lower stage R. Figure 9 shows the outcome for CC and MFRRD with different values of 𝑅 𝑚𝑎𝑥 and 𝐶. Absolute impacts are considered, meaning that the difference in the capabilities of the RLV and the ELV is not accounted for. When the capability is accounted for, the ELV performs at least 2 times better than the RLV on CC and 1.2 on MFRRD. Results indicate that the environmental advantages of the RLV are limited to about 30% on CC, which is roughly the same order of magnitude than its economic advantages [START_REF] Oswald | Economic analysis of a semi reusable launcher for Europe[END_REF]. Regarding MFRRD, the advantages can be much higher, with a maximum of about 60%. However, for both impact categories, the RLV becomes worse than the ELV at a critical value of 𝑅 when the lower stage approaches the end of its lifetime, especially when 𝑅 𝑚𝑎𝑥 is low. On the contrary, when 𝑅 𝑚𝑎𝑥 is increased, this threshold value of 𝑅 arrives later and later in the lifetime of a lower stage. Note that these results cannot be readily generalized because they are dependent on propellant type, return mode, relative importance of the impacts of MAIT and transport operations in LCIA results, and recovery and maintenance strategy.

How do the environmental impacts of a launch with a reusable launcher compared to those of a launch with an expendable-only launcher with the same capability?

Reusability of launch vehicles is often perceived and even put forward as a way to reduce environmental impacts. However, while it reduces the burdens of the MAIT and transport of stages, it also adds lifecycle phases (recovery and refurbishment, different flight profile) and the RLV architecture is heavier and larger due to recovery components (landing legs, grid fins,…) and requires to save propellant for the return. How the impacts associated to reusability add up with respect to its gains is not clear and requires a thorough analysis To determine whether lower stage reusability brings environmental advantages for a launch service, it is necessary to compare a reusable launcher to an expendable launcher having the exact same performance and architecture. In this regard, thanks to the parametrization of the LCA model of TLS, different architectures of the launch vehicle were explored. In particular, an expendable-only TLS with the same capability of the semi-reusable TLS previously studied would be smaller, lighter, and require less propellant, leading to reduced impacts on the MAIT, propellant production and launch phases. This would also have secondary effects on the impacts of other lifecycle phases of the launch service, such as transport or the launch campaign. However, these secondary effects were not included for simplicity, so this analysis only provides a rough estimation of the environmental impacts of another architecture of TLS. Since the size of an expendable-only TLS with same capability than the reference semireusable TLS is unknown, several smaller sizes were explored. Their lifecycle impacts for one launch are compared to one RLV launch of the semi-reusable TLS on Figure 10 Results indicate (Figure 10) that for this specific launch service and under this specific market and operating scheme scenario, reusability would provide advantages on CC only if the capability-equivalent expandable-only launcher is less than 33% lighter (which is unlikely), and on MFRRD only if it is less than 75% lighter (which is very likely). Therefore, this suggests that reusability might increase the impacts on CC but reduce them on MFRRD.

This result would be consistent with the findings of a recent study that provided an insight into the environmental impacts of generic reusable launchers using various propellant technologies and reusability strategies [START_REF] Dominguez Calabuig | Eco-design of future reusable launchers: insight into their life cycle and atmospheric impact[END_REF]. The present study, which focuses instead on one specific launcher with more precise and tailored data and embeds additional market and operating scheme constraints, provides a complementary analysis.

4.5.3

Incomplete functional unit The FU selected for the present comparative analysis focuses on one particular indicator of performance of a launch service, the capability of the launch vehicle in terms of maximum mass of payload it can deliver to a specific orbit (here, 500km SSO). Since the capability of RLVs is smaller than ELVs, reusable launchers have poorer results with respect to this indicator. However, the design of a launch system consists in targeting levels of performance on various criteria: price, capability, fairing volume, flexibility, orbit precision, and reliability. Reusable launchers perform better than expandable launchers on some of these other indicators of performance, such as flexibility and (likely) reliability. For instance, due to the existence of two versions, a reusable launcher will be able to provide dedicated launches to a wide range of satellite masses: satellites with smaller masses can be launched with the RLV version, while satellites with higher masses can be launched with the ELV version. This flexibility constitutes an important added value not depicted by the selected FU.

Reusability, ecodesign and rebound effects

In the previous sections, an ecodesign approach was applied to the launch service based on TLS and potential environmental benefits of reusability were explored. However, in order to fully appreciate the implications of these analyses, is important to discuss the systemic effects of the introduction of reusable vehicles into the space launch market and of gain in efficiencies in their production and operation. This is because this introduction will very likely lead to a rebound effect, i.e. a reduction in the expected environmental gains from a new technology increasing the efficiency of resource use due to systemic effects leading to an increased consumption [START_REF] Sorrell | The rebound effect: Microeconomic definitions, limitations and extensions[END_REF], [START_REF] Herring | Technological innovation, energy efficient design and the rebound effect[END_REF].

In this regard, the large reduction in space launch costs enabled by reusable launch vehicles is expected to have substantial effects on the development of space technologies for science, telecommunication, military and human spaceflight activities. In addition to make the access to space more affordable, reusability provides more options and flexibility, which also fosters the development of these applications [START_REF] Jones | The Recent Large Reduction in Space Launch Cost[END_REF]. Illustrating, various plans have been proposed in the past years that would result in a surge in launch rates and significantly increase the environmental footprint of the space sector potentially to alarming levels [START_REF] Miraux | Environmental sustainability of future proposed space activities[END_REF]. Many of these projects would not be possible without the current decrease in launch costs largely enabled by reusability.

Furthermore, the development of space activities enabled by reusable launchers will lead to long-term changes across various sectors of the economy. In particular, it is likely that the development of satellitebased 5/6G, IoT, navigation or other connectivity services will contribute to the growth of the digital sector, whose energy and material consumption are raising growing concern [START_REF] Jones | How to stop data centres from gobbling up the world's electricity[END_REF] and that is well known itself for having been historically subjected to significant rebound effects [START_REF] Herring | Technological innovation, energy efficient design and the rebound effect[END_REF]. While an easier and more affordable deployment of Earth observation and environmental monitoring satellites enabled by launchers' reusability should globally be net-positive (=good) from the environmental perspective, it is far from clear that it unbalances the (likely) net-negative economy-wide effects from the development of other space applications and services.

As such, the growth in global space activities resulting from a more affordable access to space enabled by reusable launchers are likely to completely offset any environmental benefit of reusability, i.e. to lead to a backfire rebound effect. In this regard, studies have shown that for products that have important price differences, including these effects can significantly influence conclusions [START_REF] Thiesen | Rebound effects of price differences[END_REF]. Therefore, this should be considered in future comparative LCAs on space launchers, especially when examining potential benefits of reusability. Likewise, it should be noted that the actual magnitude of the reduction in lifecycle impacts outlined in this study would likely be smaller because increasing the eco-efficiency of any product may also lead to a rebound effect [START_REF] Chenavaz | When does eco-efficiency rebound or backfire? An analytical model[END_REF].

Conclusion

This study shows that the consideration of the environmental performance of a launch service in the early design stages through parametric LCA allows to identify effective impact mitigation levers. Implementing these solutions would provide a strategic advantage to the Ariane launcher family to comply with possible future environmental regulations, as well as better acceptability in a context of growing environmental concerns (Figure 11). Reusability should provide environmental benefits on some impact categories, especially on MFRRD, but issues of rebound effects issues should be understood and acknowledged. Launch service providers must be aware of these limitations when trying to reduce the environmental impacts of their products and services and when making environmental declarations, but also policy makers when designing climate and environmental trajectories for the space sector.
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 5 Figure 5. Possible repercussions of a tradeoff on a subsystem leading to a decrease in the vehicle's mass (or an increase in its efficiency).

Figure 6 .

 6 Figure 6. Improvement margin and sensitivity of CC and MFRRD to launch service (and external) parameters.

Figure 7 .

 7 Figure 7. Cascading potential gains CC and MFRRP with respect to a baseline including design choices prior to this study. *Maximum potential gain with capability improved with respect to baseline.
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 8 Figure 8. Exploitation logic of a semi-reusable launcher for a reference scenario and derivation of factors to allocate burdens to the RLV and ELV.
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 9 Figure 9. Comparison of RLV and ELV environmental performances for several (𝑪, 𝑹 𝒎𝒂𝒙 ) couples as a function of R using different allocation methods.

  using the allocation method of Section 4.5.1, with 𝑅 = 2.5, 𝑅 𝑚𝑎𝑥 = 5, and 𝐶 = 0.1.
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 10 Figure 10. CC and MFRRD impacts variation of expendable-only versions of TLS with different propellant loadings relative to the reference semireusable TLS. Scenario of reference over one year.

Table 2 . Count of the number of occurrences of lifecycle phases over a year.
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	Lifecycle phase	Count over one year
	MAIT lower stage	𝑁 𝐿𝑆	
	MAIT Recovery kit	𝑁 𝑅 𝑘	
	MAIT Upper components	𝑁	
	Propellants	𝑁	
	Launch Campaign	𝑁	
	Launch Event	RLV mode: 𝑁 𝑅
		ELV mode: 𝑁 𝐸
	Recovery and Refurbishment	𝑁 𝑅	
	Orbit	𝑁	
	Transport	𝑁 𝑡𝑟𝑖𝑝𝑠 = 𝑁 𝐿𝑆 +	(𝑁-𝑁 𝐿𝑆 ) 𝑁 𝑈𝑆 𝑏𝑎𝑡𝑐ℎ
		(𝑁 𝑈𝑆 𝑏𝑎𝑡𝑐ℎ defined in Table 3)

Table 3 . Parameters of the LCA involved in the sensitivity analysis.

 3 𝑁 𝑅 , 𝐶, 𝐶𝑎𝑝 𝑅 , 𝐶𝑎𝑝 𝐸 , 𝑁 𝑅 𝑘

	Categories	Parameters definition
	Market and operating scheme parameters 𝑁, Launch service parameters 𝜂 𝑚𝑎𝑛𝑢𝑓 : Material use efficiency in bare tanks manufacturing 𝜉 𝑠,𝑅𝐿𝑉 : Structural mass ratio of the recoverable launch vehicle 𝜉 𝑠,𝐸𝐿𝑉 : Structural mass ratio of the expendable launch vehicle 𝑉 𝐶𝑎𝑛𝑜𝑝é𝑒 : Speed of the cargo ship transporting the stages between Europe and French Guiana 𝑁 𝑈𝑆 𝑏𝑎𝑡𝑐ℎ : Number of upper sets per Canopée trip. An upper set includes an inter-stage skirt, an upper stage, a payload adapter
		and a payload fairing.
		LOX losses: percentage of loss
		of liquid oxygen during storage
		and fueling operations.
		LCH4 losses: percentage of loss
		of liquid methane during storage
		and fueling operations.
		𝑁 𝑝𝑙𝑎𝑛𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑟𝑠 : the number of
		people traveling by plane
		between Europe and French
		Guiana every year allocable to
		TLS.
		FG mix: French Guiana
	External parameters	electricity mix
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