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Island territories, due to their specific energy context, are at the forefront of energy transition studies with the aim of achieving energy autonomy. This is the case of Reunion Island, where the electricity mix is currently 70 % carbon-based and where imports provide 80 % of the energy consumption. In this context, this article assesses the facilities to install in the medium and long term to progressively reduce energy imports. Several scenarios of installed power generation capacities have been studied for 2030 and 2050, associated with two scenarios for electricity consumption. Simulations are performed according these scenarios in order to define the electricity mix and the investments in new batteries and in the electricity transmission network reinforcement. For 2030, results show that a reduction in consumption compared with the trend could enable reduce costs and environmental impacts. For 2050, investments in new electricity generation technologies are essential to meet the needs of a 100 % electrified vehicle fleet. If the overall consumption does not follow an energy demand management plan, all the energy sources on the island will have to be exploited to their maximum.

Introduction

The world is facing unprecedented climate change and the need to move away from fossil fuels is more relevant than ever. With the Intergovernmental Panel on Climate Change (IPCC) predicting that this could increase the risk of conflict [START_REF] Adger | Human security[END_REF], the need to reduce this dependence involving global energy trade is even greater. In this context, islands face a particular energy situation: they are weakly or not connected to larger grids on the continents, weather conditions are sometimes extreme, intermittent energy sources are locally important, and the transport and distribution of energy can be difficult to set up. These regions are therefore highly dependent on imported resources, in particular fossil fuels, used for both electricity production and transport, and their energy transition can be complicated to implement. In France, the transition of these specific territories is planned since 2015. Since then, the law on Energy Transition for Green Growth sets the objective of energy autonomy in 2030 for the french Overseas Departments and Regions and in 2050 for Corsica. Located in the south-west of the Indian Ocean, between the islands of Madagascar and Mauritius, Reunion Island is the most populated of the five French overseas departments. In 2020, more than 857 000 inhabitants lived in this 2 512 km² island [START_REF]Bilan énergétique de La Réunion année 2020[END_REF]. Regarding the development of its energy transition, the territory has several strengths and opportunities, but also weaknesses and threats. These are summarized in Appendix A, through a SWOT analysis (Strengths -Weaknesses -Opportunities -Threats). The present paper focuses on the energy transition of Reunion Island. As there is a certain delay in achieving the objective of energy autonomy mentioned above, what futures are currently possible for the island's electricity system, and at what cost?

Common subject of study for energetic studies, islands from many different countries are represented in the literature. Spain [START_REF] Gils | Carbon neutral archipelago -100% renewable energy supply for the Canary Islands[END_REF][START_REF] Jelić | Towards self-sustainable island grids through optimal utilization of renewable energy potential and community engagement[END_REF], Denmark [START_REF] Tróndheim | 100% sustainable electricity in the Faroe Islands: Expansion planning through economic optimization[END_REF], Norway [START_REF] Zhou | Assessment of the impacts of different policy instruments on achieving the deep decarbonization targets of island energy systems in Norway -The case of Hinnøya[END_REF], Turkey [START_REF] Kalinci | Alternative energy scenarios for Bozcaada island, Turkey[END_REF], France [START_REF] Loisel | Comparative energy scenarios: Solving the capacity sizing problem on the French Atlantic Island of Yeu[END_REF], China [START_REF] Ye | Towards a 90% renewable energy future: A case study of an island in the South China Sea[END_REF], United States [START_REF] Lee | Island energy transition: Assessing Hawaii's multi-level, policy-driven approach[END_REF], Greece [START_REF] Dimou | Technoeconomic analysis of green energy transitions in isolated grids: The case of Ai Stratis -Green Island[END_REF][START_REF] Kougias | Sustainable energy modelling of non-interconnected Mediterranean islands[END_REF] or Portugal [START_REF] Torabi | Energy transition on islands with the presence of electric vehicles: A case study for Porto Santo[END_REF] are among them. The objectives of a 100 % renewable mix or energy autonomy are predominant in the studies. However, the methods used to achieve them differ: optimisation tools for future investments, evaluations of hydrogen integration, simulations of different configurations or specific studies on electric vehicles. Indeed, each island is unique and does not start from the same point: while the Faroe islands were 41 % renewable in 2019 [START_REF] Tróndheim | 100% sustainable electricity in the Faroe Islands: Expansion planning through economic optimization[END_REF], all electricity was generated by fuel for the island of Saint-Barthélemy [START_REF] Notton | The electrical energy situation of French islands and focus on the Corsican situation[END_REF]. Other more global studies present tools to assess the decarbonisation of islands. They investigate the replicability of the proposed means to several islands. In [START_REF] Nastasi | Optimized integration of hydrogen technologies in island energy systems[END_REF], only five buildings are modelled, while in [START_REF] Barney | Decarbonisation of islands: A multi-criteria decision analysis platform and application[END_REF] and [START_REF] Krajačić | Hydrogen as an energy vector in the islands' energy supply[END_REF], eight and four European islands respectively are compared. The main limitation of these studies lies in the non-openness of the models used and the impossibility of reproducing the methodology followed for another case study.

Regarding Reunion Island more precisely, several regional reports are regularly published, on specific sectors or on the island's energy development objectives. The PETREL report [START_REF]Plan economique de transition et de relance via des energies 100 % locales à l'île de La Réunion[END_REF], from 2009, defines two scenarios for the evolution of the island's energy situation for 2020 and 2030: a business-asusual one (BAU) and another one called STARTER, reflecting the territory's objective of energy autonomy for 2030. Similarly, the SRCAE (regional air climate energy scheme, 2013) [START_REF]Schéma régional climat air energie de La Réunion[END_REF] contains forecasts of electricity generation and installed capacity. The island can also rely on its Multiannual Energy Programmes [START_REF]Programmation pluriannuelle de l'énergie de La Réunion 2019 -2028[END_REF] (PPE). This tool for steering energy policy is developed jointly with national and regional authorities. The current one covers the period 2023 -2028 and proposes scenarios for consumption, production and the evolution of the transport sector. All are designed to achieve the objectives of the 2015 law, with an intermediate objective of 99 % of renewable energy in the electricity mix by 2028. A report of the French Agency for Ecological Transition (ADEME) examines possible ways to achieve the objectives of the law [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF]. Lastly, the EDF-SEI report [START_REF]Bilan prévisionnel de l'équilibre offre/demande d'électricité à La Réunion 2019-2020[END_REF] presents two scenarios of electricity consumption and production for 2023, 2028 and 2033. EDF-SEI is the Distribution System Operator (DSO) and the division of the leading national electricity producer and supplier, operating exclusively in non-interconnected areas. Four articles describe the energy transition of Reunion Island [START_REF] Selosse | The renewable energy revolution of Reunion Island[END_REF][START_REF] Maïzi | Maximizing intermittency in 100% renewable and reliable power systems: A holistic approach applied to Reunion Island in 2030[END_REF][START_REF] Selosse | Exploring sustainable energy future in Reunion Island[END_REF][START_REF] Drouineau | Increasing shares of intermittent sources in Reunion Island: Impacts on the future reliability of power supply[END_REF], all based on the same modeling of the island, but exploiting different aspects and presenting different results. The main limitation of these documents is that they do not take into account past predictions and do not propose long term planning. Indeed, they only present medium term energy system planning, i.e. up to 2030. As the global energy transition is lagging behind, the long term, i.e. 2050, is also taken into account in the present study. after the introduction section, section 2 presents different energy situations on the island. Past forecasts for 2020, current situation and forecasts for 2030 from the literature are detailed. Section 3 presents the methodology for modelling, simulating and optimising the new scenarios. These are then compared from a technical, economical and environmental point of view in Section 4. The article ends with a discussion and a conclusion in sections 5 and 6.

Reunion Island energy planning comparison

To implement the energy transition of a territory, objectives must be set and medium and long term action plans must be adopted. These actions include investments in local electricity generation and targets for primary energy consumption reduction. These two points are examined in this section, where scenarios for the evolution of electricity consumption and installed power generation capacities are compared. First, a focus on the past forecasts of Reunion Island for 2020 is made, followed by a comparison with the current situation of the island. Then, studies proposing medium-term forecasts for the electricity mix of Reunion Island are compared.

Past forecasts and current situation

Forecasts of the evolution of the energy situation of Reunion Island have already been made in the past. In particular, two reports presented targets for 2020, which can be compared today and allow to assess whether their forecasts were correct [START_REF]Plan economique de transition et de relance via des energies 100 % locales à l'île de La Réunion[END_REF][START_REF]Schéma régional climat air energie de La Réunion[END_REF]. Both reports contain forecasts of electricity generation and installed capacity for 2020, neither of which has yet been reached in 2022. The comparison of installed power generation capacity and electricity consumption can be found in Figure 2. The "fossil" category includes installations using exclusively fossil fuels but also installations using a mix of fossil fuels and biomass resources. If electricity consumption forecasts rather well framed the reality, almost every installed power generation capacity has been overestimated. The law on Energy Transition for Green Growth from 2015 presents an intermediate target of 50 % renewable energy by 2020. This target was not reached for electricity production, as 31.3 % was from renewables, nor for primary energy consumption, as 13 % was from renewables.

As shown in Figure 2, power generation is currently mainly based on fossil fuels. The map of the installed capacity can be seen in Figure 3a. [START_REF] Selosse | The renewable energy revolution of Reunion Island[END_REF][START_REF] Selosse | Exploring sustainable energy future in Reunion Island[END_REF] present scenarios made up of a mix of those of a third one [START_REF] Drouineau | Increasing shares of intermittent sources in Reunion Island: Impacts on the future reliability of power supply[END_REF], but have not been plotted due to a lack of data on biomass potential. Another article [START_REF] Babonneau | Assessing a transition to 100% renewable power generation in a non-interconnected area: A case study for La Réunion Island[END_REF] details the results of one of the ADEME report's scenarios [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF] and thus has not been plotted.

Overall, the scenarios offer very different forecasts. While some scenarios indicate zero fossil power for 2030, others maintain the installations, which

have not yet reached the end of their life, but specify that they will no longer be used by the targeted date. Few scenarios maintain the use of fossil resources in 2030, as investments in new coal power plants may be more economically attractive. Regarding biomass energy, the data depend on the conversion of thermal power plants, taken into account or not in the forecasts. The scenarios using the least biomass are those that aim for energy autonomy in 2030: to supply large power plants, the resource will necessarily have to be imported. Finally, the forecasts bet on energies not yet exploited on the island, such as offshore wind, wave energy, ocean thermal energy conversion (OTEC) or geothermal energy.

Electricity consumption

The other area that contains several scenarios for 2030 is electricity consumption. Most of the reports and articles reviewed propose two scenarios for this horizon, a trend scenario and an energy-efficiency (EE) one. Overall, the consumption targets for the island are of the same order of magnitude, as shown in Figure 5.

Finally, the last area studied is the consumption of electrical vehicles.

In 2019, the road sector alone accounted for 34 % of the consumption of imported fossil fuels in Reunion Island. Within this sector, private cars represent 77 % of vehicles, justifying the need for their transition. Two reports make forecasts on the electrification of the private vehicle fleet and the resulting additional electricity consumption [START_REF]Bilan prévisionnel de l'équilibre offre/demande d'électricité à La Réunion 2019-2020[END_REF][START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF]. If the percentage of the fleet of individual vehicles electrified by 2030 can be different, the resulting power consumption is consistent between the two reports.

Methodology

After having compared various data on Reunion Island's electricity supply by 2030, new energy scenarios will be defined; for the electricity production facilities and for the electricity consumption, for both 2030 and 2050. Indeed, after noticing the delay in relation to the forecasts for 2020, it seems difficult today to engage a complete transition of the local energy system to reach energy autonomy by 2030. In this work, autonomy will be targeted for 2050.

First, the electricity consumption scenarios will be presented. The system will then be modelled and optimised to meet the introduced electricity demand, in order to propose optimal electricity production scenarios. These optimums will then be compared to other pre-designed scenarios, taking into account different energy policy choices in the coming years for Reunion Island.

Modeling of electricity consumption

The modelled electricity scenarios will be the basis for our optimisation.

Indeed, the first objective for the modelling of an electrical network is to be able to satisfy the demand at each time step.

For 2030, the choice was made to use electricity consumption scenarios from the ADEME report [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF]: a demand of 3 080 GWh for the whole island with a EE scenario, and a demand of 3 360 GWh with a Trend scenario. The first scenario assumes a more proactive approach to managing energy demand, for example through energy efficiency measures, and a more optimistic view of the capacity to disseminate the associated technologies.

The same objectives were kept for 2050, with the assumption of an increase in demand due to an increase of population and an electrification of uses compensated by a more advanced demand-side management over the years.

As the island's electrical network is modelled by its various substations, the data introduced must be distributed there. The assumption of similar growth among all substations in the long run is made. Island hourly generation data are used, with typical profiles for tertiary buildings and primary residence data for the residential sector, in conjunction with occupancy and appliance usage data [START_REF] Wilke | Probabilistic bottom-up modelling of occupancy and activities to predict electricity demand in residential buildings[END_REF].

In parallel, consumption data of electric vehicles are required. Annual data for the whole island can be obtained, based on the percentage of the individual vehicle fleet electrified [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF][START_REF]Bilan prévisionnel de l'équilibre offre/demande d'électricité à La Réunion 2019-2020[END_REF]. To define an hourly load profile for a typical day, EDF-SEI report [START_REF]Bilan prévisionnel de l'équilibre offre/demande d'électricité à La Réunion 2019-2020[END_REF] is used. In it, two daily profiles of electric vehicle consumption in 2033 in Reunion Island are defined, the first for a fleet that can be driven at 40 % and the second at 80 %. A connection with the demography of the island is used for the distribution of the data;

the assumption of a majority of home charging is made, and the data are distributed to the substations according to the number of inhabitants of the island's municipalities. For 2030, the impact of the electrification of the private vehicle fleet has not been taken into account. For 2050, a fleet electrified at 100 % has been considered, of which 80 % can be driven. The different load profiles can be seen on Figure 6.

Modeling of electricity production

Together with the electrical demand, electrical production and storage data are affiliated to each substation, which are connected to each other by high voltage transmission lines. The power generation capacity installed at each substation will be optimised in the first instance. To do this, a maximum power is defined for each sector for each modelled horizon. For 2030, the PPE [START_REF]Programmation pluriannuelle de l'énergie de La Réunion 2019 -2028[END_REF] forecasts have been taken for all the existing energy sectors on the island, except for PV: for this sector, the average of the forecasts of the compared literature scenarios is taken as the upper bound. For 2050, the existing sectors are maximised by their potential [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF] as defined in the literature. Three new sectors are also considered for this horizon: offshore wind, geothermal and OTEC. Their installed capacity is maximised respectively by the high range given by the PPE for 2028 [START_REF]Programmation pluriannuelle de l'énergie de La Réunion 2019 -2028[END_REF], the only potential evaluated and half of the potential defined [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF]. The distribution of installed capacity at the different substations is carried out using data from [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF]. The data for 2030 were distributed according to the capacity of each substation. For 2050, no restrictions were considered.

The resulting scenarios will thus be economically optimal and technically feasible. They will then be compared with seven pre-designed scenarios, three for 2030 and four for 2050, detailed next, which describe likely futures depending on policy decisions taken in the coming years. In particular, having pre-defined power generation scenarios allows other features of the power system to be studied with reduced computation time. The resulting electricity mix of all the scenarios will be composed during the simulation and optimisation of the system. Regarding the scenarios for 2030, only electricity production technologies currently used on the island have been developed.

The current situation of the island is considered and is taken as a basis of the three scenarios. Imports of fossil or renewable resources are considered, in line with the projects currently developed on the island.

• The Trend scenario follows the guidelines of the PPE [START_REF]Programmation pluriannuelle de l'énergie de La Réunion 2019 -2028[END_REF]. This scenario is named as such because the decisions taken in the energy sector in the coming years will most likely be based on this report. PV and wind installations increase significantly and small hydroelectric projects • Finally, the 100 % renewable scenario follows the same pattern as the previous scenario, except that the current diesel engines are converted to liquid biomass by 2030, as planned by the Region. This scenario proposes the same renewable electricity mix target as the Trend scenario.

The situation is however different because data from the comparison of studies in the literature were used.

For the 2050 scenarios, the three new technologies considered above for power sizing will be integrated, with their upper limits introduced as installed power. The whole power generation system will be taken from scratch and no imports of fossil or renewable resources are considered.

• The Base scenario develops OTEC and geothermal energy as new base production energies. The maximum of the potential [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF] for photovoltaic and biomass facilities is considered. Regarding the hydraulic capacity, the one used in the last scenario of the ADEME report is chosen. Finally, because of the local weaknesses of the sector, the wind capacity is only doubled compared to the previous 80 -90 and 100 % renewable scenarios for 2030. This also corresponds to the average of the highest values of the compared scenarios. This scenario allows to assess a situation where base production is largely developed.

• In the Intermittent scenario, offshore wind is the only new production sector developed. PV, hydropower and biomass capacities are the same as the previous scenario. Only wind power is revised upwards, taking the highest value possible from the scenarios from the literature. This scenario allows to assess a situation where intermittent power generation is predominant.

• The Decarbonised scenario is a mix of the two previous scenarios, with the end of the biomass sector (thermal power plants, incinerators, combustion turbines), excluding bioenergy (electricity production by methanization). The installed capacities of geothermal, OTEC and PV are the same as in the first scenario and those of onshore and offshore wind are the same as in the second scenario. Hydraulics takes the value of the maximum potential [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF], as well as biogas. Indeed, every possible facility will be required in order to compensate the end of the biomass sector. Today, the island's two coal -bagasse power stations are being converted to 100 % biomass. However, local reserves are not sufficient to ensure equivalent electricity production, and imports are planned. By aiming for local electricity production in 2050, biomass production will have to be reduced. Moreover, it is possible that sugar cane cultivation, which produces bagasse, will be abandoned in the future to make way for other food crops. Indeed, the island has to import many food resources; in 2021, more than 118,000 tonnes of agricultural products were imported into Reunion Island [START_REF] Agreste | Bilan des importations de denrées à La Réunion[END_REF]. This scenario therefore assesses the impacts of a long-term situation in which the biomass sector would only be represented by biogas plants in Reunion Island.

• Finally, the Combined scenario is also a mix of the first two scenarios, and is made up of all the upper bounds of the production sectors defined in the power sizing part. The objective of this scenario is to evaluate the impacts of an energy system where all local energies are exploited to their maximum.

The summary of installed capacities by scenario can be seen on Figure 7.

Optimisation problem

In order to assess the technical feasibility of the previously introduced scenarios, size the optimal scenarios and optimise the electricity mix in each case, the operation of the Reunion Island electrical system is simulated for 2030 and 2050 with an economic optimisation.

The following notations are adopted: n for the substations, l for the To express capital costs in annual costs, the annuity factor 1-(1+dr) -lf dr was used, where dr is the discount rate and lf the lifetime of the technology [START_REF] Neumann | Benefits of a hydrogen network in Europe[END_REF].

The satisfaction of the demand, with the power flow f l,t in MW and K nl the incidence matrix of line l at substation n is defined by Eq. ( 2):

s g n,s,t + s h n,s,t - l K nl f l,t = d n,t (2) 
For the optimisation of the size of the installed generation power capacities, Eq. ( 3) is implemented:

ḡn,s ≤ g n,s (3) 
The operation of the batteries is defined in Eq. ( 4), with η n,s the standing losses, considered zero in the modeling of this study. No efficiency losses for power going into and out of the storage are considered.

e n,s,t = η n,s e n,s,t-1 -h n,s,t (4) 
A constraint for limiting the annual production of a sector has been introduced in Eq. ( 5)

t g n,s,t ≤ MaxProd (5) 
Indeed, some electrical productions are limited, like hydropower or biomass, according to available local resources. These limits (M axP rod in MWh)

have been set according to data from the literature.

The necessary reinforcement of high voltage lines are defined by Eq. ( 6).

The current limit of apparent power of the lines was defined with data from [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF].

|f l,t | ≤ F l (6) 
To implement the model, the Python for Power System Analysis (PyPSA) framework [START_REF] Brown | PyPSA: Python for Power System Analysis[END_REF] is used. The optimisation problem is solved with Gurobi [START_REF]Gurobi optimizer reference manual[END_REF].

Results

Technical comparison

Different results were obtained from the optimisation of the simulated system. The sizing of power generation facilities when optimised, the electricity produced per sector and per substation, the required size of the batteries and their operation, and the required reinforcement of the high voltage lines were displayed. The sizing of the electricity generation scenarios was made for 2030 and 2050, in order to satisfy the two consumption scenarios chosen.

The results of this sizing are shown in Figure 7. The other results for the simulation of the power system over the year are shown in Table 1, together with the simulation results of the pre-designed scenarios.

For the sizing of installations for 2030, in both consumption cases, wind installations are prioritised over PV installations, although the prices of the latter are higher. This is justified by the minimisation of storage needs in order to smooth out PV production. No reinforcement of the grid power lines will be necessary in the medium term.

For all three pre-designed scenarios, larger amounts of batteries are required with the EE power consumption scenario. With a higher share of intermittent energy in the electricity mix and lower electricity demand, energy can be stored when it is not consumed. Conversely, the Trend consumption scenario consumes more intermittent energy, leaving the missing demand filled by controllable generation. However, batteries are not used in the same way depending on the demand; while relatively small batteries (2 -5 MWh) are installed at all substations with the Trend scenario, larger batteries (up to 70 MWh) are installed at less than half of the substations in the other scenario. These are shown in Figure 8a. where the five largest photovoltaic capacities have been added. The other substations concerned have either PV power additions or low installed power (around 10 MW). For the latter, the battery allows the electricity produced at another station to be stored to meet local demand. This shows the advantage of the sizing of the electricity production facilities: the storage requirements are optimised with the two consumption scenarios proposed. In the case of the Trend consumption scenario, storage requirements are greater with the sizing of the facilities because of the lower installed capacity of hydroelectric power.

Looking at the 2050 horizon, the Trend and EE consumption scenarios are different than for 2030, as the additional demand for electric vehicles is taken into account here. Once again, installations are sized to minimise the need for electrical storage. It should also be noted that the geothermal potential is required in both electricity consumption scenarios. In the case of the Trend consumption scenario, the OTEC installation is essential to meet demand. Thus, with regard to the pre-designed scenarios, the Base and Intermittent scenarios are not feasible in combination with the Trend consumption scenario. Moreover, the Decarbonised scenario is not feasible with both consumption scenarios. In both case, demand is too high to be met by the installed capacities defined in the scenarios. While storage is needed in all feasible simulations, less is required for pre-designed scenarios where reinforcement is needed on the electricity transmission network. This The impacts of a 100 % electrified fleet of which only 40 % are controllable can be noticed in the storage requirements. Indeed, with an EE scenario, a need of + 7 % in storage is noticed, and for a Trend scenario a need of + 8 %. The results on the lines or on the electrical generation are globally not impacted.

Investment costs comparison

The scenarios introduced can first be economically compared. Facility capital costs allow a comparison of the economic investments required in order to reach the targeted horizon. The data used for the calculations can be found in Table C.4. Data for line reinforcement were taken from [START_REF] Chotard | Vers l'autonomie énergétique en Zone Non Interconnectée (ZNI) sur L'Ile de la Réunion à l'horizon 2030[END_REF].

Regarding the 2030 scenarios, only facility capital costs for new electricity generation capacity compared to the current situation are considered. Investments are almost similar for the sizing scenarios and the Trend and 100 % renewable pre-designed scenarios, as can be seen on Figure 9a, as the installed capacity data are close. The main difference with the 80 -90 % renewable scenario is in the investment for the conversion of diesel engines to liquid biomass [START_REF]Rapport annexé à l'avis du Comité de gestion des charges de service public de l'électricité relatif au volet budgétaire de la Programmation pluriannuelle de l'énergie de La Réunion[END_REF]. Comparing the 2050 scenarios, the four scenarios have fairly similar investment costs in facilities (see Figure 9b). The costs of reinforcing the network are not shown in the diagrams, being in the region of a hundred thousand euros for the lines concerned.

Environmental comparison

The scenarios presented can also be compared from an environmental perspective. The data used for the calculations can be found in Table C.5.

Land requirement is first observed, because of the limited availability of this resource on the island. Comparing the 2030 scenarios, both the 80 -90 % renewable and 100 % renewable pre-designed scenarios require almost six square kilometers, one more than for the remaining scenarios. Indeed, the footprints of hydroelectric and photovoltaic systems are larger than those of wind power plants for an equivalent capacity, which explains the difference. Looking at the 2050 scenarios, the Combined scenario would require 84 km² of land, namely 3 % of the island's surface. In comparison, the Decarbonised scenario would require only 50 km². As this horizon is considered from scratch, the current installations on the island would be included in this total, unlike the scenarios for 2030.

Considering a second resource with limited availability on the island, the use of water is studied. This criteria is about the water taken from the environment by the electrical installation during its construction and its operation, and not returned to its original source [START_REF] Fernandez | The sustainability of decarbonizing the grid: A multi-model decision analysis applied to Mexico[END_REF]. PV is the only technology where the water requirement during operation is zero. Moreover, the water consumed during the manufacturing of the panels could be neglected at the local level, as the panels have to be imported. For the 2030 horizon, the results are similar between the scenarios. Between a Trend consumption scenario and an EE one, 100 additional cubic decameters of water are required, regardless of the installed power pre-designed scenario, as shown in Figure 10a. Looking at the other horizon, the optimised scenario with the Trend consumption scenario comes out on top, due to a higher use of local biomass resources than the other scenarios, as can be seen in Figure 10b. In both figures, the impact of biomass is predominant, requiring more water during its operation. Moreover, over both horizons, the optimised sizing scenarios consume more water than the pre-designed scenarios. Thus, if the former had been optimised according to this water consumption criterion, different results would have been obtained.

Opt
Lastly, life cycle greenhouse gas (GHG) emissions are depicted to assess the environmental impact of the scenarios. Among them, CO shown in Figure 11a. These emissions amount to 124 kilotonnes of CO 2 eq, while the only direct CO 2 emissions for electricity production were 1 922 kilotonnes in 2019 [START_REF]Bilan énergétique de La Réunion année 2019[END_REF]. Moreover, with this same installed capacity scenario, switching from the Trend electricity consumption scenario to the EE one leads to a decrease of 71 kilotonnes of CO 2 eq. Indeed, during the optimization, only the production costs of the power generation facilities were considered.

Thus, the use of the diesel power plant in this scenario is in the minority, as the import costs are high compared to the maintenance costs of the facilities using local resources. The impacts of future biomass imports could not be assessed, since their introduction is scheduled for 2024.

As for water requirements, in the long term the optimised sizing scenar- 

Discussion

The In the simulation of the 2030 scenarios, the new capacities to be installed per substation have not been uniformly distributed: the substations capacities were considered. As a result, some substations have not been allocated any additional power by 2030, although in some cases there is potential.

This may justify the need for batteries in some places. In addition, some of these batteries may be large (290 MWh). In the medium and long term, hydrogen storage could be introduced, in order to evaluate the economic and environmental use of this type of storage in such a system.

In the work presented, only a few comparison criteria were considered; others could have been considered as well, which would have led to different conclusions [START_REF] Luderer | Environmental co-benefits and adverse side-effects of alternative power sector decarbonization strategies[END_REF]. For example, the use of specific metals and materials could have been observed. This criterion is important when considering the environmental and social impact of extracting certain metals or manufacturing certain materials. The results could have also been different if the impact of climate change was included in the modeling. For the simulation of the photovoltaic and wind models, weather data from 2019 were used. The production of these energies could vary greatly in the future, and may well increase or decrease. Similarly, the production limitations of the hydro and biomass sectors were determined using the literature. Here again, the production is uncertain in the future due to climate change. Other uncertainties exist and can hardly be evaluated in such a model, such as new energy laws or new conflicts. The latter can jeopardize the current fossil imports, but also the future imports of pellets or oil. Energy reliability was also not studied in the paper.

A similar work could be done in other territories. Even if each island has its own conditions and data [START_REF] Notton | The electrical energy situation of French islands and focus on the Corsican situation[END_REF][START_REF] Ioannidis | The case for islands' energy vulnerability: Electricity supply diversity in 44 global islands[END_REF], the methodology set up in this article is replicable and the developed optimisation model can be used for any non-interconnected area by changing the input data. Some modifications would be necessary to model islands connected to the mainland, as is the case of Corsica for example, in order to consider an import and export of electricity to an external market. Each study on a different territory would lead to different results, and it would thus be interesting to compare the costs and environmental impacts involved in the transition required by the law on Energy Transition for Green Growth to the French islands to achieve energy autonomy.

Conclusion

In the present study, different scenarios have been investigated for the evolution of Reunion Island's power system for 2030 and 2050, with a view to achieving electrical autonomy in the latter period. Simulations have shown that, from a GHG emissions point of view, the conversion of the current fossil power plants is impacting. However, it has not been possible to assess the impact of the imports planned as offsets, since their introduction is scheduled for 2024. Incidentally, following an EE plan for electricity consumption could reduce costs and environmental impacts, although further studies would be required to evaluate the wider economic and societal impacts.

To achieve energy autonomy, new sources of electricity production will have to be developed. The development of geothermal energy, ocean thermal energy conversion and offshore wind turbines has been studied in the work presented. The reduction of the biomass sector could be considered in the future, but it must be accompanied by a strong decrease in electricity consumption. The future of these sectors and their long-term role in Reunion's energy context is a major source of uncertainty, which should be resolved in the decisions taken in the short or medium term.

The present study has shown that energy transition must be supported by significant storage facilities. Although only batteries have been considered in the present work, the use of hydrogen storage will be employed in a future work, to consider longer-term storage to complement short-term battery storage. Moreover, a modeling of the storage in the form of energy was carried out in the study. As these are very solicited, a power modeling will be carried out later in order to compare the two systems.

Hydrogen will also be introduced to decarbonise the rest of the road transport sector; in the present study, heavy transport vehicles, such as buses or trucks, have not been taken into account to achieve energy autonomy in 2050. The decarbonisation of the aviation and maritime sectors will be also be studied in future work.

Lastly, social impact of electric autonomy was not measured in the presented paper. It is necessary to assess the acceptance and local impacts of some new electricity production methods or storage facilities. This will be the subject of further work in the continuation of the study, as well as the social impact of energy autonomy as a whole. 
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Figure 1 :

 1 Figure 1: Flowchart of the proposed methodology.

Figure 2 :

 2 Figure 2: Comparison of the 2020 forecasts to reality. Crosses correspond to the consumption forecasts.

  department file until 2011, Car dealers from 2013 to 2015, R Ligne HTB Souterrain Ligne HTB Sous-marin Source : EDF RÉSEAU ÉLECTRIQUE HAUTE TENSION (63kV) RÉSEAU DE STATIONS-SERVICE La longueur du réseau électrique de l'Ile de La Réunion en kilomètres est présentée dans le tableau ci-dessous : Au 31 décembre 2019, il y avait 160 stations-service à La Réunion, soit cinq de plus qu'en 2018 (source : SRESS). Ces stations sont ravitaillées par des En 2019, il y a 23 postes sources sur l'ensemble de l'île. Le nombre de postes de distribution publique HTA/BT a augmenté pour atteindre 4 437 postes en 2019 (+136 par rapport à 2018). * Digue -Possession : il y a deux liaisons mais un seul tracé de 17km de stockage des carburants. Le réseau des bornes de recharge pour véhicules électriques est détaillé à la page 50 dans le paragraphe « Développement de la mobilité électrique et hybride ».

Figure 3 :

 3 Figure 3: (a) Map of installed capacity in 2020 [2].; (b) Map of the high voltage electricity network [27]. Red lines are underground and submarine lines.

Figure 4 :

 4 Figure 4: Comparison of scenarios for installed power generation capacity in 2030. Hatching corresponds to the high ranges of PPE.Autonomy.

Figure 5 :

 5 Figure 5: Comparison of the consumption scenarios.
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  are being carried out. Current coal -bagasse plants are converted to 100 % bagasse (almost 70 % of the installed capacity will be supplied by imports) as well as current diesel engines to liquid biomass (almost all supplied by imports). The bioethanol combustion turbine is maintained, as well as current biogas plants. Some biomass projects are considered, such as new biogas plants or projects for the recovery of refuse-derived fuel. In the 80 to 90 % renewable scenario, only the current coal -bagasse plants are converted to 100 % bagasse and the diesel engines keep working with heavy fuel oil (211 MW). Indeed, work on the conversion of the first plants has already started, but for the second plant, a public consultation on the conversion project has just been completed. PV installations are developed according to the average of the compared scenarios, as well as hydropower. The average of the lowest values of the compared scenarios is retained for wind power: the installed capacity of the sector has not increased since 2008, but repowering projects are currently being carried out. The additional biomass and biogas projects of the previous scenario are maintained. This scenario considers a medium-term future where the planned energy transition has been delayed and thermal power is still present on the island.

Figure 7 :

 7 Figure 7: Installed capacities (MW) for the 2030 and 2050 scenarios.

Figure 8 :

 8 Figure 8: Comparison of requirements for battery and line reinforcement; (a) 2030 scenarios.; (b) 2050 scenarios.

Figure 9 :

 9 Figure 9: Comparison of facility capital costs of the different scenarios; (a) 2030 scenarios; (b) 2050 scenarios.

Figure 11 :Figure 12 :

 1112 Figure 11: Comparison of life cycle emissions of the different scenarios.; (a) 2030 scenarios.; (b) 2050 scenarios.

  scenarios introduced for 2030 and 2050 have been simulated, and results were obtained and detailed. It has been demonstrated that, in order to satisfy a steady long-term electricity demand with a fully electrified vehicle fleet in Reunion Island, it is necessary to mobilise all possible electricity production technologies. If this is not possible, electricity consumption will have to be at least below the level of the EE scenario introduced in the present study. Then,between one scenario or another, the impacts are close, with the capital cost of the facilities being globally related to land use and life-cycle GHG emissions related to water use (for 2050). If the biomass sector was no longer used for electricity generation, electricity consumption would have to decrease even more, below 4 GWh annually, including the consumption of electric vehicles. To achieve this long-term horizon, decisions will have to be made in the medium term. If the total cessation of fossil power from 2030 implies a significant decrease in life cycle GHG emissions, it has a consequential cost. One of the best path to follow would be to maintain one of the thermal power plants with a decrease in consumption. All indicators would be at their minimum, except the use of land, which could be considered negligible in relation to the needs in 2050.
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  Dense hydrographic network (400GWh every year for two decades) -Good photovoltaic potential (200GWh every year since 2013) -Geothermal potential -Marine energy potential (ocean thermal energy conversion, wave energy, offshore wind turbines) -Tropical climate (negligible heat demand) National energy policy -Train or tramway potential (cite, cite) -Energy dependencyTable C.5: Sustainability criteria data used [35, 39, 40, 41].

ELECTRIC AND HYBRID TRANSPOR INSTALLED POWER CAPACITY: 908.5 MW ELECTRICITY CONSUMPTION: 2 723.6 GWh -234.2 ktoe 2020: 908.5 MW In May 2021 there are 195 functioning public p in Reunion Island. 409.8 294.8 Guadeloupe Martinique (2019) Reunion Island Corsica (2019) French Guiana (2019) New- Caledonia French Polynesia

  

	Guadeloupe Martinique	Reunion Island	Corsica	French Guiana	New-Caledonia	French Polynesia
	23.3%	23.1%	31.3%	34.2%	52.3%	15.6%		30.2%
	Sources: EDF Open Data for Corsica, Martinique and French Guiana, OER, OMEGA, Energy Observatory of New Caledonia,
	Polynesian Energy Observatory					
								CONSUMPTION IN ROAD TRANSP
								401 984 tons meaning 408.1 ktoe
								(Electrical vehicles included)
	Sources: EDF / Albioma						
	Author: OER						
	3.89	3.78	3.18	7.83	3.27	11.66/2.77*	3.30

Electricity consumption per town in 2020 Evolution of road transport energy consum Cumulative number of electric and hy Comparison of the electricity consumption per capita in different NITs in 2020 (MWh) Renewable energy penetration rate in the electricity production in different Non- Interconnected Territories : Production share from renewable resources in 2020

  

	East Le Port's fuel	
	power plant : 211.0 MW	
	Bay's combustion	
	turbine : 80.0 MW	Bois Rouge's thermal
		power plant
		100.0 MW
		Riviere de l'Est's
		hydropower station
		79.2 MW
		Sainte-Rose's
		wind farm
	Oil	6
	Coal -Bagasse	
	Fuel -Bioethanol	
	Hydroelectric	
	Biogas	
	Wind power	
	Battery	
	Sources: EDF Open Data for Corsica and French Guiana, OER, OMEGA, Local community of Martinique, Energy Observatory
	of New Caledonia, Polynesian Energy Observatory	
	*exclusive of metal industry and mining	

.3 MW Langevin hydropower station 3,6 MW Pierrefonds' biogas power plant 2.1 MW

  

	Saint-Pierre's
	combustion
	turbine plant
	41

.0 MW Bras de la Plaine hydropower station 4.6 MW Ligne Paradis hydropower station 0.2 MW

  

		Grand Prado's biogas
		power plant	Sainte-Suzanne's biogas
		0.4 MW	power plant
			1.9 MW
		Sainte-Suzanne's
		wind farm
		10.2 MW
		Bras des Lianes hydropower station 2.2 MW	Bras des Chevrettes' sodium-sulfur Battery 1.0 MW
		Takamaka II
		hydropower station
		26.0 MW
	RT4's pico hydropower station 0	Takamaka I hydropower station 17.4 MW
	Saint-leu's lithium-ion
	battery	
	5.0 MW	
	Gol's thermal	
	power plant	
	110.0 MW	

.02 MW Total photovoltaic power 206.3 MW

  

	East Le Port's fuel	
	power plant : 211.0 MW	
	Bay's combustion	
	turbine : 80.0 MW	Bois Rouge's thermal
		power plant
		100.0 MW
		Riviere de l'Est's
		hydropower station
		79.2 MW
		Sainte-Rose's
		wind farm
	Oil	6
	Coal -Bagasse	
	Fuel -Bioethanol	
	Hydroelectric	
	Biogas	
	Wind power	
	Battery	

.3 MW Langevin hydropower station 3,6 MW Pierrefonds' biogas power plant 2.1 MW

  

		Grand Prado's biogas power plant 0.4 MW Bras des Lianes hydropower station 2.2 MW Takamaka II hydropower station 26.0 MW Takamaka I hydropower station 17.4 MW Sainte-Suzanne's wind farm Grand Prado's biogas power plant 0.4 MW Sainte-Suzanne's wind farm 10.2 MW 10.2 MW Bras des Lianes hydropower station 2.2 MW Total photovoltaic power East Le Port's fuel power plant : 211.0 MW Bay's combustion turbine : 80.0 MW RT4's pico hydropower station 0.02 MW Total photovoltaic power 206.3 MW 17.4 MW 0.02 MW hydropower station hydropower station Takamaka I RT4's pico 26.0 MW hydropower station Takamaka II 206.3 MW	Bras des Chevrettes' sodium-sulfur Battery 1.0 MW Sainte-Suzanne's biogas power plant 1.9 MW Sainte-Suzanne's biogas power plant 1.9 MW Bois Rouge's thermal power plant 100.0 MW Bras des Chevrettes' sodium-sulfur Battery 1.0 MW 79.2 MW hydropower station Riviere de l'Est's
		Saint-leu's lithium-ion Saint-leu's lithium-ion	
	Oil	battery battery 5.0 MW 5.0 MW	Bras de la Plaine hydropower station 4.6 MW
	Coal -Bagasse Fuel -Bioethanol Hydroelectric	Gol's thermal power plant Gol's thermal power plant 110.0 MW 110.0 MW	Saint-Pierre's Ligne Paradis hydropower station 0.2 MW
	Biogas		combustion
			turbine plant
	Wind power		41.0 MW
	Battery		

Sainte-Rose's wind farm 6.3 MW Langevin hydropower station 3,6 MW Pierrefonds' biogas power plant 2.1 MW Saint-Pierre's combustion turbine plant 41.0 MW Bras de la Plaine hydropower station 4.6 MW Ligne Paradis hydropower station 0.2 MW Centrale du Port Est : 211,0 MW TAC de la Baie : 80,0 MW Centrale thermique de Bois Rouge 100,0 MW Rivière de 79,2 MW

  Load on one of the substations on a weekday, depending on the simulated consumption scenario. The 2050 scenarios both have a 100 % electrified private vehicle fleet, of which 40 % or 80 % can be driven.

	Puissance [MW]	10 12 14 16 18 20	2030 EE 2030 Trend 2050 EE 40% 2050 Trend 40% 2050 EE 80% 2050 Trend 80%		
		8				
		00:00	04:00	08:00	12:00	16:00	20:00
	Figure 6:					

Table 1 :

 1 Results of the simulations of every production scenario with every consumption scenario. Crosses mean that the system is not technically feasible.

	These include the substations

  2 , CH 4 and NO 2 emissions, all measured in CO 2 equivalence. For the study, emissions from electrical installations were assessed, as well as electricity generation emissions over the simulated year. As expected, for 2030 the 80 -90 % renewable energy scenario with the Trend consumption scenario is the one emitting the most GHG emissions over the life cycle of the new facilities, as

Table A .

 A 2: SWOT analysis of the territory.
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Appendix A. Characteristics of the territory