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Achieving energy self-sufficiency is a major challenge for remote areas, especially islands. Various technologies have recently been developed to exploit renewable resources in such areas in order to reduce dependency on fossil fuels. This work focuses on the situation of Easter Island, a representative example of a remote area, and explores the pros and cons of three fully renewable energy mixes used to meet local requirements. This investigation reveals that, while a classic photovoltaic/battery combination allows demands to be met, the installations need to be oversized, leading to a 73% loss in the total energy produced. By adding alternative energy production sources such as wind turbines and pyrolysis, as well as alternative storage systems such as hydrogen-based storage, the energy loss is divided by a factor of 5. This more diverse energy mix enables a reasonable electricity price of 0.18 €/kWh, which is comparable to the current local prices. This work reinforces the importance of complementary energy production and storage systems to efficiently meet the energy requirements of islands.
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INTRODUCTION

Today, the energy demand of remote areas is met mainly by oil-powered generators—a dependency with economic and ecological che tourist season, the populationsequences. Indeed, the transportation of resources to such areas comes with higher prices as compared to the mainland, while also inducing energy supply uncertainty (Shirley and Kammen, 2013; Kuang et al., 2016). Furthermore, the use of generators produces local gas emissions, such as carbon dioxide (CO2), that contribute to global warming (Quadrelli and Peterson, 2007). For these reasons, and in line with national and international mid-term energy transition plans toward green technologies such as those proposed in COP21 reports (COP 21, 2015), various initiatives aim at fostering the use of renewable energies for islands (Dorotić et al., 2019). For example, the Small Island Developing States (SIDS) Lighthouses Initiative provides a global framework for energy transition on islands (WHO, 2018) and the Smart Islands Initiative was developed by the European Union to encourage innovative islands solutions that support sustainable economic growth (Smart Islands Initiative, 2016).

In this context, several islands have developed energy planning strategies to reduce their dependency on fossil fuels (Garcia and Meisen, 2008; Godina et al., 2015; Kougias et al., 2019; Meza et al., 2019); some have already reached 100% energy self-sufficiency (Sperling, 2017). Currently, the use of photovoltaic (PV) and wind-based power systems combined with lithium-ion batteries is preferred due to the good availability of resources and the maturity of these technologies (Thomas et al., 2016; Hall and Swingler, 2018). However, this energy mix has also been shown to have some limitations, such as insufficient robustness to extreme weather events and limited long-term storage (Sinsel et al., 2020). Today, various novel technologies that could be used to define more-efficient renewable energy mixes exploiting local resources are being developed. For example, biomass can be used as an alternative production source while also exploiting the availability of organic waste (Selosse et al., 2018). Similarly, pyrolysis technologies have been adapted to efficiently deal with the low waste volumes typically encountered on islands, coupling energy production and waste processing (ETIA, 2019). Regarding storage, a lot of attention has been devoted recently to hydrogen-based storage that, despite having a lower efficiency than lithium-ion batteries, is able to absorb production fluctuations on longer time scales (e.g., seasonal) than lithium-ion-based storage allows (Groppi et al., 2018; Abe et al., 2019; Staffell et al., 2019).

Most studies mentioned above illustrate the benefits of a given technology within a specific energy mix. In contrast, this work explores the financial and performance advantages and disadvantages of different energy mixes. These mixes include various novel and classic production and storage units, such as the compact pyrolysis process described above that has, to the best of our knowledge, not been considered within renewable energy planning for islands. Concretely, as illustrated in Figure 1, three fully renewable energy mixes that meet the energy requirements of Easter Island are considered: [Option 1] PV panels with lithium-ion batteries, [Option 2] PV panels with battery-based and hydrogen-based storage, and [Option 3] PV panels, wind turbines, and pyrolysis with battery-based and hydrogen-based storage. After describing the modeling assumptions considered in this study, we present the sizing of the different storage and production systems that minimize investment and maintenance costs in the three options. Then the corresponding performance and economic pros and cons of the different options are discussed and compared to the current situation. Although this study focuses on Easter Island, we believe our approach and main conclusions can be extended to other islands facing similar challenges, such as reaching energy self-sufficiency or reducing plastic pollution.


[image: Figure 1]
FIGURE 1. Illustration of the different options explored.




METHODS

This work considers three energy mix options that combine three different production sources and two different storage systems (Figure 1). The following production sources were considered: (i) PV panels, as this resource is classically used in islands, especially those benefiting from strong sunshine; (ii) wind turbines, because wind resources are usually favorable on islands; and (iii) pyrolysis. The latter produces energy from the burning of plastic waste, thereby contributing to reduce plastic pollution (Race for Water, 2018). We considered two storage systems: lithium-ion batteries, which have been shown to be efficient in smoothing daily fluctuations of production and consumption, and hydrogen-based storage, which accommodates seasonal fluctuations (Pierre and Luc, 2020).

We consider data from Easter Island, one of the most-remote inhabited islands in the world, located more than 3,500 km from the nearest continental point. The triangle-shaped island extends over 164 km2, with a local population of 7,700 inhabitants in 2017 (Instituto Nacional de Estadísticas, Chile, 2017). During the tourist season, the population grows significantly with around 100,000 visitors (Casey and Haner, 2018). The climate of Easter Island is maritime subtropical; the temperatures typically vary between 16 and 25°C with average wind speeds between 20 and 30 km/h. The island benefits from an annual horizontal irradiation of 1,544 kWh/m2 (Meteoblue, 2017). Currently, energy is supplied by six diesel-based generators (Centro Energia, 2015), for an overall annual electricity consumption of 13.2 GWh, with a minimal permanent power of approximately 1 MW in 2017. In 2018, the first PV generation plant composed of 400 solar panels providing a total power of 100 kWp was inaugurated (Chile's Ministry of Energy, 2018).


Modeling and Optimization Framework

The optimization framework takes as its input local constraints (weather, waste and consumption) and the technical features of technologies considered. Concretely, the 2017 energy consumption curve was obtained from the Easter Island's distributed system operator. Then, based on the weather and waste data of the same year, a unit hourly annual curve was computed for all power supply units (PV, wind, pyrolysis). Finally, for each option, a continuous mixed-integer linear programming (MILP) optimization algorithm was used to identify the optimal combination of different sources and storage systems to meet the 2017 energy requirements of the island at the lowest cost. The MILP approach was chosen because it is one of the state-of-the-art methods in such applications (Alberizzi et al., 2020), it is well-documented with several commercial solvers, and thanks to the convexity of linear problems the solution is guaranteed to be globally optimal (Urbanucci, 2018).

The main constraint of the optimization problem consists in balancing energy production and uses at each time point, which can be expressed as follows:
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where i reflects the (storage or production) system being considered, [image: image] is the power production, [image: image] is the discharge power, Pload is the power consumed, [image: image] is the power stored, and [image: image] corresponds to power losses (i.e., curtailment and efficiency losses). These measurements are evaluated at each time index t, encoding an hourly sampling over the year considered. The relationship described in Equation (1), as well as the constraints described here after, is verified for any t within this range.

The following modeling assumptions and forecast production curves were considered:

• PV - We used the PVSyst software (PVsyst SA, 2020) to simulate an hourly production curve for 1 kWp from the 2017 weather data of Easter Island (Meteoblue, 2017). This normalized curve was generated considering a tilt of 10° and the four possible cardinal orientations. To compute the global annual cost, we considered the lifetime of PV systems to be 25 years, and the associated costs were obtained from SwissSolar (Swisssolar association, 2020). The main constraint applied to the PV system is:

[image: image]

where [image: image] is the power production of the PV system, [image: image] is the nominal power of the PV system, and [image: image] is the normalized produced power given by the simulated production curve.

• Wind turbine - We used the power distribution curve of the Enercon E-82 (2350 kW) wind turbine (SuisseEole, 2020b). This curve was then multiplied with the 2017 hourly wind speed to obtain a unitary wind turbine production curve. We considered this wind turbine model because its height (78 m) approximately matches the height of the wind speed data available. The lifetime of wind turbines was assumed to be 25 years with associated costs from SuisseEole (2020b). As for the PV system, wind production is also submitted to the following constraint:
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where [image: image] is the power produced by the wind turbine at time t, [image: image] is its nominal power, and [image: image] is the normalized produced power at time t given by the production curve described above.

• Pyrolysis - The amount of pyrolysis-based production was determined by the plastic waste production of the island. We considered the Biogreen 300 reference installation (Race for Water, 2018), processing 200 kg/h of plastic waste with a higher calorific value greater (HCV) than 34.2 MJ/kg, resulting in an annual energy production of 353 kW multiplied by 7,500 h per year. The installation was assumed to be turned off for maintenance for the first 105 h of each month, and to then produce a constant power. The lifetime of the pyrolysis system has been estimated at 15 years, and the associated costs were provided by ETIA (ETIA, 2019).

• Lithium-ion battery storage - The charging and discharging efficiency of these batteries was assumed to be 90% (Pierre and Luc, 2020). A lifetime of 10 years was considered, and associated costs were obtained from NREL (Cole and Frazier, 2019). The constraints associated with this storage system are the following:
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where [image: image] (resp. [image: image]) represents the power charged (resp. discharged) in the storage system at time t, [image: image] (resp. [image: image]) represents the energy charged (resp. discharged) in the storage system at time t, Rcharge max (resp. Rdischarge max) is the maximum charging (resp. discharging) rate, ηc (resp. ηd) is the charging (resp. discharging) efficiency and Emax is the total capacity of the storage system. Equation (9) ensures that the stored energy at any time t is always lower than the total capacity of the storage system and Equation (10) implies that the amount of energy stored in the system at the end of the year ([image: image]) is greater than or equal to the energy available initially ([image: image]).

• Hydrogen-based storage - The efficiency of the electrolyser to transform electricity into hydrogen was fixed at 60%, and the efficiency of the fuel cell to convert hydrogen back into electricity was set at 50%, resulting in an overall battery efficiency of 30% (Pierre and Luc, 2020). The elements of hydrogen-based storage were assumed to have a lifetime of 20 years with associated costs from ADEME (2019). The constraints associated with this storage system are the same as those described in Equations (4)–(10) for lithium-ion batteries with adapted parameter values.

These constraints, together with the corresponding OPEX and CAPEX costs, were gathered into the MILP problem, which was solved using Gurobi software (Gurobi, 2020). More precisely, we solved the following optimization problem:

[image: image]

where α is the set of parameters to be determined (e.g., battery sizes, etc.) submitted to the set of constraints encoded in [image: image], i reflects the (storage or production) system being considered, N is the total number of such systems and is different in the three options, and Gi(α) is the global annual cost associated with the system i. This cost is given by Gi(α) = Ci(α)/Li+Oi(α), where Ci(α) (resp. Oi(α)) is the CAPEX (resp. OPEX) of the system i being considered, and Li is the corresponding lifetime.




RESULTS

To better describe the three proposed options, we now detail the optimal solution found in each case based on the energy planning involved, the corresponding energy flow structure and the associated investment and electricity costs.


Energy Planning

Table 1 presents the nominal capacities of energy sources and storage systems required in each option.


Table 1. CAPEX, OPEX, lifetime, and optimal nominal capacities of the energy sources and storage systems (for MW-scale systems) in the three options.

[image: Table 1]

Several observations can be made from these results. First, regarding the energy production resources, it can be seen that in Option 1 the PV resource is oversized because it is the only energy production resource. This oversizing is also observed in Option 2 even though the diversification of the storage systems somewhat mitigates this effect. In contrast, in Option 3, the use of a diversified energy resource mix results in a large decrease in the PV nominal capacity as compared to Options 1 (78% decrease) and 2 (65% decrease). Comparing storage allocations in Options 1 and 2, we observe that the overall storage capacity is increased by 161% in Option 2 by including hydrogen-based storage, thereby decreasing the need for energy production. Note that the optimal scenario in Option 3 involves an intensive use of hydrogen-based storage, which suggests that this type of storage is crucial to integrate the diversity of energy resources.



Flow Structure

We now examine the annual optimal energy flow structure obtained in the three options. Figure 2 is a Sankey diagram illustrating these flows between energy sources, storage systems and uses. More precisely, the flows represent the amount of annual energy transiting from a source either to a specific storage system or to a direct use (consumption or loss). The energy part directly going from a source to losses corresponds to the amount of curtailed electricity. From a storage system, the energy is divided between the part which can be consumed and the losses that reflect the efficiency of the storage systems. Note that the curve widths are proportional to the energy flows within each option, but are not directly comparable between options as consumption (C) remains constant in each case.


[image: Figure 2]
FIGURE 2. Summary of the annual energy fluxes between energy sources, storage systems and uses. Energy sources include photovoltaic (PV), wind turbines (W) and pyrolysis (P); storage systems include lithium-ion batteries (B) and hydrogen-based storage (H); and uses include consumption (C) and losses (L).


In Option 1, 73% of the production is lost and only 12% is directly used. The battery-based storage stores 19% of the annual PV production and returns that energy with 90% efficiency. Overall, this option is found to induce the highest energy losses (73%) among the three options. By including hydrogen-based storage, Option 2 decreases the proportion of energy lost (56%) by storing an additional part of the PV production. Note, however, that hydrogen-based storage is 70% less efficient than lithium-ion batteries. Option 3 presents the lowest energy loss (33%) coming mainly from the limited efficiency of hydrogen-based storage. Almost all the energy produced by pyrolysis and wind turbines is directly consumed, thereby making the proportion of battery-based consumed energy lower than in Options 1 and 2. Finally, note that since consumption (C) is constant across all options, the amount of losses is proportionally more important in Option 1 than in Options 2 and 3 because the total energy production is higher in Option 1. For example, the ratio between the amount of losses in Options 1 and 3 is equal to (73%/33%)·(67%/27%) = 5.49, which is bigger than expected by merely comparing the percentage of losses in these two cases.



Cost Study

The options presented above should also be discussed from an economic point of view. Figure 3 presents two such aspects of these energy strategies: the investment costs to make the corresponding production and storage systems available (Figure 3A) and the electricity cost during the first year of use (Figure 3B).


[image: Figure 3]
FIGURE 3. (A) Initial investment costs for each option in millions of € and (B) the levelized cost of energy (LCOE) based on the energy consumed over the first year. A discount rate of 3% was considered to compute the LCOE.


It can first be observed from Figure 3A that the initial investment decreases for options that include a more diversified mix of energy sources and storage systems. A similar observation is made from Figure 3B regarding the electricity cost that includes both the investment and maintenance costs. Moreover, it can be seen that in Option 3 the costs are distributed across the various energy production and storage systems. In contrast, in Options 1 and 2, the majority of the costs are incurred by the PV resource, which needs to be oversized to meet the consumption constraints, as observed in Figure 2.




DISCUSSION

We have explored the benefits of a diversified energy mix using data from Easter Island. We believe the main outcomes of this study can help with thinking about green and autonomous energy transitions for islands and other remote areas.


On the Importance of a Diversified Energy Mix

A first conclusion to be drawn from our analysis is that relying on a PV plant as a unique energy production source requires the whole system to be oversized with a significant impact on the installation cost. Indeed, when PV is coupled with lithium-ion batteries, 73% of energy production is lost (Figure 2, Option 1) because it is more expensive to increase battery capacity rather than decreasing PV power. This result is in line with the conclusions of Katsaprakakis and Dakanali (2019), which compares storage technologies for small insular grids and concludes that a 100% annual renewable energy sources (RES) penetration cannot be achieved with only an electrochemical storage system. We also observe that coupling lithium-ion batteries with hydrogen-based storage (Option 2) allows for reducing the overall installation cost and energy losses, in agreement with previous observations (Simon and Gils, 2017; Groppi et al., 2018). Including hydrogen-based storage allows for absorbing seasonal PV production fluctuations (Pierre and Luc, 2020) that cannot be captured by lithium-ion batteries, but its limited overall efficiency (30%) and high cost still cause an energy loss of 56% when only PV is used as the energy source (Duić et al., 2003). In contrast, including other energy resources as presented in Option 3 decreases both installation costs and energy losses. Indeed, that option exploits the complementary nature of production sources: pyrolysis ensures a baseline production at all times, and PV and wind sources present complementary production profiles (SuisseEole, 2020a). Note that energy losses significantly decrease between Options 2 and 3 because the diversification of energy sources in Option 3 leads to smoother production profiles over the day. This results in a decreased requirement of the electrolyser's nominal power, thereby reducing the associated cost of this expensive storage element (Table 1).

Overall, we find that diversification of both the production and storage systems is essential to meet the energy consumption needs of the island with renewable energies at the lowest cost. The use of hydrogen-based storage is instrumental in this context and, considering recent attention devoted to this technology (Abe et al., 2019; ADEME, 2019; Hirscher et al., 2020), it seems reasonable to expect its cost and efficiency to evolve in the short- to mid-term. On the production side, the complementarity of PV and wind resources supports recent findings highlighting the potential of combining these resources to improve the robustness of the energy mix (SuisseEole, 2020a). In addition, these two resources are already widely used on various islands (Giatrakos et al., 2009; Hall and Swingler, 2018; Dorotić et al., 2019). We also considered a pyrolysis technology which is still in development. Our results highlight the potential of this technology when combined with classical resources, while also assisting with waste management issues that are common to many islands (Lavers et al., 2019; Race for Water, 2020). Other promising renewable energy sources, such as the innovative sea-wave-based technology proposed by (Curto et al., 2019), could be considered to further diversify the energy mix.



Comparison With the Current Situation

Electricity production on Easter Island is currently supplied by diesel-powered generators, most of which are located near the airport, at the southwest end of the island (Centro Energia, 2015). The exact energy production cost is hard to evaluate as the Chilean government is subsidizing this sector (HACIENDA, 1986). Some sources suggest that the cost is around 0.70 €/kWh while the retail price offered by the Easter Island distribution system operator ranges between 0.08 and 0.32 €/kWh depending on the monthly consumption (SASIPA SpA, 2020). We contend that our calculated cost of 0.18€/kWh (Figure 3B) for Option 3 is competitive with the current electricity market situation, even if certain limitations of our approach need to be taken into account, as detailed below. Then, it is important to note that moving to a distributed energy production system requires to production sites to be distributed across the island, which is likely to come with additional grid costs and constraints coming from the limited unprotected sites available. Likewise, the impact of wind turbines on the scenery has raised controversy on the island, and it is unclear whether this energy resource will be considered in the near future. One alternative resource to exploit wind with a lower impact on scenery could be the use of kite power, which has shown promising results on boats (Skysail power, 2020).



Limitations and Future Work

Our results rely on models and assumptions that come with several limitations. First, the whole electrical network and associated maintenance and adaptation costs were not considered. This was motivated by the modeling complexity required to account for these elements, and by the fact that these costs could be considered to be approximately similar across options. Second, we ran our optimization framework on one ideal working year, without accounting for facilities' aging, which might cause, e.g., decreases in their efficiency. Third, the optimization framework is based on economic criteria and using current investment and maintenance costs that might significantly change in the coming years. However, we expect these changes to mildly affect our conclusions, as most of these costs tend to decrease. In addition, the costs of the systems considered are those estimated for Europe and may vary on islands. Fourth, we assumed the annual consumption to remain constant over the years, whereas an annual increase of around 7% is expected in the coming years on Easter Island (Centro Energia, 2015). Finally, the optimal energy mix is given in terms of nominal power for supply and storage capacities which do not directly provide the optimal number of corresponding units. For example, we find that the optimal nominal wind power in Option 3 is 2.57 MW which does not correspond to an integer number of wind turbines.

Other development lines could be considered to improve the proposed tool and analysis. For example, using 2017 weather recordings allowed us to precisely predict the production of supply units for that year but does not account for climate uncertainties. Note that we used data covering a whole year in order to optimize energy mixes across different seasonal weather patterns, but future work might explore the robustness of different energy mixes to weather condition uncertainties. Finally, alternative energy storage or production sources could be considered such as biomass, tidal power, or mobile storage using electric vehicles depending on the resources available in the areas under study.




CONCLUSION

In this paper, the impact of diversifying the renewable energy mix of an island is explored. Using weather data and the energy requirements of Easter Island, three 100% renewable energy mixes are considered: [Option 1] PV panels with lithium-ion batteries, [Option 2] PV panels with battery-based and hydrogen-based storage and [Option 3] PV panels, wind turbines, and pyrolysis with battery-based and hydrogen-based storage. For each option, a mixed-integer linear programming (MILP) procedure is used to identify the capacities of supply and storage units providing the lowest investment plus maintenance cost, while meeting the energy needs of the island at any time. The results show that options with more diversified production and storage resources come with both decreased overall cost and energy losses. More precisely, the initial investment and levelized cost of energy (LCOE) of Option 3 are both reduced by around 50% as compared to the classic PV/battery system (Option 1). In addition, energy losses are reduced by a ratio of 5.49 between Options 1 and 3. The contribution of this research lies in both the quantification of costs associated with different energy mix options and the use of new technologies such as alternative storage systems or the containerized turnkey pyrolysis process. For example, hydrogen-based storage takes advantage of seasonal production fluctuations (e.g., higher PV production during the summer) that cannot be exploited by lithium-ion batteries. Then, the use of pyrolysis improves the robustness of the energy supply while also solving other challenges of islands such as waste management. Overall, this study illustrates the benefits of using diversified energy sources and storage systems to reach a sustainable and renewable energy mix on islands. Future work will aim to improve the modeling of supply and storage units to better integrate their peculiarities (e.g., type of electrolyser, battery state of charge, etc.). The optimization framework could also be extended to design energy planning over more than 1 year, thereby better accounting for system aging and cost fluctuations.
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k€] [k€] [year] 1 2 3

Source PV 74+884- 11§ 25 3665 2258 7.85 [MWp]
Pyrolysis 2500 150 15 - - 085 MW
Windtubine 1,425.8 49 25 - - 287 MW

Storage Lithum-ion 8108 8 10 4252 25.78 17.52 [MWh]

Hydogen 18 0488 20 - 8521 106.96 [MWh]
Electrolyser 12008 608 20 - 120 0553 [MW]
Fuelcel 30006 150 20 - 065 065 [MW]

Costs are given by a linear function of the amount of nominal power or capacity installed,
denoted , with units shown in the last column. For example, the CAPEX for the lthium-
ion battery in Option 2 is 310 - 26.78 = 7992 k€. The sources for CAPEX, OPEX, and
lifetime values are reported in subsection Modeling and optimization framework.
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