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Abstract

:

Although it can be complex to integrate variable renewable energy sources such as wind power and photovoltaics into an energy system, the potential benefits are large, as it can help reduce fuel imports, balance the trade, and mitigate the negative impacts in terms of climate change. In order to try to integrate a very large share of variable renewable energy sources into the energy system, an integrated energy planning approach was used, including ice storage in the cooling sector, a smart charging option in the transport sector, and an excess capacity of reverse osmosis technology that was utilised in order to provide flexibility to the energy system. A unit commitment and economic dispatch tool (PLEXOS) was used, and the model was run with both 5 min and 1 h time resolutions. The case study was carried out for a typical Caribbean island nation, based on data derived from measured data from Aruba. The results showed that 78.1% of the final electricity demand in 2020 was met by variable renewable energy sources, having 1.0% of curtailed energy in the energy system. The total economic cost of the modelled energy system was similar to the current energy system, dominated by the fossil fuel imports. The results are relevant for many populated islands and island nations.
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1. Introduction


Following the Paris agreement, nations across the globe have decided to take actions to mitigate global warming by well under 2 °C [1]. In order to achieve that goal, a significant reduction in greenhouse gas (GHG) emissions will need to be attained [2]. Renewable energy sources can achieve three different targets, reducing GHG emissions, providing a more affordable energy system in the long term, and securing an energy supply, the three pillars of the European Union’s plan for the energy transition [3]. The security of the energy supply is especially important for islands and islanded countries, even more so if they do not have transmission connections with neighbouring countries. Currently, many island countries depend on GHG emission-rich diesel generators, which leads to a large consumption of fuel oil and diesel, and their associated GHG emissions [4]. Being heavily reliant on oil makes the island communities especially sensitive to fluctuations in oil prices [5]. Currently, many islands have expensive oil-based energy systems in place, meaning that their transition towards cleaner energy systems does not necessarily need to result in a more expensive energy system in the long run, due to the rapidly decreasing costs of renewable energy technologies [6]. Furthermore, such communities can tackle the issue of security of the energy supply by using energy sources that do not demand fuel, such as photovoltaics (PV) and wind turbines.



A comprehensive review of the modelling and planning of energy systems for isolated areas can be found in [7]. The authors showed that the most common software tools for modelling isolated areas were HOMER, H2RES, and, to a lesser degree, EnergyPLAN. In the mentioned review [7], papers being reviewed involved case studies focusing on the power sector and/or water sector only and not on integrated energy planning across the whole energy sector. The most commonly used combinations of technologies were diesel-wind-PV with batteries and/or reverse osmosis (RO) for water desalination [7].



Some papers focused on the theoretical 100% renewable energy systems in islands, while others focused on the renewable energy supply in the power sector only. The EnergyPLAN tool was used to show that it is possible to achieve a 100% renewable energy system on an island in Northern Europe by 2030 [8]. The authors stated that the renewable energy island would not be significantly more expensive than the business-as-usual case, having total system costs of 247 M€ per year for the renewable energy scenario and 229 M€ per year for the business-as-usual case. The authors adopted a holistic approach, integrating power, thermal, and transport sectors at an hourly time resolution; however, seawater desalination was not considered. Besides other technologies, the renewable scenario included a heavily electrified transport sector, where batteries were used to provide the grid flexibility via the vehicle-to-grid (V2G) technology, as well as different power-to-gas technologies. Variable renewable sources had a share from 33% to 68% of the total primary energy supply in different scenarios, while the remaining share was met by the biomass and biofuels combustion. Moreover, all of the alternative scenarios had a non-negligible amount of curtailed energy, in the range from 2% to 28%, the lowest amount being obtained in a scenario that included the large capacity of synthetic fuels production via electrolysers and methanation processes. The scenario with the lowest primary energy consumption (a 6% reduction compared to a business-as-usual scenario) integrated all the energy sectors, including the total electrification of the transport sector with vehicle-to-grid utilisation.



A similar methodology was adopted on a case study of a 100% renewable energy supply of La Gomera island for the year 2030 [4]. The modelling tool was again EnergyPLAN and the time resolution adopted was one hour. The power, heating, and transport sectors, as well as water desalination, were taken into account. The authors showed that based on their cost assumptions all of the alternative renewable scenarios had lower annual costs compared to the business-as-usual scenario. The most utilised technologies were PV, wind, electrolysers, and biomass power plants, while the storage technologies being utilised were batteries and hydrogen storage [4]. The share of variable renewable electricity generation was from 53% to 96.7% in different scenarios, while the remaining share was met by biomass combustion [4].



Fiji represents a small island developing state that is heavily dependent on imported fossil fuels. It produced 50.9% of the electricity demand by diesel generators in 2014, with fuel import having a 21% share of total imports [9]. Thus, the authors stated that strategies for a quick transition to larger shares of renewable energy sources should be found in order to reduce the dependence on fuel imports [9]. As the authors carried out a SWOT analysis (strengths, weaknesses, opportunities, threats), they reported only yearly potentials of different technologies, without more detailed supply-demand analysis at a finer temporal resolution.



Montserrat is a Caribbean island with a population of approximately 5000. As the island was completely dependent on diesel imports, several stakeholders suggested a transition towards renewable alternatives [10]. The proposed solution included a 4.5 MW geothermal plant and 1 MW of PV. Diesel generators would only serve as an emergency backup. The authors concluded that, based on net present cost analysis, a transition to renewable energy sources presents an economically viable option. However, the availability of a large geothermal energy potential for electricity generation on islands is seldom the case.



One invited paper examined the potential for an energy independent island that would use a combination of wind and ocean energy [11]. The case study was carried out for the Aran Islands off the west coast of Ireland. Practical yearly wind generation potential was estimated to be 1599 GWh, while the wave resource potential was estimated to be 192 GWh. In order to make the island completely renewable, the authors suggested the electrification of the transport fleet and heating components. Moreover, the authors proposed flexible charging of electric vehicles which would coincide with periods of high renewable energy generation [11]. Smart charging of electric vehicles was also adopted in the present paper. Results of the paper showed that only energy efficiency measures had positive economic benefits [11].



The case study of Shetland, a group of 16 islands located in the UK, focused only on the power sector [12]. Results showed that active demand management is needed in order to incorporate increased amounts of variable renewable energy. A combination of individual electric heaters and heat storages were used for the demand response, resulting in a viable wind energy capacity of 13.9 MW, from an initial capacity of 4 MW. The resulting share of wind energy production was 25.4%, and curtailed energy was 0.6% [12].



One of the recent research papers focused on the renewable possibilities in a group of islands in Croatia [13]. Authors used an hourly supply-demand model and a combination of PV, batteries, and interconnectors between the group of islands. The four examined islands reached shares of variable renewable energy generation of 74%, 86%, 84%, and 80%. However, curtailed energy was 5% in the best case and 35% in the worst case; the worst case being the one without interconnectors to other islands [13].



Mauritius is an island with a population of around 1.2 million. As 50.7% of the final energy demand is consumed by the transport sector, Mauritius is significantly dependent on imported oil [14]. Hence, the authors of [14] suggested a holistic approach when modelling a future energy system, including the transportation and cooling sectors. The authors of [14] presented the yearly potentials of different technologies citing many different sources, without a detailed supply-demand analysis at a more detailed time resolution. Another research group focused on the possibility of 100% renewable electricity on the island of Reunion by 2030 [15]. The authors used a TIMES model, having eight hourly time slices for each day of a year [15]. The technical solution included 50% variable energy sources, mainly solar and to a lesser extent wind and wave energy, while the remaining share was met by hydro and biomass [15]. However, the authors focused solely on the power sector and not on the whole energy system. Finally, Samsø island in Denmark achieved a 100% net renewable electricity supply by a set of different energy policies and a significant inclusion of the local population in the transition [16]. Their technical solution included around 38% of primary energy demand met by variable renewable energy sources, mostly by wind, while other sources in the power sector included biomass and straw [16]. The scenarios for a 100% renewable holistic energy system were carried out at an hourly resolution, integrating the power, heating, and transport sectors [17].



Integrated energy modelling usually includes several or all of the following sectors: Power, heating/cooling, transport, gas, and water [18,19]. The integrated energy modelling approach includes all the energy sectors, as opposed to a sole focus on a single sector, such as the power sector. It has been claimed that the cross-sectoral integration can achieve significant energy savings and result in a cheaper sustainable energy system [20].



The Hawaiian Island of Maui is located in a hot climate and imports a large amount of diesel. In order to reduce its fossil fuel dependence, the US Department of Energy set a goal of achieving 40% of renewable generation by 2030 [21]. Integrated modelling revealed that curtailed energy dropped from 23.1% to 19.0% by utilising a smart charging option. In the best case simulated for the year 2030, delivered variable renewable energy reached 26.4% of the total energy delivered [21].



The literature review presented here focused mostly on the future energy system in the medium- and long-term. Moreover, a lack of the holistic approach focusing on the whole energy system can also be observed in the reviewed literature [7,15], with the power system often treated independently, and desalination infrequently included. On the other hand, papers that focused on the holistic energy system [4,8,17] focus on the short-term and used hourly time resolution. The latter resulted in viable models for energy planning purposes, but not for the operational planning, for which finer temporal resolutions are needed.



In order to tackle the problems identified in the literature, this paper aims to couple a comprehensive holistic approach in energy systems modelling with a finer temporal resolution (5 min) for a Caribbean Island case study, allowing for modelling at the operational level, rather than the planning level. Moreover, the resulting energy system is compared with the reference energy system in terms of the levelized costs of electricity. The amount of curtailed energy is often considered an important technical indicator for evaluating the integration level of variable renewable energy sources. The main goal of the paper was to reach a significant share of variable renewable energy sources in an island without interconnections to nearby regions, with a low amount of curtailed energy. In order to keep the curtailed energy as low as possible, an integrated approach between the power, cooling, transport, and water desalination sector was proposed. As islands located in hot climates, such as in the Caribbean, are often dominated by the consumption of imported diesel, this paper will evaluate the possibility to utilise significant shares of the region’s widely available renewable resources, helping to curb the amount of imported fossil fuels.




2. Methods


Energy Exemplar’s PLEXOS software (version 7.2 R2, Energy Exemplar, North Adelaide, Australia) was used to model the energy system of the representative Caribbean island nation. PLEXOS is a simulation software that uses optimisation techniques and a user-friendly interface to simulate the integrated electric power and gas systems [22]. PLEXOS can implement a user-defined time resolution, providing the needed flexibility to the modeller. In this paper, a deterministic mixed integer linear programming approach was used with the objective function to minimise the total system operational costs. The PLEXOS modelling tool is a unit commitment and economic dispatch tool that can take into account different security, fuel, and operational constraints. For the purpose of this paper, the focus was on the economic dispatch, and no security constraints were imposed that would take into account a possible sudden malfunction of a generator, voltage control, and/or frequency regulation.



For this paper, 5 min and 1 h resolutions were implemented in order to compare the differences in results when coarser and finer temporal resolutions were implemented. One year of operation of the energy system was modelled for the reference energy system, with the representative year chosen to be 2015, as well as for the near future energy system, with the modelled year chosen to be 2020.



The studied energy system integrated the power, cooling, transport, and water desalination sectors in order to absorb very large shares of variable renewable energy sources in the system. The driving force for this approach was the notion that much cheaper thermal energy storage (ice storage) can be used instead of more expensive grid batteries. Moreover, RO for water desalination can be operated flexibly, if sufficient overcapacity exists in the system, helping to match the electricity demand and supply. Furthermore, for a part of the transport sector that was anticipated to be electrified by the year 2020, a smart charging option was assumed to help balance the demand and supply. Finally, the difference between vehicle-to-grid (V2G), where electricity can be fed to the grid from vehicle batteries when they are not used, and the smart charging option was compared in a sensitivity analysis.



In the power sector, PV, wind turbines, and gas power plants driven by biomethane extracted from landfills were prioritised for different reasons. First, both PV and wind energy do not contribute to air pollution (no emissions of NOx, SOx, or particulate matter (PM)) or greenhouse gases (GHGs). Second, both PV and wind farms already exist on many of the Caribbean islands, making it easier to scale-up the installed power, as the expertise already exists in the system. Third, waste disposal is a necessity in every country; thus, it is suitable to use it for energy generation in order to reduce the negative effects of landfills. Fourth, both PV and wind turbines are rapidly developing technologies which have shown significant decreases in cost in the past several years [4]. The latter is beneficial for the economic feasibility of the energy system with large shares of renewable energy.



Based on the literature review, the two most widely used software tools for the modelling of islanded energy systems were H2RES and Homer [7]. The H2RES model follows a simple methodology of mapping the needs and resources and matching these two [23]. It has several pre-modelled technologies, such as wind, solar, wave, hydro, geothermal, biomass, fossil fuels, and desalination. Moreover, the model includes thermal storage, hydrogen storage, and batteries. It is a simulation software that uses an hourly temporal resolution. It has previously been predominantly used for case studies in Portugal and Croatia [23].



Homer is a more flexible model compared to H2RES, with the possibility of modelling the power networks in much greater detail. Homer is focused on the power sector, with capabilities for modelling many different technological constraints specific to the power sector, and can implement the temporal resolution down to one minute. Due to its heavy focus on the power sector, the software has mostly been used for smaller technical systems such as microgrids or different combinations of PV or wind turbines combined with water desalination [7]. However, the Homer software is not particularly suited for modelling different storage solutions. It only has batteries as a predefined storage option. One workaround is that by suitably tweaking different battery characteristics, it is possible to model other types of storage, e.g., pumped hydro storage [24]. The objective of the Homer software is to find the lowest-cost combination of equipment for microgrids that can consistently meet the electric load.



PLEXOS is a more flexible and comprehensive model compared to both Homer and H2RES. It has flexibility in both temporal and spatial resolutions as the modeller can choose the level of detail with which they want to model the transmission grid and load/generating characteristics. Moreover, PLEXOS has well-developed general storage solutions which can easily be adopted for any storage that generates or consumes electricity.



In this paper, the part of the transport sector that was electrified was modelled via batteries located in electric vehicles. A smart charging option was utilised, meaning that the vehicles could be charged in an optimal way from the system point of view, as long as they are parked and connected to the grid. The hourly transport demand pattern was taken from [25], while the transport energy demand for the typical Caribbean island country was taken from [26].



Thermal storage (ice storage) can provide a load-shifting possibility in the system, as the ice can be generated when there is an abundance of electricity generated in the system and then utilised when there is a lack of low marginal cost electricity available in the system. Ice storage was modelled as storage that can be filled at any point in time. The energy can then be discharged to meet the cooling loads in the system. The discharge of the storage was constrained up to the maximum amount of the cooling demand in a particular hour or 5 min period. However, the cooling demand could have been met by direct utilisation of the electricity in electric chillers, by ice storage, or by a combination of both. The latter combination was allowed to cover the possibility that due to the large installed capacity of PV, the excess electricity could be generated during the midday when the cooling demand is usually the largest. There were no implemented constraints on the number of cycles that chillers could perform in a year. The cooling pattern for hotels in hot regions was adopted from [27] while the amount of energy demand for cooling of hotels and resorts in a typical Caribbean island nation was taken from [26].



Finally, RO technology for water desalination and the associated desalinated water storage was the third modelled storage in this paper. RO can be run flexibly if an excess capacity exists in the system. The typical Caribbean island nation can have more than 38% of excess capacity for the desalination of seawater [28]. As the average consumption of electricity per m3 of desalinated water produced by RO technology is around 3.5 kWh, RO technology can be considered as storage if more desalinated water is produced when there is excess electricity available in the power system, and then stored in relatively cheap desalinated water storage. The equivalent of three days of storage of desalinated water was assumed in this study to increase the flexibility of the energy system. The approach of using water storage instead of energy storage was also adopted in [29], although their storage size was much larger, equating to 30 days of water demand. On the other hand, for the case of flexibly utilising reverse osmosis in Jordan, the storage capacity equated only to 6 h of average demand [30]. For this paper, it was assumed that a smaller capacity of three days of average water demand would provide enough flexibility in the energy system.




3. Case Study


The case study used in this paper depicts a typical island nation in the Caribbean and is based on data derived from measured data from Aruba. Our case study consists of a single island nation with a population of approximately 100,000. The yearly electricity consumption in the reference year (2015) was 657.5 GWh, while the peak load demand equates to 99.5 MW. Almost all the primary energy demand for fossil fuel is in different forms of oil, i.e., diesel, gasoline, and fuel oil. All the oil used in the energy system is imported, putting a significant burden on the current account balance of the island country. One can assess the share of oil demand in different sectors in Table 1. Electricity generation is responsible for 75% of the total oil demand.



The island is located in a very warm region, with relatively small temperature oscillations throughout the year. It does not have a space heating demand. Furthermore, it has very high wind and solar potential, with high capacity factors of wind turbines and PV.



Current power plants are driven by distillate fuel oil, consisting of back-pressure steam turbines, combustion turbines, and reciprocating engines, along with the wind turbines and PV. One can note from Table 2 that the number of generators decreased in terms of steam turbines and combustion turbines. The most demanding aspect would be to find suitable locations for another two onshore wind plants. This could possibly be solved via significant upgrades to the two sites currently in use.



Both 5 min and hourly load profiles were scaled from the real data obtained for Aruba. Load demand is expected to remain constant through the year 2020 due to increased energy efficiency measures. Hence, an increase in economic activity was assumed to be balanced by the increased energy efficiency measures, resulting in a flat electricity demand.



In order to project a realistic energy system for the short-term future, it is important not to significantly increase the number of energy generator sites, as the latter can significantly complicate the projects due to siting and permitting issues.



Installed capacities of the different technologies can be found in Figure 1. The total capacity of ice storage was 820 MWh, with 30 MW of power in a pumping mode and 15 MW in a discharge mode. Reverse osmosis had a capacity of 44,000 m3/day, equivalent to the peak power demand of 6.4 MW. The total capacity of batteries installed in vehicles was 25.4 MWh.



The typical distribution between different transport modes for a Caribbean island nation dominated by tourism can be seen in Table 3. Buses, tour buses, and taxis (noted with bold font) are the transport modes that could be quickly electrified via governmental policies. Moreover, these transport modes usually operate significantly more frequently than personal vehicles, which could bring additional savings to their operational costs. The transport modes anticipated to be electrified represent 11.9% of the final transport energy demand.



Economic input consisted of the investment costs of the energy plants, fixed and variable operating and maintenance (O&M) costs, and fuel costs. Socio-economic costs of the energy system were calculated and reported, meaning that the taxes were not included. A potential carbon tax [31] and the resulting costs were separately reported in the sensitivity analysis to allow for comparison if the negative externalities caused by the climate change are to be included in the socio-economic costs. The economic parameters used in this study can be seen in Table 4.



The distillate fuel oil price that was used for the year 2020 was 5.43 2015 USD/MWhfuel, while the price forecast was obtained from the US Energy Information Administration [37]. Possible carbon tax for the year 2020 was set at 15 USD/tonCO2, based on [31]. The weighted average cost of capital (WACC) that was used for the economic calculations was 7%.



Based on reference [26], it was assumed that 15% of the total electricity consumption over the year goes toward the cooling of hotels and resorts in the Caribbean nations. It was assumed that the same share of the peak load is demanded by the cooling systems of hotels and resorts. Hourly cooling distribution was adapted from [27], that was made for the case of Singapore, which also has steady temperatures without distinctive seasons over the year. The total capacity of thermal storage (ice storage) was set to the equivalent of three days of cooling demand, i.e., to 0.8 GWh. The heat exchangers could deliver 15 MW of cold in the discharging mode and store 30 MW of cold in the charging mode.



In total, 88.5 GWh of the yearly oil demand for transport (11.9% of the total oil demand for transport) was electrified, as it was assumed that buses, tour buses, and taxis could quickly switch to electrified means, due to the large operational times and thus, large potential operational savings when electrified. Due to the increased efficiency of electric motors compared to the internal combustion engines, it was assumed that the buses would become more efficient by a factor of 2.5 [38,39] and taxis by a factor of 3.5 [40]. The resulting final electricity demand for the same transport demand amounted to 30.7 GWh/year.



It was assumed that the consumption of buses is 1.35 kWh/km [38] and the consumption of cars is 0.2 kWh/km [40]. Battery capacities were 320 kWh per bus and 100 kWh per car (taxi). Buses were charged via 150 kW chargers and cars via 100 kW chargers. The resulting capacity of batteries in all the electrified vehicles in the year 2020 was 21.3 MWh for the case of buses and 4.1 MWh for the case of cars.



The main economic indicator for the energy system was the total socio-economic cost of the system, while the technical indicators were fossil fuel consumption, total primary energy supply, curtailed energy, and the need for dispatchable power sources in the system for the case when neither wind turbines nor PV were generating electricity. Total CO2 emissions were the environmental indicator of the energy system.




4. Results


The energy system was simulated via the PLEXOS model built from the data described in Section 3, finding the cost-optimal generation mix, resulting in minimised operating costs of the energy system. The total load demand and curtailed energy on both 5 min and 1 h time resolutions, in addition to the primary energy supply in the energy sector, can be seen in Table 5.



One can note from Table 5 that the curtailed energy is significantly greater with the 5 min resolution than with the 1 h temporal resolution. The reason is that the sudden spikes in the energy generation from the variable energy sources are averaged out in the 1 h resolution data, not revealing the true amount of the curtailed energy. It is important to note that in the Caribbean both PV and onshore wind turbines have high capacity factors, i.e., 54.1% for wind turbines and 25.3% for PV in this case study. The total curtailed energy with the 5 min resolution data for the year 2020 was equal to 1.0% of the total generated electricity.



For the energy system in the year 2020, PV met 14.5% of the total electricity demand, wind met 63.6% of the total electricity demand, and the biogas power plant met 6.5% of the total electricity demand. Therefore 78.1% of the total electricity demand was met by variable renewable energy sources and a total of 84.6% of the electricity demand was met by renewable energy sources. The shares of steam turbine plants, combustion turbine plants, and reciprocating engines electricity generation were 4.8%, 0.1% and 10.6%, respectively.



Electric vehicles consumed a total of 30.7 GWh of electricity (11.9% of the end-use transport demand and 4.4% of the total electricity generation), and all of the energy demand was met via smart charging. Excess capacity of the RO for water desalination used the 0.9 GWh of electricity in a flexible manner (0.13% of the total electricity generation), acting as a flexible load for the grid. Ice storage provided 19.16 GWh of thermal (cooling) energy to the hotels and resorts, equivalent to the 19.4% of the total cooling demand of the hotels and resorts. The remaining amount was met by direct utilisation of electricity in electric chillers.



The curtailed energy in the hours of the occurrence, as well as the curtailed load duration representation, can be seen in Figure 2. It can be seen that the curtailed energy occurred during a small number of hours, but at very high levels. Curtailed energy occurred during 5.3% of the yearly 5 min intervals.



The maximum dispatchable power needed on the 5 min time resolution was 98.5 MW or 89% of the peak load of the system. Although there were 104 h when neither wind turbines nor PV were generating electricity, the dispatchable power needed was lower than the peak load due to the mismatch in the peak load demand and periods without any generation from variable sources, as well as the ability of thermal energy storage to cover part of the cooling load instead of using electricity directly in chillers.



The total system costs are presented in Figure 3. The levelized costs of the energy system (carbon costs excluded) were 2.2% higher in the year 2020 than in the year 2015. On the other hand, the socio-economic costs of the energy system (carbon costs included) were 2.5% lower in the year 2020 than in the year 2015.



Detailed economic results of the contributing costs of different parts of the energy system to the overall costs can be seen in Figure 4. One should note that only the costs of the transportation that underwent electrification are presented in Figure 4 as the costs for other vehicle types did not differ between the two compared energy systems.



A sensitivity analysis was carried out in order to check the impact of a potential V2G charging concept versus smart charging. The sensitivity analysis was carried out with the 5 min temporal resolution data. The amount of curtailed energy was 7.01 GWh in the V2G case, versus 7.12 GWh in the smart charging case. The V2G option managed to integrate only marginally more renewable energy sources, 84.7% to 84.6%. Hence, it can be concluded that smart charging is sufficient for the penetration levels of the variable renewable energy sources assumed in this case study. The latter could be an important finding as many vehicle manufacturers could be hesitant to allow for the higher cycling of vehicle batteries that would be needed if the V2G option were to be utilised.



Another sensitivity analysis was carried out in order to check the sensitivity of the fossil fuel based energy system on the price of oil. As it can be seen from Figure 3, the levelized costs of the energy system (without carbon tax included) were 2.2% higher for the renewables-based energy system than the fossil fuel based energy system. The sensitivity analysis showed that a fuel price increase of 7.3% compared to the prices reported by the US Energy Information Administration [37] would be needed to reach the price parity of both energy systems in terms of the levelized costs (carbon tax excluded).



The CO2 emissions of the energy sector, transportation, and industry can be seen in Table 6. Carbon emissions in the power sector were reduced by 76% in 2020 compared to the reference system. The total carbon emissions were reduced by 46% in the year 2020 compared to the energy system of the reference year.




5. Discussion


Using the integrated energy modelling approach described in this paper, an energy system with a significant amount of variable renewable energy was simulated at a cost similar to the traditional, fossil fuel-based energy system in the Caribbean. Moreover, it was shown that when a significant amount of variable energy is modelled in the system, a sub-hourly temporal resolution is needed in order to realistically capture the curtailed energy. Furthermore, it was shown that the energy system could significantly change in the near future using existing technology solutions.



Generally, there are four main flexibility sources in an energy system: Transmission capacity to neighbouring areas for import/export of electricity, energy storage, demand response, and power-to-heat or power-to-gas technologies [41]. In this paper, the value of energy storage and power-to-heat flexibility sources in meeting carbon and fuel reduction goals was investigated. It is important to note that no grid battery storage was installed, while very large shares of variable renewable energy were still integrated in a competitive manner.



Also important to note is that the ice storage is significantly cheaper than the battery storage and this fact was successfully utilised in the modelled energy system [42]. Although the battery prices have dropped significantly in the last decade, and even if the positive trends continue, the resulting prices of different battery types are anticipated to be in the range of 100–200 USD/kWh [43]. Compared to the ice storage prices of 10 USD/kWh, shown in Table 4, one can note that the future prices are expected to be at least one order of magnitude lower compared to the prices of battery storage. The latter points to the importance of integrated modelling of the power and cooling sectors, and more broadly heating, ventilation, and air conditioning (HVAC), in order to make it possible to utilise the lower capital expenses (CAPEX) costs of thermal energy storage technologies.



The achieved curtailed energy in this paper was 1.0% of the total generated electricity, which is a lower amount than given in [44], where the 5% threshold was achieved. Moreover, on one of the resulting charts from [8], it could be seen that all the future scenarios modelled for the Åland Islands had between 2% and 28% of the energy curtailed, a much larger amount than in the present paper. Furthermore, this case study generated 78.1% of electricity from the variable energy sources, compared to the 38% for the case of renewable energy on Samsø island [16] and around 50% for the case of renewable energy on Reunion island [15]. In addition, the local integrated energy system without the import/export transmission capacity achieved a 57% share of the variable renewable energy generation, without the reported curtailed energy (modelled on a 1 h temporal resolution) [45]. Finally, the resulting curtailed energy in the present paper was significantly lower than in [13], which focused on the power sector only. In [13], shares of variable renewable energy generation were between 74% and 86% for different islands, and the achieved curtailed energy was 5% in the best performing island, which included an interconnector with the nearby island. In the worst performing case, curtailed energy reached 35%.



The transport sector can play an important role in providing flexibility when electrified. One paper that used the same modelling tool as the present paper showed that the smart charging of vehicles does not cause an increased peak load for the case of Ireland [46]. In this paper, the electrified part of the transport sector successfully provided the flexibility needed for the integration of a significant amount of renewable energy sources. Furthermore, the difference between smart charging and the V2G mode was only marginal, i.e., the amount of curtailed energy reduced by 1.5% in the case of the V2G operational mode (from 7.12 GWh to 7.01 GWh). However, keeping in mind that the total curtailed energy of the energy system of 2020 amounted to the 1.0%, the resulting difference between smart charging and V2G is not significant.



Finally, oil imports could be significantly reduced by adopting the proposed measures in the energy sector. The resulting oil imports for the power, transport, and industry sectors in 2020 would be 46.4% lower than in 2015, see Table 5. Reduced oil imports would improve the balance of payments, as well as increase the generation diversity. Furthermore, a shift towards more capital intensive renewable energy sources would shift the burden of operational costs from variable cost, dependent on the changing fuel prices, to fixed costs, which can be planned for in advance. Moreover, the holistic energy modelling and resulting measures, as well as the achieved lower reliance on the imported oil for a typical Caribbean island nation is in line with the recommendations made for Mauritius [14].



There are several limitations of this study. First, the adopted 5 min temporal resolution is still not sufficient for modelling frequency and voltage control, which could impose further costs on the power system. Second, the transmission and distribution grids were not modelled, resulting in a lack of potential to capture grid congestion which could further curtail a certain amount of renewable generation. Third, due to the lack of available data, industry consumption data was not optimised in the system, meaning that there are probably additional efficiencies that could have been captured. Fourth, only the socio-economic costs were reported, which lacks the detailed business-economic analysis needed if the push for more PV and wind energy were to be achieved by private investors. Fifth, air pollution and the corresponding negative externalities were not captured by this model. Although one can argue that more wind energy and PV will emit less harmful emissions and pollutants (NOx, SOx, and PM) compared to oil-driven technology, the latter difference was not quantitatively calculated by this model. The limitations mentioned here represent possible future research directions that could further improve energy planning of the island countries, especially for those located in the hot regions, like the ones in the Caribbean.



As globally more than 11,000 inhabited islands can be found, with a population of around 740 million people [45], the results of this study are relevant for many different case studies, especially those of developed countries in tropical regions. Furthermore, the results of this study are relevant for any energy system with a large cooling demand, which is not connected to the surrounding regions via transmission cables.




6. Conclusions


An integrated energy modelling approach for a Caribbean Island case study was carried out in this work. The study focused on the energy transition in the short-term, taking into account the power, transport, cooling, and water desalination sectors. Moreover, the study focused on the operational planning of the energy system with a large share of variable renewable energy sources, adopting a 5 min time resolution. Several conclusions arose from this study:




	
Integrated energy modelling allowed for integration of a large share of variable renewable energy sources, i.e., 78.1% of the final electricity demand was met by variable renewable energy sources, with 1.0% of curtailed energy in total, although the modelled energy system did not have external transmission capacity with the surrounding regions.



	
A Vehicle-to-grid (V2G) charging option had only marginally better results in integrating variable renewable energy sources (measured by reduction in curtailed energy) than the smart charging option, reducing the amount of curtailed electricity generation by only 1.5% (from 7.12 GWh to 7.01 GWh).



	
The energy system based on variable renewable energy sources had a similar economic cost compared to the incumbent, fossil fuels based energy system. The renewable energy system was 2.2% more expensive the than fossil fuels based energy system, excluding the costs of CO2 emissions. In terms of socio-economic costs of the energy system (carbon costs included), the renewable energy system was 2.5% cheaper than the fossil fuel based one. One of the sensitivity analyses showed that fossil fuel prices would need to increase by 7.3% in order for levelized costs of the renewable energy system to reach the price parity of the fossil fuel based energy system.



	
Oil imports could be reduced by 46% in this case study, potentially reducing the negative current account balances for small island nations.



	
A large number of inhabited islands worldwide (more than 11,000 with approximately 740 million inhabitants) makes the result of this study relevant and transferable to other case studies located in the warm regions.
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Figure 1. Installed capacities of different technologies in the year 2015 and 2020. 
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Figure 2. Curtailed energy in the energy system of 2020. 
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Figure 3. The total system costs of energy systems in 2015 and 2020 (note that y-axis does not start at zero). 
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Figure 4. Economic results (carbon costs excluded) of the energy systems in the reference year and the year 2020. 
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Table 1. Primary energy demand for the representative Caribbean island.
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	Oil Consumption
	GWh/Year
	Share





	Electricity generation
	3141
	75%



	Transport
	743
	18%



	Industry
	304
	7%



	Total
	4188
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Table 2. Number of generator units and the total installed capacities in 2015 and 2020 *.
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	Reference System 2015 (MW)
	Energy System 2020 (MW)





	Steam turbines
	4 (69)
	3 (46)



	Reciprocating engines
	6 (30)
	6 (30)



	Combustion turbines
	5 (40)
	4 (30)



	Solar PV
	1 (8)
	2 (50)



	Wind
	2 (50)
	4 (100)



	Gas turbine (biomethane)
	0
	1 (10)







* For PV and wind plants the stated value represents the number of locations. The total capacities are stated in parentheses.
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Table 3. The share of different transportation modes in a typical Caribbean island [26].
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	Number
	Fuel Type
	Total Gallons per Day
	Share
	GWh/Year





	Passenger cars
	24,991
	gasoline
	15,446
	28.0%
	204



	Passenger vans (gasoline)
	17,493
	gasoline
	14,788
	26.8%
	195



	Passenger vans (diesel)
	4806
	diesel
	2844
	5.2%
	40



	Trucks
	901
	diesel
	10,030
	18.2%
	141



	Buses
	116
	diesel
	2409
	4.4%
	34



	Tour buses
	173
	diesel
	1497
	2.7%
	21



	Taxis
	373
	gasoline
	2557
	4.6%
	34



	Rental
	3620
	gasoline
	4648
	8.4%
	61



	Government vehicles
	448
	gasoline
	383
	0.7%
	5



	Motorcycles
	1791
	gasoline
	610
	1.1%
	8



	Total
	
	
	15,446
	
	743
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Table 4. Economic parameters used in the study.
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	Investment Cost (USD/MW)
	Fixed O&M (USD/MW)
	Variable O&M (USD/MWh)
	Efficiency
	Technical Lifetime (year)
	Ref.





	Steam turbines
	1,500,000
	45,000
	4.25
	26%
	30
	[32]



	Reciprocating engines
	1,430,000
	0
	9
	42%
	25
	[33]



	Combustion turbines (mini size, 0.1–5 MW)
	1,750,000
	0
	7
	29%
	25
	[34]



	Wind turbines
	1,384,000
	22,000
	0
	
	20
	[35]



	Photovoltaics
	1,450,000
	14,000
	0
	
	30
	[35]



	Biomethane (gas turbine, medium size, 5–40 MW)
	1,400,000
	0
	4.25
	40%
	25
	[34]



	Desalination plant (USD/m3/day)
	800
	40
	0
	
	25
	[36]



	Ice storage (USD/MWh)
	10,000
	250
	0
	90%
	25
	[32]
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Table 5. Technical indicators of the energy system.
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	Indicator
	2015
	2020





	Peak demand (MW) 1 h
	93.6
	109.4



	Peak demand (MW) 5 min
	99.5
	110.6



	Total generation (GWh)
	657.5
	699.0



	Curtailed energy 1-h (GWh)
	0
	0.5



	Curtailed energy 5-min (GWh)
	0
	7.1



	Wind (GWh)
	237.9
	461.5



	PV (GWh)
	17.81
	98.4



	Oil * for power sector (GWh)
	1273.2
	305.8



	Oil * for transport and industry (GWh)
	1047
	939



	Primary energy supply (GWh)
	2575.8
	1805.1







* All of the oil consumption was imported.
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Table 6. CO2 emissions in the energy system.
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	Carbon Emissions
	2015
	2020
	Unit





	Carbon emissions power sector
	317,000
	76,000
	tonCO2



	Total carbon emissions (including industry and transport)
	578,000
	311,000
	tonCO2











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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