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Abstract

:

Island energy systems are becoming an important part of energy transformation due to the growing needs for the penetration of renewable energy. Among the possible systems, a combination of different energy generation technologies is a viable option for local users, as long as energy storage is implemented. The presented paper describes an energy-economic assessment of an island system with a photovoltaic field, small wind turbine, wood chip gasifier, battery, and hydrogen circuit with electrolyzer and fuel cell. The system is designed to satisfy the electrical energy demand of a tourist facility in two European localizations. The operation of the system is developed and dynamically simulated in the Transient System Simulation (TRNSYS) environment, taking into account realistic user demand. The results show that in Gdansk, Poland, it is possible to satisfy 99% of user demand with renewable energy sources with excess energy equal to 31%, while in Agkistro, Greece, a similar result is possible with 43% of excess energy. Despite the high initial costs, it is possible to obtain Simple Pay Back periods of 12.5 and 22.5 years for Gdansk and Agkistro, respectively. This result points out that under a high share of renewables in the energy demand of the user, the profitability of the system is highly affected by the local cost of energy vectors. The achieved results show that the system is robust in providing energy to the users and that future development may lead to an operation based fully on renewables.
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1. Introduction


Electricity generation in remote microgrids in most cases is heavily dependent on fossil fuels such as gas or oil. Such fuels, apart from creating environmental pollution, are relatively expensive due to limited availability in remote areas, and high transportation costs [1]. Attempts are being made to supply such locations with the use of Liquefied Natural Gas (LNG) powering Solid Oxide Fuel Cells (SOFC), but despite the reduced costs of generating energy with respect to conventional fossil fuels used in islanded applications, this solution is considered a transitional one [2]. Due to growing energy demand and increasing requirements for penetration of energy systems by renewables, local governments in such localizations are facing the necessity of developing energy systems based mostly on renewable energy sources with storage units, allowing to provide uninterrupted electricity supply throughout the whole year. Renewable energy can also be used in the industry sector, and especially in the manufacturing of “green” final products [3]. The environmental impact of production processes that require large energy inputs can be minimized in terms of CO2 emissions by replacing the existing power production source with renewable energy systems. In such environments, calculation of cost emission-operation is also an important issue [4]. Proper forecasting of energy load is also a crucial parameter in the restructured power market [5,6].



The most common technologies based on renewables are photovoltaic panels (PV) and photovoltaic-thermal (PVT) collectors [7,8], wind turbines [9,10], gasifiers [11], Organic Rankine Cycle (ORC) systems [12], or even thermoelectric generators [13]. To properly address the unpredictable and intermittent nature of renewable energy sources such as solar and wind, it is necessary to use medium- to long-term storage units, based on batteries and/or hydrogen loops equipped with electrolyzers and fuel cells [14]. Biofuels are also being considered as potential important alternatives to fossil fuels [15,16,17], since they allow one to limit the use of energy storage systems by using conventional generators as a backup electrical power source.



In the framework of stand-alone systems, Ogbonnaya et al. [18] presented a comprehensive literature review concerning islanded energy systems based on integrated photovoltaic-fuel cell systems. Authors found that such systems can be successfully adapted as a power source for telecommunication stations, desalination plants, residential/commercial buildings, boats and ships, and generic distributed applications. In particular, such systems appear particularly attractive in DC applications.



As regards detailed investigations about isolated systems, Khan et al. [19] presented the assessment of an off-grid wind and solar hybrid energy system for purposes of irrigation in Sudan. The energy storage taken into consideration was a lead-acid battery. The authors analyzed 12 localizations in Sudan in different climate zones and with different types of soil, which had an impact on water demand. Authors found that due to the high costs of wind generators, hybrid systems were not yet feasible in relatively small-scale applications. Excess electricity produced in described cases was in the range of 71.0–96.2%, while the cost of electricity varied between 0.36 and 1.08 EUR/kWh. A more complex system was investigated by Akter et al. [20]. The authors presented a study on the sizing of 100% renewable energy-based microgrids in remote islands of developing countries. Considerations were based on the case of St. Martin`s Island, Bangladesh. The system was based on PV installation, battery energy storage, and a fuel cell with an electrolyzer. The authors presented four different variants of the installation and compared it to a basic scenario based on a diesel generator. Depending on the load profile of the user and specific sizes of the components, it was possible to achieve payback periods in the range of 7.72 to 8.17 years. The same problem of sizing the system was analyzed by Hidalgo-Leon et al. [21], and for this purpose a simulation of a stand-alone PV-Diesel-Battery system was performed. The authors used Homer Pro software to analyze the proper sizing of energy installation used to supply energy to the Cerrito de Los Morreños community in Ecuador. The configuration presented by the authors allowed CO2 emissions to be reduced by 4.3 times, while the levelized cost of energy was reduced by 10% in comparison to a reference scenario based on a diesel generator. The cost of energy was also involved in the optimization of microgrid based on hydropower plant, photovoltaic field, diesel generator, and battery energy storage localized in the Philippines carried out by Tarife et al. [22]. Analysis based on the multi-objective particle swarm optimization algorithm made it possible to achieve a levelized cost of energy at the level of 0.19 EUR/kWh. A similar study was performed by Dimou et al. [23], presenting techno-economic analysis of an energy installation on Ai Stratis Island. The authors compared three scenarios based on the wind turbine, photovoltaic field, battery, and backup diesel generator to a base case scenario based on an 840 kW installation with diesel generators. The highest renewable energy source penetration was achieved in a case with a relatively large battery; however, the high initial costs of this solution led to choosing a solution without energy storage. The renewable energy penetration parameter was also used by Barone et al. [24] in a simulation of the possibilities of increasing renewable energy use in the island community of El Hierro on the Canary Islands carried out in TRNSYS software. The authors proposed the utilization of a wind turbine coupled with a pumped hydro storage system to satisfy the electrical load of the community and the local desalination plant based on reverse osmosis. Thermal needs were satisfied by solar thermal collectors. In the investigated scenarios, authors achieved even 85% of annual electricity demand, and about 79% of annual thermal energy needs were met by renewable energy. With a similar approach, Hoseinzadeh et al. [25] analyzed the possibilities of a renewable energy system for Catania city on Sicily Island in Italy. The authors considered a system based on PV panels and wind turbines with a hydrogen loop consisting of an electrolyzer, hydrogen tank, and fuel cell. The proposed installation made it possible to fully match the demand of the user, with 72% of the coverage achieved by photovoltaic panels. Conversely to the other presented studies, Cabrera et al. [26] analyzed a method to link the water infrastructure and the energy system of an island. The authors considered water production and treatment systems as flexible loads and combined them with an analysis of PV/wind power. Such optimization leads to an increase in the contribution of renewables to the local energy system from 5.14% to 24.60%. About 72% of the renewable energy was produced by the wind. In the scientific literature, there are also papers that focused on the reduction of electrical energy dependency from the grid by means of the adoption of renewable energy sources in the heating and cooling process. A comprehensive approach to the increase of user independency, including the direct production of electrical energy, was described in Ref. [27], where a renewable micro-scale trigeneration system with a wind turbine, photovoltaic field, and biomass steam cycle was assessed from the point of view of energy and economic performance. The analysis was carried out under climatic conditions of Gdansk, Poland, and it led to the conclusion that energy installation produced 55.9% of the electrical demand of a zootechnical farm with only 2.8% of excess energy. The study presented in Ref. [28] described a dynamic simulation of a Micro-Scale Hybrid Trigeneration System Integrating a Water Steam Cycle and Wind Turbine. Depending on the reference scenario and costs of biomass considered in the study, the authors achieved payback periods of the system even below 4.5 years.



The above-described literature review present studies dealing with different systems and approaches. A comparison between presented literature studies and the present paper is shown in Table 1.



On the basis of the presented literature review, it is possible to conclude that significant possibilities are open in the field of island energy systems based mostly on renewables, especially ones including biomass gasification process. The literature review reveals that most studies are mainly focused on systems used to provide only a part of the energy demand, with non-negligible support of generators based on fossil fuels. Installations with long-term energy storage allowing nearly fully renewable-based operation are not so numerous. In addition, most of the reviewed papers are focused on conventional hybrid systems based only on PV panels and wind turbines, instead of more complex systems that couple together also other technologies such as batteries, hydrogen storages, and gasifiers.



In general, there is a scarcity of literature studies where a complex dynamic simulation and energy-economic assessment of a stand-alone system based on several renewable energy sources and different energy storages is performed. Therefore, the motivation for the development of this study is to expand the knowledge about fully remote small-size energy installations based mostly on renewables, with different types of energy storage. The proposed system consists of a wind turbine, photovoltaic field, wood chip gasifier with an engine, battery, electrolyzer with hydrogen storage and fuel cell, and LPG backup generator. The novelty of the paper consists of the integration of all the used technologies in one system, which is rare in literature studies, as pointed out by Table 1. In addition, the novelty of the analysis is the analysis of the electrical load caused by the tourist resort in different locations.



In this context, the motivation of the paper is the necessity to deepen the knowledge of complex hybrid renewable energy systems operating in off-grid mode by presenting a comprehensive energy and economic analysis showing the performance of a selected system. The paper provides new insights about the operation characteristics of a complex hybrid system and its feasibility under different weather and energy tariff conditions. Moreover, the paper shows the possibly of achieving a relatively high share of renewables in the coverage of the user electrical energy demand with several technologies in an islanded application. The main motivation is also to show that highly hybridized and complex systems are a valid solution for applications requiring a full independency from the grid with a very marginal use of fossil fuels as auxiliary source of energy.



The system was investigated using the Transient System Simulation (TRNSYS) software, by developing a model based on user-defined models and built-in libraries. All of the components used in the simulation were previously validated with the use of experimental and/or technical data. The novelty of the presented installation is connected with the use of both medium- and long-term energy storage devices in order to provide continuous electricity supply throughout the year. The paper presents a dynamic simulation of the mentioned system conducted for two climatic zones, which allows the described installation to be adapted to any other climatic conditions. The final scope of the paper is to determine the operation characteristic of the system and to investigate its energy performance and economic feasibility.




2. Materials and Methods


In order to simulate the hybrid system, TRNSYS software was used [29]. This software is being widely used in scientific and technical applications for purposes of simulating the transient operation of energy systems [30,31,32]. The modeling of the considered system was performed using user-defined components (gasifier, control system, energy, and economic model) as well as built-in libraries (wind turbine, photovoltaic field, battery, electrolyzer, fuel cell, hydrogen storage, LPG backup generator, controllers, etc.). The considered system has no connection with the grid since it is designed to work completely in islanded mode. It is worth noting that the system model was developed adopting software library components based on manufacturers’ data and/or on experimentally validated models, which allows highly reliable simulations to be provided. The complete list of TRNSYS components used in the simulation is reported in Table 2. Models of the components are presented in the TRNSYS software reference [29], and here are omitted for sake of brevity. It is worth noting that the wind turbine model was based on manufacturers’ data [33] as well as the gasifier [34] and PV modules. Numerical models of used components were omitted for the sake of brevity; however, references to the models are presented in Table 2.



2.1. Layout and Control Strategy


The proposed system consists of a wind turbine, photovoltaic field, gasifier with an engine, LPG backup generator, battery, electrolyzer, hydrogen storage, and fuel cell, all connected to a common AC line, which is directed to the load that corresponds to the user assumed as a tourist resort. The system layout, including the main parts of the installation, is shown in Figure 1.



The proposed system consists of several parts:




	
Monocrystalline type Photovoltaic Field (PV) with a three-phase inverter, producing electrical energy from solar radiation, which is directed to the AC line;



	
Direct drive horizontal axis wind turbine with AC/AC regulator, converting the wind energy into electrical power, which is directed to the AC line;



	
Gasifier with an internal combustion engine, using a thermochemical conversion of wooden chips to produce low-heating value gas, which is directed to the turbine;



	
Lithium-ion battery with AC/DC converter used as energy storage when production from renewable energy sources exceeds the power need of the load, and as a power source when the load exceeds production from renewables;



	
Hydrogen loop with an electrolyzer, hydrogen storage, and fuel cell, which is used as energy storage when power from renewables exceeds user needs and battery possibilities, and power source when needed.








The control strategy of the system was defined as follows. The energy produced by PV and WT is in first place provided directly to the user. If production exceeds the load of the user, energy is provided to the battery. When the state of charge of the battery exceeds 90% or production exceeds load and battery charging power, energy is transferred to the electrolyzer in order to produce hydrogen for purposes of future fuel cell operation. When the hydrogen storage facility is full, excess energy is curtailed. If the load exceeds production, and the State of Charge (SOC) of the battery exceeds 15%, it is possible to match the load with the energy stored in the battery. When the SOC of the battery is lower than 80%, the gasifier receives a signal to start its operation. It needs two hours to start the production of energy, and due to hopper storage, it is capable of producing energy for 8 h after full activation. Moreover, once the SOC of the battery becomes lower than 75%, the fuel cell starts its operation in order to satisfy the user’s needs. The battery operates in an SOC range between 15% and 90%; the fuel cell, on the other hand, needs a hydrogen tank filled between 10% and 90% to operate. Finally, when the load exceeds production and all energy stores have been emptied, the control algorithm starts the backup LPG generator in order to cover the ongoing demand of the user.




2.2. Energy and Economic Model


In order to assess the global economic and energy performance of the proposed system, a comparison with a reference system was made. This approach is widely adopted in literature when dealing with energy and economic assessment of complex and novel renewable energy systems [32,41]. The methodology requires the definition of an alternative for the investigated system, which consists of typically/conventionally adopted technologies in order to match the demands of the users. The analysis was carried out assuming that both systems must supply the same amount of energy to the user. The reference system was based entirely on the production of energy from natural gas, while the proposed system was designed to diversify renewable energy sources and ensure 99% of power demand from RES. The performance of the proposed system was assessed on the basis of calculating the following parameters:




	
Energy curtailed is defined as the energy which cannot be utilized or stored in the energy system;



	
Time of the gasifier operation;



	
LPG consumption is equal to the number of cubic meters of natural gas utilized during backup generator operation;



	
Normalized equivalent hours of operation of WT, defined as the ratio between the sum of energy generated by the turbine annually and the amount of energy produced at the same time at nominal conditions;



	
Normalized equivalent hours of operation of PV, defined as the ratio between the sum of energy generated by the PV annually and the amount of energy produced at the same time at nominal conditions;



	
Simple payback time is defined as a period when the value of the energy produced by the system exceeds the initial costs of the system.








The payback period was evaluated by taking into account the initial costs of the PS, its maintenance, and costs of energy in the case of a reference system. For the calculation, the LNG gas price was assumed to be 0.12 EUR/kWh [42]. The maintenance costs were assumed as 10% of the gasifier costs since this part needs technical service to the greatest extent. Costs of kWh of biomass were assumed to be 0.0271 EUR/kWh [43]. The initial costs of WT were assumed as 6000 EUR/kW [44], while PV costs were assumed as 880 EUR/kW [45]. Costs of battery energy storage were assumed as 350 EUR/kWh of storage in the case of 4 h duration batteries [46], while electrolyzer 650 EUR/kW [47]. Hydrogen storage initial costs were assumed as 490 EUR/kWh [48], while costs of fuel cell on the basis of [49] were set to 6500 EUR/kW. The gasifier’s initial costs were set to 5000 EUR/kW [50], and the LPG backup—1000 EUR/kW [51]. On the basis of the presented assumptions, the Simple Pay Back (SPB) index was calculated.




2.3. Case Study


In order to investigate the system performance, the electrical load of a typical tourist resort was adopted as a case study. The energy load profile was prepared for two different localizations—Agkistro, Greece, and Gdansk, Poland. Profiles adopted for Agkistro are reported in Figure 2 and were developed on the basis of Ref. [52]. The peak load was set to 100 kW and varied for the different seasons and types of the day (weekday, weekend), on the basis of occupancy and the daily demand profile. Yearly energy consumption was 354 × 103 kWh. Load profiles for Gdansk are presented in Figure 3 and were developed based on the report “Energy in the tourist facility” developed by the Institute for Sustainable Development, Poland [53], a report on the hotel market in Poland in 2019 [54] and report “Structure of energy consumption in hotels” prepared by The Polish National Energy Conservation Agency [55]. Similar to the Agkistro case, peak load was set to 100 kW, while daily load profiles were prepared on the basis of average occupancy. Yearly consumption of the resort in the case of Gdańsk was equal to 492 × 103 kWh.



The main system parameters are reported in Table 3. They were selected in order to ensure a proper operation of the system in terms of electrical energy flows and to ensure the capability of matching the user energy demand. The assumption of the simulation was to create a system powered by 99% renewable energy. In particular, the system configurations for both locations were determined on the basis of an iterative procedure, aiming to achieve the previously mentioned goal of renewable energy share with similar system parameters for both locations.





3. Results and Discussion


The dynamic simulation of the system was carried out on a one-year basis, from 0 to 8760 h with a timestep equal to 0.25 h. The time discretization allowed one to determine during the simulation the power generated/consumed by each component and to calculate integrated variables summarizing the operation of the system in terms of energy and economic performance in the period of one year. Due to the large amount of dynamic data generated during the simulation, only the most important results were reported for the sake of brevity.



In detail, the dynamic operation of the system for both of the cities under consideration is shown for three different day cases—one for a situation when production from renewables significantly exceeds load profile and storage possibilities, a second for a situation when production from PV is complementary to wind in terms of satisfying user needs, and a third when powers produced from renewable energy sources are far below load profile. Moreover, for both cities, a simulation of a longer period of operation in conditions of limited wind availability is presented, in order to show the limits of using energy storage. The behavior of the system over the yearly operation is presented on the monthly basis in terms of energy production and on an hourly basis for the state of charge of both energy storages. The yearly results are presented to point out the global energy and economic performance of the system.



For Agkistro, the trends of the electrical energy flows of the system components for the selected day with significant energy overproduction (3 June, from 3696th to 3720th hour of the year) are shown in Figure 4. In the first hours of the day, the gasifier operation is needed to satisfy user needs since low wind power availability and no production from PV panels occur. Around 7:00 a.m., both PV and WT start to produce energy, while the gasifier is still producing energy due to its hopper capacity. Due to the high availability of solar radiation during this period, at 9:00 a.m., PV panels are producing enough energy to satisfy user needs; however, the energy produced by the wind turbine also starts to grow. In the central hours of the selected day, the power from all renewable sources exceeds the load by about 5 times, and such excess energy cannot be totally directed to the energy storage devices due to their limited powers (100 kW for the battery and 40 kW for the electrolyzer). Such an imbalance causes the necessity of energy curtailment, which achieves about 90 kW at its peak, and cannot be used.



Concerning the day selected with solar-wind complementary energy production (10 August, 5328th—5352nd hour of the year) electrical energy flows are shown in Figure 5. In the morning hours, it can be seen that production from wind turbine allows one to satisfy all of the users’ needs, while overproduced energy is being directed to the electrolyzer. It is worth noting that in the morning hours there is no energy flow directed to the battery since it is fully charged—it causes a relatively small curtailment of the power at the level of 20 kW. At 7 a.m., production from wind turbines significantly decreases, while energy load achieves its morning peak. This imbalance is appeased by growing production from PV panels and a power withdrawal of about 10 kW from battery storage. Shortly after the peak of PV production occurs, at 2 p.m., WT production starts to significantly grow and meets afternoon peak demand. A significant part of the energy overproduction is directed to the electrolyzer, while the rest is curtailed due to fully charged battery storage.



Both previously presented cases concerned the summer period when there is a general oversupply of renewable energy production. Data presented in Figure 6 for the 8 December (8208th to 8232nd hour of the year) refer to a period with limited energy production connected with the highest load due to heating needs. It can be seen that on this day there is no production from WT except from 10 p.m. to midnight when the value of produced power does not exceed 7 kW. Production from the PV field is also limited due to high cloud cover—it starts at 8 a.m., but the highest value achieved at noon does not exceed 50 kW, which is 20 kW under the load curve. In order to meet the users’ needs, the gasifier is working constantly throughout the day with its nominal capacity equal to 35 kW. In the morning hours, all of the lacking energy is produced by the fuel cell due to an empty battery. At 5 p.m., the LPG backup generator receives a signal to start its operation in order to satisfy the needs. It is working with a full load equal to 70 kW, while production exceeding energy needs is used to charge the hydrogen storage.



The main problem of energy installations based on wind turbines is unstable energy production. Figure 7 and Figure 8 are referring to a six-day-long period (11–17 October, 6816–6960 h of the year) with very limited resources of wind power for the Agkistro location. During this period, production from wind turbines is lower than 20 kW with respect to 100 kW of its nominal power with a single exception on the 15 October, when production reaches 32 kW. During most of this period, it is necessary to operate the biomass gasifier. When the morning and afternoon load peaks occur, it is necessary to use energy stored in the hydrogen loop and battery. It is worth noting that on weekdays, values of lacking power do not exceed 20 kW, whereas, on weekend days, when the tourist facility is more crowded, it is necessary to provide even 45 kW of power, which is slightly over half of the peak load. As shown in Figure 8, a 6-day period of reduced wind energy production caused a reduction of energy storage level of charge for even 50% in the case of hydrogen and 15% in the case of the battery, which suggests that the designed system is relatively resilient to short-term wind availability problems.



Monthly energy ratios for the Agkistro location are shown in Figure 9. The variation of WT energy output between months is not significant since its value ranges between 10.6 MWh in November and 14.6 MWh in June. It is worth noting that such variation is seasonal—the sum of energy produced in spring and autumn (35.5 MWh and 33.3 MWh, respectively) is significantly lower than the sum of energy produced in winter and summer periods (40.7 MWh and 41.8 MWh, respectively). Since Agkistro is visited mainly in the winter months, the load in this period is greater by about 60% than in the summer period and reaches 109.4 MWh. PV production reaches its maximum in summer, with a total production equal to 40.7 MWh. It is worth noting that the use of an LPG backup generator occurs only in winter months, where production from renewables is at the lowest level as opposed to the load, which reaches its maximum. In particular, the amount of energy produced from LPG reaches only about 2% of the load in January and February and 6% in December. Curtailment of redundant energy occurs every month, but the highest values are achieved in the summer months due to high quantities of production from renewables and high fill factor for energy storage (see Figure 10). Such values reach even 89% of the load in July, while in January it is 20%.



The state of charge of energy storage devices significantly varies in winter months due to the low availability of solar radiation and high variability of wind parameters. The rest of the analyzed period is characterized by high SOC levels, with few exceptions caused by wind instability. The variation of SOC for the hydrogen system in the summer period is meanly about 20% with respect to the value of 90.0% (fully charged), while during winter it is 70%. In the winter period, the variation of SOC of the battery system is lower than the one of the hydrogen system, since its mean is equal to 30%.



Figure 11 reports the operational time of separate parts of described energy installation in the case of Agkistro. As can be observed, only for about 20% of the year there is a demand for stored energy (including 15% for relatively high power, taken from both the battery and the fuel cell). During the rest of the year, renewable energy is used directly to meet the load, and its surplus is directed to energy storage. It is worth noting that gasifier used in this study as a peak energy source was used for about 75% of the year due to its work characteristics.



In the case of Gdansk, the selected day with significant overproduction was the 28 February (1416–1440 h of the year). The trends of the energy flows are shown in Figure 12. In the first hours of the day, the only sources of energy operating were wind turbine and the gasifier which led to little overproduction at 1 a.m. For the next 7 h, energy production was higher by 10–15 kW than the load of the user; therefore, overproduction was directed to the energy storage devices. At 8 a.m. energy generation from the PV field started growing rapidly, which led to the curtailment of energy at 9 a.m. It is important to note that during that time the gasifier was still active due to the volume of the hopper. For another 2 h gasifier was still active, while energy generation from PV was growing. The peak of overproduction was achieved at 11 a.m. when the value of curtailed power achieved 55 kW. Right after that, the gasifier was set to stop, and generation from PV began to decline which occurred in lowering the value of curtailed power to less than 6 kW. However, due to the growing amount of wind energy in the production mix, in the next 3 h, the amount of lost power varied between 10 and 20 kW.



The day selected to present solar-wind complementary renewable energy production was the 9 March (1632–1656 h of the year, see Figure 13). In the morning hours, the only source of energy provided to the system is the wind turbine, which works with its nominal power equal to 70 kW. On the other hand, the load of the user in this period slightly exceeds 60 kW. The rest of the produced energy was directed to the battery, due to an SOC lower than the nominal one. In the period between 4 a.m. and 7 a.m., the value of the load was similar to the value of energy produced by a wind turbine, slight overproduction was stored in the battery, while the energy needed to match the demand was taken from the latter. At 8 a.m. energy production from wind turbines started to rapidly decrease to 35 kW at 9 a.m., while the PV field started to produce energy with the maximum power of 33 kW. Production from both sources was nearly complementary for 5 h of this day and with the support of a battery with a power between 7 and 15 kW allowed the user’s load to be satisfied. At noon, the gasifier received a signal to start its operation due to the low SOC of the battery. Overproduction caused by the gasifier was used in order to charge the battery and for purposes of electrolyzer operation. At 4 p.m., the wind turbine once again started its operation with nominal power; however, the users’ load achieved its afternoon peak demand with a value equal to 100 kW. In such a situation, the nominal operation of WT and GAS allowed the production of 105 kW of power; thus, the overproduction of 5 kW was supplied to the energy storage.



On the 9 February, the simulation for Gdansk (presented in Figure 14) showed the necessity of using a backup LPG generator. SOC of the storage devices was at a low level, but during the first 6 h of the day, the load was met with combined energy from GAS, FC, and BAT. At 6 a.m., the load started increasing which in combination with the low SOC of the hydrogen circuit led to the activation of the LPG generator with its nominal power for another 6 h. During this period, the energy produced by LPG, GAS, WT, and PV was used for purposes of matching users’ load and supplying hydrogen to the emptied storage tank. At 11 a.m., after the morning peak demand, energy balance allowed the shutdown of LPG for the next 6 h—during this period, the load was met by GAS, WT, and PV with the support of FC. Due to afternoon peak demand, LPG had to be turned on at 5 p.m. It is worth noting that the peak power of WT this day was below 10 kW, while PV power achieved 22 kW. Such values are caused by unfavorable weather conditions that occurred on the selected day.



The weakest point of stand-alone energy systems based mostly on PV and WT from the operational point of view is the periods of low accessibility of wind during winter months, typically coupled with concurrent low availability of solar radiation. An example of such a situation for Gdansk is the period between the 25 and 28 November (7896–7968 h of the year) and as shown in Figure 15 and Figure 16. The beginning of this period is characterized by fully charged BAT and HS. In the first hours of the 25 November, production from WT is higher than the load, but the situation changes at 5 a.m. when the turbine stops its operation due to a lack of wind. In order to match the energy demand, the gasifier starts its operation. In the time it takes to start the device, the missing energy is supplied from the battery. For the next 3 days, WT produced relatively small amounts of energy, as well as PV field (reaching a 15 kW at peak of 25th, 35 kW at peak of 26th, and 34 kW at peak of 27th). Despite the constant operation of the gasifier, production from renewables is not sufficient to meet the users’ load and causes a need of using FC and BAT. Due to relatively high user needs, characterized by the electricity consumption in Gdansk, which is highest in the winter season, the storage system is able to provide power for 2 days. However, right after that, it is necessary to start the operation of the LPG backup generator.



Monthly energy ratios for the energy system in the case of Gdansk are shown in Figure 17. Energy generated by WT significantly varies between seasons, favoring winter (97 MWh) and spring (89 MWh) rather than autumn (65 MWh) or summer (56 MWh). Such a ratio is particularly convenient due to the inclusion of PV, which as is known, works better in summer conditions. The simulation data confirm this relationship since during winter, PV produces only about 11 MWh, spring and autumn have similar values (35 and 38 MWh, respectively), while summer operation of PV provides 57 MWh. Due to these complementary trends, the gasifier is being used in a pretty constant manner throughout the year, with values varying between 13 MWh in March to 20 MWh in May. Use of the LPG backup generator occurs every month between October and February, though the energy produced by this device is always below the level of 4% of the monthly load. Similar to the case of Agkistro, curtailment of energy occurs every month, but the highest values are for summer, due to relatively lower load and slightly higher production from renewables. The highest value of curtailed energy is noted in August, and is equal to 46%, while the lowest value, 17%, is achieved in October. Figure 18 shows the SOC of both energy storages. It is important to note that the values are more volatile through the year than in the case of Agkistro, which allows the amounts of curtailed energy to be reduced.



The operational time of parts of the energy system is reported in Figure 19. The battery is used as a source of energy for 20.9% of the year, while FC is used for 19% of the year. Both storage systems are charged for 68.8% of the year. The gasifier is being used significantly less frequently than in the case of Agkistro—it is working for 62.9% of the year. The LPG backup generator is operational for only 0.9% of the time.



A comprehensive approach to energy production analysis in both energy systems is shown in Figure 20 and Figure 21. The pie charts show the percentage contribution of energy sources to the total energy mix. In the case of Agkistro, the main source of energy is the gasifier, which provides 45.2% of the energy, while WT and PV deliver 29.6% and 24.2%, respectively. LPG generator is responsible for 1% of the total production. The situation differs significantly in the case of Gdansk, where 47.2% of the energy is produced by WT. It is worth noting that the size of the wind turbine chosen for Gdansk is lower than the one for Agkistro (70 kW vs. 100 kW); however, high wind parameters compensate for this difference. Gasifier produces 30% of the energy needed per year in Gdansk, which is strictly due to the lower energy needs compared to Agkistro. PV stands for 21.9% of the renewables due to the high latitude of Gdansk. Similar to Agkistro, the LPG generator is responsible for 1% of the production showing that for both locations the contribution of such a device is marginal.



Important parameters of both hybrid systems are reported in Table 4. The energy load of Gdansk was significantly higher on an annual basis than the one for Agkistro; however, both energy systems are using LPG generators rarely, which results in gas consumption of only 586 and 450 m3, respectively. Values of curtailed energy are nearly equal, with 152 × 103 kWh for Agkistro and 153 × 103 for Gdansk. These values stand for 43% and 31% of load, respectively. The wood chip gasifier operates for 6557 h per year in the case of Agkistro and for 5507 in the case of Gdansk, which makes it the main energy source in the Greece localization.



The high normalized equivalent number of operation hours of WT in the case of Gdansk, equal to 0.503, leads to the conclusion that this location is particularly suitable for installing small wind turbines. Indeed, this subsystem was the main source of energy for the case of Gdansk.



The economic results of the dynamic simulation of the system are summarized in Table 5. Due to a similar system configuration in terms of components size for both locations, the overall cost of the system is comparable in the two cases. Nevertheless, the operation cost related to the consumption of fuels (LPG and biomass) is different, mainly due to the different availability of both wind and solar energy sources and the capacity of components. The gasifier is more frequently activated in Agkistro competed to Gdansk, which leads to a 19.3% higher cost of exploitation. Conversely, the cost for LPG is higher in the case of Gdansk with respect to Agkistro (30%), but the absolute cost is marginal with respect to other operation costs, such as maintenance. Finally, the global economic performance of the proposed system is significantly better for the Polish location compared to the Greek one despite a similar investment cost. This is due to a different energy yield of the energy generation components, different energy demand, and backup system (gasifier and LPG generator) operation in both systems.




4. Conclusions


In the paper, a comprehensive investigation of the operation, energy, and economic performance of a novel stand-alone energy system for island purposes is presented under the case study of a tourist resort in two different localizations of Gdansk, Poland, and Agkistro, Greece. The study is focused on a system consisting of a photovoltaic field, wind turbine, wood chip gasifier, battery, hydrogen circuit with an electrolyzer, hydrogen storage and fuel cell, and backup generator used to provide electricity with 99% of yearly load coverage.



The adoption of gasifier as a peak energy source is investigated. The system dynamic behavior is analyzed on the daily basis for three different cases—with a high surplus of renewable energy, the case with energy from renewables similar to load, and one with a lack of renewable energy. Due to the presence of long-term energy storage, the case of the longer period without access to renewable energy from a wind turbine is also analyzed. The analysis of energy and economic parameters reveals that:




	
Despite the availability of long-term energy storage, the energy safety of the presented system is highly dependent on access to wind energy. Due to higher user demand, Gdansk is able to operate in low-wind conditions only for about 3 days, while Agkistro empties its storage in 7 days;



	
Presented energy systems are both producing excess energy—Gdansk 31% and Agkistro 43%. Amounts of lost energy are highest in the summer months, which justifies future research to improve the control algorithm, e.g., by disconnecting the gasifier in the summer;



	
The operation costs related to the consumption of fuels (LPG and biomass) is different among the selected locations due to the different availability of wind and solar energy sources and capacity of components. The gasifier is more frequently activated in Agkistro compared to Gdansk, which leads to a 19.3% higher cost of exploitation. Conversely, the cost for LPG is higher in the case of Gdansk with respect to Agkistro (30%);



	
The proposed system is not profitable in the case of Agkistro, since a Simple Pay Back period of over 22 years is achieved. In the case of Gdansk, this index achieves a value of 12.5 years, which shows that such investment may be profitable. It is worth noticing, that the presented system satisfies less than 1% of its needs from fossil fuels, which makes it possible to reduce initial costs in future research by omitting the gas infrastructure.








In general, systems with electrochemical cells, e.g., fuel cell and electrolyzer, benefit from stable loads because of the transient behavior that these devices exhibit. Most commonly, load profiles in the manufacturing industry show less stochasticity than residential profiles since they result from mainly iterative processes with fixed or known requirements and schedules. The methodology and control algorithm implemented in this paper can be tailored to simulate and optimize industrial processes from the energy point of view. Furthermore, renewable energy systems can totally replace fossil fuels wherever they are present in the energy mix of an industry (e.g., transportation of goods, heating/cooling, etc.), minimizing the CO2 footprint of the final product. Future research will include a technoeconomic analysis of this research aspect which can determine whether or not such implementation of renewable energy systems can be economically beneficial. Further future research dealing with the proposed system will aim to expand the knowledge regarding its operation characteristics, such as independency from fossil fuels, production of excess energy, and economic profitability, as a function of different settings for the operation strategy and size of components. Moreover, the next research step will be the development of various algorithms controlling the operation of the gasifier depending on the season. In the presented study, a relatively large amount energy is curtailed in the summer season, which can be omitted by adapting optimized control strategy.
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Figure 1. Main components of the system and their connection to the AC bus. 
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Figure 2. Load curve for Agkistro for different reference days within the year. 
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Figure 3. Load curve for Gdansk for different reference days within the year. 
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Figure 4. Electrical powers of the system in case of overproduction—selected day of 3 June, Agkistro. 
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Figure 5. Electrical powers of the system for the case of complementary production—selected day of 10 August, Agkistro. 
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Figure 6. Electrical powers of the system for the case of underproduction—selected day of 8 December Agkistro. 
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Figure 7. Electrical powers of the system for the case of low wind availability period—11–17 October, Agkistro. 
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Figure 8. Battery and hydrogen state of charge for the case of low wind availability period—11–17 October Agkistro. 
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Figure 9. Electrical energies of the system, monthly analysis—Agkistro. 
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Figure 10. SOC of the energy storage devices—Agkistro. 
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Figure 11. The percentage time of use of individual subsystems—Agkistro. 
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Figure 12. Electrical powers of the system for the case of overproduction—selected day of 28 February, Gdansk. 
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Figure 13. Electrical powers of the system for the case of complementary production—selected day of 9 March, Gdansk. 
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Figure 14. Electrical powers of the system for the case of underproduction—selected day of 9 February, Gdansk. 
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Figure 15. Electrical powers of the system for the case of low wind availability period—25–28 November, Gdansk. 
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Figure 16. Battery and hydrogen state of charge for the case of low wind availability period—25–28 November, Gdansk. 
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Figure 17. Electrical energies of the system, monthly analysis—Gdansk. 
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Figure 18. SOC of the energy storage devices—Gdansk. 
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Figure 19. The percentage time of use of individual subsystems—Gdansk. 
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Figure 20. Percentage contribution of subsystems to total yearly energy consumption Agkistro. 
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Figure 21. Percentage contribution of subsystems to total yearly energy consumption Gdansk. 
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Table 1. Literature review.
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	Technology
	Project Scale
	Evaluation Tool
	Economic Evaluation
	Location
	Ref.





	PV + wind
	30–480 kWh/year
	Homer pro
	LCOE = 0.36–1.28 EUR/kWh
	Sudan
	[19]



	PV + battery + fuel cell
	31 kW
	Matlab
	-
	Bangladesh
	[20]



	PV + diesel + battery
	50 kW
	Homer pro
	LCOE = 0.390–0.421 EUR/kWh
	Ecuador
	[21]



	PV + diesel + battery + hydroelectric plant
	Agriculture processing facility
	Matlab
	LCOE = 0.197 EUR/kWh
	Philippines
	[22]



	PV + wind + battery + diesel
	Non-interconnected island
	Homer pro
	LCOE = 0.148–0.295 EUR/kWh
	Greece
	[23]



	PV + wind-power hydro storage + battery + diesel + solar thermal collectors
	Non-interconnected island + reverse osmosis plant
	TRNSYS
	SPBT = 8.9 years
	Canary Islands
	[24]



	PV + wind + fuel cell
	2 MW
	Homer pro
	-
	Sicily, Italy
	[25]



	PV + wind + diesel
	Non-interconnected island + reverse osmosis plant
	EnergyPLAN + Matlab
	-
	Canary Islands
	[26]



	PV + wind + biomass RC
	Zootechnical farm
	TRNSYS
	SPBT = 10.1 years
	Poland
	[27]



	Biomass RC + wind
	Zootechnical farm
	TRNSYS
	SPBT = 5.92 years
	Poland
	[28]



	PV + wind + biomass gasifier + battery + fuel cell + LPG
	Tourist resort
	TRNSYS
	SPBT = 12.5/22.5 years
	Poland/Greece
	Current study
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Table 2. TRNSYS build-in library components used to develop the model of the system.






Table 2. TRNSYS build-in library components used to develop the model of the system.





	Component
	Type
	Ref.
	Component
	Type
	Ref.





	WT
	90
	[33]
	Mini-grid controlling system
	105
	[29]



	PV
	103b
	[35]
	Inverter, charge controller
	175, 48
	[29]



	BAT
	47a
	[36]
	On/off differential controller
	911
	[29]



	FC
	173
	[37]
	Data plotter
	25c
	[29]



	ELY
	160
	[38]
	Data reader
	9a
	[29]



	HS
	164
	[39]
	Data integrator
	24
	[29]



	LPG
	120
	[40]
	Weather data processor
	15
	[29]
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Table 3. Sizes of specific parts of the installation.






Table 3. Sizes of specific parts of the installation.
















	
	PWT
	PPV
	PGas
	PFC
	PEly
	CapH2
	Pbat
	Capbst





	Agkistro
	100
	100
	35
	60
	40
	1500
	60
	500



	Gdansk
	70
	120
	35
	50
	20
	1500
	60
	400



	Unit
	kW
	kW
	kW
	kW
	kW
	kWh
	kW
	kWh
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Table 4. Main energy results of the system for Gdansk and Agkistro locations.






Table 4. Main energy results of the system for Gdansk and Agkistro locations.





	Parameter.
	Agkistro
	Gdansk
	Unit





	Eload
	354 × 103
	492 × 103
	kWh/year



	EWT
	151 × 103
	309 × 103
	kWh/year



	EPV
	126 × 103
	143 × 103
	kWh/year



	EGas
	229 × 103
	192 × 103
	kWh/year



	ERES
	507 × 103
	645 × 103
	kWh/year



	Ebackup
	4 × 103
	5.2 × 103
	kWh/year



	Ebackup
	1
	1
	% load



	Ecurtailed
	152 × 103
	153 × 103
	kWh/year



	Ecurtailed
	43
	31
	% load



	tgas
	6557
	5507
	h/year



	Normalized equivalent hours, WT
	0.172
	0.503
	-



	Normalized equivalent hours, PV
	0.144
	0.136
	-
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Table 5. Main economic parameters of the systems for Gdansk and Akistro locations.






Table 5. Main economic parameters of the systems for Gdansk and Akistro locations.





	Parameter
	Agkistro
	Gdansk
	Unit
	Calculated on the Basis of Ref.





	CostWT
	600,000
	420,000
	EUR
	[32]



	CostPV
	88,000
	105,600
	EUR
	[33]



	CostGAS
	175,000
	175,000
	EUR
	[38]



	CostBAT
	35,000
	35,000
	EUR
	[34]



	CostH2circuit
	1,151,000
	1,073,000
	EUR
	[35,36,37]



	CostLPG
	70,000
	70,000
	EUR
	[39]



	Costmaintanance
	17,500
	17,500
	EUR/year
	-



	Biomass cost
	18,618
	15,610
	EUR/year
	[31]



	LPG cost
	1440
	1872
	EUR/year
	[30]



	SPBT
	22.5
	12.5
	years
	-
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