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Abstract: This study focuses on enhancing energy resilience in Repulse Bay, a remote community in Nunavut, facing significant power challenges due to the reliance on aging diesel generators. To address these issues, this research explores the development of sustainable hybrid energy systems using HOMER Pro. The optimization results identify a configuration integrating wind turbines and solar panels as the optimal techno-economic solution. The expected outcomes include a substantial reduction in greenhouse gas emissions, increased reliability of energy supply, and significant economic benefits. The proposed hybrid energy system achieves a net present cost of $20.66 million while significantly increasing the renewable energy fraction to 75%. This system drastically reduces greenhouse gas emissions by 60%, aligning with Canada’s goal of achieving net-zero emissions by 2050. Additionally, the implementation of this system is projected to create 149 jobs, thus supporting local economic growth. The findings highlight the potential for similar Arctic communities to transition to renewable energy, contributing to global renewable energy efforts. This study not only demonstrates the viability of hybrid energy systems in reducing environmental impact and operational costs but also underscores their broader implications for sustainable development in other remote Arctic regions and beyond. By adopting such systems, Arctic communities can significantly enhance their energy resilience, reduce their carbon footprint, and stimulate economic growth, thereby aligning local initiatives with global sustainability goals. 
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Canada has committed to achieving net-zero greenhouse gas emissions by 2050, a goal that necessitates transformative changes across all sectors, particularly energy production. This ambitious target drives the need for sustainable and innovative energy solutions that reduce dependency on fossil fuels [1]. One critical aspect of this transition is addressing the energy needs of remote communities, which often rely on outdated and inefficient diesel generators [2, 3]. 

The Arctic region, characterized by its harsh climatic conditions and isolation, presents unique challenges and opportunities for energy infrastructure development. Energy systems in these areas must be resilient, reliable, and environmentally sustainable to support the well-being and economic growth of local communities [2, 4]. Renewable energy sources, such as wind and solar power, offer promising alternatives to traditional fossil fuels, aligning with global efforts to combat climate change [2]. 

In Nunavut, the remote community of Repulse Bay exemplifies the energy challenges faced by Arctic regions. 

Reliant on aging diesel generators, the community endures high operational costs and environmental degradation. 

Reflecting its expanding population and economic activities, it has faced a 13.2% growth in population between 2016 and 2021 [5]. This increase in population has led to a rising demand for electricity, underscoring the need for sustainable and reliable energy solutions. The integration of renewable energy sources into Repulse Bay’s energy system could significantly enhance sustainability, reduce greenhouse gas emissions, and improve energy security [6, 7]. 

This transformation is crucial for meeting both local energy demands and national environmental objectives [8]. 
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Existing studies have explored the potential of renewable energy in Arctic regions, but there are gaps that necessitate further investigation. For instance, Mustafa and Ashraf [2] and Kamjoo et al. [3] highlight the operational challenges of diesel generators but do not comprehensively address the integration of multiple renewable sources. 

While, Peddakapu et al. [9] discussed the benefits of wind and solar power, they do not explore their combined effects in hybrid systems tailored for Arctic conditions. Additionally, Owolabi et al. [10] focused on the environmental impacts of diesel dependency without providing detailed economic analyses of renewable alternatives. 

This research aims to fill these gaps by investigating the feasibility, sustainability, and economic viability of hybrid energy systems for Repulse Bay, incorporating wind turbines and solar panels alongside existing diesel generators. 

Utilizing HOMER Pro software, the study models and optimizes various energy system configurations to identify the most effective solutions [11, 12]. The analysis encompasses technical performance, cost-effectiveness, environmental impact, and job creation potential, providing a comprehensive assessment of each scenario [13]. By addressing gaps in existing literature, this research offers a robust framework for policymakers and stakeholders to develop sustainable energy strategies for Repulse Bay and similar Arctic communities [9]. 

2 Background

Recent advancements in sustainable energy systems have significantly focused on integrating renewable sources such as wind and solar with traditional diesel generators to enhance energy resilience and reduce greenhouse gas emissions [1, 13]. Studies on hybrid configurations have shown promising results across various geographical contexts. For instance, research conducted in Europe and North America has utilized sophisticated modeling tools like HOMER Pro and MATLAB to optimize energy systems, leading to substantial improvements in both economic and environmental performance [4, 14]. These findings underscore the critical need for comprehensive techno-economic analyses to identify the most efficient and cost-effective energy solutions [12, 13]. The unique challenges faced by remote Arctic communities, particularly in Nunavut, have driven targeted investigations into the feasibility and sustainability of hybrid energy systems. Studies focusing on regions similar to Repulse Bay, as well as other remote areas in Canada, emphasize the significant potential of integrating renewable energy sources to meet these communities’ specific energy needs [6, 9]. The research highlights the importance of leveraging local renewable resources, especially wind and solar, to shape an optimized energy mix [12]. These hybrid systems not only enhance energy reliability but also contribute to local economic development through job creation and sustainable infrastructure investments [2]. 

Studies [15–17] provide critical insights into optimizing hybrid energy systems in remote areas. Odetoye et al. [15] present a multi-year techno-economic evaluation of a zero-emission microgrid, illustrating the long-term economic and environmental benefits. Tobaru et al. [16] explore the operation of fuel cells within regional power systems, demonstrating their potential to enhance system reliability. Similarly, Hassan et al. [17] review solar and wind-powered hybrid systems, addressing key challenges and policy implications crucial for advancing renewable energy integration. Complementing these studies, Elazab et al. [18] offer a review of sustainable microgrid models and energy management strategies, providing valuable insights into the future of 100% renewable systems. From a broader strategic perspective, Uddin et al. [19] examine the challenges and future trends in microgrid development, while Gielen et al. [20] highlight the pivotal role of renewable energy in global energy transformation, emphasizing its importance for achieving sustainable development goals. Opeyemi [21] contributes to this discourse by discussing the substitution of non-renewable energy with renewable alternatives, thereby advancing pathways toward sustainable energy consumption. In parallel, Stringer and Joanis [22] explore the decarbonization of remote Canadian microgrids, underscoring the critical importance of renewable integration for sustainability. 

Further exploring practical applications and economic viability, studies [23–29] delve into various aspects of hybrid systems. Vurur [23] investigated the interdependencies between urbanization, renewable energy, financial development, and economic growth, while Sharma et al. [24] conduct an economic evaluation of hybrid systems in rural India using HOMER software. Nebey [25] and Ghaffari and Askarzadeh [26] focused on designing and optimizing hybrid power systems, emphasizing the importance of reliability and renewable energy penetration. 

Ahmadi et al. [28] propose a multi-approach framework for developing sustainable hybrid systems in remote regions, such as Con Dao Island in Vietnam, highlighting their economic viability. Meanwhile, Hasan et al. [27] and Manas et al. [29] provide techno-economic analyses of off-grid and hybrid microgrids, offering critical insights into their performance and sensitivity. Finally, studies [30–32] expand the scope by examining the broader implications of hybrid renewable energy systems. Agajie et al. [30] review the techno-economic analysis and optimal sizing of these systems, while Farahmand et al. [31] and Sakthi et al. [32] explore Canadian hydrogen supply chains and sustainable hydrogen production, respectively. These studies contribute to a deeper understanding of sustainable energy systems and their potential to support both regional and global energy transitions. 

Despite these advancements, there remain significant research gaps, particularly in the comprehensive analysis of energy systems tailored to the specific conditions of remote Arctic communities like Repulse Bay. Existing literature often lacks detailed evaluations of job creation potential, long-term economic impacts, and considerations 70

of community-specific environmental and social factors. This paper aims to address these gaps by providing an in-depth analysis of hybrid energy systems that incorporate wind turbines and solar panels optimized for Repulse Bay’s unique climatic and geographical conditions. Utilizing HOMER Pro software, this study evaluates various configurations based on technical performance, economic viability, environmental impact, and job creation potential. 

Table 1 summarizes the key features and focus areas of referenced studies, underscoring the comprehensive nature of this research and its contribution to addressing existing gaps. 

Table 1. Analysis of research on energy systems in Nunavut (Publications Up to June 2024) CF C

R O&M F

S

OC NPC COE

FC

CO

CO

Job

No. 

Ref. W S D

RF

2

Software

($) ($) ($)

($)

($) ($) ($)

($)

($)

m3 (Kg/y) (Kg/y) (#)

HOMER

1

[8]

x

x

x

x

x

x

x

x

x

x

x

x

x

x

Pro

2

[9]

x x

x

x

x

x

x

x

x

x

x

MATLAB

HOMER

3

[10] x x x

x

x

x

x

x

x

x

x

x

x

x

x

Pro

4

[18]

x x

x

x

x

x

x

x

x

x

x

x

MATLAB

HOMER

5

[22] x x x

x

x

x

x

x

x

x

x

x

x

x

Pro

HOMER

6

[23]

x

x

x

x

x

x

x

x

x

x

x

Pro

7

[24] x

x

x

x

x

x

x

x

x

x

x

x

x

MATLAB

HOMER

8

[27]

x x

x

x

x

x

x

x

x

x

x

x

x

Pro

9

[25] x

x

x

x

x

x

x

x

x

x

x

x

x

MATLAB

HOMER

10

[29]

x x

x

x

x

x

x

x

x

x

x

x

x

Pro

This

This

HOMER

x x x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

paper paper

Pro

Abbreviations: CF: Cash Flow, C: Capital, R: Replacement, O&M: Operation & Maintenance, F: Fuel, S: Salvage, OC: Operating Cost, NPC: Net Present Cost, COE: Cost of Electricity, RF: Renewable Fraction, FC: Fuel Consumption, CO2: Carbon Dioxide, CO: Carbon Monoxide, Job: Job Creation. 

3 Methodology

This research employs a mixed-methods approach, integrating applied and quantitative methodologies to evaluate the feasibility and sustainability of a microgrid energy system for Repulse Bay. As depicted in Figure 1, precise geographic coordinates of Repulse Bay were determined and inputted into the simulation models. Comprehensive data on local renewable energy resources, including solar irradiance and wind speed, were collected through historical climate records to inform the simulations. 

The gathered raw input data encompassed historical load profiles, existing diesel generator specifications, wind speed profiles, wind turbine specifications (capacity, hub height, power curve, costs), temperature, solar irradiation, PV panel specifications, battery specifications, and community location. This data was processed to generate model input data, which included load forecasts, updated diesel generator specifications, wind speed forecasts, temperature forecasts, solar irradiation forecasts, and transportation routing and costs. 

Specific energy generation technologies, such as Vestas V47 wind turbines, were selected due to their proven efficiency and suitability for Arctic conditions. Similarly, energy storage systems like SAGM 12 205 batteries were chosen for their reliability and performance in harsh climates. The rationale for using these specific technologies is based on their ability to provide stable and reliable energy in remote and challenging environments. The selection of HOMER Pro for simulation was driven by its robust capabilities in modeling and optimizing hybrid energy systems. 

HOMER Pro allows for comprehensive analysis of technical performance, cost-effectiveness, and environmental impact, making it an ideal tool for evaluating various energy scenarios. 

The search space was defined for new diesel generators, wind turbines, PV panels, and batteries. Necessary converters and inverters were chosen to integrate diverse energy sources into a cohesive microgrid system. A dispatch strategy was developed and implemented to optimize the utilization of various energy sources based on their availability, cost, and demand. Simulation software, notably HOMER Pro, was employed to model different hybrid energy scenarios, and the simulation results were analyzed to assess the technical and economic performance of each scenario. 
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Finally, various energy systems, both non-renewable and hybrid, were evaluated and compared based on the simulation results. Comprehensive analyses were conducted, considering technical, economic, environmental, social, and sustainability factors. The long-term planning optimization phase focused on identifying the optimal number, size, and timing for renewable energy deployment. The goal was to identify the most sustainable and robust energy system configuration for Repulse Bay. The methodology, as outlined in the accompanying flowchart, ensures a rigorous and systematic approach to determining the optimal energy solution for the community. 

Figure 1. Methodology flowchart

Figure 2. Map showing the position of Repulse Bay, NU
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4 Results and Discussion

4.1 Location

Repulse Bay, also known as Naujaat, is situated in the northern region of Canada, within the territory of Nunavut. 

The geographic coordinates of Repulse Bay are 66.5253° N latitude and 86.2361° W longitude. This location places Repulse Bay within the Arctic Circle, characterized by its extreme climatic conditions, including long, harsh winters and short, cool summers. 

Figure 2 illustrates the location of Repulse Bay within the broader context of North America, highlighting its isolation from major urban centres and underscoring the logistical challenges associated with implementing new infrastructure projects. The geographic and climatic data collected from this region are crucial for designing and optimizing a microgrid energy system that is both sustainable and robust, tailored to the unique needs and conditions of this Arctic community. 

4.2 Electrical Load Profile

The analysis of renewable energy potential and load profile for Repulse Bay reveals critical insights into the community’s energy dynamics. The load profile in Figure 3 data shows a significant variation in energy demand throughout the year, with peak loads occurring during the winter months (January to March and November to December) due to increased heating requirements. Conversely, the summer months (June to August) experience substantially lower demand. This seasonal variation underscores the necessity of designing an energy system capable of handling high winter loads while efficiently managing the reduced summer demand. 

Figure 3. (a) Monthly load profile; (b) Monthly average wind speed; (c) Monthly radiation– Repulse Bay The wind speed data indicates that wind energy is a viable option for Repulse Bay, particularly during the winter months when wind speeds are highest. The average wind speeds remain relatively stable throughout the year, with a dip in July and August. The highest wind speeds coincide with the peak energy demand in winter, suggesting that wind turbines could significantly contribute to the energy mix, providing reliable power during periods of highest need. 

This alignment between wind energy potential and load demand is advantageous for the hybrid energy system design. 

The solar irradiance data highlights the potential for solar energy during the summer months when daily solar radiation peaks from April to August. This period of high solar radiation overlaps with the lower energy demand, allowing solar panels to offset energy needs during the summer efficiently. A robust and sustainable hybrid energy system can be developed by integrating wind turbines and solar panels with existing diesel generators and incorporating appropriate storage solutions. This system would not only meet the community’s year-round energy needs but also reduce dependence on diesel, lower greenhouse gas emissions, and enhance the overall resilience and sustainability of Repulse Bay’s energy infrastructure. 

73

[image: Image 7]

4.3 Evaluation of Energy System Scenarios

This section provides a comprehensive analysis of four distinct energy system configurations for Repulse Bay, each featuring different combinations of diesel generators, wind turbines, and solar panels. The goal is to assess the performance, feasibility, and sustainability of these scenarios to optimize the community’s energy infrastructure. By examining technical specifications, operational strategies, and potential impacts, this evaluation aims to identify the most effective solution for enhancing energy security, reducing fossil fuel dependency, and promoting sustainable development in this remote Arctic environment. 

As depicted in Figure 4, the energy system relies solely on two CAT-1135 diesel generators in Scenario A. These generators are connected to the load via alternating current (AC) circuits, supplying a total power output of 23.5 kW. 

This configuration represents the current baseline energy system in Repulse Bay, which is heavily dependent on diesel fuel. It includes minimal battery storage, with only one string of SAGM 12 205 batteries, reflecting the limited capacity for energy storage and highlighting the system’s vulnerability to diesel supply disruptions. 

Figure 4. Schematic of the analyzed scenarios using HOMER Pro

Scenario B introduces renewable energy into the mix by integrating 29 Vestas V47 wind turbines, each with a capacity of 660 kW, alongside the existing diesel generators. This hybrid system significantly increases the power output to 1954 kW. The addition of extensive battery storage, with 264 strings of SAGM 12 205 batteries, allows for better energy management and storage of excess wind power. This configuration aims to reduce reliance on diesel fuel, lower greenhouse gas emissions, and enhance energy security. 

In Scenario C, the energy system is further diversified by including 12 Vestas V47 wind turbines and a solar component, integrating 20-38 kW Fronius solar panels. This scenario maintains the use of a CAT-1135 diesel generator, providing a hybrid solution that leverages both wind and solar resources. The total power output is 794 kW, with 38 strings of SAGM 12 205 batteries for storage. This diversified approach aims to maximize the use of available renewable resources, providing a more balanced and sustainable energy supply. 

Finally, scenario D represents a fully renewable energy system, relying exclusively on 13 Vestas V47 wind turbines, each producing 660 kW, without any diesel generators. The total power output is 809 kW, supported by 38

strings of SAGM 12 205 batteries. This scenario explores the feasibility of transitioning entirely to renewable energy, focusing on sustainability and reducing carbon emissions. The absence of diesel generators highlights the potential for a completely green energy system, though it requires robust battery storage to manage variability in wind energy production. 

4.3.1 Technical analysis

In this section, we conduct a comprehensive technical analysis of the four proposed energy system scenarios for Repulse Bay. The objective is to evaluate each scenario’s electricity production capacity, efficiency, and ability to meet the community’s energy demands. By comparing the total electricity production, excess electricity, unmet 74
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electrical load, and capacity shortages, we aim to identify the most effective and sustainable energy solution for Repulse Bay. Figure 5 illustrates the performance metrics for each energy scenario. 

Figure 5. Comparison of annual production across four energy system scenarios Scenario 1 relies solely on diesel generators, producing a total of 8,956,117 kWh/year. This configuration shows a minor excess electricity production of 517 kWh/year, an unmet electrical load of 1,626 kWh/year, and a capacity shortage of 8,948 kWh/year. The reliance on diesel generators results in limited excess electricity and significant capacity shortages, highlighting the inefficiency and environmental impact of this scenario. 

Scenario 2 integrates wind turbines exclusively, with a total electricity production of 73,608,688 kWh/year. This scenario generates substantial excess electricity of 64,165,895 kWh/year, demonstrating a high capacity for renewable energy production. However, despite the large excess, there remains an unmet electrical load of 3,556 kWh/year and a capacity shortage of 8,450 kWh/year. This scenario shows the potential for wind energy but also indicates inefficiencies in balancing production with demand. 

Scenario 3 combines diesel generators, wind turbines, and solar panels, producing 32,447,349 kWh/year. This hybrid system results in an excess electricity production of 23,425,641 kWh/year. Despite the diverse energy sources, there is still an unmet electrical load of 2,280 kWh/year and a capacity shortage of 8,860 kWh/year. The integration of solar and wind energy reduces reliance on diesel, but the system requires optimization to minimize unmet loads and capacity shortages. 

Scenario 4 focuses on wind turbines supplemented with solar panels, producing 34,954,466 kWh/year. This scenario yields an excess electricity production of 25,939,803 kWh/year. The unmet electrical load is 1,980 kWh/year, and the capacity shortage is 8,058 kWh/year. This configuration demonstrates the highest potential for renewable energy utilization, with the lowest unmet load and capacity shortage among all scenarios, highlighting its efficiency and sustainability. 

The comparative analysis of these scenarios underscores the importance of integrating renewable energy sources to enhance system efficiency and sustainability. Scenario 4 emerges as the most promising solution, with the optimal balance of electricity production, minimal unmet load, and reduced capacity shortages. This technical evaluation provides a solid foundation for recommending the most viable energy strategy for Repulse Bay. These findings align with the research objective of developing a sustainable and reliable hybrid energy system for Repulse Bay and highlight the broader context of reducing reliance on diesel generators in remote Arctic communities. 

4.3.2 Environmental analysis

The environmental impact of energy systems is a critical factor in evaluating their overall sustainability and feasibility. This section presents an in-depth environmental analysis of the four proposed energy system scenarios 75
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for Repulse Bay. The objective is to compare the emissions produced by each scenario, focusing on key pollutants such as carbon dioxide (CO2), carbon monoxide (CO), unburned hydrocarbons (UHC), particulate matter (PM), sulfur dioxide (SO2), and nitrogen oxides (NOx). By quantifying these emissions, we aim to identify the most environmentally friendly solution, contributing to the reduction of the community’s carbon footprint and improving air quality. Figure 6 depicts the annual emissions for each of the four energy scenarios. 

Figure 6. Emissions comparison across scenarios

Scenario 1 relies solely on diesel generators and produces the highest emissions across all categories. Specifically, it emits 6,955,300 kg/year of CO2, 7,852 kg/year of CO, 1,318 kg/year of UHC, 1,186 kg/year of PM, 17,275 kg/year of SO2, and 68,089 kg/year of NOx. These substantial emissions highlight the significant environmental impact of relying exclusively on diesel generators, underscoring the necessity for cleaner alternatives. 

Scenario 2 employs wind turbines exclusively, resulting in zero emissions across all pollutant categories. This scenario demonstrates the potential for completely eliminating harmful emissions through the use of renewable energy sources. It represents the ideal environmental solution, though practical considerations such as energy reliability and economic feasibility must also be addressed. 

Scenario 3 combines diesel generators, wind turbines, and solar panels, resulting in significantly lower emissions compared to Scenario 1. This hybrid system emits 1,511,945 kg/year of CO2, 1,707 kg/year of CO, 286 kg/year of UHC, 258 kg/year of PM, 3,755 kg/year of SO2, and 14,801 kg/year of NOx. The integration of renewable energy sources substantially reduces emissions, highlighting the environmental benefits of a mixed energy approach. 

Scenario 4 primarily uses wind turbines supplemented with solar panels, with a minimal reliance on diesel generators. This configuration results in emissions of 1,458,409 kg/year of CO2, 1,647 kg/year of CO, 276 kg/year of UHC, 249 kg/year of PM, 3,622 kg/year of SO2, and 14,277 kg/year of NOx. While slightly lower than Scenario 3, these emissions reflect the ongoing, albeit reduced, environmental impact due to the partial reliance on diesel generators. 

This environmental analysis demonstrates that Scenarios 3 and 4 offer substantial reductions in emissions compared to the diesel-only approach of Scenario 1, with Scenario 2 presenting the optimal solution in terms of emissions elimination. These insights are crucial for guiding the selection of an energy system that balances environmental sustainability with operational and economic considerations for Repulse Bay. 

Furthermore, these findings align with the broader context discussed in the introduction, highlighting the potential for other remote Arctic communities to adopt similar renewable energy solutions to reduce environmental impact and improve air quality. 
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4.3.3 Economic analysis

This section presents a comprehensive economic analysis of the four proposed energy system scenarios for Repulse Bay. The analysis includes a detailed examination of capital, operating, salvage, and replacement costs, as well as the levelized cost of electricity (LCOE), levelized price of electricity (LPOE), profit margins, and discounted cash flows over a 25-year period. By evaluating these economic metrics, we aim to identify the most cost-effective and financially viable energy solution for the community. 

Figure 7 illustrates the capital, operating, salvage, and replacement costs associated with each scenario. Scenario 1, which relies solely on diesel generators, has the lowest total cost of approximately $7.201 million, with operating costs being the dominant factor. Scenario 2, involving wind turbines, has the highest total cost of $53.020 million, primarily due to significant capital and operating expenses. Scenario 3, a hybrid system combining diesel, wind, and solar, incurs a total cost of $21.430 million, while Scenario 4, focusing on wind and solar with minimal diesel backup, costs $20.660 million. These comparisons highlight the high initial investment required for renewable energy systems but also indicate potential long-term savings in operating and replacement costs. 

Figure 7. Cost comparison of energy system scenarios

Figure 8 compares the levelized cost of electricity (LCOE), levelized price of electricity (LPOE), and profit margins for each scenario. Scenario 1 has an LCOE of $0.35/kWh and an LPOE of $0.62/kWh, resulting in a profit margin of $0.27/kWh and a total profit of $2.42 million. Scenario 2’s LCOE is $0.479/kWh, with an LPOE of $0.62/kWh, yielding a profit margin of $0.141/kWh and a profit of $10.38 million. Scenario 3 achieves the lowest LCOE of $0.219/kWh and an LPOE of $0.62/kWh, producing a profit margin of $0.401/kWh and a profit of $13.01

million. Scenario 4 shows similar financial performance with an LCOE of $0.221/kWh, an LPOE of $0.62/kWh, a profit margin of $0.399/kWh, and a total profit of $13.95 million. These results underscore the financial advantages of hybrid renewable energy systems, particularly Scenarios 3 and 4, which offer the highest profit margins and total profits. 

Figure 9 presents the discounted cash flows for each scenario over a 25-year period. Scenario 1 shows a steady cash flow, reflecting the ongoing costs and revenue associated with diesel generation. Scenario 2 displays a significant initial deficit due to high capital costs but achieves positive cash flow by year 3, maintaining steady performance thereafter. Scenarios 3 and 4 demonstrate rapid attainment of positive cash flow within the first year, with consistent performance throughout the analysis period. These cash flow projections highlight the financial sustainability of hybrid renewable systems, emphasizing their ability to provide stable and profitable long-term energy solutions for Repulse Bay. 

The most financially viable and sustainable energy system for Repulse Bay can be identified by integrating these economic analyses and balancing initial investments with long-term savings and profitability. These findings have broader implications for other remote Arctic communities, demonstrating that investing in hybrid renewable energy systems can yield substantial economic benefits while enhancing energy security and sustainability. This aligns with the research objective of providing a comprehensive assessment of various energy configurations to inform policy and investment decisions. 
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Figure 8. LCOE, LPOE, and profit margins comparison of energy system scenarios Figure 9. Discounted cash flow analysis of energy system scenarios over 25 years 4.3.4 Social analysis

The analysis of job creation potential across the four proposed energy system scenarios for Repulse Bay reveals significant variations in employment impacts. As Table 2 illustrates, the scenario relying solely on diesel generators results in the creation of 21 jobs during the construction phase and 1 job during the operation phase, totaling 22
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jobs. This limited job creation potential is attributable to the straightforward installation and minimal operational requirements of diesel generators. 

Table 2. Job creation potential across scenarios

Scenario

Construction Phase Jobs

Operation Phase Jobs

Total Jobs

1

21

1

22

2

290

8

298

3

131

5

136

4

143

6

149

In contrast, the scenario employing wind turbines exclusively demonstrates the highest job creation potential, with 290 jobs generated during the construction phase and 8 during the operation phase, amounting to 298 jobs in total. 

This substantial employment impact is reflective of the labor-intensive processes involved in wind turbine installation and the ongoing maintenance necessary to ensure their efficient operation. 

The hybrid scenario, incorporating diesel generators, wind turbines, and solar panels, yields 131 jobs during construction and 5 during operation, leading to a total of 136 jobs. The diverse energy sources necessitate a broad range of expertise and infrastructure development, resulting in considerable job creation, particularly in the construction phase. 

Similarly, the scenario integrating wind and solar power creates 143 jobs during construction and 6 during operation, for a total of 149 jobs. This configuration’s high job creation potential is due to the added complexity and coordination required for integrating multiple renewable energy sources, thus fostering substantial employment opportunities. 

Comparatively, the wind turbines-only scenario offers the highest job creation potential, driven by the extensive labor demands for both construction and ongoing maintenance. The wind and solar scenario follow closely, reflecting the complexity and continual maintenance needs of a combined renewable system. The hybrid scenario also shows significant job creation, benefiting from the diverse energy sources and their respective infrastructure requirements. 

The diesel generators-only scenario, with the lowest job creation potential, underscores its limited economic impact in terms of employment compared to the renewable and hybrid alternatives. 

This analysis underscores the substantial economic benefits of integrating renewable energy sources into the energy mix for Repulse Bay, not only in terms of sustainability but also in enhancing local employment opportunities. 

The adoption of renewable and hybrid energy systems promises to create more jobs and foster economic growth within the community, aligning with broader goals of sustainable development and social equity. 

These findings highlight the potential for other remote Arctic communities to benefit from similar transitions, demonstrating that hybrid renewable energy systems can significantly contribute to local economic development and social well-being. This discussion ties back to the broader context of the study, emphasizing the transformative impact of sustainable energy solutions on Arctic communities and aligning with global renewable energy efforts. 

5 Conclusions

This study assessed the feasibility, sustainability, and economic viability of four energy system scenarios for Repulse Bay, focusing on diesel generators, wind turbines, solar panels, and hybrid combinations. Through detailed technical, environmental, economic, and social analyses, the research identified significant benefits of integrating renewable energy sources into the community’s infrastructure. Scenario 4, combining wind turbines and solar panels, was the most promising, offering high efficiency in electricity production, minimal unmet load, reduced capacity shortages, substantial emission reductions, and significant job creation potential. This scenario aligns with sustainable development goals, demonstrating the potential to transform Repulse Bay’s energy landscape into a more resilient and environmentally friendly system. 

The economic analysis highlighted the financial benefits of renewable and hybrid systems, showing lower operating and replacement costs over time despite higher initial capital expenses, resulting in favorable profit margins and stable cash flows. The integration of renewable energy sources enhances energy security, reduces fossil fuel dependency, and fosters local economic growth through job creation. 

The research provides a framework for policymakers and stakeholders to optimize energy solutions for Repulse Bay, paving the way for a sustainable and economically prosperous future. Future research should explore emerging renewable technologies, long-term impacts of hybrid systems, policy enhancements, community engagement, innovative financing models, and comprehensive environmental monitoring. These areas will deepen understanding of hybrid energy systems’ potential and challenges in remote Arctic communities, ensuring the benefits of renewable energy are fully realized. Implementing hybrid energy systems could significantly impact long-term community resilience, economic stability, and environmental sustainability, contributing to global climate change efforts and energy equity. 
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The data used to support the research findings are available from the corresponding author upon request. 
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