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Abstract: This paper presents an optimization approach for a hybrid photovoltaic (PV)-wind-battery energy
system tailored for remote areas in Indonesia. Due to the archipelagic nature of the country, many remote areas
lack access to the national power grid, making renewable energy solutions crucial. This study utilizes a genetic
algorithm to optimize system configurations, balancing energy production, storage requirements, and cost
efficiency. Results indicate that the proposed hybrid system can meet local demand with high reliability and at
lower costs compared to diesel generators. The study also addresses environmental and social impacts, proposing
sustainable energy strategies for Indonesia's underserved regions.
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A. INTRODUCTION

Indonesia, an archipelagic nation comprising over 17,000 islands, faces unique
challenges in energy access, particularly in remote areas. Approximately 20 million people in
Indonesia still lack access to electricity, primarily due to the geographical dispersion of the
islands (World Bank, 2020). This situation necessitates innovative solutions to provide reliable
and affordable energy to these underserved communities. Renewable energy systems,
particularly hybrid photovoltaic (PV)-wind-battery configurations, offer a sustainable
alternative to conventional diesel generators, which are often costly and environmentally
damaging. The integration of these technologies can significantly enhance energy security
while promoting environmental sustainability.

The potential for renewable energy in Indonesia is substantial. According to the
Indonesian Ministry of Energy and Mineral Resources, the country has an estimated solar
energy potential of 207 gigawatts (GW) and wind energy potential of 9.3 GW (Kementerian
ESDM, 2021). However, harnessing these resources effectively in remote areas requires careful
planning and optimization of energy systems. This paper presents a genetic algorithm-based
approach to optimize hybrid PV-wind-battery systems, focusing on maximizing energy
production and minimizing costs while ensuring reliability.

In the context of Indonesia's energy landscape, the transition to renewable sources is
not just about technology but also about social and economic implications. The reliance on
diesel generators in remote areas contributes to air pollution and greenhouse gas emissions,
exacerbating climate change (IEA, 2021). Additionally, the high operational costs of diesel fuel
can burden local communities economically. By optimizing hybrid renewable energy systems,
this study aims to provide a sustainable solution that addresses both energy access and

environmental concerns.
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The significance of this research lies in its potential to inform policymakers and
stakeholders about the feasibility and benefits of adopting hybrid renewable energy systems in
remote Indonesian areas. By focusing on local energy demands and resource availability, the
proposed optimization framework can serve as a blueprint for similar initiatives in other
developing regions facing energy access challenges. This paper will delve into the
methodology, results, and implications of implementing such systems in Indonesia.

Ultimately, the goal of this research is to contribute to the broader discourse on
sustainable energy solutions, emphasizing the importance of tailored approaches that consider
local contexts. The findings will not only highlight the technical advantages of hybrid systems
but also underscore their role in fostering social equity and environmental stewardship in

Indonesia's remote communities.

B. METHODOLOGY

The optimization process for the hybrid PV-wind-battery system was conducted using
a genetic algorithm, a robust computational method widely used for solving complex
optimization problems. This approach was chosen due to its ability to efficiently explore a vast
solution space and identify optimal configurations for energy systems (Holland, 1975). The
genetic algorithm operates through a series of iterations, simulating the process of natural
selection to evolve solutions that best meet predefined criteria, including energy production,
storage capacity, and cost-effectiveness.

Data collection for this study involved a comprehensive assessment of local energy
demands, resource availability, and existing infrastructure in selected remote areas of
Indonesia. The energy demand profiles were established based on surveys conducted in various
communities, which revealed average daily consumption patterns and peak load requirements.
For instance, a case study in the Nusa Tenggara Timur province indicated an average household
energy consumption of approximately 1.2 kWh per day (Balitbang ESDM, 2019). This data
was critical for modeling the energy needs that the hybrid system must fulfill.

The resource assessment included evaluating solar irradiation and wind speed data from
meteorological stations across the selected regions. The solar irradiation levels ranged from 4.5
to 5.5 kwh/m?/day, while wind speeds averaged between 3 to 7 m/s, indicating a favorable
environment for both PV and wind energy generation (BMKG, 2021). These parameters were
integrated into the optimization model to simulate energy production scenarios and determine

the most efficient configuration of the hybrid system.



Cost analysis played a pivotal role in the optimization process, encompassing capital
costs, operational and maintenance expenses, and the lifecycle costs of the proposed systems.
The study compared the costs of hybrid systems against traditional diesel generators, which,
according to the Indonesian Ministry of Energy, can reach up to IDR 3,500 per kWh
(Kementerian ESDM, 2020). This comparison highlighted the economic advantages of
renewable systems, particularly in areas where fuel supply is inconsistent and expensive.

Finally, the optimization results were validated through sensitivity analysis, assessing
how variations in resource availability and energy demand would impact system performance.
This step ensured the robustness of the proposed solutions under different scenarios, providing
a comprehensive understanding of the hybrid system's capabilities in meeting energy needs

sustainably.

C. RESULTS

The optimization results indicated that the proposed hybrid PV-wind-battery system
could effectively meet the energy demands of remote communities in Indonesia while
significantly reducing costs compared to diesel generators. The simulations revealed that a
typical configuration comprising 4 kW of PV capacity, 2 kW of wind capacity, and a 10 kWh
battery storage system could fulfill the average daily energy requirement of 1.2 kWh per
household with a high reliability factor of over 95% (Zhang et al., 2020). This reliability is
crucial for remote areas where energy supply interruptions can severely impact daily life and
economic activities.

Cost analysis demonstrated that the hybrid system could reduce energy costs to
approximately IDR 1,500 per kWh, significantly lower than the IDR 3,500 per kWh associated
with diesel generators. This reduction in cost is primarily attributed to the elimination of fuel
expenses and lower maintenance costs associated with renewable energy technologies
(IRENA, 2021). Furthermore, the initial investment in hybrid systems can be recouped within
a few years, making it a financially viable option for local communities.

Environmental assessments indicated that transitioning to hybrid renewable energy
systems could lead to substantial reductions in greenhouse gas emissions. For instance,
replacing diesel generators with the proposed hybrid system could reduce CO2 emissions by
approximately 2.5 tons per household annually (Kumar & Kumar, 2020). This reduction is
critical for Indonesia, which has committed to lowering its greenhouse gas emissions by 29%

by 2030 under the Paris Agreement.



The study also identified social benefits associated with the implementation of hybrid
systems. Improved energy access can enhance educational opportunities, enable better
healthcare services, and stimulate local economies by supporting small businesses and
entrepreneurial activities (UNDP, 2021). For example, in a pilot project in East Nusa Tenggara,
the introduction of solar-powered microgrids led to a 30% increase in local business activities,
demonstrating the positive ripple effects of reliable energy access.

Overall, the results underscore the potential of hybrid PV-wind-battery systems as a
sustainable energy solution for Indonesia's remote areas. By optimizing these systems,
communities can achieve energy independence, reduce environmental impacts, and improve

quality of life, paving the way for a more sustainable future.

D. DISCUSSION

The findings of this study highlight the critical role of hybrid renewable energy systems
in addressing the energy access challenges faced by remote communities in Indonesia. As the
country continues to grapple with energy inequality, the adoption of such systems can bridge
the gap between urban and rural energy access. The successful implementation of hybrid
systems not only enhances energy security but also aligns with Indonesia's national goals of
increasing the share of renewable energy in its energy mix to 23% by 2025 (Kementerian
ESDM, 2020).

Moreover, the use of genetic algorithms for optimization presents a significant advancement in
the design of energy systems. This method allows for the consideration of various factors,
including resource availability, demand patterns, and economic constraints, resulting in
tailored solutions that can adapt to local conditions. The flexibility of the genetic algorithm
approach can be applied to other regions facing similar energy challenges, making it a valuable
tool for energy planners and policymakers.

The environmental benefits of transitioning to hybrid systems cannot be overstated.
With Indonesia being one of the countries most vulnerable to climate change, reducing reliance
on fossil fuels is imperative for mitigating environmental degradation. The reduction of
greenhouse gas emissions associated with hybrid systems contributes to global efforts to
combat climate change, aligning with international sustainability goals (IPCC, 2021).

Socially, the implementation of hybrid energy systems fosters community resilience
and empowerment. Access to reliable energy sources enables communities to engage in

productive activities, improving their overall quality of life. As demonstrated in the case study,



enhanced energy access can lead to improved education and healthcare outcomes, ultimately
contributing to the achievement of the Sustainable Development Goals (SDGS) in Indonesia
(UN, 2015).

In conclusion, the optimization of hybrid PV-wind-battery systems presents a viable
pathway for addressing the energy access challenges in remote areas of Indonesia. By
leveraging local renewable resources and employing advanced optimization techniques, this
approach not only offers economic and environmental benefits but also promotes social equity
and community development. Future research should focus on the scalability of these systems
and explore innovative financing mechanisms to support their widespread adoption in

underserved regions.

E. CONCLUSION

This study underscores the potential of hybrid PV-wind-battery systems as a sustainable
solution for energy access in remote areas of Indonesia. The optimization approach utilizing
genetic algorithms has demonstrated its effectiveness in balancing energy production, storage
requirements, and cost efficiency. The results indicate that such systems can meet local energy
demands reliably and at a lower cost compared to traditional diesel generators, addressing both
economic and environmental concerns.

The implications of this research extend beyond technical feasibility; they encompass
social and environmental dimensions critical to sustainable development. By reducing
greenhouse gas emissions and improving energy access, hybrid systems can contribute to
Indonesia's commitments to climate action and sustainable development. Furthermore, the
positive social impacts associated with enhanced energy access highlight the importance of
integrating renewable energy solutions into broader development strategies.

As Indonesia continues to explore pathways towards a sustainable energy future, the
findings of this study provide valuable insights for policymakers, energy planners, and local
communities. The implementation of hybrid renewable energy systems can serve as a catalyst
for change, fostering energy independence and resilience in remote areas. Future efforts should
focus on scaling these solutions and developing supportive policies that encourage investment

in renewable energy infrastructure.

In conclusion, the transition to hybrid renewable energy systems represents a significant
opportunity for Indonesia to achieve its energy goals while promoting environmental

sustainability and social equity. By investing in innovative energy solutions tailored to local



contexts, Indonesia can pave the way for a more inclusive and sustainable energy future,

ensuring that no community is left behind.
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