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This project investigates the feasibility of supplying electricity to a rural village near Bethesda, North Wales, using a small off-grid wind farm. Local environmental conditions were analysed to determine the suitability of renewable energy technologies, with wind energy identified as the most appropriate solution due to favourable wind speeds and limited solar potential. A complete off-grid system was designed, incorporating a 250 kW wind turbine, hybrid inverter, battery storage, low-voltage switchgear, and protection devices to ensure safe and reliable operation.

Electricity demand calculations were used to size the system and evaluate long-term performance. An economic analysis compared the proposed wind farm with National Grid electricity costs, demonstrating that although initial costs are higher, the system achieves full payback within 10 years. Beyond this period, electricity costs reduce significantly. Environmental impacts were also considered, showing that long-term benefits outweigh short-term construction effects. Overall, the project demonstrates that a small off-grid wind farm is a technically viable, economically sustainable, and environmentally beneficial solution for rural electricity supply.
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In this project, I am going to propose a cost-effective off-grid wind farm energy system that will supply a rural village near Bethesda, North Wales. The village currently faces unreliable electricity supply due to environmental challenges and reliance on external grid infrastructure. To stay aligned with the UK’s Net Zero 2050 goals, the system is designed to meet the energy needs of the whole community and having a backup energy storage of 4 days. Using UK based wind resources, the solution integrates wind turbines, converters, batteries, protection devices, and outdoor-rated low voltage switchgear to deliver reliable, three-phase power throughout the year.
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[bookmark: _Toc220082759]Figure 1 - Bethesda Cloud Cover
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[bookmark: _Toc220082760]Figure 2 - Bethesda Wind Speed
I selected to design a wind energy power system over a solar energy system for Bethesda, because of the area’s consistent high wind and relatively poor solar conditions. As shown in Figure 1, Bethesda experiences high levels of cloud cover throughout the year, with the month of October to February having no less than 60% cloud cover, significantly reducing the energy generation a solar system would produce. In contrast, the wind speed data presented in Figure 2 shows a strong and consistent wind resource, with an annual average wind speed of approximately 5.84 m/s and winter monthly averages exceeding 6.5–7.3 m/s (Spark, 2025). These wind speeds fall within the operational range of Class III wind turbines, which are designed for low-to-moderate wind speed sites. This makes wind energy more reliable and productive than solar for this location. Furthermore, UK weather sources indicate that mountainous and exposed coastal regions experience some of the highest wind speeds in the country (Office, 2019), while solar output is comparatively limited due to frequent cloud cover and lower winter daylight hours (Spark, n.d.). Therefore, wind power provides a more dependable and efficient renewable energy solution for supplying electrical power to the village of Bethesda.
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[bookmark: _Toc220082761]Figure 3 - Electricity Cost of Village














As shown in the table, I have calculated the cost of electricity supply cost for the village I will be providing power to from my designed windfarm. I used the information provided to me on the number of buildings and the energy consumption per day for me to work out the energy consumption over a decade. I then carried out my own research to find out the cost of energy supply from the National Grid to North Wales in 2021, where I found the overall unit cost (Pence per kWh) was 24.51p (Department for Business, Energy & Industrial Strategy, 2013). From my findings, I was then able to multiply this by the Total Energy (kWh) of the village I need to supply power to for me to work out the total cost.
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[bookmark: _Toc220082762]Figure 4 - Turbine Selection
Chosen Turbine - Leitwind LTW42 250
Calculations:










I have selected the Leitwind LTW42 (250 kW) wind turbine as it is very well suited to the wind conditions and electrical demand of Bethesda. The turbine is rated at 250 kW and is designed for onshore operation at low-to-moderate wind speed sites, making it appropriate for village-scale power generation. A key factor in the selection was the turbine’s power curve, which shows a relatively steep increase in power output between approximately 4.5m/s and 9m/s (Bauer, 2024). Given the site’s calculated average wind speed of 5.84m/s, this steep power curve allows the turbine to operate efficiently for a significant proportion of the year, producing significant electrical output even below rated wind speeds. Another feature on this turbine is that it generates variable frequency AC power, which is then rectified internally to DC and then fed to my batteries or Hybrid Inverter for village power supply due to an inbuilt IGBT converter. This turbine was selected in preference to larger alternatives as oversizing the system would significantly increase capital costs without providing any real benefits for my project. Further power curve interpretation, and cost assumptions are provided in Appendix A.

[bookmark: _Toc220082718]Inverter
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc220082763]Figure 5 - Inverter Comparison
For my wind farm, I needed to select an appropriate Inverter for the conversion of power produced by the turbine, to the power supply for the village. I chose the Synergy Three-Phase Hybrid Inverter (Synergy, 2023) as it was the most suitable power inverter due to its ability to manage both generation from the wind turbines and charge my battery storage, when excess electricity is produced, within a single integrated system (hebditch, 2023). A Synergy three-phase hybrid inverter was selected to provide grid-forming capability and manage power flow between generation, storage, and load, as this functionality is essential for stable off-grid operation and is not fully supported by conventional industrial motor drives.

Even though the Synergy Three-Phase Hybrid Inverter has AC - DC - AC capabilities, it will only be required to perform a DC to AC conversion between the battery storage and village power supply. The reason for this is because my wind turbine produces AC power and is changed to DC via an internal converter (IGBT). How this works is that the wind turbine rotor drives a generator that produces variable-frequency AC power, which is internally rectified to DC using an IGBT-based converter, and this DC power is then supplied to the external Synergy Hybrid Inverter where it can be converted into stable three-phase 50Hz AC for power supply to the village or regulated DC power, which can be passed to batteries for storage. Further discussion on hybrid inverter operation and alternative converter options is provided in Appendix B.
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Chosen Battery - Fox ESS GM215
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[bookmark: _Toc220082764]Figure 6 - Battery Comparison
Calculations:







The battery comparison table shows that the selected Fox ESS GM215 (Evergy, 2025) commercial battery storage system is well suited to the requirements of the proposed small off-grid wind farm supplying the village near Bethesda. The GM215 provides a total usable energy storage capacity of 215kWh with a continuous power rating of 100kW, which is sufficient to store excess energy generated during periods of high wind and supply power during low wind conditions or peak demand periods (Evergy, 2025). I have selected to have 56 battery units so that I can have a reliable back up of 4 days. I have selected to have 4 days worth of battery storage so that if there was a lack of wind during summer months, or if there was a turbine downtime due to repairs/maintenance, the village wouldn’t have to worry about power supply.

The main purpose of incorporating battery storage within my wind energy system is to ensure a reliable and continuous electricity supply despite fluctuating wind conditions, while also decoupling generation from demand to maintain voltage and frequency stability in off-grid operation. Excess electrical energy produced by the turbine is stored in the battery system and then gets discharged to maintain supply when generation is too low, enabling a stable 24 hour power supply without reliance on the National Grid. Overall, the Fox ESS GM215 battery storage system provides a safe and efficient solution that is essential for the reliable operation of my off-grid wind power system. 

Although the the system has a large battery storage capacity which increases the initial capital cost of the system, it is essential for ensuring continuous supply, system stability, and resilience during prolonged low-wind conditions in an off-grid application. Further detail on the battery storage system, including battery chemistry, internal battery management features, and its role in supporting voltage and frequency stability, is provided in Appendix C.
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[bookmark: _Toc220082765]Figure 7  - Low Voltage Switchgear Comparison

My low voltage switchgear comparison table shows that an outdoor-rated Mains Distribution Feeder Pillar (400A) (Distribution Zone, 2024), is the most suitable switchgear for my small off-grid wind farm. The total cost of my selected switchgear costs £10,789.00. The selected 400A feeder pillar is three-phase compatible and housed in an IP54 outdoor enclosure, making it suitable for all year round operation in an exposed rural environment such as Bethesda. Its current rating comfortably accommodates the combined output from the wind turbine, hybrid inverter, and battery system while allowing wiggle room for fault currents and future site expansion.

The purpose of incorporating low voltage switchgear within my off-grid system is to provide safe power distribution, system protection, and operational control. Due to me needing my small off-grid wind farm to be self-sufficient, with no connection to the national grid, the switchgear acts as the central point for isolating faults, protecting equipment from overcurrent and short-circuit conditions, and ensuring safe maintenance procedures. Compliance with UK standards such as BS EN IEC 61439-5:2023 for low voltage switchgear assemblies, ensures that the switchgear meets requirements for thermal performance, short-circuit withstand capability, and mechanical safety (British Standards Institution (BSI), 2025). Additional information on feeder pillar construction, internal device arrangement, and comparative justification against alternative switchgear solutions is provided in Appendix D.
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[bookmark: _Toc220082766]Figure 8 - Protection Devices
The tables above show different devices for both AC and DC protection that are required to ensure the safe and reliable operation of my proposed small off-grid wind farm. On the AC side, the selected 400A three-pole adjustable moulded-case circuit breaker (MCCB) (PROTEK, 2025), is used as the main protection device for the three-phase system operating at 220–415 V AC. This device is suitable for protecting the hybrid inverter output and the village distribution network due to its high current rating and short-circuit breaking capacity, allowing it to safely disconnect the system under overload or short-circuit fault conditions. Further detail on circuit breaker trip characteristics, protection coordination, and compliance with BS EN 60947-2 is provided in Appendix E.

For isolation and downstream protection, a four-pole isolator switch (RS Components, 2020), is included to allow full three-phase and neutral disconnection during maintenance or emergency conditions. Earth-fault protection is provided by the selected four-pole residual current device (RCD) (TLC Electrical Supplies, 2025), which reduces the risk of electric shock and fires in residential and community buildings by rapidly disconnecting the supply when leakage currents are detected. In addition, a Type 1+2 AC surge protection device (SPD) (Electrical4Less, 2025), is installed to protect the inverter and low-voltage switchgear from transient over voltages caused by lightning strikes or switching events, which are more likely in exposed rural wind farm locations (Santopietro, 2023).

On the DC side, protection is also essential due to the high fault energy associated with the wind turbine DC circuits and the Fox ESS GM215 battery storage system. I have selected a DC-rated fuse (Powerland, 2025), to provide fast-acting overcurrent protection. I have also included a DC isolator (Switchtec Ltd, 2025), switch to allow safe manual isolation of the battery and DC cabling during maintenance or fault conditions. A Type 2 DC surge protection device (SPD) (Electrical4Less, 2025b) is incorporated to protect sensitive power electronics from transient over voltages. By combining overcurrent, earth-fault, isolation, and surge protection across both AC and DC sides, it ensures selective fault clearance, minimises equipment damage, and maintains safe and reliable operation of the off-grid wind farm under both normal and fault conditions (ABB, 2011).
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[bookmark: _Toc220082767]Figure 9 - Cost of Wind Farm
Calculations:


To do this I used my knowledge of the excel formula,









The table above summarises the estimated capital hardware costs for the proposed small off-grid wind farm, based on the selected system components and typical UK market prices. The total cost has been calculated by combining the individual costs of the main equipment, including the wind turbine, hybrid inverter, battery storage units, low-voltage switchgear, and protection devices. Where manufacturer prices were listed as “price on request”, I used cost data of similar, comparable commercial systems to produce realistic estimates. Calculations were carried out using Excel formulas to scale costs according to the quantity of equipment required, such as the number of battery units selected to achieve the desired backup duration. For further details on cost comparison for items listed as ‘Price on Request’, refer to appendix F.

[bookmark: _Toc220082724]Maintenance Costs
[image: A screenshot of a computer

Description automatically generated]
[bookmark: _Toc220082768]Figure 10 - Maintenance Engineer Costs







I have calculated the maintenance costs based off 3% of the total capital cost of hardware, resulting in an annual spare components and servicing cost of £102,443.32. In addition to this, my wind farm requires two part-time maintenance engineers to carry out routine inspections, fault diagnosis, and general upkeep. The annual salary for each part-time engineer has been estimated at £22,500, which was calculated by determining the average hourly wage of a full-time turbine engineer, multiplying it by the assumed part-time weekly working hours, and then annualising this value over 52 weeks. This results in me having an annual bill of £147.443.32 between maintenance costs and the annual salaries of two engineers.
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[bookmark: _Toc220082769]Figure 11 - Village Payback Cost Comparison
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[bookmark: _Toc220082770]Figure 12 - Village Cost After 10 Years


Total Cost Per Year (Per Household) = 

Total Cost Per Month (Per Household) = 



Figure 11 compares the cost of supplying electricity to the village using the National Grid versus my proposed off-grid wind farm. During the initial payback period (10 years), the wind farm has a higher cost per household, with a daily cost of £11.32 compared to £6.05 for the National Grid. Over the first 10 years, this results in a total cost of £40,743.42 per household for the wind farm, compared to £22,091.13 when supplied by the National Grid. This increased cost reflects the repayment of the initial capital investment required to install the renewable energy wind farm.

However, once the 10 year payback period is complete, the wind farm capital costs are fully recovered. As shown in Figure 12, the ongoing cost then drops significantly, with households only needing to cover annual maintenance costs and the salaries of two maintenance engineers, therefore the daily cost per cottage is reduced to approximately £3.41. This demonstrates that while the wind farm has a higher short-term cost, it provides a significantly cheaper and more sustainable electricity supply for the village in the long term.
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This section of my report compares the electricity tariff experienced by the village when supplied by the National Grid and when supplied by my designed small off-grid wind farm.
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[bookmark: _Toc220082771]Figure 13 - Village Usage From National Grid
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[bookmark: _Toc220082772]Figure 14 - 10 Year Village Cost Comparison
For the National Grid, electricity costs are based on a fixed tariff of 24.51p/kWh (Department for Business, Energy & Industrial Strategy, 2013), meaning households continue to pay for electricity indefinitely, with costs remaining subject to external market conditions. In contrast, the electricity tariff associated with the wind farm is higher during the early years of operation, as it includes the repayment of the initial capital investment required for the overall wind farm cost.

Unlike the National Grid tariff, this higher cost is temporary. Once the wind farm reaches the end of its payback period, the capital costs are fully recovered and no longer contribute to the electricity tariff. After this point, households only need to cover routine maintenance costs and the salaries of two part-time maintenance engineers, resulting in a significantly lower long-term electricity cost per household. Overall, while grid electricity may appear cheaper in the short term, the off-grid wind farm provides a more economically sustainable electricity tariff over the lifetime of the system. Further discussion on long-term tariff behaviour, exposure to electricity market volatility, and the potential export of surplus generation is provided in Appendix H. 
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[bookmark: _Toc220082773]Figure 15 - System Operation
For further information, a full system explanation on how the site works is provided in Appendix I.

[bookmark: _Toc220082728]Environmental Impact
The proposed small off-grid wind farm near Bethesda will have both positive and negative environmental impacts in the short and long term. In the short term, construction activities such as turbine transportation, installation and groundworks may cause temporary disturbance to local habitats and species, and some residents may perceive the turbines as a visual intrusion in the landscape if not carefully placed (Local Government Association, 2019). In the long term, the wind farm will deliver substantial environmental benefits by generating clean electricity without direct greenhouse gas emissions, unlike fossil fuel sources. Onshore wind significantly reduces carbon dioxide emissions over its lifetime, supports the UK’s Net Zero targets, and allows land beneath turbines to continue being used for farming or habitat restoration (National Grid, 2022).

Overall, while local short-term disruptions may occur during construction, the long-term environmental impact of the off-grid wind farm is positive when compared to continued reliance on fossil-fuel-based grid electricity, contributing to reduced emissions and sustainable energy production in a way that can be compatible with local land use. Further detail on visual impacts, mitigation strategies, and ecological considerations associated with the development of my wind farm is provided in Appendix G.

[bookmark: _Toc220082729]Recommendations
Following the successful implementation and payback of the proposed off-grid wind farm, I would recommend that any surplus electricity generated can be sold to the National Grid. Selling excess electricity would create an additional revenue stream that could be used to offset ongoing maintenance costs or further reduce electricity tariffs for the village. 

As a second recommendation, once the wind farm costs have been fully recovered, a small solar energy system could be installed and incorporated into the system. This would increase overall energy generation during summer months when solar availability is high and wind conditions may be lower, allowing solar power to act as the primary supply during these periods. Integrating a solar system alongside wind generation would improve system resilience, reduce reliance on a single energy source, and make the overall energy system more self-sufficient and robust year-round.
[bookmark: _Toc220082730]Conclusion
This report has shown that a small off-grid wind farm is a very good solution for electricity supply to the rural village near Bethesda, North Wales. Local wind conditions were analysed and found to be suitable for wind energy generation, leading to the selection of a 250 kW Leitwind LTW42 wind turbine capable of meeting village demand. Once the Turbine was selected, a fully off-grid wind farm system was designed using a hybrid inverter, battery storage, low-voltage switchgear, and appropriate protection devices to ensure safe and reliable operation. 

Although the initial cost of the wind farm is higher than reliance on the National Grid, the economic analysis demonstrated that the system achieves full payback within 10 years. After this period, electricity costs for the village reduce significantly, as only maintenance and operational costs remain. In contrast, National Grid electricity costs continue indefinitely. Overall, the proposed off-grid wind farm offers a sustainable, reliable, and long-term cost-effective solution for rural electricity supply while also delivering environmental benefits through reduced carbon emissions.
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This characteristic improves annual energy yield compared to turbines optimised for higher wind speed sites. In addition, the turbine’s rated capacity aligns well with the village’s demand, avoiding excessive overgeneration while maintaining reliable supply. Therefore, this means that the LTW42 provides an appropriate balance between rated capacity, energy production, and site conditions. 

Due to the price of the turbine being ‘price on request’, I had to carry out research on turbine cost data to allow me to make an estimate for the price of my selected turbine. UK cost data indicates that onshore wind turbines typically cost £1.3–£2.0 million per megawatt installed. Applying this range to a 250 kW turbine results in an estimated installed cost of £325,000–£500,000 (Richardson, 2019).

[bookmark: _Toc220082734]Appendix B – Converter
With me choosing to use a hybrid inverter, it will combine the functions of a power converter and energy storage interface, enabling seamless conversion of DC power from the battery storage into stable AC at the required voltage and frequency (EcoFlow, 2025). 

In addition to this, hybrid inverters are designed to support grid-forming operation, meaning they can establish and regulate system voltage and frequency automatically without reliance on an external grid (Hossain et al., 2025). This is a critical requirement if I am to have a successful standalone small off-grid renewable energy source. This capability enhances the stability of my wind farm during fluctuations in generation or load and allows effective integration with the chosen Fox ESS battery system.

On the other hand, the other industrial motor drives such as the Yaskawa GA700 and Parker AC30V, while capable of AC – DC – AC conversion, they don’t have dedicated battery management features and true grid-forming control, making them less suited to my off-grid wind-driven system. 

[bookmark: _Toc220082735]Appendix C – Battery Storage
The battery storage system uses lithium iron phosphate (LFP) battery technology, which offers high thermal stability, long cycle life, and improved safety (Exicom, 2024), making it suitable for continuous cycling in my off-grid renewable energy system.

Battery storage also improves system performance by supporting voltage and frequency stability in a grid-forming off-grid system, which is essential when supplying residential and community loads (RenewableUK, 2019). In addition, my chosen battery storage includes an integrated battery management system (BMS), thermal management, and multiple protection features that comply with UK safety expectations for electrical energy storage systems (Fletcher and O’Brien, 2024).

[bookmark: _Toc220082736]Appendix D – Low Voltage Switchgear
The feeder pillar is capable of housing essential protection devices such as MCCBs, MCBs, RCBO’s and fuse carriers, providing safe isolation, overload protection, and fault clearance for circuits supplying cottages, community buildings, and street infrastructure (Distribution Zone, 2024). Compared to standalone isolators or bespoke enclosures, the selected feeder pillar offers a robust, industry-standard solution commonly used in UK renewable energy and distribution applications, making it a reliable and practical choice for an off-grid wind farm.

[bookmark: _Toc220082737]Appendix E – Protection Devices
The adjustable thermal and magnetic trip settings on the selected 400A three-pole adjustable moulded-case circuit breaker (MCCB) allow protection to be coordinated with the calculated system load, ensuring selective fault clearance while complying with industry standards. BS EN 60947-2 sets out the scope and performance requirements for low-voltage circuit breakers used in electrical installations, including design, safety, and interrupting capacity criteria (British Standards Institution (BSI), 2025).


[bookmark: _Toc220082738]Appendix F – Hardware Cost
For cost comparison of the Hybrid Inverter, the Solis 255kW 5G Hybrid Inverter, a similar hybrid inverter with DC battery support and three-phase output, is listed at approximately £9,538 in the UK, providing a realistic benchmark for the Synergy 250–500 kW unit. 

[bookmark: _Toc220082739]Appendix G – Environment Impact
Turbine blades can also create visual and shadow effects, meaning careful planning is required to minimise disturbance to people and wildlife. However, these short-term impacts are typically reversible and can be mitigated through careful placement, adherence to planning guidance, and post-construction restoration.

Although there are concerns about potential impacts on wildlife and ecosystems, evidence suggests that with appropriate design, monitoring, and mitigation strategies, these impacts can be kept low compared with the long-term benefits of decarbonising energy supply (ZSL and Hakkinen, 2024).

For example, the integration of hybrid inverters into renewable energy systems help reduce greenhouse gas emissions and overall environmental impact (hebditch, 2023). 

[bookmark: _Toc220082740]Appendix H – Additional Electricity Tariff Considerations
The higher electricity tariff associated with the wind farm during the initial years reflects the repayment of upfront capital costs rather than fuel or wholesale electricity prices. This contrasts with the National Grid tariff, which remains subject to fluctuations in energy markets, fuel costs, and future price increases.

Once the wind farm has been fully paid off, there is also potential for surplus electricity generated by the system to be sold back to the National Grid. Revenue generated through electricity export could be used to offset maintenance costs further, creating the opportunity to reduce household electricity tariffs beyond those calculated in the main analysis. These additional considerations reinforce the long-term economic benefits of local renewable energy generation for rural communities.

[bookmark: _Toc220082741]Appendix I – How the Wind Farm Works Explanation
My proposed renewable energy site operates as a small off-grid wind farm designed to supply electricity independently to a village near Bethesda. The system uses one 250kW Leitwind LTW42 wind turbine, which converts kinetic wind energy into variable-frequency AC electrical power. This AC power is internally rectified within the turbine to DC using an IGBT-based converter. The DC power is then supplied to my Synergy three-phase hybrid inverter, which regulates the voltage and frequency and converts the DC power into stable three-phase 230/400V, 50Hz AC, suitable for village distribution.

Energy storage is provided by 56 Fox ESS GM215 battery units connected in parallel, allowing the total storage capacity to be increased while maintaining a constant DC system voltage for reliable inverter operation. During periods of high wind generation, excess electrical energy is used to charge each battery unit. During low wind conditions, periods of high demand or break downs/maintenance, the batteries release stored power to maintain a continuous electricity supply, allowing the system to provide power on a 24-hour basis (batteries provide a backup of 4 days). The inverter manages the charging and discharging process automatically to ensure system stability.

The regulated AC output from the inverter is fed into one outdoor-rated 400A low-voltage feeder pillar, which houses the main switchgear and protection devices. From this point, electricity is distributed to the village through multiple outgoing circuits. AC and DC protection devices are also used with in my system, including fuses, isolators, RCDs, and surge protection devices, to ensure safe operation by isolating faults and protecting equipment. Overall, the system operates as an off-grid network that balances generation, storage, and demand to deliver a reliable and self-sufficient electricity supply.
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