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[bookmark: _Toc221224169]Introduction

The transition towards renewable energy has become increasingly important due to rising electricity demand, concerns over energy security, and the need to reduce greenhouse gas emissions. In rural and remote areas, extending the National Grid can be technically challenging and economically unviable, making off-grid renewable energy systems a practical alternative.
This project investigates the feasibility of supplying electricity to a rural village in North Wales using an off-grid wind energy system. A detailed load assessment is carried out to determine the village's daily and annual electricity demand. Based on local wind conditions, suitable wind turbines are selected and sized to meet the required energy demand. To address the intermittency of wind power, a battery energy storage system is designed to provide sufficient autonomy and ensure reliable electricity supply.
The system design also includes power electronic converters and inverters to provide stable voltage and frequency, as well as a low-voltage distribution network with appropriate protection devices to ensure safe operation. An economic analysis is conducted, including capital costs, operation and maintenance costs, cost per household, payback period, and comparison with National Grid electricity prices. The aim of this study is to assess the technical viability and economic feasibility of an off-grid wind energy solution for rural electrification.
[bookmark: _Toc221224170]
Justification for Selecting Wind Energy over Solar Power
Although solar photovoltaic (PV) systems are commonly used in off-grid renewable energy applications, wind energy was selected as the primary energy source for this project due to local environmental and technical considerations. The proposed site in North Wales experiences relatively high average wind speeds of approximately 5.8 m/s, which provides favourable conditions for efficient wind power generation. In contrast, solar energy generation in the UK is limited by low solar irradiance, particularly during winter months, when electricity demand is typically higher.
Wind turbines are capable of generating electricity both during the day and at night, offering a more continuous energy supply compared to solar PV systems, which only operate during daylight hours. This characteristic reduces the required battery storage capacity and improves overall system reliability. Furthermore, wind energy demonstrates higher seasonal alignment with electricity demand in the UK, as wind speeds are generally higher during winter periods.
For these reasons, wind energy was considered more suitable than solar power for providing a reliable and efficient off-grid electricity supply to the rural village.
[bookmark: _Toc221218830][bookmark: _Toc221218916][bookmark: _Toc221224171]Load Assessment
A load assessment was carried out to determine the electricity demand of the village, including residential, commercial, and community buildings. The energy consumption of each load category was estimated based on typical daily usage. The results of the load estimation are summarised in Table 1, which shows the daily, annual, and 10-year electricity demand of the village.
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Table 1: Estimated daily, annual, and 10-year electricity demand of the village.
The total daily electricity demand of the village is calculated as 2,963.2 kWh/day. This corresponds to an annual energy demand of:

This total energy demand forms the basis for the sizing of the wind turbines, battery energy storage system, and subsequent economic analysis.
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[bookmark: _Toc221016104]Table 2 wind speed for one year             (weatherspark, 2026)
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AN Bonus 150 kw 
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Image  1 AN Bonus 150 kw  (wind-turbine-models, 2012)
Wind speed at 5m/s = 10kW




Wind speed at 5.8m/s = 18kW
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ACSA A29/225
[image: ]
Image  2 ACSA A29/225  (wind-turbine-models, 2022)
Wind speed at 5m/s = 20.50kW





Wind speed at 5.8m/s =34.74 


[image: A graph with a line

AI-generated content may be incorrect.]

AN Bonus 450/37
Description
The AN Bonus 450/37 is a 450 kW onshore wind turbine originally manufactured by AN
Wind Energie GmbH. The turbine has a cut-in wind speed of 4.5 m/s and a cut-out wind speed of 25 m/s, making it suitable for low-to-moderate wind speed sites. It operates with a rated power of 450 kW.
The turbine is equipped with a three-bladed rotor with a diameter of 37 m, providing a rotor swept area of approximately 1,075 m?. The rotor rotates at a speed of approximately 30 revolutions per minute. Power transmission is achieved through a three-stage spur/planetary gearbox, which increases the rotor speed to the generator speed.
An asynchronous generator is used, operating at a maximum speed of 1,500 rpm, with a rated voltage of 690 V and a grid frequency of 50 Hz. The turbine is mounted on a steel tubular tower with corrosion protection provided through surface coating.
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Image  3 AN Bonus 450/37       (wind-turbine-models, 2013)
Wind speed at 5m/s = 24.90 kW



 5.8m/s is %80 from 5 and 6 m/s, so I have to add 0.8 to 5m/s  

Wind speed at 5.8m/s = 56.10kW
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[bookmark: _Toc221089117][bookmark: _Toc221199966][bookmark: _Toc221218832][bookmark: _Toc221218918][bookmark: _Toc221224173]Prices 
[bookmark: _Toc221089118][bookmark: _Toc221199967][bookmark: _Toc221218833][bookmark: _Toc221218919]Since the original model isn’t manufactured now, no official new price exists but based on industry cost ranges, a new equivalent 450 kW turbine would likely cost £300,000 – £600,000 just for the turbine equipment, before installation and other costs (delfos, 2025). 
A 450-kW horizontal axis wind turbine was chosen based on proven performance onshore and its effectiveness in reducing the number of wind turbines needed. The village's annual electricity requirements were estimated, and adjustments were made for conversion and energy storage losses to obtain the annual energy requirements. The annual energy output of a single wind turbine was estimated using a capacity factor based on local wind characteristics. The system sizing analysis shows that three (3) wind turbines are needed to satisfy the annual energy requirements with an adequate availability margin.
[bookmark: _Toc221224174]
Battery Energy Storage System Design
Due to the intermittent nature of wind energy, a battery energy storage system is required to ensure a continuous and reliable electricity supply to the village. The battery system was designed to provide sufficient autonomy during periods of low wind generation.
The required battery capacity was calculated using the following equation:


Where:
is the battery capacity (Ah),
is the average power demand (W),
is the autonomy period (h),
is the depth of discharge,
is the inverter efficiency,
is the battery efficiency, and
is the battery bank voltage (V).
Based on an average power demand of 123,467 W, an autonomy period of 48 hours, a depth of discharge of 80%, inverter efficiency of 86%, battery efficiency of 90%, and a battery bank voltage of 800 V, the required battery capacity was calculated as 11,964 Ah. This corresponds to a total energy storage requirement of approximately 9.57 MWh.
To meet this requirement, ten 1000 kWh lithium-ion (LiFePO₄) battery units were selected. Lithium-ion batteries were chosen due to their high efficiency, long cycle life, and suitability for large-scale renewable energy storage applications.
An autonomy period of two days was selected for the battery storage system. This value represents a balance between supply reliability and economic feasibility and is consistent with commonly adopted autonomy periods of 1–3 days for off-grid renewable energy systems reported in the literature (Yang, 2018)
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Image  4 the battery       (made-in-china, 2020)
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image  5 convert the money from $ to £:
Daily energy demand:

Average power (converted to W):




 Autonomy period, = 48 h (2 days)
 Depth of discharge, = 0.80
 Inverter efficiency, = 0.86
 Battery efficiency, = 0.90
 Battery bank voltage, = 800 V

Formula





Convert Ah to kWh



 Therefore, ten battery units are required.



[bookmark: _Toc221089119][bookmark: _Toc221199968][bookmark: _Toc221218834][bookmark: _Toc221218920][bookmark: _Toc221224175]Converter and Inverter Design

Power electronic converters are essential in off-grid wind energy systems because the electrical output of wind turbines is inherently variable in both voltage and frequency. To enable effective energy storage and supply a stable low-voltage AC network, the proposed system adopts an AC-DC-AC conversion architecture, which is widely used in modern renewable energy systems due to its flexibility and controllability. Studies on renewable energy integration highlight that power converters are fundamental for conditioning generator output, regulating power flow, and ensuring compatibility with downstream storage and loads  (Power Converters and Control of Renewable Energy Systems, 2007).
In the proposed design, the variable-frequency AC output from each wind turbine is first converted to DC using a controlled AC–DC rectifier. This rectification stage enables efficient power transfer from the turbine to a common DC bus while allowing appropriate control of generator operation. Power electronic rectifiers also support maximum power extraction from wind turbines and protect the system against voltage fluctuations caused by wind variability (Blaabjerg, Chen, & Huang, 2024). The rectified outputs of all turbines are connected to a shared DC bus, which forms the central energy interface for generation, storage, and load supply.
An 800 V DC bus is selected for the system to minimise current levels and reduce conduction losses within cables and power electronic devices. High-voltage DC buses are commonly employed in medium- and large-scale renewable energy systems to improve overall efficiency and facilitate the integration of high-capacity battery energy storage systems (Joddumahanthi, 2025). The DC bus also provides a stable interface for the battery bank, enabling bidirectional power flow between generation and storage.
The DC-AC inverter stage converts DC power from the DC bus into a stable AC supply suitable for village distribution. The inverter provides a constant 220 V AC, 50 Hz output, as required for domestic and community loads. In off-grid systems, the inverter is responsible not only for voltage and frequency regulation but also for maintaining power quality under varying load conditions. Research on off-grid hybrid power systems shows that inverter performance and efficiency significantly influence overall system efficiency and reliability(Akpolat, 2021).
The inverter is sized based on the estimated peak power demand of the village, including an appropriate safety margin to account for load fluctuations and transient conditions. Oversizing the inverter relative to average demand improves system robustness and reduces the risk of overload during peak usage periods. Typical inverter efficiencies in off-grid renewable systems range between 85% and 95%, depending on loading and control strategy; therefore, an inverter efficiency of 86% is assumed in this design, consistent with values reported in the literature (Akpolat, 2021).
Overall, the selected converter and inverter configuration ensures efficient power conditioning, reliable integration of wind generation and battery storage, and stable low-voltage electricity supply to the village. The AC–DC–AC architecture, combined with a high-voltage DC bus and appropriately sized inverter, represents a technically sound and widely adopted solution for off-grid wind energy systems (Blaabjerg, Chen, & Huang, 2024) (Joddumahanthi, 2025).

[bookmark: _Toc221089120][bookmark: _Toc221199969][bookmark: _Toc221218835][bookmark: _Toc221218921][bookmark: _Toc221224176]Low-Voltage (220 V) Switchgear and Distribution System
In the proposed off-grid wind energy system, a low-voltage distribution network is required to deliver electricity safely from the inverter to all end-use loads in the village (houses, community buildings, shops, street lighting). Low-voltage distribution must comply with recognised electrical safety standards to protect people and equipment from faults such as overloads, short circuits, and electric shock. The IEC 60364 series of international standards provide the fundamental principles and safety requirements for low-voltage electrical installations, including wiring rules, protection devices, switchgear, and earthing arrangements (Peronnet, 2018).
Distribution Voltage:
The system supplies 220 V AC at 50 Hz, which is suitable for domestic and commercial use and consistent with standard low-voltage electrical installations.
Switchgear:
A main low-voltage switchboard receives supply from the inverter and distributes power to different load groups. Switchgear includes protective devices such as circuit breakers and switches that disconnect parts of the system during overloads and faults.
Circuit Protection:
Outgoing circuits are protected using circuit breakers sized to the load to prevent excessive current and potential cable damage. Additionally, devices such as Residual Current Devices (RCDs) are used to protect against electric shock by disconnecting supply when imbalance between live and neutral currents is detected.
Earthing:
A proper earthing system ensures fault currents are safely diverted to ground, minimising the risk of electric shock and equipment damage. In low-voltage installations, earthing is designed in accordance with lEC standards which define acceptable earthing arrangements and protective conductor requirements (Earthing system, 2013) . 
Network Layout:
A radial distribution layout is commonly used where power flows outward from the inverter/switchboard to each load group. This layout is simple and effective for small rural or community systems.

Overall, the use of standard-compliant switchgear and distribution components ensures that the off-grid system is safe, reliable, and aligned with established engineering practices and international safety rules.
[bookmark: _Toc221089121][bookmark: _Toc221199970][bookmark: _Toc221218836][bookmark: _Toc221218922][bookmark: _Toc221224177]Capital Cost Calculation
The capital cost represents the initial investment required to design and install the proposed off-grid wind energy system. This includes the cost of wind turbines, battery energy storage, power electronic equipment, low-voltage distribution components, and installation and commissioning works. Estimating the capital cost is essential to assess the economic feasibility of the system and to enable comparison with electricity supplied by the National Grid.
[bookmark: _Toc221089122][bookmark: _Toc221199971][bookmark: _Toc221218837][bookmark: _Toc221218923][bookmark: _Toc221224178]Wind Turbine Cost
The system employs three onshore wind turbines, each with a rated power of 450 kW.
· Number of turbines = 3
· Cost per turbine = £450,000


[bookmark: _Toc221089123][bookmark: _Toc221199972][bookmark: _Toc221218838][bookmark: _Toc221218924][bookmark: _Toc221224179]Battery Energy Storage Cost
· Battery module size = 1000 kWh
· Number of battery units = 10
· Cost per battery = £69,388

[bookmark: _Toc221089124][bookmark: _Toc221199973][bookmark: _Toc221218839][bookmark: _Toc221218925][bookmark: _Toc221224180]Converter and Inverter Cost
The cost of power electronic equipment, including AC–DC rectifiers and DC–AC inverters, is estimated as a percentage of the wind turbine cost. For feasibility-level renewable energy studies, a value of 10% of turbine cost is commonly adopted. (Electricity Generation Costs , 2012)

[bookmark: _Toc221089125][bookmark: _Toc221199974][bookmark: _Toc221218840][bookmark: _Toc221218926][bookmark: _Toc221224181]Low-Voltage Switchgear and Cabling
Low-voltage switchgear, protection devices, cabling, and earthing systems are estimated as 5% of the combined turbine and battery cost, which is typical for small-scale power systems.

[bookmark: _Toc221089126][bookmark: _Toc221199975][bookmark: _Toc221218841][bookmark: _Toc221218927][bookmark: _Toc221224182] Installation and Commissioning
Installation, transport, civil works, and commissioning are assumed to be 10% of the total hardware cost.
[bookmark: _Toc221089127][bookmark: _Toc221199976][bookmark: _Toc221218842][bookmark: _Toc221218928][bookmark: _Toc221224183]Hardware cost subtotal:

[bookmark: _Toc221089128][bookmark: _Toc221199977][bookmark: _Toc221218843][bookmark: _Toc221218929][bookmark: _Toc221224184]Installation and commissioning cost:

[bookmark: _Toc221089129][bookmark: _Toc221199978][bookmark: _Toc221218844][bookmark: _Toc221218930][bookmark: _Toc221224185]Total Capital Cost
The total capital cost of the proposed off-grid wind energy system is calculated as:

[bookmark: _Toc221089130][bookmark: _Toc221199979][bookmark: _Toc221218845][bookmark: _Toc221218931][bookmark: _Toc221224186][bookmark: _Toc221089131][bookmark: _Toc221199980][bookmark: _Toc221218846][bookmark: _Toc221218932]Maintenance and Operational Cost
Operation and maintenance (O&M) costs represent the ongoing expenses required to ensure safe, reliable, and efficient operation of the off-grid wind energy system throughout its lifetime. These costs include routine maintenance of wind turbines, inspection of battery systems, servicing of power electronic equipment, and labour costs for technical staff. For feasibility-level renewable energy studies, annual maintenance costs are commonly estimated as a percentage of the total capital cost.

[bookmark: _Toc221224187]Annual Maintenance Cost (3%)
In this project, the annual maintenance cost is assumed to be 3% of the total capital cost, which is a typical value used for onshore wind and battery-based systems.
· Total capital cost = £2,509,181


[bookmark: _Toc221089132][bookmark: _Toc221199981][bookmark: _Toc221218847][bookmark: _Toc221218933][bookmark: _Toc221224188]
Technician Labour Cost
To support operation and fault response, it is assumed that two part-time technicians are employed.
· Technician cost = £20,000 per technician per year
· Number of technicians = 2
Technician Labour Cost


[bookmark: _Toc221089133][bookmark: _Toc221199982][bookmark: _Toc221218848][bookmark: _Toc221218934][bookmark: _Toc221224189]Total Annual O&M Cost
The total annual operational and maintenance cost is the sum of maintenance and labour costs:




[bookmark: _Toc221089134][bookmark: _Toc221199983][bookmark: _Toc221218849][bookmark: _Toc221218935][bookmark: _Toc221224190]O&M Cost Over 10 Years
For a 10-year operational period:




To evaluate the affordability of the proposed off-grid wind energy system, the total system cost is distributed across the village households over a 10-year period. This approach allows estimation of the average monthly cost per cottage required to recover the capital investment and cover operational expenses.


[bookmark: _Toc221224191]Cost of the OFF-GRID wind system per cottage
Number of cottages = 120



A 10-year period corresponds to:



[bookmark: _Toc221089136][bookmark: _Toc221199985][bookmark: _Toc221218850][bookmark: _Toc221218936][bookmark: _Toc221224192]From the UK Government Quarterly Energy Prices (Quarterly Energy Prices, 2021):
Based on fixed consumption levels of 13,600 kWh for gas and 3,600 kWh for standard electricity, the provisional average combined domestic energy bill for 2021 was £1,339. This is an estimated increase of 6.0 per cent compared to the average of £1,264 in 2020 (Quarterly Energy Prices, 2021).

· Annual bill = £1,339
· Annual consumption = 3,600 kWh


Convert daily demand to annual demand:






[bookmark: _Toc221224193]Cost of buying electricity from the National Grid per cottage








[bookmark: _Toc221224194]Cost Comparison and Payback Explanation
The total cost of the proposed off-grid wind energy system over a 10-year period, including capital and operational costs, is £3,661,931. When this cost is distributed across 120 cottages, the cost per cottage over 10 years is £30,516, which corresponds to a monthly cost of approximately £254.30 per cottage.
For comparison, the cost of purchasing electricity from the National Grid over the same 10-year period was also calculated. Based on current electricity tariffs, the total National Grid electricity cost for the village over 10 years is £4,022,832.08. This results in a cost per cottage of £33,523.60 over 10 years, equivalent to a monthly cost of approximately £279.36 per cottage.
This comparison shows that, over a 10-year period, the off-grid wind energy system offers a lower cost per cottage than continued reliance on the National Grid, while also providing long-term energy security and price stability.

[bookmark: _Toc221199987][bookmark: _Toc221218852][bookmark: _Toc221218938][bookmark: _Toc221224195]Environmental Impact Assessment
[bookmark: _Toc221199988][bookmark: _Toc221218793][bookmark: _Toc221218853]The proposed off-grid wind energy system provides significant environmental benefits compared with conventional fossil-fuel-based electricity generation. Wind energy produces electricity without direct carbon dioxide (CO₂) emissions during operation, contributing to climate change mitigation and supporting the UK’s Net Zero 2050 targets (Department for Energy Security and Net Zero, 2021). By generating electricity locally, the system also reduces transmission losses and dependence on imported fossil fuels, improving overall energy sustainability.
While wind energy is environmentally favourable, certain local impacts must be considered. These include visual impact, noise emissions, and potential effects on wildlife such as birds and bats. However, studies show that modern wind turbines incorporate improved aerodynamic design and noise reduction technologies, significantly minimising these effects. Wildlife impacts can be mitigated through careful site selection, environmental monitoring, and avoidance of key migration routes.
Overall, with appropriate planning and mitigation measures, the environmental benefits of the proposed wind energy system substantially outweigh its potential drawbacks, making it a sustainable solution for rural electrification.
[bookmark: _Toc221089138][bookmark: _Toc221199990][bookmark: _Toc221218855][bookmark: _Toc221218939][bookmark: _Toc221224196][bookmark: _Toc221199991][bookmark: _Toc221218856][bookmark: _Toc221218940]Conclusion
This report has presented the design and feasibility assessment of an off-grid wind energy system intended to supply electricity to a rural village in North Wales. A detailed load analysis was undertaken to determine the village's daily and annual energy demand, which formed the basis for the system design. Based on local wind conditions, three 450 kW onshore wind turbines were selected to provide sufficient generation capacity while maintaining system reliability.
To address the variability of wind power, a lithium-ion (LiFePOq) battery energy storage system was designed to provide two days of autonomy. The required storage capacity was calculated using an ampere-hour-based sizing method, resulting in a total storage requirement of approximately 9.57 MWh. Containerised 1000 kWh LiFeP, battery units were selected due to their suitability for large-scale renewable energy applications, high efficiency, and long cycle life. Appropriate power electronic converters, inverters, and a low-voltage (220 V) distribution system with suitable protection devices were also specified to ensure safe and reliable operation.
An economic analysis was carried out, including capital costs, operation and maintenance costs, and a cost-per-cottage assessment over a 10-year period. Although the off-grid wind energy system has a higher monthly cost per household compared with current National Grid electricity prices, it offers long-term benefits such as energy independence, reduced exposure to future electricity price increases, improved supply resilience, and lower carbon emissions. Overall, the proposed system is technically viable and represents a sustainable long-term solution for rural electrification.
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+ Design an off-grid renewable energy system for a rural village

Project Aim — Meet electricity demand reliably

— Assess technical and economic feasibility
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Why Wind Energy?

' Wind available day and
| night

Better winter
| performance than solar
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Wind
Resource

* Location: Near
Bethesda, in North
Wales

— Average wind
speed: 5.8 m/s
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Turbine
Selection

* Selected turbine: AN
Bonus 450/37

« Rated power: 450 kW
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5.8m/s is %80 from 5 and 6 m/s, so | must add 0.8 to 5m/s

24.90 + 0.8(63.90 — 24.90) = 56.10kW
Number of ( )

turbines: 3 Wind speed at 5.8m/s = 56.10kW

56.10 x 24 x 365 = 491436 kw

1081568

291436 — 2.2 or 3 Turbine
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Battery Storage Design

« Battery type: LiFePOs P .
DODXEin¥BpaxVs

+ Autonomy period: 48 hours
* Ais the battery capacity (Ah),

+ Required storage capacity: + Pisthe average power demand (W),

. 9.57 MWh * T is the autonomy period (h),
« DOD is the depth of discharge,
* 10 battery units are required. * Ejy is the inverter efficiency,

* Ep, is the battery efficiency,
* £69,388.00 * Vgis the battery bank voltage (V).
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Inverter Design

* AC-DC-AC conversion architecture
— DC bus voltage: 800 V
— Inverter efficiency: 86%
— Stable 220 V AC output
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Operation &
Maintenance cost

* Annual Maintenance Cost (3%)
0.03 x £2,509,181 = £75,275.43

* Technician cost = £20,000 per technician
per year

2 x £20,000 = £40,000

£75,275.43 + £40,00 = £115,275.43

O&M cost over 10 years = £1,152 75{3

P
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Payback
Pe ri (0] d * Monthly cost per cottage = £254.30

( 1O-yea r) + Cost Per Cottage(National Grid ) = £279.36
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Environmental Zero by 2050
Impact

Reduces use of fossil fuels

Local impacts reduced by

careful turbine location
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Vilage Details Number of Building Energy Consumption Indivualy Unit:kWh/Day  Energy Consumption Unit:kWh/Day Energy Consumption Unit:kWh/year Energy Consumption Unit:kWh/10 year

Average household 120 12 1440 525600 5256000
Primary school 1 130 130 47450 474500

1 220 220 80300 803000
Library 1 150 150 54750 547500
Community centre 1 180 180 65700 657000
Place of worship 1 75 10.7 3905.5 39055
shops 4 180 720 262800 2628000
street and traffic 45 25 1125 41062.5 410625

949.5 2963.2 1081568 10815680




