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1 Introduction  

1.1 Learning objectives of the course 

Learning objectives: Upon completion of this course, you should be able to 

• describe the main steps in implementing a small wind turbine project 

• calculate small wind turbine annual energy production 

• explain the most important factors behind small wind turbine capital and operating expenses 

 

1.2 Introduction to the course  

Wind power provides a clean, renewable and economic source of energy. But a wind power system is 

a long-term investment, and the amount of energy that can be generated is dependent on technical 

characteristics of the wind turbine as well as the site-specific wind resource. For optimal utilisation of 

small wind systems – and to make the most of the investment – requires attention to two key areas of 

consideration: the supply side and the demand side.  

A supply-side assessment consists of the wind resource assessment, site topography investigation, and 

assessment of relevant permitting needs and restrictions.  In addition to the local wind potential, it is 

important to be aware of all the environmental and social constraints that may arise with respect to 

siting the turbine(s), energy potential, grid connection, maintenance, and safety. 

A demand or load analysis, usually undertaken through an on-site investigation, is an equally important 

step in planning a project. The load profile assessment provides information on when and how much 

power is needed. Through a precise assessment, it is usually possible to find load adjustments that 

suggest efficiencies, enabling a smaller wind system capacity and better economic outcomes. Usually, 

the greatest efficiency gains come through a reduction in energy demand achieved by implementing 

energy conservation measures or using energy-efficient devices.  

This course will explain the necessary steps to plan a small wind project. Introduce a methodology for 

calculating annual energy production of the system. Provide sizing algorithm and required data to input 

the sizing algorithm for hybrid systems. Finally, in describes the parameters that influence the site 

evaluation and assessment.   This may help maximise the wind turbine output and reduce the 

investment, operation and maintenance costs of a small wind turbine project.  

 

 

 

 

 

 



 

Small wind power - Planning  Page 4 of 35 
12/03/2020 

2 Project planning 

Planning is an important phase of the project of using a small wind system. At this stage, the various 

environmental and social impacts of the project are evaluated, and issues related to the quality of the 

system and the possible problems are caused by not paying attention to it are addressed. At the same 

time, energy demand (load) estimation is also performed. Also, effective factors for load correction and 

optimization such as energy optimization and demand management are also considered. The 

advantage of using energy optimization in energy consumption or demand management is better and 

more convenient wind turbine sizing that meets the site's energy needs with the least investment cost. 

Learning objective: Upon completion of this chapter, you should be able to 

• describe the impacts of small wind turbines on the surrounding environment and societies. 

• identify the quality of service standards from both a technical and commercial perspective. 

• describe the electricity demand analysis elements and provide load profile. 

2.1 Environmental impacts 

Learning objective: Upon completion of this page, you should be able to 

• describe the range of possible negative impacts of small wind turbines on the surrounding 

environment. 

Generating electricity from wind can have environmental benefits, including reduced reliance on fossil 

fuels and thus reduced CO2 emissions. However, small wind turbines can have negative impacts on the 

immediate environment: 

• Small wind turbines may be physically hazardous as it has moving parts located high above 

ground. The turbine should be checked and maintained regularly to ensure no parts are 

coming loose that could fly off during operation.  

• Small wind turbines emit noise that can cause stress. In many countries, siting regulations 

include restrictions to help prevent unhealthy noise exposures. Noise is generally not 

problematic if the distance to residential homes or sensitive areas is sufficient. The impact of 

the noise can be calculated for different turbines and distances. 

• When the sun is behind the turbine, it creates a moving shadow, known as shadow flicker, 

which at low sun can be seen from considerable distances. Like noise emissions, this moving 

shadow can be stressful, and so turbines should be sited so that shadows will not fall across 

residential buildings. 

• Even small wind turbines generate vibrations. Roof-mounted turbines can produce vibrations 

that cause resonance in the building structure. In the worst case, these vibrations can cause 

severe damage to the building. In most cases they are disruptive for the building occupants.  

Recommendations: 

• Wind turbine manufacturers provide noise emissions information. Use this information to 

quantify the impact on the environment.  

• Consider the noise propagation patterns and estimate the impact at the site and on 

neighbouring properties. 
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• Estimate how many hours per year the sun is behind the turbine relative to neighbouring 

homes, and how far the moving shadows will be seen. Choose another location if they will 

impact neighbouring houses often.  

• From the maximum rotational speed, an expert can estimate vibrations that a turbine will 

generate. If the turbine is to be installed on top of a building or mast, consult an expert to 

assess if the structure could be damaged. 

 

2.2 Social impacts 

Learning objective: Upon completion of this page, you should be able to 

• Consider social factors that should be assessed before using small wind turbines. 

An analysis of social effects should take acceptance, culture, standards, and organisational topics as 

important. Furthermore, the estimated growth of energy consumption due to economic 

development needs to be considered. The following questions should be assessed to ensure a 

project’s social success: 

• Are consumers willing or able to cover costs (capital investment/debt and operation costs)?  

• If the project is funded with public money or donated, are consumers are willing or able to 

cover the operation and maintenance and repair costs.  

• Which quality of service are customers willing or able to pay for? 

• How will information about the expected cost of electricity be made available to consumers? 

• Who will be responsible for management and operation of the project? How will qualified 

local entrepreneurs, organisations, etc. that will have prime responsibility on an ongoing 

basis, be identified? 

• What is the initial level of expected demand and realistic projection of growth?  

• How will consumers be convinced to invest in energy efficiency measures and to contribute 

to demand-side management? 

 

2.3 Quality of energy service and energy quality standards  

Learning objective: Upon completion of this page, you should be able to 

• Identify the quality of service standards from both a technical and commercial perspective. 

Quality of service standards can refer to both technical and commercial aspects, which generally fall 

under the following categories: 

Product quality (Technical) 

• Stability of voltage relative to targeted levels. 

• Stability of frequency relative to targeted levels. 

Service quality (Technical) 

• Targeted hours of service (e.g. specific time per day or continuously). 

• Number of interruptions, both planned and unplanned. 

• Duration of interruptions, both planned and unplanned (e.g. hours per customer). 
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• The safety of the system (of paramount importance – includes regular inspection and testing 

of the system according to the relevant codes). 

Commercial quality 

• Connection time for new customers (lag between contract and connection). 

• Accuracy in meter reading. 

• Accuracy in billing. 

• Response time to customer complaints. 

Quality of service standards need not be uniform across all customer categories or geographic areas. 

Consumers should recognise that lower electricity costs might lead to lower quality of service, and they 

may have the ability to choose between different options, according to cost or service quality. Service 

providers may offer compensation to consumers for not meeting quality standards proportionate to 

the extent of noncompliance. Compensation, if any, would usually be proportionate to the extent of 

noncompliance.  

 

2.4 Energy needs analysis and system layout 

Learning objective: Upon completion of this page, you should be able to 

• describe the electricity demand analysis elements, and  

• understand the role of analysis in small wind turbine sizing. 

An analysis of energy demand is critical to the success of any energy project, as it will have a 

significant impact on the project design/configuration as well as the costs.1 

For example, if we overestimate electricity demand this will lead to unnecessarily oversizing a system, 

increasing the cost to the consumer or community, or possibly even leading to the exclusion of 

consumers with low incomes or less capacity to pay for electricity. If we underestimate demand, 

however, we risk lowering reliability and service quality, leading to user dissatisfaction and ultimately, 

a loss of consumers. It would also limit the development of those aspects of the local economy and 

services that require a dependable electricity supply.  

Without an energy demand analysis, it is impossible to size the power production and the distribution 

system with any accuracy. The energy needs analysis is thus a critical step in the initial project planning 

process. It will take into account current consumption (using “load profiles”), efficiency measures that 

should be implemented, and the expected future growth of consumption after the system has been 

installed.  

Another argument for a proper energy demand analysis is that power consumption and power 

generation need to be in balance at any time.  

 
1 For more information please see: ESMAP: “Mini grid design manual”, Chapter 4, April 2000, Department of Minerals and 

Energy, Pretoria “Mini-Grid hybrid viability and replication potential”, August 2008, page 138. 
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 From energy needs analysis to system service quality and electricity costs. (Source: RENAC) 

 

2.5 Load profile for different times of the year  

Learning objective: Upon completion of this page, you should be able to 

• Understand the concept of load profile, and that load profiles should be made for different 

time intervals (e.g. year, seasons, or days)  

A demand or load analysis by an on-site investigation is one of the first steps of project planning. The 

load profile assessment provides a view of how much power is needed, and when it is needed, over a 

period of time. This applies not only to small wind projects, but to the planning of any supply energy 

system. 

A load analysis should cover a complete year. Within it, a number of load profiles can be used to 

illustrate the variation in the electrical consumption (in Watts or kilowatts) over different periods of 

time, such as a day, a month, or a year. A typical time interval for a load profile is one hour. Instead of 

an hourly time resolution, small or larger time intervals are possible. Using a shorter time interval will 

make the analysis more accurate, but will also require more data and a higher workload.  

Load profiles should be made for different seasons (winter, summer, dry season, rainy seasons and/or 

shoulder seasons). Each season will usually be divided into three day-types: weekdays, weekends and 

holidays. Additionally, if there is a peak day (a day regularly with the highest load) its profile can be 

recognised as a separate type. If standardised load profiles are available, they can be used for initial 

planning steps. 

A reliable approach to assessing future demand is to make use of benchmarks that describe the energy 

consumption of already electrified areas, in regions with a similar economic activity, disposable 

income, demographic characteristics, etc. This approach can lead to more realistic results than, for 

instance, asking consumers what they expect their future electricity consumption to be. 

 

Energy needs 
analysis (actual 

and future 
demand, energy 

efficiency 
measures)

Energy needs 
assessment

Power supply 
system sizing

System service 
quality and 

electricity costs
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Once the load profile has been estimated, the generation and distribution system can be designed.  

Power 
consumers/devices 

Nominal power 
[W] 

Estimated typical 
operating hours per 

day [h/d] 

Estimated energy 
consumption per day 

[kWh] 

Air conditioner (room)  3,000 2 6 

Amplifier  100 2 0.2 

Computer  250 2 0.5 

Cooker (hob + oven)  2,300 0.75 1.7 

Dishwasher  1,300 1 1.3 

Dryer  1,000 4 4 

DVD player  15 2 0.03 

Electric kettle  1,800 0.25 0.45 

Electric razor  15 2 0.03 

Freezer 200 l  100 15 1.5 

Hair dryer  1,000 0.25 0.25 

Heating circulation pump  70 2 0.14 

Iron  1,000 0.25 0.24 

Laser printer  100 2 0.2 

LED lamp 1500 lumen 15 2 0.03 

LED lamp 500 lumen 6 2 0.01 

Microwave  1,200 0.25 0.3 

Mixer  200 0.25 0.05 

Radio  25 3 0.075 

Refrigerator  90 10 0.9 

Satellite receiver  18 4 0.072 

Sewing machine  80 0.25 0.02 

Thermal fax machine  10 0.25 0.0025 

Toaster  1,200 0.25 0.3 

TV (70 c m diagonal)  100 4 0.4 

Vacuum cleaner 1,800 0.25 0.43 

Video recorder  20 1 0.02 

Washing machine  2,000 1 2 

Water pump  350 3 1.15 

Overview of standard household and office loads. (Source: SMA Solar Technology AG and author’s 

data) 

A load profile is made up of individual loads from various appliances and machines. The amount of 

electrical energy used by an appliance is found by multiplying its power consumption (nominal power, 

in W) by the length of time of operation (h). Thus, for example, a 100 W light bulb that is operated for 

10 hours will consume 100 W x 10 h, that is to say 1000 Wh or 1 kWh of energy. If it runs an entire year 

at nominal power means without interruption, it would consume 100 W x 8760 h/a = 876 kWh/a (the 

annual energy consumption). 

2.6 Load profile example 

Learning objective: Upon completion of this page, you should be able to 

• Assess a load profile to find possible load adjustments to suggest smaller system size for 

better economic conditions. 
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Load profiles show how power demand fluctuates over the course of a day, a week, or even a year. 

Residential, commercial or industrial consumers’ electricity use varies throughout the day, and 

consumption tends to differ with different seasonal conditions, for example, the outdoor temperature, 

the number of daylight hours, and during holiday seasons. Load profiles also show the minimum and 

maximum consumption levels over the period.  

The following graph shows the power consumption of a residential home in summer. The maximum 

load occurs around 12:00 p.m. At this time the computer, the water pump and the refrigerator are 

consuming power in parallel. The peak load is 700 W. If the water pump could operate one hour later, 

at 1 p.m., the peak load would become less than 400 W, and so the total system size could be 43% 

smaller.  

Load profile with an hourly resolution of a residential home, showing potential for load shifting. 

(Source: RENAC) 

2.7 Energy efficiency  

Learning objective: Upon completion of this page, you should be able to 

• Understand the effect of energy efficiency on the design/size of power supply system 

• State what roles energy efficiency and demand-side management play in project planning. 

 

Energy efficiency is a crucial factor in the design and sizing of power supply system. Reducing power 

consumption allows for smaller power generation units and often significantly lower costs.  

More efficient devices (appliances, pumps, heaters) by definition require less electricity than less 

efficient devices to achieve the same purpose. Less electricity means smaller generators, fewer 

photovoltaic modules, smaller wind turbines or hydro electric generators, smaller battery banks, less 

consumption of fuel, etc. Energy efficiency improvements usually mean that investment and 

operational costs can be reduced significantly.  
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But one of the key challenges for energy efficient consumption is that energy efficient devices are often 

costlier than inefficient ones, and consumers tend to prefer lower upfront investment costs. Many 

consumers do not focus on equipment that pays off over a longer time. Apart from psychological 

factors, this can be due to limited available cash, limited access to financing, or limited knowledge of 

the relationship between cost and efficiency.  

A typical example of this occurs with lighting. Incandescent bulbs are available at low cost compared 

to LED or fluorescent lightning, but incandescent bulbs are less efficient than these alternatives. This 

means that incandescent bulbs consume considerably more energy than fluorescent lights in order to 

produce the same light output . If this fact is taken into account over the whole lifetime of a light, then 

LED and fluorescent lights are the more cost-effective solution. Other examples are laptops, well-

insulated refrigerators, low-energy fans, circulating pumps with electronically commutated motors, or 

energy efficient cooling and heating appliances. Consumers can recognise energy efficient products by 

watching for labels such as the Energy Star. 

 

Energy Star and European energy label (Source: www.wikipedia.org) 

 

2.8 Demand-side management  

Learning objective: Upon completion of this page, you should be able to 

• Understand demand-side management methods and their effect on the design/size of power 

supply system 

Demand-side management encourages consumers to use less energy during peak hours, or to move 

the time of energy use to off-peak times such as night-time and weekends. Usage could also be 

moved to times of the day when variable generating equipment – wind turbines or PV modules, for 

example – is more likely to produce the most power. This applies not only to small wind projects, but 

to the planning of any supply energy system. 
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Loads such as water pumping, ice making, air conditioning, and washing machines can be scheduled 

to lower load times, and in this way the peak demand level can be reduced. This does not necessarily 

decrease the total energy consumption, but it can reduce capital investments , since smaller peak 

loads mean smaller required generation capacity and, therefore, lower equipment costs. 

Classic methods used to level the extremes of the peaks and valleys of a load profile include: 

• Peak clipping, in which power consumption is reduced during high demand periods. This 

means that some devices with the highest overall consumption are simply switched off at 

peak times. Utilities sometimes have agreements with customers to switch off loads or to 

interrupt the supply. These agreements can include special rates (prices). 

• Valley filling, in which power consumption is activated if surplus generation capacity is 

available, (because of strong wind or good irradiation for example), especially during times of 

low power consumption. Additional loads could include battery charging or other equipment 

that can store energy, such as water heaters.  

• Load shifting, in which power consumption is “shifted” from times with very high load to 

times with low loads (the “valley” of a load curve). Flexible consumers include, for instance, 

water heating, space heating, water pumping and ice making. 

• Rolling blackouts, in which the utility reduces power consumption by systematically switching 

off supply to specific areas. This option is usually regarded as a last resort, and is generally 

unpopular with users.  

Load levelling can be organised by every individual consumer reliant on a particular grid, or it may be 

managed by a service company in cooperation with consumers. Varying tariffs according to specific 

times of the day/week can give incentives to consumers to contribute to peak clipping, valley filling, 

or load shifting. In the case of rolling blackouts, utilities should publish or announce a schedule so 

that enterprises and homes can plan their use of energy around blackout periods. Consumers should 

be compensated for the reduced service quality. 

 

3 Site assessment 

A site assessment is a common activity of any wind project to understand the availability and quality 

of the wind resource. It has a direct effect on the techno-economic feasibility of using small wind 

turbines. Items like specific data related to the site, measurement of various wind factors, the effect 

of obstacles on the wind quality, and positioning of wind turbines have to consider for a proper site 

assessment.  

Learning objectives: Upon completion of this chapter, you should be able to 

• Explain why site-specific data is required in planning a small wind project 

• Describe wind measurement methods and state which parameters are measured, and 

• Explain the effect of obstacles on the wind resource and why this impact is important. 
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3.1 Need for site specific data 

Learning objective: Upon completion of this page, you should be able to 

• Explain why site-specific data is required in planning a small wind project. 

The success of every wind power project depends on the wind resource, and it is important to know 

about this well before investing too much into a project. Assessing the wind resource is thus a critical 

step in large and small wind turbine developments.  

The purpose of a wind resource assessment (WRA) is to determine whether the wind at a particular 

site will allow for economical energy generation, and which wind turbine would perform best in the 

local wind situation.  

The wind turbine must be chosen to suit the prevailing wind conditions. The system layout must be 

appropriate to the energy produced by the wind turbine. The energy output should be sufficient to 

supply the loads for which the system is designed. 

It can be challenging to find a good location for a small wind turbine because most obstacles negatively 

influence the wind resource. Perceived wind can be very deceptive, and it is difficult to observe wind 

shadow or an area with high wind turbulence with any precision. Technical devices such as 

anemometers and wind vanes are necessary to measure the wind speed and wind direction to provide 

windshare. 

The remainder of this chapter explains how to assess a wind resource correctly, and describes the 

requirements for a suitable location. The process includes the collection and processing of 

meteorological data. Synthesised data from electronic wind maps or wind atlases can be used to decide 

whether it makes sense to analyse a site in detail. These data are also useful to prepare a preliminary 

system sizing. However, synthesised data are too general for a final investment decision or final system 

sizing.  

As a standard for large wind turbines, wind monitoring will usually be set up at the site to gather site-

specific data for at least 12 months, and often longer. A period of on-site measurement is the best 

approach for small wind turbines, too.  

Another important factor is soil. A soil analysis is required to identify soil type, evaluate the stability 

of the tower foundations, and identify a suitable wire to transfer produced electricity from the small 

wind turbine to the consumer location. 

3.2 Wind measurement  

Learning objective: Upon completion of this page, you should be able to 

• Describe wind measurement methods and state which parameters are measured. 

Reliable wind data provide the basis for making accurate estimates of the average annual energy 

output that can be expected from a small wind turbine. Sometimes reliable data for a location already 

exist, but in most cases wind measurements at the proposed wind turbine site are necessary.  

Wind data are usually recorded using a wind-measuring mast with calibrated sensors at the top and at 

intermediate height. The mast should ideally have the same height as the hub height of the proposed 

small wind turbines, in order to avoid the uncertainty involved when wind speed measurements are 

taken near to the surface. 
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If the highest anemometer cannot be placed at the height of the nacelle, it should be at least 2/3 of 

the nacelle height above ground. Masts used for small wind turbines are commonly about 15 m in 

height.  

It is common practice to measure wind speeds at a minimum of two heights, and to measure wind 

direction, air density, temperature and pressure. Data is continuously recorded in a data logger at 1 or 

10 minute intervals. Measurements should cover a minimum period of 12 months, in order to consider 

seasonal effects and to avoid an overestimation or underestimation of the wind resource. In addition, 

it is important to correlate the data with long-term measurement data (reference data) from nearby 

sites (e.g. airports) to find out whether the wind resource during the year of measurement was 

extraordinarily good or poor in comparison to other years.  

By fitting the anemometer to the top of the mast, disruption to the airflow by the mast itself is 

minimised. If the anemometer is fixed to the side of the mast it should be positioned in the prevailing 

wind direction in order to minimise wind shadow from the mast. Wind vane data can be used to detect 

when the second anemometer was standing in the mast shadow, and the measured data can be 

excluded.   

 

 

A small wind measuring mast (10 to 30 m height) equipped with two anemometers, a wind vane, 

temperature, humidity and barometric pressure sensors, and data logger with PV module power 

supply. (Source: RENAC) 

 

http://www.windpower.org/en/tour/wres/globwin.htm
http://www.windpower.org/en/tour/wres/globwin.htm
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Temperature sensor, anemometer, data logger and PV power supply for data logger assembled 

during RENAC Seminar at Wigton Training Centre in Jamaica. (Source: RENAC) 
 

  

Assembly of a 15 m wind measurement mast with two anemometers, a wind vane and 

temperature sensors at Wigton Training Center, RENAC Seminar, Jamaica. (Source: RENAC) 

 

3.3 Influence of obstacles on the wind resource 

Learning objective: Upon completion of this page, you should be able to 

• Explain the effect of obstacles on the wind resource and why this impact is important. 

Obstacles can alter the flow pattern and speed of the wind in a particular site. Investors in small wind 

turbines should be careful not to rely on the flow patterns surrounding an obstacle to indicate whether 

it is a favourable site for a wind turbine. The following rules of thumb should be used to help in finding 

a good site:  

An obstacle of height H can be expected to cause:  

• a deviation from the normal pattern at a distance of 2H upwind of the obstacle.  

• very high turbulences at a distance of 4H downwind of the obstacle. 
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• some influence on the wind pattern to a horizontal distance of 20H, at up to 2H vertical 

distance. 

For example: if an obstacle, such as a house or a row of trees, is 10 metres high (H = 10m), the minimum 

distance the wind turbine should be located to avoid any impact from the obstacle is 200 metres (20H). 

It would be possible to put the wind turbine closer to the obstacle without experiencing interference 

but only if mast height is sufficient. For example, if the obstacle has a height of 10 metres, the distance 

to the tower is 100 metres, and the wind turbine rotor blade is 7.5 metres long, then the mast should 

be at least 27.5 metres high (2H plus blade length). In this way, the tip of the blade would always 

remain outside of the turbulence zone.  

Tree and plant growth over the 20+ year life expectancy of a turbine must also be taken into account 

when selecting a site. 

 

Minimum distance to obstacles to avoid negative impacts and reduced energy yields. (Source: Patrik 

Jütemann “Kleinwindmarktreport 2016”, Bad Honnef) 

 

The mast of this small wind turbine is two times the height of the building (Source: A. Tiedemann, 

RENAC). 
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3.4 Recommendations 

Learning objective: Upon completion of this page, you should be able to: 

• State general rules for installing a small wind turbine. 

A location is only suitable for small wind turbines if the wind resource is favourable; the wind speed 

needs to be high and the turbulence intensity low. Installing a wind turbine at a location without 

favourable wind is like putting a solar panel in the cellar of a building.  

A turbine should never be installed on a balcony of a house, too close to a building or trees, or between 

buildings in an urban area! The terrain greatly influences the quality of the wind, and the best locations 

are on flat, open land, or on a coastline (or on a boat). Higher masts reach stronger and better winds, 

and so allow higher energy production. Sites should be chosen to ensure an appropriate distance from 

obstacles like trees or houses.  

As it is difficult to see where the wind is blowing, and how and where the surrounding terrain influences 

the wind resource, a comprehensive wind resource assessment should precede every wind turbine 

installation, whether large or small. The wind should ideally be monitored for at least one year. This 

seems to be a long time, especially for small wind, but it avoids costly surprises and stranded 

investments. 

Compared to large wind turbines, the investment cost of small wind turbines is two to four times higher 

per kWh. Therefore, a wind resource assessment for small wind turbines is essential. Potential 

customers should first seek out the best available wind speed estimations for the area and then, where 

appropriate, install a wind measuring mast to determine the wind speed distribution and the prevailing 

wind direction(s). 

Remember: 

• The average wind speed alone is not sufficient to establish the quality of the wind resource.  

• Wind resource assessments determine the frequency distribution of wind speeds and 

direction, the turbulence intensity, and the maximum wind speed.  

• Wind measurements should be taken for at least 12 months. 

•  

4 Small wind turbine annual energy production calculation  

Annual energy production is the basis for the economic viability of the small wind turbine. It is 

related to energy yield of wind turbines which depended on wind speeds and duration of them. 

These factors gather during site assessment activities. The annual energy considers losses such as 

wind turbine and grid availability and electricity losses resistance in the grid’s wires.  

Learning objective: Upon completion of this chapter, you should be able to: 

• calculate the energy yield of a wind turbine  

• describe parameters that affect the energy yield of small wind turbines. 

4.1 Methodology for calculating the annual energy production of a small wind turbine 

Learning objective: Upon completion of this page, you should be able to: 

• Calculate the energy yield of a wind turbine using measured wind speed data, and  
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• Explain why this is important. 

To calculate what the annual energy production of a small wind turbine will be, two fundamental 

parameters are needed: 

• The wind speed distribution at the planned site. 

• The power curve of the wind turbines to be installed. 

The energy production is calculated by multiplying the duration of every wind speed class of the wind 

speed distribution, with the power output of the wind turbine at that specific wind speed class. 

(Wind speed class is a data bin with a certain range, used to sort wind speed data; for example, class 

1 equals 0 m/s < x < 1 m/s, class 2 equals 1 m/s < x < 2 m/s.)  

𝐸𝑖  = 𝑃𝑖(𝑣𝑖)  ×  𝑡𝑖   

Where: 

Ei = Energy production of wind speed class i [Wh/a] 

vi = Wind speed class i with a certain range [m/s] 

Pi(vi) = Power of wind speed class i derived from wind turbine power curve [W] 

ti = Duration of wind speeds at wind speed class i [h/a], 𝑡𝑖 = 8760 × 𝑡% 

 

The total energy yield is the sum of all energy yields of the different wind speed classes: 

𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐸

𝑛

𝑖=1

=  𝐸𝑖 + ⋯ +  𝐸𝑛 

Where: 

Etotal = Energy production over one year [Wh/a] for all wind speed classes i  

Ei = Energy production over one year of wind speed class i [Wh/a] 

 

To calculate the annual energy production, exact site specific wind speed data is nessessary. It should 

be measured at a site for 12 months. In addition, the measured data should be compared with long 

term wind speed reference data, if available. Professional freeware software tools are available to 

calculate expected energy yields of small wind turbines (e.g. small wind turbine yield estimator2). 

 

 
2 Institut für Solare Energieversorgungstechnik (ISET). (2008). How much electricity do small wind turbines generate? 
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Exact energy production calculation with wind speed distribution and wind turbine power curve. 

(Source: RENAC) 

Example calculation 

The following examples show two sets of calculations. The first graph shows how much high wind 

speeds can increase annual energy production. The second gives an overview of how much the 

annual energy production of different wind turbines could vary from site to site. 

Example 1: 

A small wind turbine has a rated capacity of 2.5 kW. The wind speed distribution has a shape factor of 

k = 2 which indicates the width of the wind speed distribution. The question is, how much the annual 

energy production increases if the turbine is installed at sites with wind speed distributions that have 

a scaling factor A1 = 4 m/s and A2 = 5 m/s. The  scale factor (A) of the wind speed distribution is not 

equal to the average wind speed (vaverage), but by multiplying A by 0.9 the average wind speed can be 

estimated (A * 0.9 ~ vaverage).  

The shift from A1 to A2 could occur if, for instance, a small wind turbine is erected on a higher tower 

at the same location. The following table shows the results: the annual energy production of a turbine 

at site 1, the lower tower, is 1667 kWh/a, and at site 2, the higher tower, it is 3118 kWh/a. 

The table here shows in detail how much each wind speed class contributes to the annual energy 

production. With A1, the most important wind speed classes are the 5 m/s and 6 m/s class, at which 

the turbine produces more than 40% of the annual energy. With A2 the wind speed classes 6 m/s and 

7 m/s are the most important, contributing more than 30% of the annual energy production. 
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Wind speed 
class (m/s) 

Wind turbine 
power curve 

(W) 

Wind speed distribution  
(A1 = 4 m/s, k1 = 2) 

Wind speed distribution  
(A2 = 5 m/s, k2 = 2) 

Wind speed 
class in h/a 

Annual energy 
production in Wh 

Wind speed 
class in h/a 

Annual energy 
production in Wh 

      

0 0 0 0 0 0 

1 0 1,028.6573 0 673.3212 0 

2 0 1,705.5737 0 1,194.3647 0 

3 100 1,871.7366 187,174 1,466.7947 146,679 

4 100 1,611.3120 161,131 1,478.1061 147,811 

5 300 1,147.6223 344,287 1,289.0496 386,715 

6 500 692.4729 346,236 996.2338 498,117 

7 800 358.4968 286,797 690.9951 552,796 

8 1,100 160.4450 176,489 433.4013 476,741 

9 1,600 62.3793 99,807 247.0145 395,223 

10 2,100 21.1385 44,391 128.3560 269,548 

11 2,300 6.2583 14,394 60.9539 140,194 

12 2,400 1.6216 3,892 26.4996 63,599 

13 2,500 0.3682 921 10.5610 26,403 

14 2,400 0.0734 176 3.8624 9,270 

15 2,400 0.0128 31 1.2973 3,113 

16 2,300 0.0020 5 0.4004 921 

17 2,200 0.0003 1 0.1137 250 

18 2,000 0 0 0.0297 59 

19 1,900 0 0 0.0071 14 

20 0 0 0 0.0016 0 

Annual energy production (AEP) in kWh 1,666  3,118 

Capacity factor (AEP/(2.5 kW x 8760 h) 7.6%  14.2% 

 

Annual energy production of a 2.5 kW small wind turbine at two different sites (A1= 4 m/s and A2 = 5 

m/s, k1 = k2 = 2). (Source: RENAC) 

Example 2: 

People considering investing in small wind turbines often ask “how much energy will a wind turbine 

generate during 12 months if the average wind speed is known?” The answer is that generally speaking, 

higher wind speeds lead to higher energy yields. But this answer is too general for an investment 

decision.  

Older small wind guidelines present methodologies that try to estimate the annual energy production 

from average wind speeds, but this can lead to large errors. The reason for this is that the correct 

calculation requires a wind speed distribution for the specific site and small wind turbine power curve 

data. Without precise data, the energy yield will usually be either over- or underestimated, but both 

are problematic – if overestimated, then not enough energy will actually be generated to meet 

expectations, and if underestimated, the system installed will be more expensive than was needed.  
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The following chart demonstrates the variation of the energy output at different average wind speeds, 

according to differences in a turbine’s power curve and shape factor k.  The chart shows the annual 

energy production (kWh per kW installed) for 7 different small wind turbines with nominal capacities 

of 0.4 kW to 10 kW, as calculated according to three different wind speed distributions (k1 = 1.5, k2 = 2 

and k3 = 2.5).  

These calculations are repeated at A1 = 3 m/s, A2 = 4 m/s, A3 = 5 m/s, A4 = 6 m/s, A5 = 8 m/s and A6 = 

10 m/s. 

The results of these calculations are summarised in the graph. The y-axis shows energy generated per 

installed capacity (kWh/kW) while the x-axis shows the A values (m/s). (All results fall between the 

“low” and “high” curves shown.) What the graph shows is the large variation in the energy produced 

at any given scale factor A, which means that the energy yield varies according to both the turbine 

(power curve) and the wind speed distribution (k). This shows that it is important to combine site 

specific wind speed distribution data with wind turbine power curves, and not to base an investment 

decision on average wind speed data. 

 

Range of annual energy production of different small wind turbines (nominal capacity of 0.4 to 10 

kW) with different wind speed distributions (k = 1.5, 2 to 2.5; A = 3 m/s to 10 m/s). (Source: RENAC) 

4.2 Losses 

Learning objective: Upon completion of this page, you should be able to 

• Describe parameters that affect the energy yield of small wind turbines (when more than 

one wind turbine is installed) 

If more than one wind turbine is installed at a site, the turbines may have a negative influence on each 

other because of the so-called wake effect. As a result, the total energy yield of a wind farm may be 

lower than the sum of the expected energy yields of the individual wind turbines. In other words, 

freestanding single wind turbines usually produce more energy than wind turbines in a wind farm.  
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Other parameters that affect energy yield include the technical availability of wind turbines, and grid 

connection downtimes. Additionally, losses in the internal electricity grids of wind farms are not 

negligible.  

Generally, the annual energy production at the point of common coupling can be calculated as follows: 

𝐴𝐸𝑃 =  𝐸total × 𝑊𝑇𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 × (1 − η𝑔𝑟𝑖𝑑) × 𝐺𝑟𝑖𝑑𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦  

Where: 

AEP = Annual energy production [Wh/a]  

Etotal = Energy production during one year [Wh/a] for all wind speed classes i  

WTAvailability = Availability of wind turbine(s) [-] 

ηGrid = Percentage of internal grid losses [-]  

GridAvailability = Availability of grid connection [-]  

 

5 Wind/battery and hybrid system sizing algorithm 

Frequency and/or voltage stability are important factors for any power supply system. Stability is 

achieved through a balance between power generation and consumption. By adding different power 

generators that supply electricity with different patterns, or by adding battery storage as energy 

consumers when there is no demand, the balance can be achieved. The system with multiple 

generators and battery storage is called a hybrid system. The correct dimensioning of small wind 

hybrid systems leads to lower investments. Due to large amounts of input data such as hourly wind 

resource data or load profiles, the dimensioning of hybrid systems requires computing power.  

Learning objective: Upon completion of this chapter, you should be able to: 

• describe necessity of balance between load and generation in small wind hybrid system. 

• describe sizing algorithm of small wind hybrid systems and recognize input data.  

5.1 Balance of generation and consumption 

Learning objective: Upon completion of this page, you should be able to 

• Discuss the importance of balanced generation and load in a small wind hybrid system. 

To ensure appropriate sizing of a hybrid system comprised of some combination of wind turbines, 

batteries, PV modules, and/or fuel burning generators, it is important to check the reliability of the 

power supply system under different operating conditions. For system sizing, the following rule is 

important: generation and consumption always have to be in balance to keep the voltage and/or the 

frequency of the power supply system constant.  

A complete analysis would confirm that generation and load are in balance for every hour of the year. 

For this analysis, input data is a time series format, in which the power generation is shown for a specific 

period in fixed time intervals, e.g. for one year in hourly intervals. Grid studies for large power systems 

typically use a time resolution of 15 or even 5 minutes. 



 

Small wind power - Planning  Page 22 of 35 
12/03/2020 

Natural variations in wind speed within a specific period affect the power output of a wind turbine. 

Thus the generation of power is not constant; peaks can occur in the evening or in the morning, or 

power generation might be higher in winter compared to summer. As a result of these fluctuations, 

power generation rarely matches exactly the load profile of the consumer. The power output of the 

wind turbine will be too large or too small to cover the load at every moment during the whole period.  

Because of this, storage (e.g. batteries), alternative generators, and/or load management are often 

used to compensate for the deficits or oversupply in a stand-alone power supply system. Thus a hybrid 

system can help in managing the power output variability of a wind turbine alone, which is one of the 

main challenges in maintaining power supply quality in a stand-alone system.  

 

Balance of generation and consumption during every single interval in a year is needed to ensure a 

reliable system. (Source: RENAC)) 

If power generation is greater than the power consumption, then the frequency in an alternating 

current system will rise. If generation is less than consumption, the frequency will be reduced (see 

next graph). However, a constant frequency is important for the operation of most electrical devices 

and for the stable operation of the power supply system. Typical frequencies are 50 Hz or 60 Hz.  

 

Unbalanced system and effect on system frequency. (Source: RENAC) 
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5.2 System sizing algorithm 

Learning objective: Upon completion of this page, you should be able to 

• Describe the system sizing algorithm that is used to ensure that generation-load balance is 

achieved. 

The sizing algorithm is used to help find low-cost solutions to meet the load at every time interval 

during operation. The algorithm simulates power generation and power consumption for every hour 

of the year, i.e. for 8,760 intervals. During these simulation intervals, three different situations may 

arise: 

1. The generated power level is higher than the power demand of the load. In this case, the 

power surplus is stored in the batteries until they obtain full capacity. The remainder of the 

available power (excess power) is not used.  

2. The generated power level is lower than the demand. Battery power is used until the battery 

capacity reaches its safe minimum, at which point the charge controller will stop discharging 

the batteries. Additional power must now be supplied to overcome the deficit. The algorithm 

can find solutions for this problem in any of the following ways: 

a. Increasing the battery capacity to be able to handle longer periods in a power deficit. The 

batteries are charged during periods of excess power (as described in situation 1 above). 

b. Increasing the size of the power generators (e.g. a wind turbine with larger power output, 

or on a higher mast, or installing more wind turbines). 

c. Supplying the power deficit with power from an external power supply system (usually via 

connection to the electricity grid).  

d. Accepting the deficit as long as it is smaller than the set point for generation adequacy. 

Generation adequacy is the ability of the available generation capacity to supply the 

energy demand of the system adequately during all times. Generation adequacy is usually 

measured in terms of probabilistic reliability indices such as: loss of load probability (LOLP 

in %), loss of load expectancy (LOLE in h/year), energy not supplied (ENS in MWh/year), or 

number of days with generation deficit (d/year). 

3. The power generated by the wind turbine covers the load exactly. The battery status stays 

unchanged. 

 

The simulation calculations are repeated for different wind turbines (with different power curves), 

different battery capacities, and different tower heights. In the case where the calculated battery 

capacity needs to be very large due to long periods with low wind speeds, the calculation can be 

repeated with additional photovoltaics, fuel burning generators, or other sources including a grid 

connection.  
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Input to system sizing algorithm (Source: RENAC) 

 

5.3 Input data for sizing algorithm 

Learning objective: Upon completion of this page, you should be able to 

• Identify the input data used to size a stand-alone wind battery system. 

The input data used to size a stand-alone wind battery system with a sizing algorithm are as follows: 

• Hourly wind resource data (e.g. wind speed time series, terrain data, altitude, anemometer 

height). 

• Hourly load profiles (power consumption time series). 

• Technical specifications of wind turbines (e.g. hub height, power curves, expected lifetime).  

• Technical specifications of batteries (e.g. capacity, charge and discharge, efficiency, expected 

lifetime) and other equipment (e.g. converter). 

• Acceptable power deficit levels. 

• Expected project lifetime. 

• Economic data (e.g. equipment cost, interest rate). 

• Sensitivity analysis parameters.  
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A system that also contains solar PV and/or fuel burning generators would need additional appropriate 

data for these technologies. 

Software tools have been developed to conduct these calculations, as manual calculations would take 

far too much time for most investors. One may find guidelines or published rules of thumb to aid with 

system sizing, but these generally provide insufficient information and still lead to oversized or 

undersized systems. Therefore, we recommend sizing the system with the help of appropriate software 

tools and data inputs. 

 

 

Inputs to sizing algorithm for wind/battery system (Source: RENAC) 

If the autonomy days of the system are known – that is, the number of days that the battery bank can 

supply the load before it requires charging – then the nominal capacity of a battery bank can be 

estimated using the following equation which considers the battery voltage, the battery efficiency, 

the daily energy consumption, and the maximum depth of discharge of the battery. 

𝐶𝑏𝑎𝑡𝑡 ≈
 𝐴𝑑𝑎𝑦𝑠  ×  𝑊𝑑𝑎𝑖𝑙𝑦

𝐷𝑂𝐷𝑚𝑎𝑥  × 𝜂𝑏𝑎𝑡𝑡 × 𝑉𝑏𝑎𝑡𝑡 
 

Where: 

Cbatt = Capacity of batteries [Ah] 

Adays = Autonomy days that the battery bank can supply the load without charging [d] 

ηbatt = Battery charging/discharging efficiency (%) 

Wdaily = Daily energy consumption [Wh/day] 

Vbatt = Voltage of battery [V] 

DODmax = Maximum depth of discharge (DOD) of the batteries [%] 
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6 Costs 

Learning objective: Upon completion of this page, you should be able to  

• Get an overview of the different types of costs involved in small wind projects. 

6.1 Investments costs 

Investment costs for small wind turbines differ very much. They depend of the quality of rotor blades, 

pitch control, generator, gearbox, inverter/rectifier, bearings, mast, foundation and other parts. Wind 

turbine costs increase when manufacturers certify designs and power curves according to international 

standards. Higher quality means longer lifetime and less maintenance effort. The tower height 

influences the investment costs too. Investment costs are in the range of 2000 €/kW to 6000 €/kW. 

Certified wind turbines with a 20 m tower are available for ca. 4000 €/kW to 4500 €/kW. 

The investment costs may further be split into planning, installation and purchasing costs. The planning 

costs for small turbines depend heavily on the required permissions. The installation costs depend on 

the location, e.g. the transport costs and the ground type. The purchasing costs vary around the world. 

There is no fixed price for small wind turbines.  

The figures below give examples of price structures and the cost components included. Both are IEC 

certified turbines. The most important cost component is the turbine itself (50%). The turbine, the 

tower and the foundations make up 75% of the costs.  

The cost may decrease in the future if a growing global market leads to economies of scale.3 So far, 

compared to large wind turbines, the energy production costs are relatively high. But, small wind 

turbines can be cost-effective when used for off-grid applications or at sites with a very good wind 

resource.  

Figure: EasyWind 6 kW, system cost components example (Source: Paul Kühn, 2011). 
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Figure: WESpe 5 kW, system cost components example (Source: Paul Kühn, 2011). 

 

6.2 Maintenance costs 

As a rule of thumb, up to 2% of wind system investment costs apply to maintenance and repair 

expenses year by year. Gearless wind turbines have costs that are lower than wind turbines with 

gearboxes. The average percentage does not necessarily mean that the small wind turbine owner of 

a turbine with investment costs of €25,000 has to spend up €250 to €500 every year. A replacement 

of the gearbox or the generator might become necessary after some years and then a larger amount 

of money has to be spent (see next figure).  

The next graph shows an overview of how maintenance, spare part and insurance costs developed 

for small wind turbines between year 1 and 14. Again, the basis of the data is a survey of small wind 

turbine operators in Germany (maintenance reports and interviews).4 During the warranty period the 

costs were in the range of 10 to 12 €/kWp. This survey gave the result that spare part costs rose up 

to 35 €/kWp in year 11. 
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Figure: Annual average development of small wind turbine maintenance costs (Source: Paul Kühn, 

2011). 

Some insurances cover the maintenance or repair costs. But they often exclude damages due to 

force majeure, like lightning strike or extreme storms. 

Another result of the survey was that the average annual maintenance costs for small wind turbines 

with a swept rotor area between 40 and 200 m2 were 35 €-cent/kWh, but were 16 €-cent/kWh for 

smaller turbines. 

6.3 Energy generation costs 

The energy generation costs of 1 kWh of wind energy by individual turbine depend very much on the 

local wind resource. They can be in the following ranges at a good site: 15 to 35 U.S. cents/kWh5 for a 

small wind turbine with a rated capacity 0.1 to 3 kW.  
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7 Summary 

7.1 Fundamental recommendations for successful small wind power projects 

Learning objective: Upon completion of this page, you should be able to 

• Understand the general tasks for the technical planning for small wind turbines. 

The three most important initial recommendations for a successful wind project are: 

1. Evaluate wind resources before investing or ordering a small wind turbine and selecting a 

wind turbine based on an annual energy production calculation. This calculation should be 

based on measured wind data and wind turbine power curves. 

2. Some small wind turbine manufacturers sell wind turbines that are very poor quality. 

Maufacturers try to promote them with high effort and advertisement campaigns. Promised 

lifetimes, efficiencies, annual energy generation and power curves will very seldomly be 

achieved. To avoid stranded investments and high follow-up costs, order small wind turbines 

only from manufacturers that can prove that their turbines fulfil quality standards based on 

the IEC 61400 family. Remember: quality matters! 

3. Try to find a good site for your wind turbine. In most cases, the roof of a house or the direct 

surrounding of a building is not a good site at all. 

The following is a checklist of tasks that need to be covered during technical planning for small wind 

turbines. Working with such a checklist will help ensure a smooth and complete planning process. 

Conduct a load assessment: 

• Evaluate and/or measure the peak load (demand), and the average daily and weekly energy 

use for all loads of the consumer or enterprise. 

• Examine efficiency opportunities. 

• Estimate energy demand development in the future. 

Conduct a site assessment: 

• Avoid areas with high turbulence and reduced wind speeds. 

o Determine the predominant wind direction(s) at the proposed small wind turbine 

site and evaluate the impact of buildings, trees, local terrain and any other obstacles 

on the wind speeds. 

o Consider the growth of trees during the project lifetime. 

o Collect information about building and spatial planning regulations, nearby airports 

and overhead lines, and determine the maximum acceptable tower height. 

• Avoid risks for neighbouring residential buildings and other forms of land use. 

o Determine the possible impact of a partial or full tower collapse on infrastructure like 

roads, overhead lines, and other property, and determine a minimum distance to 

eliminate risks. 

o Determine the effect of noise emissions, shadow flicker, and ice throw in winter and 

determine a minimum distance needed to avoid disturbances and hazards. 
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• Suggest solutions to overcome the interference from the obstacles on the wind resource at 

the proposed site. 

o Increase the distance between the obstacle and the small wind turbine site following 

the 20 H and 2 H rule and increase the distance to obstacles and/or the tower height. 

o Calculate the wind shear at a proposed site based on local terrain and best available 

wind resource data.  

o Calculate the effect of higher towers for small wind turbines on the annual energy 

production. 

o Create a site plan diagram to show the tower location relative to existing homes, 

vegetation (trees) and other characteristics of the site (e.g. drinking water pipeline, 

gas, sewer pipelines, telephone lines, etc.). 

• Analyse soil. 

o Identify soil type or depth to bedrock.  

o Evaluate the suitability of the tower foundations.  

o Identify a suitable wire run from the small wind turbine base to the location of 

control/the consumer. 

Choose a certified wind turbine that ensures a high annual energy production at the proposed site. 

• Interpret already accessible wind data to estimate the annual energy production at the 

proposed site (wind maps, wind speed data from nearby sites, Weibull shape factor and 

Weibull scale factor).  

• Conduct wind measurement at the proposed site for at least 1 year. 

• Compare measured data with long-term weather trends and decide whether the year of 

measurement had unusually high or low wind speeds. Correct the measured data as needed. 

• Use power curves published by small wind turbine manufacturers to calculate the annual 

energy production for different small wind turbines, and decide the preferred turbine for the 

wind regime and cost. 

o Calculate the economics and revise choice of turbine if necessary. 

Define responsibilities for management and operation 

• Identify persons that will have sufficient skills and are willing to take prime responsibility for 

managing and operating the project on an ongoing basis. 

The below flowchart shows simplified the process of small wind turbine projects. 
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Small wind turbine installation flowchart (RENAC)
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Abbreviations 

A = Scaling factor [m/s] 

Adays = Autonomy days that the battery bank can supply the load without charging [d] 

AEP = Annual energy production [Wh/a]  

Cbatt = Capacity of batteries [Ah] 

DODmax = Maximum depth of discharge (DOD) of the batteries [%] 

Ei = Energy production over one year of wind speed class i [Wh/a] 

Etotal = Energy production over one year [Wh/a] for all wind speed classes i  

GridAvailability = Availability of grid connection [%]  

h1 = Height [m] 

h2 = Height [m] 

hW,i (vi)  = Relative frequency of wind speed vi [%]  

I (v) = Wind speed turbulence 

i = Index variable 

IEC = International Electrical Commission 

K = Shape factor, dimensionless [-]  

kW = Kilowatt 

kWh = Kilowatt-hours  

m = Metre 

m2 = Square metre 

Mean = 10 minute average wind speed [m/s] 

Pi(vi) = Power of wind speed class i derived from wind turbine power curve [W] 

RENAC = Renewables Academy AG 

ti = Duration of wind speeds at wind speed class i [h/a] 

v1 = Wind speed at h1 [m/s] 

v2 = Wind speed at h2 [m/s] 

Vbatt= Voltage of battery [V] 

vi = Wind speed [m/s] 



 
 
 

Small wind power planning                                                                                                                               Page 3 of 35 
                                                                                                                                                                                                                                12/03/2020 

vsite = Wind speed at the x axis of the scaled power curve which is valid for the site where the wind 

turbine is to be built [kg/m3] 

vstandard = Wind speed at the x axis of the power curve published by the wind turbine manufacturer 

(m/s) 

Wdaily = Daily energy consumption [Wh/day] 

WT = Wind turbine 

WTAvailability = Availability of wind turbines [%] 

ηbatt = Battery charging/discharging efficiency (%) 

ηGrid = Percentage of internal grid losses [%]  
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