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Technical Possibilities
and Economic Success
of Small Wind Turbines

supporting Off-Grid
Energy Systems 

In order to obtain a general understanding how small wind turbines can suc-

cessfully support off-grid hybrid systems an example is used to illustrate the planning 

process. The short introduction to small wind turbines (SWT) is followed by a 

calculation of the energy demand for an off-grid system. The wind regime, the choice of 

potential turbines and the annual energy yield with these turbines are presented. The 

article ends with a calculation of profitability and gives results and conclusions.
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1 Energy Demand and Supply

Every electric energy-consuming entity has a 
specific demand, a current supply, and also methods and 
techniques to optimize both. The following subsets are 
describing the aspects: demand, supply and optimization.

1.1 Demand
To determine the consumption of electric energy 

demanding systems there are basically three different 
methods:

(1) If there is a central electric meter for the overall 
system (house, hut, lodge) the necessary data (annual 
and daily energy demand) can be easily read from the 
meter. An sufficient amount of daily data sets from every 
season should be taken to calculate the mean daily energy 
demand.

(2) If the system is only served by a single diesel 
combustion engine, the energy consumption can be 
calculated from the diesel consumption per day and 
per year. in modern devices the operating hours are 
displayed on the operation panel directly at the engine. 
The operation hours per day, multiplied by the specific 
diesel consumption per hour (in this case: 9.1 litres per 
hour), the lower heating value, and the electric energy 
conversion efficiency, gives the maximum electric energy 
capacity per day.

    

The calculation is dependent on external boundary 
conditions like: the number of operating hours in full load 
versus partial load, temperature, altitude above sea level, 
the quality and the lower heating value of the fuel that is 
used. This value ranges between 9.6 to 10.0 kWh per litre 
of diesel consumed.

A very simple verification is to trust the 
manufacturer's data and take the rated power times 
the operating hours. The verification gives only a little 
difference and the calculation can be considered as valid.

     

In this work a Genset for combined heat and 
power (CHP) of nominal 25 kW electric and 45 kW 
thermal power is used. The electric and thermal 
loads are produced with an overall efficiency of about 
86% according to manufacturer data (kW, 2009, S. 
1). An electric efficiency of 30 % was assumed as an 
industry standard CHP efficiency for modern motors. 
That means with a yearly consumption of 12 000 l of 
diesel the following amount of electric energy can be 
generated:

This is certainly only the case if the motor is not 
oversized and running always at its optimum operating 
point which is not always the case as the figure below 
shows. The generator is only running with a partial load 
of 6 kW while the rated power is 25 kW.

This was because the fully charged batteries could 
only serve the basic energy demand for 3 hours. After 3 
hours the generator started automatically to charge the 
batteries for three hours. This alternating charge and 
discharge was observed during three days.

(3) If there is no meter and the diesel consumption 
is unknown, or if there is a photovoltaic/diesel hybrid 
system that gives some uncertainties, the demand is 
difficult to estimate. In this case a calculation by electric 
appliance and hours of normal usage is recommended. 
This requires a detailed list of all consumers and the time 
of usage assuming normal operating characteristics (see 
Table 2).

After reducing unnecessary electric loads, the energy 
demand of the house should be at 99 kWh/day during the 
summer season (Deubler, 2009, S. 17) (Gehling, 2012, S. 
55). This mean value is the ideal compromise between 
maximal efficiency and only slightly reduced comfort 
considering also the largest number of guests. This leads 
to the calculation of the annual energy demand which 
is 99 kWh times 287 days in operation is 28 413 kWh/
a. If the reduction target will not be reached the annual 
energy demand is 46 523 kWh/a.
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1.2 Current Energy Supply and Possible 
Modifications

The current energy supply has two different 
generators. The backbone of the entire system is a 
25kWelectric combustion engine. It is optimized for the 
combustion of rapeseed oil with a very good water hazard 
class (WHC). This is an advantage in nature conservation 

areas that deserve special attention. The lower heating 
value (LHV) is the same as the LHV of diesel fuel . The 
above depicted combined heat and power system (CHP) 
represents a reliable solution even if all other renewable 
sources fail. Next to this combustion engine there is 
a photovoltaic generator. All generated energy  first 
supplies the current consumers, and if it is not needed the 
energy is stored in lead gel batteries.

The batteries are connected to battery power 
converters. These devices consist of inverters to convert 
the DC current to AC current and vice versa. Secondly the 
converter is working as a charge controller. This regulates 
and smoothes the charge current for the batteries to 
maintain as many cycles of charge and discharge as 
possible to gain a longer battery life. The example project 
is using a bank of lead acid gel cells. The charge controller 
is set to leave a depth of discharge (DOD max) not less 
than 40% of the battery load. The controller also guards 
the dynamic charging process of the generators and 

Table 2  Energy demand by listing electric appliances and hours of normal usage

Zone

Place

Room

Name

Consumer

Nomina Power

Watt

[ W ]

Daily

Operating Hours

[ h ]

Power Demand

Normal Usage

 [ W ]

Energy Demand

Daily Normal

 [ kWh ]

Energy Demand Daily Demand

Daily Reduced per Zone

[ kWh ] [ kWh ]

Kitchen

Dining Room

Dishwasher  4000 3 1500 4.5 4.5  

Microwave  3160 1 3000 3.0 3.0 7.50

Light Bulbs 200 3 200 0.6 0.4  

Radio 20 1 20 0.02 0.02 0.42

Total 7.92

Table 3  Electric energy demand by example of 
the Rotwandhaus

Zone

Place

Room

Nominal

power

(kW)

Daily energy

demand

(kWh)

Reduced energy

demand

(kWh)

Kitchen 32.2 48.8 40.0

Wastewater treatment  3.9 6.5 6.5

Electric lighting  31.6 17.3

Ventilation 2.5 44.1 16.9

Cooling 5.1 31.1 18.3

Total, daily demand  162.1 99.0

Table 1  CHP genset at Rotwandhaus three days in January 
2011 (Deubler, 2009, S. 1)
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prevents overcharging.
The photovoltaic modules are normally supplying 

an annual energy of 5000 kWh. They are connected to the 
3-phase AC grid. Due to the aging of PV modules, today 
the maximum photovoltaic power is only about 3500 
kWh/a. (Deubler, 2009, S. 25)

The daily energy demand of 99 kWh determines 
the size of batteries and the size of generators. For the 
moment there are 24 lead gel cells of 2 V and 1700 Ah 
installed. As Deubler showed, the current theoretical 
maximum energy storage of new cells should be at 
81.6 kWh (Deubler, 2009, S. 26) (Gehling, 2012). As the 
batteries should not be discharged under 40% the battery 
bank is capable to supply 48.96 kWh, which only gives 
a theoretic autonomy time of half a day. That means the 
system can run with the buffered energy about 0.5 days. 
As Table 1 shows, the actual autonomy time is even lower 
(3 hours) due to the aged battery cells.

This is not sufficient to meet the recommendations 
of Bopp(2002). He shows that a system that demands 
more than 25 kWh a day should have a battery autonomy 
time of 1 day and a 25% solar coverage rate. If there is no 
sun and no wind the backbone of the system is in any case 
the CHP generator. According to Bopp (2002, S. 26) the 
rated power sum of all generators should correspond to 
the sum of all absolutely necessary loads . In this case it is 
a 25 kWel CHP engine and a 5 kW photovoltaic generator.

Bopp states also that an additional small wind 
turbine should not exceed one third of the total energy 
supply for the entire system. A possible plan for the 
future is to lower the consumption of fuel by modernizing 
the existing hybrid system (see Figure 1) and replacing a 
portion of the supply with generation from a small wind 
turbine.

2 Wind Energy

This chapter describes the measurement of the 
wind potential, the choice of a small wind turbine and the 
method of energy yield estimation.

2.1 Wind Potential
Successful small wind energy projects require a 

good understanding of local wind potential. It is therefore 
essential to do a proper site assessment considering all 
possible impacts. The measurement costs of wind energy 
are strongly dependent of the measurement height and 
the devices that are used. In the current project it was 
assumed to have measurement costs between 3% and 
7% of the complete project budget. Typical for small and 
micro wind projects, here a very low budget solution was 

Figure 1  Three-phase AC-coupled modular hybrid-system

Figure 2  Position of anemometer (photo M. Gehling)

Figure 3  Combined: Anemometer and wind vane
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chosen. For that reason there could be some uncertainties 
in data interpretation.

For the current site assessment the measurement 
system “Power predictor” was mounted at the nacelle of 
the H-Rotor (see Figure 2). The H-Rotor was the old wind 
turbine dismantled in October 2011. At this position , 
disadvantageous turbulence airflows may disturb the 
accuracy of the measured data as will be discussed later. 

 Measurement Device: Power Predictor at 6.30m height
 Measuring Period: 26.02.2011   to   19.06.2011

Wind data measurements began in December 2010. 
After solving an electronic problem with the anemometer, 
the first valid measurements started on the 26th February 
2011. The measurement period continued until 19th June 
2011 when the battery was changed. Although the paln 
was to measure the wind for 365 days, the anemometer 
was destroyed when the H-Rotor was dismantled in 
October 2011. The SD-card with the stored date up to 
October was unfortunately stolen. At least the wind of 
a winter and a summer season was measured. For this 
reason the author assumed an annual distribution 
and mean wind speed by synthetically stretching the 
collected data to a one year period. Based on this 
assumption the mean wind speed was calculated from 
115 instead of 365 days to give the following energy 
yield estimation.

The wind speeds for exactly the 
same period were verified with data 
from the German Meteorological 
Office (DWD) weather station at 
the hilltop of Wendelstein, some 
12 km northeast of Rotwandhaus. 
This DWD weather station is the 
reference site to evaluate all further 
calculations. A custom Excel tool is 
used for calculation and illustration 
of the wind distribution and the 
energy yield with a specific turbine. 
The results of the Excel tool are 
verified with a free version of WAsP 
10.1 from the Technical University of 

Denmark (DTU). The Weibull fit was done with Gnuplot. 
The final energy output estimation was also verified with 
the “Small Wind Turbine Yield estimator” of Fraunhofer 
IWES.

The validation showed that the measured data 
corrected quite well with the reference site. The log 
wind profile calculation of the mean wind speed at 
Rotwandhaus was 5.26 m/s and at Wendelstein 5.52 m/s. 
With some uncertainties due to roughness and sheltering 
effects of a mountain ridge, the data could be considered 
as valid. The wind rose is showing the sheltering effect 
of the Rotwand peak but even more the north-sided 
masking effect of the mast of the old H-Rotor (see wind 
rose Figure 5 and Figure 6). The natural wind direction 
distribution should normally look like Figure 7. However 
the comparison of wind speed distribution at both sites 
gave similar results (see Figure 7). All in all the collected 

Figure 4  Wind speed at Rotwandhaus Januar to June 2011

Figure 5  The WAsP report of the observed wind climate
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data set is not perfect due to the described circumstances,  
but it should be sufficient for a first wind site assessment.

According to the NREL: Dynamic Maps, GIS Data, 
and Analysis Tools - Wind Data Details (2013) the 
Rotwandhaus wind power density at a mean wind speed 
of 4,2 m/s is only 100 W/m2. The measured power 
predictor anemometer data text file was imported into the 
Excel tool and into WAsP and also WAsP showed a very 
low wind power density in the same range (84 W/m2) at 
hub height. The site Rotwandhaus should be considered 
as low wind area that is according to NREL “generally not 
suitable” for large wind projects.

2.2 Selecting the Right Wind Turbine
Selecting a small wind turbine is not an easy task, 

and there are more than 200 manufactures worldwide. 
Since the industry is not yet developed, a number of 
low quality turbines are available on the market. The 
best option for the consumer is to trust in established 
certification systems.

2.2.1 Certificated Models
For the moment there are worldwide three 

certification systems: MCS – Microgeneration Certification 
Scheme (UK), SWCC Small Wind Certification Council (US) 
and the testing procedure according to IEC 61400-2 - (DK) 
that allows non-accredited certifying bodies to carry out 
the certification if approved by the Danish Energy Agency,  
and if the rotor surface is less than 5 m2 (Parliament, 
2008, S. 6). At least one certificate is sufficient to support 
a buying decision. All of them prove that the wind turbine 
is manufactured according to international standards in:

• Performance
• Noise
• Safety
The following list from the year 2012 shows all 

manufacturers that have at least one certified model. 
2.2.2 Sizing
As stated above, up to a third of the yearly demand 

may be covered by a small wind turbine. However, this 
requires sufficient wind conditions and a turbine that is 
adapted specifically to these conditions.

For the Rotwandhaus project an appropriate small 
wind turbine has about the same coverage rate as the 

Table 4  Manufacturers with at least one certified 
small wind turbine

Manufacturer with certified Small Wind Turbines

Aircon Evance Southwest Windpower

Bergey Windpower Co. Evoco Thy Møllen

Bornay Danmark Gaia Wind Vejby Energi

C&F Green Energy HSWind Vindby

Cirkel Energy
Kingspan / Proven 

Energy
Westwind 20 kW

EasyWind KVA Diesel Xzeres

EcoWind LS Stoker Zeteco Energy

Energytech Consult Quietrevolution

Figure 6  Wind distribution and wind direction at Rotwandhaus

Figure 7  Wind distribution and wind direction at Wendelstein

Figure 8  Wind speed distribution: Rotwandhaus: red, Wendelstein: blue
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photovoltaic modules, which are for the moment at 8%. 
This gives an annual electric wind energy demand of 3 
700 kWh/a. In this work the small wind turbines were 
divided into two classes that can probably cover the 
demand. One class is the 5 kW, the other is the 10 kW 
class.

2.3 Annual Energy Yield Estimation
According to Table 4, in each class only certified 

turbines were chosen. The Gaia turbine is suitable for low 
wind sites like the Rotwandhaus region because of the 
large rotor surface in relation to the generator. It shows 
the best coverage in the area of low wind speeds (green 
bars in wind speed distribution histogram, see Figure 9) . 
To have reliable values all power curves were corrected to 
the altitude of 1 737 m above mean sea level (1,024 kg/
m3).

All wind speed classes have been fitted to a Weibull 
curve to gain the most probable natural wind distribution 
values. The frequency of wind speed classes with the 
power curve values and the hours of one-year results in 
the annual energy yield. Operating failures, losses and 
an uncertainty factor for weak wind years have been 
considered and the annual energy yields for the three 
turbines are summarized in Table 5. The same calculation 
was done with two smaller turbines. The only un-certified 
turbine was the KD Promekon 5. This is the only vertical 
axis small wind turbine in this report.  

The desired goal to cover 8% of the annual energy 
demand of 46,523 kWh can be reached with the turbines 
from Easywind and KD Promekon. The turbines of the 
10 kW class deliver far more than needed and are closer 
to the one third coverage recommended by Bopp. The 
question of which turbine works most economically is 
discussed in the next chapter.

3 Economic Feasibility – Wind versus
   CHP

In this chapter the economic feasibility of a small 
wind turbine is shown in relation to a CHP engine for the 
current project and the current wind conditions.

For the CHP engine, the investment costs were 

44,500 EUR.  The rapeseed oil price was at 1.08 EUR/
l and the lower caloric value was calculated with 9.7 
kWh/l.  The required investment for the wind power 
plants was between 25,500 EUR and 46,000 EUR.  An 
average operating life for CHP was set to 15 years. This 
same operating life was assumed for all the small wind 
turbines. The variable costs were: the above noted fuel 
costs, operating costs of 0.01 EUR/kWh, annual auxiliary 
energy (CHP) 2%, and annual insurance 1% of the 
investment costs. 

The most efficient turbine for the low wind site is 

Figure 9  Wind distribution at Rotwandhaus and power curves 
of three turbines

Table 5   Annual energy yield of three 10 kW 
class turbines

10 kW Small Wind Turbine at 

Rotwandhaus
kWh/a Energy Coverage Rate

Bergey Excel 10   9 013 19.4 %

Aircon 10 S 11 193 24.0 %

Gaia 133-11 19 638 42.2 %

Table 6   Annual energy yield of three 5 kW class 
turbines

5 kW Small Wind Turbine at 

Rotwandhaus
kWh/a Energy Coverage Rate

Easy Wind 6  4 466 9.6 %

KD - Promekon 250 - 5  2 807 6.0 %

Gaia 133-11 19 638 42.2 %
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by far the two-bladed Gaia 11 kW turbine with a rotor 
diameter of 13 m. The classic three-bladed upwind 
turbines of Bergey and Aircon were still a little more 
favourable than the CHP-engine. Exceeding by far the 
average cost range of well-established turbines was 
Promekon with the highest electricity production costs.

4 Concluding Remarks and Outlook

The evaluated location can be considered as a low 
wind site, which requires that determines to find a special 
small wind turbine be found for these conditions.

The only one that was found was the Gaia turbine 
that is slightly oversized and is one of the most expensive 
turbines of all calculated. However the lowest investment 
is needed for the Easywind turbine. Both turbines were 
the most efficient turbines in their classes for this location 
and therefore also have the lowest electricity production 
costs.

The current small wind industry is very 
heterogeneous. There are a small number of 
manufacturers that are constructing and offering very 
good turbines for a reasonable price., but the vast majority 
is still in the development stage. It is thus difficult for a 
normal consumer to find the right turbine for his project. 
Most candidate sites have poor wind conditions, subject 
to disturbing turbulence from buildings and insufficient 
low hub heights.

The challenge for the consumer is to find a model 
that meets high quality standards and works efficiently 
at the specific location. For the moment only a few 
manufacturers can meet these expectations. With the 

Table 7   Costs per kWh electric energy at 
location Rotwandhaus

Class Manufacturer EUR / kWh

25 kW KW-Energie CHP 0,55

10 kW Bergey 10 0,45

10 kW Aircon 10 0,46

10 kW Gaia 11 0,28

5 kW Easywind 6 0,67

5 kW KD - Promekon 5 1,50

current market situation there is still a long way to go to 
establish small wind turbines as a serious player in the 
transition process towards renewable energy. 
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