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ABSTRACT:
The renewable energy sources are the primary solution for energy demand in all the
countries because it’s being harmless to the environment. In the short term, wind energy has
the most potential among all the renewable energy technologies. In the European Union,
Sweden is largely based on renewable energy for their energy demand. Sweden is one of the
leading country in the EU where wind power has been growing rapidly. As wind turbines in
recent time have been more and more commonly placed in forestal terrain in Sweden, it is of
interest to know the difference in annual output compared to the flat terrain which was the
earlier dominant terrain type for wind turbines. In this thesis, the difference between the two
terrain types is investigated for a number of wind turbine models.
This paper presents the study from the annual Vindstat report of the year 2015 and
2016. The data were accumulated in the Excel file and the terrain for turbine locations was
classified using Google Earth. Finally, the power generation in both areas are compared by
graphs and tables. The results indicate the difference in production according to the terrain and
turbine rating. And it was a surprising finding that the difference between them is not more as
we expected. Even more, further study is required to find the difference between in forest and
flat wind turbines in all the aspects.
Keywords: Availability, flat land, forest, hub height, power generation, wind turbine

SAMMANFATTNING :
Förnybara energikällor anses vara den primära lösningen på en global framtida
energiförsörjning med minimal påverkan på miljön. I ett kort och medellångt tidsperspektiv så
anses vindkraft ha störst utbyggnadspotential av samtliga förnybara elgenereringalternativ.
Sverige har idag ett elsystem med en stor del förnybar energi i elmixen. Sverige är ett av länder
inom EU där vindkraften har byggts ut kraftigast under de senaste åren. Från att ha främst
placerats i kustnära lågvuxen terräng så har skogsterräng blivit alltmer vanligt för
vindkraftsetablering. Eftersom den högre växtligheten har en inbromsande effekt på vinden och
det därmed blir mer komplext att hitta bra vindlägen så kan man förvänta sig lägre årligt
elutbyte från vindkraftverk i skog. I detta examensarbete så har skillnaden i denna årliga
elgenerering studerats för ett antal vindkraftsmodeller.
Resultatet i detta examensarbete baseras på Vindstats årsrapporter för 2015 och 2016. Data
sammanställdes i Excel och terrängen för varje enskilt vindkraftsverk/park klassificerades med
hjälp av Google Earth. Slutligen så jämförs det årliga elutbytet i grafer och tabeller. Resultatet
skiljer sig beroende på vindkraftsverksmodell men visar totalt sett på att vindkraft i skog
producerar nog så bra som vindkraft på barmark. Slutligen så behövs djupare studier på ämnet
för att kartlägga skogsterrängs inverkan på elutbytet på en mer detaljerad nivå.
Nyckelord: Tillgänglighet, barmark, skogsterräng, navhöjd, elgenerering, vindkraftverk

ACKNOWLEDGEMENT:
First, I would like to thank my thesis advisor Prof. Erik Möllerström (PhD). The door to
Prof. Erik Möllerström was always open whenever I had questions about my thesis
calculation and writing. Without his supervision, this dissertation could not have been
successfully completed

On the other hand, I would like to show my hearty thank to my parents, brothers and sisters
for their constant support and encouragement. I would also extend my gratitude to my
colleagues in Halmstad University who have helped me throughout the program.

Eventually, my sincere thanks to my friends Nickyar Ghadirnejad and Hoshangswamy Kale.
The way that you were aided me was a clear interpretation in the whole program.

This study is wholeheartedly dedicated to my friend Balachandar, who have been a source of
my strength, whenever I thought of giving up who continually provide his moral, spiritual,
emotional support.

TABLE OF CONTENT
OBJECTIVES OF THE PROJECT: .......................................................................................... 1
1.

INTRODUCTION: ............................................................................................................. 2
1.1

RENEWABLE ENERGY SHARES IN EU: .............................................................. 2

1.2

ENERGY INPUT IN SWEDEN: ................................................................................ 3

1.2.1

WIND POWER IN SWEDEN: ............................................................................ 3

BACKGROUND: ...................................................................................................................... 5
2.

3.

MODERN WIND TURBINE:............................................................................................ 5
2.1

ROTOR BLADE: ........................................................................................................ 6

2.2

GEARBOX: ................................................................................................................ 6

2.3

GENERATOR:............................................................................................................ 6

2.4

NACELLE:.................................................................................................................. 7

2.5

TOWER AND FOUNDATION: ................................................................................. 7

2.6

CONTROLS: ............................................................................................................... 7

2.7

POWER OUTPUT PREDICTION: ............................................................................ 8

WIND FARMS IN SWEDEN: ........................................................................................... 9
3.1

WIND FARMS IN FOREST: ................................................................................... 10

3.1.1
3.2

WIND FARMS IN FLAT AREAS: .......................................................................... 11

3.2.1
4.

5.

IMPACTS ON THE FOREST ECOLOGY:...................................................... 10
IMPACTS ON THE FLAT LAND AREAS: .................................................... 11

METHODOLOGY: .......................................................................................................... 12
4.1

ANNUAL ELECTRICITY GENERATION DATA: ............................................... 12

4.2

TURBINES RATING: .............................................................................................. 12

4.3

TERRAIN CLASSIFICATION: ............................................................................... 13

4.4

ANALYSIS: .............................................................................................................. 13

4.4.1

AVAILABILITY: .............................................................................................. 14

4.4.2

MEAN: ............................................................................................................... 14

4.4.3

STANDARD DEVIATION: .............................................................................. 15

OBSERVATIONS OF WIND TURBINE DATA: .......................................................... 16
5.1

ENERCON E82 – 2MW: .......................................................................................... 16

5.2

VESTAS V90 – 2MW: ............................................................................................. 17

5.3

VESTAS V90 – 1.8MW: .......................................................................................... 19

5.4

VESTAS V100 – 1.8MW: ........................................................................................ 20

5.5

VESTAS V112 – 3MW: ........................................................................................... 22

6.

RESULTS AND DISCUSSION:...................................................................................... 24

7.

CONCLUSION: ............................................................................................................... 27

BIBLIOGRAPHY: ................................................................................................................... 28

LIST OF FIGURES:
FIGURE 1: RENEWABLE ENERGY SHARES IN EU MEMBER STATES. ...................... 2
FIGURE 2: TOTAL INSTALLED WIND ENERGY CAPACITY IN GW ............................ 4
FIGURE 3: MAJOR COMPONENTS OF HAWT .................................................................. 5
FIGURE 4: TYPICAL WIND TURBINE POWER CURVE ................................................... 8
FIGURE 5: WIND TURBINES IN SWEDEN ......................................................................... 9
FIGURE 6: ENERCON E82-2MW IN SWEDEN .................................................................. 16
FIGURE 7: VESTAS V90 - 2MW IN SWEDEN ................................................................... 18
FIGURE 8: VESTAS V90 - 1.8MW IN SWEDEN ................................................................ 19
FIGURE 9: VESTAS V100 - 1.8MW IN SWEDEN .............................................................. 21
FIGURE 10: VESTAS V112 - 3MW IN SWEDEN ............................................................... 22
FIGURE 11: COMPARISON BETWEEN FLAT AND FOREST OF THE YEAR 2015 ..... 24
FIGURE 12: COMPARISON BETWEEN FLAT AND FOREST OF THE YEAR 2016 ..... 25
FIGURE 13: COMPARISON ON INDIVIDUAL RATINGS ................................................ 26

LIST OF TABLES:
Table 1: WIND TURBINE RATINGS AND ITS SPECIFICATION..................................... 13
Table 2: DATA OF E82 – 2MW TURBINES DIVIDED ON TERRAIN-TYPE ................... 17
Table 3: DATA OF V90 – 2MW TURBINES DIVIDED ON TERRAIN-TYPE .................. 18
Table 4: DATA OF V90 – 1.8MW TURBINES DIVIDED ON TERRAIN-TYPE ............... 20
Table 5: DATA OF V100– 1.8MW TURBINES DIVIDED ON TERRAIN-TYPE .............. 21
Table 6: DATA OF V112 – 3MW TURBINES DIVIDED ON TERRAIN-TYPE ................ 23

OBJECTIVES OF THE PROJECT:
In wind energy, the most difficult task is finding the locations with a high enough mean
speed. This is a major challenge for companies specializing in installation of wind turbines for
electricity production. Earlier in Sweden, the wind turbines were mainly installed in flat terrain,
especially in coastal regions because the flatlands and coastal areas have sufficient wind speed
for wind turbines. Some other factors like noise and flicker (moving shadows) regulations force
the placement of wind turbines away from residential areas. On the contrary, in the last 8-10
years the wind turbines have been placed in forestall areas. As per the perception, it is assumed
that installation of wind turbine is concentrated in coastal and low lands (flat areas) hence
producing more electricity than forestall, although it needs proof or demand a detailed
investigation. Therefore, this study focuses on detailed comparison between the existing wind
turbines in flat and forestall areas in Sweden. In addition to that, the thesis will mention other
differences such as noise, shear and environmental impacts. At the end of the project,
electricity yield variations will be obtained and discussed upon. So, the paper will be a
confirmation of how much the difference in production between flat and forestall areas.
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1. INTRODUCTION:
Renewable Energy Sources (RES) and emerging technologies in this field have great
potential to provide solutions to the long-term energy problems. Renewable energy is the
energy sources that are enduring re-stored by nature and derived directly from the sun such as
photo-voltaic and thermal as well as indirectly from the sun are wind, hydro-power, biomass.
The other energy resources are geothermal, tidal. RES technologies convert these energy
sources into useful forms of energy like electricity, heat and fuels. Worldwide, these are the
energy sources that people use to overcome energy shortages and to counter environmental
impact which world face today due to fossil fuels (CO2 emission, green houses gases etc).

1.1 RENEWABLE ENERGY SHARES IN EUROPEAN UNION:
In recent times and coming future renewable energy sources are and will be a major
contributor to the energy mix in Europe. The expeditious development of some renewable
energy sources and its consequent cost cutting are leading to achieve high market shares in
RES technologies. In the European Union, the renewable energy plays a vital role in the energy
transition and it offers to reach sustainable goals like social and economic development, energy
security, energy access, dealing climatic changes and environmental impacts [1].
Environmental awareness and setting targets for green energy production in its countries, EU
showcase a great leading example to the world. To provide growth in renewable energy
technologies and at the same time tackling dependency on fossil fuels, proper investment must
be made so that RES becomes or tend to become backbone of future energy system.

Figure 1: Renewable energy shares in EU member states. [2]
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Figure 1 shows the renewable energy sources like wind power, solar power,
hydropower, tidal power, geothermal energy and biomass. Renewable energy shares in EU was
8.5% in 2005 which has nearly doubled that is 17% in 10 years, and moving very fast in
achieving its 20% target by 2020 [2]. This clearly shows the awareness and interest in EU
countries for renewable energy as mentioned before.

Between this decade (2005-2015) the gross effect of renewable energy deployment on
GHG emissions is reduced to 436 Mt of CO2 parallel to 10% of total European Union GHG
emissions [1]. Also, it allowed the EU to cut its demand for fossil fuels by 130 Mtoe equivalent
to 11% of total EU consumption of fossil fuels. The effect tends to decrease the primary energy
consumption by 36 Mtoe equivalent to about 2% of the reduction in primary energy
consumption in the EU [1].

1.2 ENERGY INPUT IN SWEDEN:
The energy sector, that is primary energy production of Sweden is highly based on
renewable energy. Figure 1 illustrates that among all the countries Sweden was working
towards reaching a remarkable 49% renewable energy share in gross final consumption of
electricity, transportation, heating and cooling system by 2020. Eurostat declared that already
Sweden has achieved it 2020 target in the year of 2015 and now it's reaching about 53.9% of
energy consumption from renewable sources [3]. Within the EU member states, Sweden bears
the highest share of renewale energy. Sweden has surpassed its target by overwhelming 4.9%.
The overall energy consumption providing following shares in each sector, 68.1% (heating and
cooling), 63.3%(electricity), and 19.2%(transport) [1].

1.2.1 WIND POWER IN SWEDEN:
The Swedish wind power capacity is expanding in recent years as green energy policies
have created a market for renewable energy. Wind power production is a key role in Sweden
if they increase the proportion of renewable electricity [4]. In the year 2016, the renewable
electricity from wind power is accounted for about 12.3%, it was 10% in 2015 and 5% in 2012
[5].
3

Figure 2: Total installed wind energy capacity in GW [6]

The above Figure 2 demonstrates the total installed wind energy capacity in Sweden
including both onshore and offshore wind sources. In addition figure clearly shows that the
wind power capacity in Sweden is increasing every year. Since 2000, Swedish wind energy
production has risen from 0.5 to 6.62 GW.
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BACKGROUND:
2. MODERN WIND TURBINE:
A wind turbine is a machine which converts the wind flow into electricity. This is in
contrast to a windmill which was made to convert the wind power into mechanical power.
Although the wind turbine and windmill may be similar they do have their differences when
considering certain factors. The most common design of wind turbine is the horizontal axis
wind turbine (HAWT) [7]. That is a wind turbine having the axis of rotation parallel to the
ground. According to rotor orientation, HAWT rotors are classified as upwind or downwind of
the tower. The upwind types of wind turbine are the primary focus of modern wind turbine
design.

Figure 3: Major components of HAWT [8]

A wind turbine is composed of different components, the major components are illustrated in
Figure 3 with brief descriptions in the following segment.
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2.1 ROTOR BLADE:
The most common number of blades for a wind turbine is two or three. The blades are
made up of composites, primarily fibreglass or carbon reinforced plastics such as GRP or
CFRP, although sometimes wood and epoxy laminates are used [7]. The rotor consists of the
hub placed in front of the nacelle. The rotor hub connects the blade to the main shaft. It has the
mechanism to control the pitch of the blades. The blade pitch control spins the blades to change
the angle of attack with the aim of changing the rotation speed of the rotor.

2.2 GEARBOX:
The gearbox connects the low-speed shaft (on the rotor side) to the high-speed shaft (on
the generator side). The purpose of the gearbox is to increase the rotational speed from about
30-60 rpm to 1000-1800 rpm [9]. The gearbox is an expensive and heavy part of the wind
turbine. Some wind turbine design use large multi-pole generators which makes the gearbox
unnecessary. These direct-driven generators operate at a lower rotational speed and have a
higher efficiency, although they tend to be heavier and more expensive than the gearbox
equipped type.

2.3 GENERATOR:
Nearly all wind turbines use either an asynchronous or synchronous generator. There are
two main types of asynchronous generator called squirrel cage induction generator (SQIG) and
double fed induction generator (DFIG) [10]. The main advantages of this types of induction
generators are that they are simple, reliable, inexpensive and easy to connect to an electrical
grid. On the other hand, the two main types of Synchronous generator are permanent magnet
generators (PMG) and electrically excited synchronous generator (EESG). In a permanent
magnet generator, the excitation field is operated by a permanent magnet instead of a coil[10].
Synchronous generators are often combined with the direct drive concept. In addition to the
generator, a wind turbine system includes a number of other electrical components. Such as
cables, switchyard, power correction capacitors, pitch motors, converter and transformer.
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2.4 NACELLE:
The nacelle contains most mechanical components of the wind turbine. The main role of
the nacelle is to protect the internal contents of the wind turbine from the weather. An
anemometer is placed at the top of the nacelle to measure the wind speed, used for the control
system. The nacelle is attached to the tower by the yaw assembly. The yaw mechanism is used
to turn the wind turbine rotor against the wind. Sometimes, the yaw brakes are used with this
type of design to hold the nacelle in the position. When there is no yawing (free yaw system),
it means that they can self-align with the wind [7].

2.5 TOWER AND FOUNDATION:
This category includes the tower itself and the supporting foundation. Currently, the
leading type of tower design in use is the free-standing model. It can be made of different
materials like steel tubes, lattice or concrete towers. The tower height is usually 1 to 1.5 times
the rotor diameter, but seldom less than in some cases are commonly at minimum 20m of
height. [7]. Tower type selection is based on the characteristics of the site. The tower consists
of difference section bolted to each other. Inside the tower has a ladder or a lift to do service
or maintenance access at the top of the wind turbine. The price of the wind turbine tower is
generally about 20% of the total price of the wind turbine [11].

2.6 CONTROLS:
A wind turbine control system includes the following components:
I.

Controllers – electrical circuits, mechanical components.

II.

Sensors – wind flow, speed, position, temperature, voltage, power.

III.

Power amplifiers – electrical, switches, hydraulic pumps and valves.

IV.

Actuators – pistons, motors, magnets and solenoids.

V.

Intelligence – computers, micro processors.

The control system for a wind turbine is important with respect to both machine operation and
power production. Many factors are involving in wind turbine control and some of the major
aspects are limiting the torque, power experienced by the drive train, maximizing the energy
production, turbulence and increasing the fatigue life of the rotor drive train.
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2.7 POWER OUTPUT PREDICTION:
A wind turbine output typically varies with wind speed. Each turbine has a specific
characteristical power curve. The power curve shows what power that can be expected for a
given wind speed.

Figure 4: Typical wind turbine power curve [7]

Figure 4 is an example of a power curve for a hypothetical wind turbine. A wind turbine
generator is related to three key points on the velocity scale.
a) Cut-in wind speed is the lowest wind speed for the blade start to rotate and will give
energy. As it can be seen in Figure 4, the value of the wind speed is 6-7 m/s.
b) The rated wind speed is the wind speed for which the maximum output power (rated
power) is reached.
c) The cut-out wind speed is the maximum wind speed at which the wind turbine is
allowed to be in operation.
This types of parameters are usually limited by engineering design and safety constraints. The
power curves are derived from field tests, using the standardized testing method and it's
normally obtained from the manufacturer. It involves consideration of the rotor, gearbox,
generator and control system.
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3. WIND FARMS IN SWEDEN:
The placement of most of the installed wind turbines in Sweden is shown in Figure 5. The
red dots in Figure 5 displays the wind turbines that are in operation and where the production
is reported. The purple dots represent the wind turbines which has yet to report production.
South-east and south-west Sweden have the highest density of wind turbines. The existing wind
turbines have a total capacity of more than 6 GW and there are more than 3100 wind turbines
installed in Sweden [4]. The Swedish government has plans to furthermore increase the wind
power capacity.

Figure 5: Wind turbines in Sweden [12]
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3.1 WIND FARMS IN FOREST:
Sweden possess a large proportion of forest area compared to other land. More than half of
the total land area (about 69%) of Sweden is covered by forest [13]. In recent years, installing
wind turbine/farm in the forestal areas has become more and more common, partly due to the
progress in wind turbine technology and the introduction of higher towers. Literally, the turbine
hub height and rotor diameter have become larger which is crucial for forests [14]. Major
factors for installing wind turbine/farm in forest areas are relatively low land price and public
acceptance. Construction wise, installing a wind turbine in forest region is much more
challenging compared to flat areas. In forests, the space needed for installing the turbine itself
is very limited and the transportation barriers in such areas possess further challenges. The
infrastructure needed for wind turbine like cables, transmission lines is also difficult to lay
down. Also, due to the trees in the forest, there is an extra demand for the large hub height,
which in turn increase the manufacturing cost of the turbine.
Due to the unpredictable winds, the production will be more difficult to estimate in the
forest. Usually, the wind speed varies more in the forest than in more flat areas. Obstacles such
as trees, terrain or hills can deflect the wind flow and cause higher turbulence intensity and
wind shear. The electricity production may be reduced due to the higher turbulence and wind
shear [15]. However, the forest has some advantages as being far from residential areas which
reduce the effects of noise, shadow and also helps to reduce the visual impact. Also, the cost
of purchasing or leasing land will be lower. Usually, the forest is considered as a rural area
which explains the lower impact on people.

3.1.1 IMPACTS ON THE FOREST ECOLOGY:
Several studies have been conducted addressing the impact of a wind turbine on birds
and bats. The mortality of birds and bats are increased due to the risk of being struck by a
rotating wind turbine blade. Depending on the different types and structure of trees in the forest,
the roughness length varies, which affect the design and installation of the wind turbines. The
major effect is deforestation from erecting the turbine and road construction for transportation.
Further detailed studies has to be done on the impact of wind turbine on forest ecology provided
with more specific datas. Compared to forest region, the flat surface region is more economical
in terms of construction, maintenance, cables and main grid.
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3.2 WIND FARMS IN FLAT AREAS:
Having an additional income from the wind turbine in a farm, without sacrificing the
total agricultural land or totally selling it, is also an aspect to be considered. Also, the wind
turbines do not interfere with farming as-as they typically are placed at land boundaries [17].
The installation of a wind turbine in the bare land can have an impact on the local ecosystem.
The major factors to be considered while installing a wind turbine are restricted areas, changes
in energy policy, involvement in location and a maximum number of turbines in the
concentrated area. In Sweden, wind turbines must be positioned so that the sound level does
not reach more than 40 dB(A) at local residential areas. When compared to other noise sources
like cars, aeroplanes and trains, this level is considerably lower. In Sweden, the upper limit for
a sound that reaches the residents is 40 decibels. It was found out in a study conducted, Only 5
% of the people living in varied landscape and residential areas felt the sound just under 40
decibels to be disturbing. Whereas 10 % of the people residing in the flat landscape in
countryside felt disturbed by the same level of sound. [18]
One of the main reason for people being disturbed by wind turbines is noise and flicker
(moving shadows). Basically, wind turbine makes two types of sound. The mechanical noise
which is the primary source from mechanical components such as gearbox and generator. In
modern wind turbines, the mechanical noise has been reduced considerably. The aerodynamic
noise is noise created by the flow of air over the blades. This noise increases with rotor speed
and it is typically this sound that can be heard by people in the vicinity.

3.2.1 IMPACTS ON THE FLAT LAND AREAS:
The most common effects of a wind turbine on flat land terrain are the visual impact, birds
fatalities, and noise. Effects of electromagnetic interference due to wind turbines are being
studied. Research and studies are being conducted to minimize the effects mentioned. There is
no doubt that the addition of wind turbine does have a visual impact on the land. This impact
can be reduced by locating the wind turbines near to the industrial place. [17]
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4. METHODOLOGY:
This section will explain the methods used in this thesis work. The aim of the project is to
collect and compare the difference in electricity generation of existing wind turbines in flat and
forest areas of Sweden.

4.1 ANNUAL ELECTRICITY GENERATION DATA:
Wind turbine annual electricity generation data was gathered from the website
www.vindstat.com. Vindstat offers data based on wind power statistics from 1700 wind
turbines, such as wind power forecasts, daily, monthly and yearly electricity generation reports.
As mentioned in Figure 5 out of the total wind turbines in Sweden 50-60% operation’s are
reported. First, the turbines are connected to vindstat on a daily basis, then they are compiled
into monthly reports with summaries and aggregated data. Similarly, in the annual report,
additional technical parameters are compiled and analysed. In the last few years, automatic
polling has been introduced and in the year-end 2015, 94% of all turbines registered are in
operations were connected to this automatic function for monitoring. [12]

4.2 TURBINES RATING:
To achieve the aim of the thesis, five wind turbine models found to be most common
in Sweden were chosen for further analysis. The five-turbine models are according to Vindstat
reporting, the most common multi-MW models in Sweden. In this thesis, two annual reports
of the year 2015 and 2016 have been used. From those reports, data like the annual wind power
production on the basis of the turbines installed before 01-01-2015 was collected.
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Table 1: WIND TURBINE RATINGS AND ITS SPECIFICATION
RATED
TURBINES

MANUFACTURE

ROTOR

SWEPT

AVAILABLE

DIAMETER

AREA (m2)

HUB

(m)

HEIGHTS
(m)

E82 – 2MW

ENERCON

82

5281

78,85,98,108

V90 – 2MW

VESTAS

90

6362

78, 80, 90,
95,98,105,125

V90 – 1.8MW

VESTAS

90

6362

80, 95,105

V100 – 1.8MW

VESTAS

100

7850

95

V112 – 3MW

VESTAS

112

9852

80, 94, 100,
119

4.3 TERRAIN CLASSIFICATION:
After collecting the data it is necessary to locate where the wind turbine or wind farm
is situated. The classification is done through the Google Earth software. There are two ways
to find the location, by using the map code in the Vindstat reports or using the address given
in the report. After finding the location in Google Earth, the location is marked with a
placemark. For most turbines, the terrain type is easily recognized from the Google Earth
satellite view. Also, the location is double checked with the website www.thewindpower.net,
where you can verify your turbine ratings, hub height, manufacturer and location with latitude
and longitude.

4.4 ANALYSIS:
To start the data analysis, it’s essential to approach the collected data from the reports
inserted into Microsoft Excel. In this report, the data (turbine ID, hub height, annual power
generation, availability and map code) has been collected individually for each turbine. After
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gathering the data, the turbines were classified. When all data was gathered saved, it was sorted
in terrain type with the Microsoft Excel sorting function.

4.4.1 AVAILABILITY:
Wind turbines are not operational 100% of the year. Only a few turbines were found to
be operational the entire year. Some turbines may stop due to technical issues or for
service/maintanence. Since the annual generation is affected by the downtime of the turbine,
this had to be accounted for. This was done by normalizing the annual electricity generation of
each turbine to correspond to 100% availability. This was done by:
𝑮𝒆𝒏𝒆𝒓𝒂𝒍 𝒏𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅 𝒂𝒕 𝟏𝟎𝟎% =

𝒈𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅 𝒑𝒐𝒘𝒆𝒓
𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒊𝒍𝒊𝒕𝒚
(
)
𝟏𝟎𝟎

4.4.2 MEAN:
The word average is to describes where the middle number of a data set. It’s the ideal
number and you can find in a series of numbers. In a statistical way, the average is also called
arithmetic mean or mean. [19] Both average and mean are using same formulae.
𝒏

𝟏
𝟏
(𝒂𝟏 + 𝒂𝟐 + ⋯ + 𝒂𝒏 )
𝑴𝒆𝒂𝒏 = ∑ 𝒂𝒊 =
𝒏
𝒏
𝒊=𝟏

Where the Ʃ (summation) sign denotes add up and the letter n denotes the number of sample
in the series and i means to start adding the first number. There is another simple method to
calculate average as follows

𝑨𝒗𝒆𝒓𝒂𝒈𝒆 =

𝒕𝒐𝒕𝒂𝒍 𝒔𝒖𝒎 𝒐𝒇 𝒂𝒍𝒍 𝒏𝒖𝒎𝒃𝒆𝒓𝒔
𝒏𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒊𝒕𝒆𝒎𝒔 𝒊𝒏 𝒕𝒉𝒆 𝒔𝒆𝒓𝒊𝒆𝒔
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4.4.3 STANDARD DEVIATION:
Standard deviation function measures the dispersion around the mean or average among
a randomly distributed set of values. Its useful for estimating the variance within a data set and
moreover it will give confidence in statistical results.

𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅 𝒅𝒆𝒗𝒊𝒂𝒕𝒊𝒐𝒏 = √

̃ ]𝟐
∑[𝒙 − 𝒙
(𝒏 − 𝟏)

Where the x is the sample mean and n is the sample size.
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5. OBSERVATIONS OF WIND TURBINE DATA:
From the data collected, an analysis was conducted using Microsoft Excel in order to obtain
different graphs for further examination. According to the ratings, the tables and graphs were
plotted individually in Excel with the previously mentioned formulaes.

5.1 ENERCON E82 – 2MW:
From the number of turbines reported in Vindstat, the Enercon E82- 2MW is the second
most common wind turbine model used in Sweden. The rated power is 2000 KW and the rotor
diameter is 82 m. It is the upwind rotor type with active pitch control. The turbine has 3 blades
and a swept area of 5281 m2. The rotational speed is between 6 - 18 rpm and the cut-out wind
speed is 28 – 34 m/s with Enercon storm control [20]. Total number of 149 E82-2MW turbines
considered in this study. Figure 6 shows the placement of the E82-2MW turbines in Sweden
where each marker represents either an individual turbine or an entire wind farm.

Figure 6: ENERCON E82-2MW TURBINES IN SWEDEN
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From Figure 6, it is seen most of the turbines are located in south of Sweden with fewer
turbines in the central and northern parts. It was found, 106 turbines are in operation in flat
areas whereas 43 turbines in forest areas.

Table 2: DATA OF E82 – 2MW TURBINES DIVIDED ON TERRAIN-TYPE
2015
Flat

2016

Forest

Flat

Forest

Mean generation (MWh)

5790

5805

4634

4923

Normalised generation (MWh)

5972

5879

4954

4990

Mean Availability (%)

96.95

98.73

93.53

98.66

935

1215

1225

581

90.53

102.65

90.53

102.65

106

43

106

43

Standard deviation (MWh)
Mean tower height (m)
No of turbines

Table 2 shows the final result of collected data based on Enercon E82-2MW from the
Vindstat report. The average height of the turbine in the flat areas is smaller than the forest.
The reason behind this is, that in flat areas, there are fewer obstacles like trees or man-made
barriers. On the other hand, in forests, height of the turbine must be higher than the surrounding
trees. Even though the power production in forestry region is comparably same to that of flat
region, it can be seen, most of the wind turbines were located in flat areas. In 2016 the
availability of flat based turbines was lower than the year 2015.

5.2 VESTAS V90 – 2MW:
The Vestas V90 – 2MW rating turbine is the most commonly used wind turbine in
Sweden. The diameter of the rotor is 90 m with 2000 KW rated power. The available hub
heights are 80, 95 and 105metres. It has 3 blades and a swept area of 6362 m2. The cut-in wind
speed is about 4m/s and the cut-out wind speed is 25 m/s. The generator is asynchronous with
variable speed, coupled to a gearbox consisting of two helical one planetary stage. [21] There
are more than 300 V90-2MW turbines in this work. In Figure 7 the yellow placemarks show
the turbine locations. Each marker represents either an individual turbine or an entire farm.
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Figure 7: VESTAS V90 - 2MW IN SWEDEN

Figure 7 clearly shows that the V90 turbines are installed mostly in southern part of
Sweden. 140 turbines are located in flat areas and 193 turbines are forest-based. From this it
is seen, number of turbine installed in forest area is slightly higher than that of flat terrains.
Table 3: DATA OF V90 – 2MW TURBINES DIVIDED ON TERRAIN-TYPE
2015

2016

Flat

Forest

Flat

Forest

Mean generation (MWh)

6501

6003

5404

4638

Normalised generation (MWh)

6778

6154

5601

4887

Availability (%)

95.9

97.6

96.5

94.9

Standard deviation (MWh)

1021

1065

1130

1236

Mean tower height (m)

95.3

99.4

95.3

99.4

No of turbines

140

193

140

193

Table 3 illustrates the differences between flat and forest areas in the power production by
V90 – 2MW turbine, which was around 624 MWh in 2015 and 714 MWh in 2016. Forest18

based turbines produced less power than the flat based turbines. The average hub height in flat
areas turbine was 95 m and in the forest. Here, the highest number of wind turbines were
installed in forest terrain. The number of wind turbines installed in forest areas is more but
power produced by them is lower than that wind turbines present in flat areas. As it is reflected
in the Table 3, there is no significant change or difference in standard deviation between flat
and forest areas in both the years.

5.3 VESTAS V90 – 1.8MW:
The Vestas V90 2MW and 1.8MW are almost identical, with main differences is in the
software programming of the control system. V90 – 1.8MW is set up for a medium wind site.
That imply this turbine produces power in the region with moderate wind speed. Technical
specifications are the same as for V90 – 2MW. But this generator type has a gearbox with three
planetary stages [22].

Figure 8: VESTAS V90 - 1.8MW IN SWEDEN
The red placemarks in Figure 8 show the location of V90 – 1.8MW rated turbines.
There are 41 turbines in Sweden which have production reported in Vindstat. Among this
turbines, 24 turbines were in open land and 17 turbines were in the forest. Due to its ability to
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produce power in moderate wind speed its presence is limited to places providing this. Hence
its number comparatively low than that of Vestas V90 – 2MW.

Table 4: DATA OF V90 – 1.8MW TURBINES DIVIDED ON TERRAIN-TYPE
2015
Flat

2016
Forest

Flat

Forest

Mean generation (MWh)

5404

6528

4775

5135

Normalised generation (MWh)

6589

6656

5824

5285

Availability (%)

82.02

98

81.99

97.16

Standard deviation (MWh)

2585

490

2265

657

Mean tower height (m)

89.38

97

89.38

96.76

24

17

24

17

No of turbines

Table 4 shows the aspects of Vestas V90 – 1.8MW depending on terrain. In the year 2015,
the forest land-based wind turbines produced more power than flat land turbines. In contrast,
flat land turbines produced high power than forest-based turbines in 2016. In these two years,
4 turbines didn’t produce any power (reason unknown) so the mean availability was low for
the flat land turbines. As it is clearly seen, standard deviation in forest region is very low as
compared to flat regions. Also standard deviation particularly in this rated model shows
significant difference compared to other four turbines.

5.4 VESTAS V100 – 1.8MW:
This type of rated turbines is designed for high power production at low wind locations.
It has the larger rotor diameter of 100m with a swept area of 7850m2 that allows more energy
production at sites with low wind speeds [23]. The available hub heights are 80 and 95metres.
The cut-in and cut-out wind speed are 3 m/s and 20 m/s respectively. Also, the nominal rated
wind speed is about 12 m/s. Gearbox of this turbine has one planetary and two helical stages
[24]. Figure 9 clearly shows that the V100-1.8MW is not very common in Sweden. Total
number of turbines installed till date are only 32. Each marker represents either an individual
turbine or an entire farm. It doesn’t have any presence in northern part of Sweden.
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Figure 9: VESTAS V100 - 1.8MW IN SWEDEN

The white placemarks in Figure 9 represent the sites with V100 – 1.8MW turbines. As
per the classification, 17 turbines are in open land and 15 turbines are in the forest-based area.
We can see all of the turbines are placed in the central and southern part of Sweden.
Table 5: DATA OF V100– 1.8MW TURBINES DIVIDED ON TERRAIN-TYPE
2015
Flat

2016

Forest

Flat

Forest

Mean generation (MWh)

4868

5811

5683

5753

Normalised generation (MWh)

4919

5927

5748

5801

Availability (%)

98.95

98.05

98.86

99.17

Standard deviation (MWh)
Mean tower height (m)

1439
95

1770
95

491
95

967
95

17

15

17

15

No of turbines

Table 5 shows the power generation in forest areas is higher than flat lands with a
difference of about 1008 MWh in 2015 and 53 MWh in 2016. The standard deviation varied
21

significantly in the year 2015 whereas in 2016 it was comparatively less. The availability was
almost the same (98%) for both places. Here the highlighting factor that stands out is that all
the turbines installed in both flat and forest areas, according to our data have same 95m hub
height. In the year 2016, the open land turbines produced more electricity than the previous
year.

5.5 VESTAS V112 – 3MW:
The V112 – 3MW rated turbine produces high power in all the given conditions. There
are two types of power ratings: 3000KW and 3075KW. It has the large rotor diameter of 112
m which gives a swept area of 9852 m2. The cut-in wind speed is 3m/s, the rated wind speed is
13m/s and the cut-out wind speed is 25m/s. variable variety of hub heights are available with
this turbine model. The gearbox is multi-stage with helical and planetary stages [25].

Figure 10: VESTAS V112 - 3MW IN SWEDEN
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The blue coloured placemarks in the above Figure 10 shows the V112 – 3MW rated
turbine location in Sweden. Each placemark represents a single turbine or an entire farm. All
the turbines are placed in the southern part of Sweden. Most significant feature about this
turbine is its major presence in forest areas compared to flat areas. To be precise, total number
of overwhelming 46 turbines are installed in forest terrain whereas only 16 in flat terrains.

Table 6: DATA OF V112 – 3MW TURBINES DIVIDED ON TERRAIN-TYPE
2015

2016

Mean generation (MWh)

Flat
13601

Forest
5825

Flat
12442

Forest
7424

Normalised generation (MWh)

13737

6254

12546

7977

Availability (%)

99.01

93.13

99.17

93.06

Standard deviation (MWh)

189

2763

328

2122

Mean tower height (m)

80.00

102.11

80.00

102.11

No of turbines

16

46

16

46

In Table 6 there is a huge difference in power generation between the two terrain types.
Power generation is high in flat terrain compared to forest region. In 2016 the production was
higher than 2015 for the forest areas, while the availability was similar for both years. The flat
area turbines which are stated in this study where found out to be located at a single site, a
coastal region (Kårehamn, Sweden) to be exact. Wind speed at this location is most suitable for
the turbine mentioned. Therefore, the power production was reportedly higher in flat region
compared to forest. All the other remaining turbines were reported in the forest terrain.
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6. RESULTS AND DISCUSSION:
In this segment, the following graphs are obtained in Microsoft Excel based on the
analysis done in the Excel sheet. Figure 11 shows the annual (2015) average wind power
generation with 100% availability of each turbine model for both forest and flat areas. The
Vestas V90 – 2MW, V112 – 3MW and Enercon E82 – 2MW flat-based turbines produced
more electricity than the forest-based turbines. The difference is relatively small for the V90 –
2MW and E82 – 2MW models with about 624 and 93 MWh. However, the V112 – 3MW
model showed a substantially higher power production for the flat terrains. There is a drastic
difference between flat and forestall based turbines of about 7483 MWh. In contrast, the forestbased turbines of V90 – 1.8MW and V100 – 1.8MW produced more power than the falt landbased with a difference of about 67 and 1008 MWh.

2015
Normlised generation (MWh)

16000
14000
12000
10000
8000
6000
4000
2000
0

V90-2MW

V90-1.8MW V100-1.8MW

Flat

V112-3MW

E82-2MW

Forest

Figure 11: COMPARISON BETWEEN FLAT AND FOREST OF THE YEAR 2015
Continuing with Figure 12 which shows slight changes in annual production of the year
2016 when compared to the 2015. The forestall based turbines of V100 – 1.8MW and E82 –
2MW generates more electricity than flat land turbines. But here the difference is not as large
as 2015, with a difference of about 53 and 36 MWh. Unlike the flat land, Vestas V90 – 2MW,
V90 – 1.8MW and V112 – 3MW turbines produced more power than the corresponding forest
turbines. Also, in 2016, the Vestas V112 – 3MW still has a huge difference between forest and
flat based turbines. The difference between forest and flat terrain for Vestas V112 was
identified as all the flat based turbines belonging to the same wind farm at an extreme wind
site at the island of Öland in the Baltic Sea.
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Normalised generation (MWh)
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V100-1.8MW
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V112-3MW

E82-2MW
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Figure 12: COMPARISON BETWEEN FLAT AND FOREST OF THE YEAR 2016
All the V112 – 3MW turbines were situated in the same place called Kårehamn, Sweden.
The wind farm has 16 number of turbines. Also, the wind speed is extremely good which results
in the turbines producing far more than what is usually expected for onshore turbines
Finally, it can be seen in the below Figure 13 that all the 2 MW rated power (V90 2MW and E82 – 2MW) flat area turbine average production over the years were 5826 MWh
and forestall based turbines produced 5447 MWh. Typically, all the 1.8 MW rated bare land
(V90 – 1.8MW and V100 – 1.8MW) placed turbines generated 5770 MWh and forest areas
turbines produced 5917 MWh.
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Figure 13: COMPARISON ON INDIVIDUAL RATINGS
As discussed above, V112 – 3MW flat area turbines have generated an enormous amount
of power which can be seen in Figure 13. After comparing the different turbine models, the
difference in the power generation is almost same for all models for both flat and forest areas,
which lies in between 6000 to 8000 MWh normalized generation. The only exception that
stands out was found to be V112 – 3MW turbines, that reached roughly around 13000 MWh.
Because the V112 – 3MW rated turbines are situated on an island where the wind speed is good
enough in all the time.
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7. CONCLUSION:
This chapter discuss the results obtained during the study conducted in this thesis work.
It is concluded that the aim of the thesis was reached by finding the power generation difference
between turbines installed in flat and forest terrains. When comparing the turbines models, it
shows production around a straight line. But when we compare based on terrain (flat and
forest), it can be clearly seen that the power production has the minimum effect between them.
There is a perception that the power production in flat areas is higher than compared to forest.
But from this thesis results, it can be conclude that the forest region turbines do not have lower
production of what it was presumed. Further and more detailed analysis are needed to confirm
the findings in this paper. Other factors such as environmental impacts, wind shear and
turbulence intensity between forest and flat area should be considered and need a further study.
It is recommended that the future studies include even more turbine models and data for a
longer period.
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