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Analysis of wind power utilization efficiency around the world and Europe has revealed the gap between fea-
sible and factual power generation. The paper presents an investigation of wind power generation dynamics, 
penetration levels into the electricity system, and dependence of capacity factors on the hub height and the 
rotor diameter of wind turbines in the Baltic States. These factors are the main for the evaluation of wind power 
utilization efficiency. Wind power penetration levels show that possibilities of the energy system to accept more 
wind power installations in the Baltic States are far away from its limit. Besides, dependence of high wind tur-
bines capacity factors’ on the hub height and the rotor diameter in the range of 20–120 m was revealed.
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Introduction
In order to implement the European Union’s energy 
policy targets to mitigate climate change and increase 
energy security, the Baltic States pay more attention 
to renewable energy sources, especially wind energy 
(Table 1).

However, such an electricity generation technique caus-
es different problems with the reliability of the energy 
system due to the necessary constant balance between 
energy production and consumption (Hu et al., 2017). 
For example, if all installed capacity was used for the 
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Recently, wind turbine constructions have been devel-
oped towards higher power, increasing tower height 
and blade length (Dai et al., 2016; Hu et al., 2017; Mon-
dal et al., 2010). With lower wind speeds, rotors with 
high masts and long blades, depending on the size 
of the generator and sometimes higher capacity, are 
more suitable than high-speed structures (Lacerda et 
al., 2016). However, the height increase of the hub and 
the length of the blades have limited values that af-
fect the value of the capacity factor. It is important to 
estimate these limitations in order to avoid additional 
costs for expensive wind turbine tower and blades.

The location influences the capacity factor due to wind 
speed. Electricity production is calculated on the basis 
of kinetic energy (derived from weather conditions), 
but also on transmission factors such as penetra-
tion rate, correlation with peak demand, proximity to 
end-users, and variability and predictability of annual 
and seasonal wind speeds (Boccard, 2009).

The paper presents evaluation of the dynamics of 
wind turbine utilization capacity, identifies wind tur-
bine capacity factors that determine their efficiency, 
and analyses wind power penetration levels in the 
Baltic States. Finally, opportunities aimed at reducing 
the gap between electricity generation capacity and 
production are identified and presented.

Methodology 
The location of wind turbines in the Baltic States is 
presented in Fig. 1. Most wind turbines are situated on 
the coastline of the Baltic Sea. The 4–6 m/s average 
wind speed is prevailing.

In order to compare the effectiveness and similarities 
between wind power parameters in the Baltic States, 
data from national power transmission system op-
erators (TSO) were analysed (Litgrid from Lithuania, 
Augstsprieguma tīkls from Latvia, and Elering from 
Estonia) (Table 2).

Three indicators for different penetration levels were 
analysed. Gross demand penetration (GDP) can be de-
fined as the ratio of average wind power capacity and 
average power load capacity on annual basis (Lacerda 
et al., 2016) (Eq. 1):

Table 1.  Wind power actual installations and plans in the 
Baltic States

Country
2019 actual 

installations, MW
2030 plans, MW

Lithuania 548 1322

Latvia 66 800

Estonia 320 1200

power production in 2012 wind power could provide 
14.7% of the world’s electricity consumption; however, 
in 2013, about 212 GWh of electricity produced using 
existing wind power capacity was not transferred to 
the network (Li et al., 2015). This is due to low capacity 
factors of installed wind turbines and is apparent from 
countries such as China, the US, Germany and Spain, 
where power generation capacity lags behind the in-
stalled capacity growth rate (Benatia et al., 2013; Voum-
voulakis et al., 2012). In order to ensure reliable and 
safe operation of the electricity system and to use wind 
power as efficiently as possible, reliable wind power in-
dicators and characteristics are necessary.

The capacity factor is an important indicator of wind 
power efficiency. The development of wind power 
plants has enabled the identification of actual wind 
power capacity factors and has revealed that capacity 
factor ratios were generally lower than initially as-
sumed (Benatia et al., 2013). Depending on the power 
capacity, the wind power capacity factor values range 
from 20 to 40% (Chang et al., 2014).

As the average capacity factor defines the generation of 
electricity and the return on investment, an undefined 
true value of the capacity factor has a negative impact 
on investors. For example, in the EU-15, the average 
actual capacity factor for the period 2003–2007 was 
21%, but the estimated capacity factor was 35% (Be-
natia et al., 2013). For this reason, the average cost of 
wind energy production increased by 66%. Besides, the 
operation of the wind power system is most affected by 
the capacity factor values (Bortolini et al., 2014), and the 
study of its dependence on various factors is important 
in order to use wind power as efficiently as possible.

The design of wind power plants influences the ca-
pacity factor and the suitability for wind conditions. 
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where:  PAverage WT – average annual wind power capaci-
ty (MW);  PAverage load – average annual power load (MW).

Another indicator is wind capacity penetrations (WCP), 
which describes the ratio of installed wind power ca-
pacity and peak load (Lacerda et al., 2016) (Eq. 2):
 
 

loadPeak

WTcapacityInstalled

P
P

WCP =  

 

 

 
 
 
 
 

 

 

 

                        

(2)

where:  PInstalled capacity WT – installed wind power capacity 
(MW);  PPeak load – peak load of power system (MW).

The maximum share of wind power (MSP) describes 
the ratio of maximum generated wind power and 
minimum load (Lacerda et al., 2016) (Eq. 3):
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where:  PMaximum WT – maximum generated wind power 
(MW);  PMinimum load – minimum load of power system (MW).

  

 

 

Fig. 1. Wind turbines in the Baltic States

Table 1. Parameters of wind farms in the Baltic States

Wind farm
Installed power of 

wind farm, MW
Number of wind 

turbines
Rotor diameter, m Hub height, m Capacity factor

LITHUANIA

Akmenėliai 6 3 82 98 0.25

Benaičiai 34 17 82 98 0.26

Kreivėnai 20 10 82 78 0.24

Kreivėnai II 10 5 82 98 0.27

Kreivėnai III 15 7 82 108 0.25

Laukžemė 16 6 100 100 0.24

Liepynė 9.13 6 82 78 0.27

Mockiai 12 6 82 108 0.3

Sūdėnai 14 7 82 78 0.22

Vydmantai 30 15 70 85 0.21

Seirijai 6 3 82 78 0.18

Šilalė 13.8 6 101 80 0.31

Pakertai 6 3 82 98 0.25

Didšiliai 21.6 10 82 108 0.22

Čiūteliai 39.1 17 82 108 0.28

Kabaldikiai 45 19 117 120  
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Wind farm
Installed power of 

wind farm, MW
Number of wind 

turbines
Rotor diameter, m Hub height, m Capacity factor

Geišiai 24 8 117 120 0.33

Strepeikiai 73.5 30 101 97 0.22

Šilutė 60 24 120 110  

Kunigiškiai 7.5 3 120 120  

ESTONIA

Aulepa 48 16 100 100  

Esivere 12 4   0.23

Esivere 8 4 71 85  

Pakri 18 8 90 80 0.28

Tooma 16 8   0.25

Vanakula 9 3 100 90 0.17

Viru-Nigula 24 8 100 90 0.22

Virtsu II 6.9 3 71 85 0.23

Nasva 1,6 2    

Läätsa 3 6    

Virtsu 1.8 3 44 63  

Virtsu 0.8 1 44 63 0.29

Virtsu III 6.9 3 71 85 0.24

Nasva 5.9 2    

Torgu 0.66 3    

Aseriaru 24 8 103 90 0.24

Narva Ashfield 39.1 17    

Paldiski 45 18 100 85 0.26

Ojakula 6.9 3 82 98 0.19

Tamba 6 2 101 99  

Mali 12 2    

Sikassare 1.5 3    

Aburi 1.8 1 80   

Salme II 3 1    

LATVIA

Ainiži 1.2 1 43   

Arsenal 0.85 1 52   

Baltnorvent 2 2 54   

BK Energia 2 1 66   

Enercom Plus 2.7     

Impakt 1 1 54   

Liepaja 2 1 80 80  

Pope 20.7 9   0.27

Seteri 0.85 1 52   

Veju parks 19.8 33 40 77  
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The annual wind power capacity factor (Сp) was esti-
mated by the following equation (Eq. 4):
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where:  Cp – power capacity factor;  Efact – generated 
electricity during the year (GWh);  Epot – potential elec-
tricity generation during the year (GWh).

The increment of capacity factor regarding the hub 
height and the rotor diameter of a wind turbine are 
presented by the following equations (Eq. 5, Eq. 6):
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where: I = 20 <…> 200 m.; y = 20 <…> 150 m.

Results
Wind power penetration

Parameters of power demand and wind power sys-
tems in the Baltic States are presented in Table 3. 
Wind power indicators present power generation, 
installed capacity and different kinds of wind power 

penetrations levels. It can be noticed that power con-
sumption variations are very significant in all Baltic 
States and the yearly minimum demand makes up 
about 30% of the maximum power demand. Installed 
power capacity of wind turbines varies in the range of 
68–511 MW (Table 1), and it means that wind power is 
a significant generating source for Lithuania and Es-
tonia and less important for Latvia.

The analysis of wind capacity penetration levels in 
the Baltic States revealed how the total installed wind 
power capacity in a certain region, i.e., the indicator, 
shows the maximum percentage of peak energy load 
that can be supplied by wind energy.

According to this, wind capacity penetration in Lithu-
ania and Estonia varied on an increasing range from 
16.5 to 22.7% in the period of 2013–2015. In Latvia, 
this ratio was 4.6–5.6% at the same period.

The wind gross demand penetration indicator shows 
an average wind power impact on the power system 
demand. Variations of this indicator were in the range 
from 1.2 to 9.4% and are dependent on the year and 
country.

The maximum share of the wind power indicator re-
lated with power balance in a certain region, taking 
into account the minimum demand, the maximum 
wind power generated and the exchange with neigh-
bouring regions or countries. The maximum share 

Country

Power demand

Installed power, MW

Power production

Wind power

Penetration levels, %

TWh/a Peak, MW Min, MW TWh/a
Wind 

capacity
Gross demand Maximum share

Estonia 2013 7.93 1425 370 280 0.55 19.6 7.0 65.7

Estonia 2014 7.88 1490 394 303 0.58 20.3 7.4 68.2

Estonia 2015 7.92 1394 498 303 0.74 21.7 9.4 55.1

Latvia 2013 7.35 1344 461 62 0.09 4.6 1.2 10.2

Latvia 2014 7.17 1315 446 68 0.09 5.2 1.3 9.9

Latvia 2015 7.07 1225 438 68 0.10 5.6 1.5 10.0

Lithuania 2013 9.73 1686 656 279 0.49 16.5 5.0 33.7

Lithuania 2014 9.67 1654 635 288 0.51 17.4 5.3 34.8

Lithuania 2015 9.58 1970 667 436 0.58 22.1 6.1 33.3

Table 3. Wind power penetration levels in the Baltic Countries 
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penetration was 9.9% in Latvia and 68.2% in Estonia. 
This means that Estonia had a relative small power 
consumption and a relative huge installed wind power 
capacity. To compare, the maximum wind shear pen-
etration in Lithuania was 33.3–34.8% in the period of 
2013–2015. To conclude, it should be mentioned that 
utilisation of wind energy in the Baltic States is quite 
effective and there is no risk that wind power will ex-
ceed power demands.

Wind power generation is closely related to power 
seasonal wind variations. To compare the wind pow-
er capacity factor in the winter season, it was by 8% 

higher than annual in 2013–2015. Seasonal indicators 
of wind power generation in the Baltic States are pre-
sented in Table 4.

The average wind power penetration and capacity 
factor during spring and autumn seasons were the 
same, i.e., 5% and 21%, respectively. Besides, the av-
erage power consumption was similar during spring 
and autumn periods (924 MW and 948 MW, respec-
tively). Despite the fact that power consumption de-
creased during the summer period, the wind power 
penetration was lowest (4%) as well as the capacity 
factor (15%).

Parameter 2013 2014 2015

Annual

Average power consumption, MW 952 940 935

Average wind power generation, MW 43 45 55

Wind power penetration, % 4.6 4.8 5.8

Capacity factor, % 21.5 19.8 23.5

Winter

Average power consumption, MW 1078 1070 1033

Average wind power generation, MW 55 63 78

Wind power penetration, % 5.3 6.0 7.7

Capacity factor, % 27.3 27.8 33.4

Spring

Average power consumption, MW 957 898 918

Average wind power generation, MW 42 42 55

Wind power penetration, % 4.4 4.8 6.0

Capacity factor, % 20.5 18.6 23.9

Summer

Average power consumption, MW 839 841 834

Average wind power generation, MW 27 32 39

Wind power penetration, % 3.3 3.9 4.8

Capacity factor, % 13.6 14.3 16.9

Autumn

Average power consumption, MW 935 954 955

Average wind power generation, MW 49 44 47

Wind power penetration, % 5.4 4.6 4.9

Capacity factor, % 24.9 18.8 20.0

Table 4. Seasonal indicators of wind power generation in the Baltic States
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Wind power capacity factor 

The wind power plants were installed in Lithuania in 
different years, from 2012 to 2017. Research shows 
that the power factor rate (Cp) of the wind turbine 
parks in the Baltic countries is in the range of 0.17–
0.31 and the values of each park vary over a period of 

4 years within 5%, which shows that wind farms gen-
erate almost the same amount of energy each year. 
This makes it possible to predict energy production 
for the coming years with sufficient accuracy and pro-
vides good opportunities for energy production plan-
ning for subsequent periods (Fig. 2).

 

 
 

 

Fig. 2. Variations of capacity factors

Wind power capacity factor dependence on the 
hub height and the rotor diameter 

The average size and power of commercial wind tur-
bines has significantly increased in the last decades, 
as shown by Herbert et al. (2014), and the quantity of 
wind increases with the increment of height. A tower 
is used to place the rotor at high altitudes in order to 
capture more wind energy (Herbert et al., 2014). How-
ever, there is a lack of data on how it works in practice 
and how effectively it depends on the hub height and 
the diameter of rotor.

The dependence of capacity factors on the hub height, as 
well as on the rotor diameter, was investigated for wind 
turbines installed in the Baltic States (Fig. 3 and Fig. 4).

The hub height varied from 24 up to 108 meters, and 
the diameter of the rotor varied from 23 to 120 me-
ters. From the results of the study, it was noticed that 
the capacity factor values were both dependent on the 
hub height and the rotor diameter. Figure 3 demon-
strates very different calculated Cp values for the 
same tower hub height. This is obviously related to 
different wind turbine installation conditions, such as 
wind, terrain, construction, and others, but the gener-
al trend of Cp is observable, i.e., an increasing tower 
hub height increases Cp. The scattering of data was 
averaged by the approximation curve. It is important 
to mention that capacity factors rapidly increased in 
the case of small wind power plants.
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Fig. 3. Capacity factor dependence on the height of the tower;  there: ● – installed wind turbines, — approximation curve

Fig. 4. Capacity factor dependence on the rotor diameter;  there ● – installed wind turbines, — approximation curve

  

 

 
 

 

In order to define the increment of capacity factor 
values by increasing the size of the hub height and 
the rotor diameter by 1-meter changes, the following 
mathematical expressions were obtained from Fig. 3 
and Fig. 4 as description of approximation curves:

Cpi = 0.1404ln(i) – 0.3703 (7)

and

Cpy = 0.1153ln(y) – 0.248 (8)

were used and calculation results were depicted in 
Fig. 5 and Fig. 6 accordingly.

As we see from the curves (Fig. 5 and Fig. 6), increas-
ing the hub height and the rotor diameter affects the 
increment of capacity factor values, but when the hub 
height and the rotor diameter reach certain values, 
the increment of capacity factors is lower than at low-
er values of the rotor and the tower sizes.

It can be seen that the increment of capacity factors 
dependent on the tower height are slightly bigger than 
those dependent on the rotor diameter. Besides, con-
sidering both sizes (the hub height and the rotor size), a 
significant increment of capacity factors is in the range 
of 20–120 m. Further increments of sizes do not have a 
significant effect on the capacity factor changes.
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Fig. 5. Dependence of the capacity factor increment on the tower height size

Fig. 6. Dependence of capacity factor increment on the rotor diameter

 

 

 

  

 

  

  

  

Conclusions
The analysis of annual power factor rates (Cp) of the 
wind turbine parks in the Baltic States displayed the 
range of 0.17–0.31 and the values of each park vary-
ing over the period of 4 years within 5 percent. These 
small variations show that wind farms generate al-
most the same amount of energy each year, which 
makes it possible to predict energy production for the 
coming years with sufficient accuracy.

The wind gross penetration indicator of wind turbine 
parks varies in the range from 1.2 to 9.4% and is de-
pendent on the year and the country. The maximum 
share penetration was 9.9% in Latvia, 68.2% in Estonia 
and 33.3–34.8% in Lithuania in the period of 2013–2015.

The analysis of the dependence of capacity factors 
on the hub height and the rotor diameter in the range 
from 20 to 120 meters of wind turbines installed in the 
Baltic States indicates that increasing the hub height 
and the rotor diameter affects the increment of the 
capacity factor values, but when the hub height and 
the rotor diameter overstep the 120 m values, further 
increment of rotor and tower sizes does not affect 
substantially the capacity factor dimension.

{Gurauskiene, 2006, Eco-design methodology for 
electrical and electronic equipment industry}
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