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Abstract: In order to fulfill the European Energy Performance of Buildings Directive (EPBD)
requirements regarding the reduction of energy consumption in buildings, great attention is paid to
primary energy consumption. Wind energy is considered a type of primary energy. The analysis of
the literature has revealed that wind energy is evaluated by different methods. Therefore, the aim
of this article is to calculate the effect of the parameters of wind sources and wind speed on the
primary energy factor of wind turbines. In order to achieve this aim, the primary energy factor of
investigated 100 wind turbines and 11 wind farms operating in Lithuania was calculated. The results
of the investigation show that the difference in the non-renewable primary energy factors between
wind turbines with regard to their capacity is 35%. In addition, primary energy factor (PEF) values
depend on geographic location and climate conditions. This paper provides a recommendation that
the EU energy efficiency and renewable energy directives and regulations of all EU member states
should use the same or, at least, a very similar methodology for the calculation of the primary energy
factors of renewable and non-renewable energy sources.

Keywords: primary energy; wind power; electricity production; electricity consumption; nearly
zero-energy building

1. Introduction

Directive 2010/31/EU recommends the usage of renewable energy sources and a reduction in the
share of non-renewable energy used in buildings by erecting energy-efficient buildings. Various energy
sources can be used for the lighting, heating, cooling, ventilation of the building and the preparation
of hot water: fossil energy sources such as oil and natural gas, or renewable energies such as solar
and wind power, biomass or earth heat. The energy efficiency of a nearly nZEB is calculated as
the balance of renewable and non-renewable energy. That means, supplied energy to the building
boundary is a mixture of renewable and non-renewable energy (Figure 1). Renewable energy of a
nearly nZEB building consists of more than half of the total energy; however, part of the energy is
from a non-renewable energy source. This ratio between renewable and non-renewable energy can be
estimated. Calculation methodologies are provided for this.
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Figure 1. Primary energy factors and energy flows (own elaboration based on [1]).

However, one important factor that is not evaluated in the total energy balance of the nearly
nZEB building but which still contributes is the primary energy factor (PEF), often referred to as a
conversion factor, that it is required to calculate the total energy consumption including the chain of
energy generation based on the final energy consumption data (Figure 2).

- "~
T
efing

== _
upstream chain of energy  DH-System efficiency /

primary energy factor

Figure 2. Supply chain of primary energy from renewable sources to building.

The entire supply chain boundary accounts for a total of renewables account for all direct and
indirect energy transformations during the electricity generation process. The entire supply chain
includes the energy spend on extraction, transportation, transformation, and considers the real share
of renewables. Thereby, the efficiency of the wind turbine is related only to the process of resource
combustion and does not account for the entire supply chain boundaries. It takes into account
only the boundaries in the range of the wind turbine and does not consider energy losses related
to the transportation, extraction, and conversion of energy [2] (Figure 2.). Therefore, the renewable
primary energy factor (fp,.,) is assessed; however, the non-renewable primary energy factor (fpyen)
depends on the additional energy consumed in the conversion device, which normally uses additional
non-renewable energy, such as electrical energy generated from a common grid [3] (Figures 1 and 2).

One more related aspect to the energy produced in a wind turbine is the additional energy needed
for the operation of the wind turbine. The operation of wind turbines (lighting, signaling, blade heating,
using for the generator, etc.) requires additional energy, which is taken from the electricity grid [3].
That means that wind turbines use non-renewable energy in order to operate. The investigations of wind
turbine systems do not provide information regarding the use of non-renewable energy in these systems.
Although wind turbine generators usually obtain part of the energy used in wind farms from electricity
grids, supplying common energy to the building, this is not integrated into the balance of total energy
of nearly nZEB buildings. Although the PEF of electrical energy produced on-site/nearby or renewable
energy supplied from the electrical grid has a direct influence on the calculation of the total PEF.
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Despite the fact that wind energy is widely explored [4-10], there is a paucity of information on
the evaluation of renewable energy for nearly nZEB buildings [11,12]. This issue is important because
PEF characterizes the entire energy demand in the energy supply chain to the final consumer [3].
PEF values may be meaningful for the end user when making decisions related to which energy source
should be used with the aim of meeting the requirements of a nearly zero-energy building (nZEB).The
analysis of the latest scientific research results has revealed that wind energy is evaluated by different
methods. The values of primary energy are most often obtained without taking into consideration wind
speed, wind turbine capacity, conversion efficiency, and turbine-power consumption. No systematic
research on this topic is currently available (Table 1).

Table 1. Parameters of different methodologies for the evaluation of primary energy produced from
wind turbines.

Description of Primary Energy

Method . PEF PEF Value Reference
Evaluation
Zero-equivalent Does not evaluate electrical and Total primary ener
1. 4 thermal energy production from P y 8y 0 [13]
method fptots
renewable energy sources ’
Evaluates electrical and thermal
2a energy production from non-fossil ~ Total primary energy
. . 1.0 [14]
Direct equivalent renewable energy and nuclear fpots
energy sources
2b Evaluates the primary form of Total primary ener
2. Amount of physical energy obtained in P f y 8y 1.0 [15]
energy generation process Biots
Evaluates the primary form of
e energy that is included into the Total primary ener
statistical energy balance prior to P y 8y 2.5 [16,17]
Alternate : fritots
conversion to the secondary or ’
tertiary form of energy
Non-renewable
3 Evaluates the entire energy primary energy 0.032
Ef fectiveaness of production chain by separating fenrens : [16,17]
technical conversion the renewable and Renewable primary
non-renewable energy energy 25
3 TBren,
’ Non-renewable
primary energy 0.032
3b Evaluates the primary form of f
. 3 Pnrens
Amount of physical energy produced in the - [15]
energy generation process Renewable primary
energy 1.0
TBren,

The data given in Table 1 show that different methodologies render different PEF values for the
evaluation of wind energy; therefore, it is difficult to compare the values of primary energy or PEFs.
The PEF for the same source of renewable energy may differ significantly depending on the type of
primary energy and applied calculation method [18-20].

Data are given in Table 2 that also show that PEF values depend on the energy production and
supply chain. The results presented in Table 2 show that different EU countries have provided different
PEF values and many countries do not announce these values publicly. National standards and norms
of many EU member states governing the construction field do not include or do not further specify
the PEF values; therefore, it is not clear whether these values are valid for defining wind energy or are
merely politically grounded values that are not meant for technical or scientific applications.
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Table 2. The primary energy factor (PEF) values of wind energy used in construction work standards
of EU countries.

Total PEF, Non-Renewable Renewable Literature

County  PEEp et PEEfpuwen  PEEfp.  Source
Czech Republic - - - - [21]
Denmark - - - - [22]
Estonia - - - - [23]
Finland - - - - [24]
France 1.00 - - - [25]
Germany - 1.03 0.03 1.00 [26]
Greece - - - - [27]
Hungary 0 - - - [28]
Italy - 1.00 0 1.00 [29]
Poland - 1.00 0 1.00 [30]
Slovakia - - - - [31]
Slovenia - - - - [32]
Ki‘;éefm 1.00 - - - [33]

Note: - not mentioned.

The results presented in Table 2 highlight the importance of this issue. Missing values indicate
that these countries have not been included in an assessment of the PEF in the building efficiency
methodology. The assumption was taken that the share of renewable energy in energy generated by
wind turbines is 100%. However, as discussed above, this is not true. The power to the internal system
of a wind turbine is supplied from batteries/condensers or from the electrical grid. Various pieces
of equipment in wind turbines use electric power and energy consumption may reach up to 0.1%
of the total produced energy, in other cases, it may be as high as 10-20% of the rated power of the
wind turbine.

The conclusions from the literature review were, that when insufficient information was given
regarding the calculation of the PEF value, the obtained PEF values were very different for the same
type of energy, and various different methodologies were used to calculate those values. Only with
sufficiently accurate data on wind renewable (fp,.;) and non-renewable (fp,.;) primary factors is it
possible to objectively calculate the amount of renewable and non-renewable primary energy consumed
in a nearly nZEB building. The methodology provided in EN 15603 [1] gives only one PEF value for
wind turbines, irrespective of their capacity. The influence of the wind turbine capacity on the PEF
value is unknown. Therefore, it would be useful to classify the studied wind turbines into groups of
different capacities and to determine their PEFs using the real data of consumed and produced energy
of the wind turbines/farms

Therefore, the aim of this research is to find the effect of wind energy parameters and wind speed
on the primary wind energy value and to calculate PEFs for wind turbines of different capacity using
the real data of consumed and produced energy of the wind turbines/farms. The paper addresses an
issue which will be relevant to the policymakers. A detailed study of the wind energy of Lithuania can
be used as a template for similar studies to be carried out elsewhere.
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2. Methodology

2.1. Research Object

Data for investigation (for the period 2007-2014) were collected from 100 wind turbines and 11 wind
farms operating in Lithuania. The data were collected by interviewing wind turbine owners/operators
and by analyzing the reports of electricity transmission system operators in Lithuania [34].

A total of six wind farms and eight wind turbines were selected for the study. The operators of
the investigated wind turbines/farms were unable to provide data on the main characteristics of wind
turbines. They have did not collected and systemized the data, they did have not provided reports
regarding connecting to other electricity consumers. The operators of the Lithuanian electricity
transmission system have reported only the amounts of electricity transmitted from all wind
turbines/farms to the electricity grid in certain periods. The main characteristics of the investigated
wind turbines/farms are presented in Table 3.

Table 3. The main characteristics of the investigated wind turbine.

Total Installed Turbine N, of Blade Tower Produced Consumed
Mark  Power Capacity, Capacity, Turbine  Length,  Height, Electrical Energy, Electrical Energy,
MW MW in Farm m m MWh/year MWh/year
1A 39.1 2 20 41 85 85298.1 30.6
2A 34 2 17 41 97 15695.1 23
3A 214 2 10 41 85 37496.8 212.7
4A 20 2 10 41 85 45591.2 254.0
5A 16 2.75-3 6 41 85 35780.3 225.0
6A 12 2 6 41 78 10751.9 37.2
1B 0.8 0.8 1 21 45 1842.0 0.4
2B 0.8 0.8 1 21 45 1321.3 4.6
3B 0.6 0.6 1 20 42 1637.8 57
4B 0.25 0.25 1 15 50 124.8 0.03
5B 0.25 0.25 1 15 50 394.7 0.06
6B 0.25 0.25 1 15 45 683.1 13.7
7B 0.25 0.25 1 15 55 366.9 4.8
8B 0.225 0.225 1 14 50 209.9 0.05

2.2. Climate Data

Lithuania is in the zone of the climate of the Atlantic-European continental zone. Lithuania has a
humid continental climate (Dfb in the Képpen climate classification). Average temperatures on the
coast are —2.5 °C (27.5 °F), on the center zone of Lithuania are —6 °C (21.2 °F) in January and 16 °C
(60.8 °F) in July. Simply speaking, 20 °C (68 °F) is frequent on summer days and 14 °C (57.2 °F) at night.
Temperatures occasionally reach 30 or 35 °C (86 or 95 °F) in summer. Winters, when easterly flows
from Siberia predominate, are very cold, whereas winters dominated by westerly maritime airflows
are mild with temperatures above freezing a normal occurrence. Winter extremes are —34 °C (=29 °F)
at the coast and —43 °C (—45 °F) in the east of Lithuania.

South-westerly and westerly winds prevail in the major part of the Lithuanian territory, with
westerly and south-easterly winds common in the coastal zone [35,36]. Katinas [37] investigated the
wind climate conditions in the coastal area of the Baltic Sea and other regions of Lithuania.

A researcher created the Lithuanian wind speed atlas (Figure 3) and decided that the western part
of the country is the most suitable location for wind turbines because of prevailing wind velocities and
more developed transmission networks. The average wind speed at a height of 50 m ranges from 4 m/s to
6.5 m/s. The highest wind speed is in the coastal zone, where it reaches 5-6.5 m/s and decreases moving
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away from the coast eastwards. Therefore, the investigated wind turbines are located mostly in the western
part of the country (Figure 3).
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Figure 3. Lithuanian wind atlas (own elaboration based on [37]) The investigated wind turbines are located
in the area marked (red stars in the western part of the country, blue stars in the south and middle part of
the country).

The highest wind speeds recorded in the center of Lithuania are observed in November-January
and in October—December in the coastal zone (the extreme gust was 36 m/s in the 1993 year); the lowest
wind speed is observed in June-July. In June and July, Lithuanian wind turbines produce about two
times less energy compared to that which is produced in December and January. In the summertime,
the highest wind speed is between midnight and 06:00. In the morning, it increases until noon and
reaches a peak at about 14:00. The peak wind speed persists until 18:00 and afterwards, begins to
decrease reaching the minimum observed values at about midnight. In the wintertime, the changes
in the value of wind speed are less due to the lower fluctuation of air mass temperatures influenced
by the smaller amounts of solar radiation energy. The wind class is IV according to IEC Standard
61400-1 [38]. Wind energy resources in Lithuania were evaluated based on the measurement data from
meteorological stations, as well as measurements obtained from various research centers in the regions.

The Lithuanian terrain is extremely flat (all the country is under 300 m), meaning there are no
altitude-induced climate differences. The slopes within a radius of 100 meters from the all investigated
turbines were less 10°. The terrain of investigated wind turbines/farms was the open space with single
trees at a distance of 500-1000 m from wind turbines/farms.

The turbulence of single wind turbines is not significant because of the annual average of wind
speed is low (Figure 3). IEC Standard 61400-1 [38] provide the turbulence may be lower than 16%.
in this case. The turbulence of wind farms depends on the layout type of turbines. The turbines of
operating farms in Lithuania was placed in one row because the prevailing wind is south-westerly and
westerly. The distance between the wind turbines is 360 m.

2.3. Primary Energy Calculation Methodology

From the net delivered energy, a numeric indicator of the primary energy can be calculated and used
to define the performance level of a nearly nZEB building. The primary energy indicator (called also often
referred to also as the primary energy rating) sums up all the delivered and exported energy (electricity,
district heat/cooling, fuels) into a single indicator with primary energy factors. Therefore, the PEF of wind
turbines shall be calculated using the methodology described in EN 15603 [1], where is included energy
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calculation framework specifying how to define the various energy flows and how to establish the energy
boundaries ion the building is specified within the energy calculation framework.
The total primary energy of the nearly nZEB building was calculated (Equation (1)):

Ep = Z(Edel,ifP,del,i) - Z(Eexp,i fp,ex,,,z-) 1)

1 1

where E,—the primary energy, kW-h; E;, j—the delivered energy for energy carrier i, kW-h; fp g, i—is
the primary energy factor for the delivered energy carrier i; E,, ;—is the exported energy for energy
carrier i, KW-h; fpey, ;—is the primary energy factor for the exported energy carrier i.

The total PEF was calculated from Equation (2):

fP,tot = fP,nren + f P,ren (2)

where: fp ;,—the total primary energy factor; fp ,.n—the non-renewable primary energy factor;
fp, ren—the renewable primary energy factor.

It was assumed that all the energy supplied to the building was attributable to renewable energy
because it was produced wind turbines. Accordingly, the renewable primary energy factor fp .y is
given by Equation (3):

fP,ren =1 (3)

The value of the primary non-renewable energy factor f, nren produced by wind turbines is given
by the Equation (4):
Ea,nren .

ET(_’TZ ’

where E; en—the amount of additionally consumed non-renewable energy (from the electrical grid)
regarding the produced electricity of the wind turbines, designed to supply into the building, kWh/year;
Eyen—the amount of electrical energy, which is produced in wind turbines and supplied into the building,
kWh/year.

The calculation of the value of the primary energy factor of the electricity produced by wind
turbines was performed according to the data provided by the power plants (Table 3).

4)

f Pnren —

3. Results

3.1. The Estimation of the PEF of the Wind Turbines

The non-renewable primary energy factor fp,,., was determined after classifying the studied
wind turbines into groups of different capacities. Figure 4 presents the results of the calculation of
fpuren of >10 MW and <10 MW capacity wind turbines/farms.
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Figure 4. Relationship between fp,,,., and wind power in wind turbines/farms: (a) in >10 MW capacity
of the wind turbines; (b) in <10 MW capacity of the wind turbines.
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The data presented in Figure 4a shows that the average value of the fp,,., factor in the wind
turbines/farms of >10 MW capacity is 0.012 kW-h (the dashed line). The wind turbine 1A has the
lowest fp,en factor, which has a value of 0.001, the wind turbines 4A and 5A have the highest factor,
which is the value of 0.022 kW-h.

Meanwhile, the average value of the fp,.;, factor in the wind turbines/farms of <10 MW capacity
is 0.009 (the dashed line in Figure 4b). The wind turbines 1B, 4B, 5B and 8B have the lowest fp,,.,, factor
(value is 0.001), and the wind turbine 7B has the highest factor, with a value of 0.052.

The obtained results lead to the conclusion that the fp,,., factor value is influenced by the capacity
of the wind turbines. A trend is observed in which this indicator decreases with a higher installed
power capacity of the wind turbines for wind turbines with >10 MW capacity. The PEF calculation
results are presented in Table 4.

Table 4. The result of the PEF calculation.

The Values of the Capacities of the Wind Turbines Operated in Lithuania  Weighted Average

Indicators
(>10) MW (<10) MW
faren 0.012 0.009 0.01
fP,ren 1 1 1
fptot 1.012 1.009 1.01

Comparing the determined values of the fp,,.,, factor, the scattering of data of the results is greater
for wind turbines that possess a greater wind power capacity (<10 MW). The reason for this might be
the location of the wind turbines. The 6B and 7B wind turbines, for which the value of fp,, factor is
determined to be the largest, are located in the south and middle of the country, that is to say, these are
further from the coastal zone, where the value of the wind speed is less (Figure 3, blue stars).

3.2. The Estimation of the Produced and Consumed Electric Power

In order to determine the influence of wind speed on the primary energy factor of wind turbines,
first of all, the balance of the produced and consumed electric power was investigated in the mentioned
wind turbines. The results of the investigation of the average distribution of produced and consumed
electric power in >10 MW and <10 MW wind turbines/farms by month are presented in Figure 5.
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Figure 5. The average values of the balance of the produced and consumed electric power per year:
(a) in >10 MW capacity of the wind turbines; (b) in <10 MW capacity of the wind turbines.

The results, which are presented in Figure 5, reveal the inverse relationship between the produced and
consumed electric power capacity of wind turbines/farms. Thus, it is known that the operation of the wind
turbine a fraction of the energy [39]. therefore, the results reveal that the average annual turbine-energy
consumption is as high as 0.22% of the total produced electrical energy in the case of >10 MW wind
turbines. Meanwhile, this fraction is even higher (up to 0.32%) in the case of <10 MW wind turbines.
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Furthermore, the relationship between the consumed amount of electrical energy and the season
was determined; typically, it was higher in the warm season and lower in the cold season, i.e.,
in wintertime it may reach 0.10% in >10 MW wind turbines and 0.28% in <10 MW wind turbines.
In the summertime, the consumed amount of electrical energy may reach 0.36% in >10 MW wind
turbines and 0.41% in <10 MW wind turbines. The differences between the consumed amount of
electrical energy regarding the season are related to the power and frequency of the wind.

3.3. The Estimation of the Influence of the Average Wind Speed

The influence of the average wind speed to the average turbine-power consumption in the
analyzed wind turbines/farms can be seen from the results, which are presented in Figure 6.
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Figure 6. The relationship between the average consumed energy by wind turbines/farms and the average
wind speed: (a) in >10 MW capacity of the wind turbines; (b) in <10 MW capacity of the wind turbines.

The obtained results (Figure 6a) reveal that the relationship between the energy consumed by
>10 MW capacity wind turbines/farms and wind speed is indirectly proportional, i.e., wind turbines
consume more energy at lower wind speeds. Meanwhile, the relationship (Figure 6b) between the
energy consumed by <10 MW capacity wind turbines/farms and wind speed is closer to a linear
relationship, i.e., wind turbines consume more energy at higher wind speeds.

Figure 7 illustrates the results of the relationship between the average amount of energy produced
by wind turbines/farms and the average wind speed.
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Figure 7. Relationship between the average produced energy by wind turbines/farms and the average
wind speed: (a) in >10 MW capacity of the wind turbines; (b) in <10 MW capacity of the wind turbines.
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The data presented in Figure 7 show that the quantities of energy produced by the wind
turbines/farms increase with higher wind speeds. The capacity of wind turbines is not significant.

The obtained results lead to the conclusion that the quantities of energy produced are directly
related to wind speeds. The resulting fluctuations may be explained by technical factors related to
the equipment.

4. Discussion

In order to meet the requirements set forth in Directive 2010/31/EU [39], the primary energy
factor value for wind turbines is calculated following the methodology described in EN 15603 [1].
However, any reference conditions and criteria used to determine the value of the non-renewable
primary energy factor are not given in the mentioned standard. Although a few EU countries, which
have investigated PEF, obtained similar results for PEF (Table 2). The values of total PEF of the wind
turbines operated in Lithuania are similar (the average fp;; = 1.01) (Table 4) as those obtained in
Germany, France, Italy, Poland, and the United Kingdom (Table 2). However, the data show that not all
the mentioned EU countries obtained similar results for PEF, e.g., Hungary (Table 2). The influencing
conditions and criteria for PEF determination of the countries mentioned are unclear.

The investigation has shown that the value of non-renewable PEF of the wind turbines/farms
of >10 MW capacity is larger (fpyren, = 0.012) than that of the wind turbines/farms of <10 MW
capacity (fpuren = 0.009, Table 4). This is a difference of 35%. Accordingly, the total value of PEF may
depend on the number of different wind turbines/farms with regard the capacity of the wind turbines.
The methodology provided in EN 15603 gives only one PEF value for wind turbines irrespective of
their capacity. The primary investigation shows that this aspect regarding the capacity of wind turbines
should be assessed for the determination of PEF. This is a primary outcome and draws attention to the
need for further research.

Another factor which influences the value of PEF is the geographic location. The investigation was
shown that the value of the non-renewable PEF of the wind turbines located in the middle of a continent
might be bigger than in the coastal areas. All kinds of continent obstacles in the form of buildings or trees
affect the roughness of the terrain. This translates into a significant reduction in wind speed and increased
turbulence. According to the classification of terrain roughness [40,41], wind farms should be located in a
large, open space, i.e. in cultivated areas or on the open sea [40—43]. In order to prove this outcome, there
need to be more comprehensive investigations. In addition, the data of total PEF of Hungary (Table 2) yield
the opposite outcome. The information regarding the methodology of the PEF determination of Hungary
is not given. Consequently, the reason for a different outcome is unclear.

One more observation is related to climate conditions—the consumed amount of electrical energy
was higher in the warm season than in the cold season. This means, that the European latitude is
significant: the value of PEF might be greater in the southern part of the EU and lower in the northern
part of the EU.

Many researchers report that wind speed is the most significant factor in terms of the amount of
wind power produced [40,44,45]. The investigation confirms this outcome. However, the investigation
determined that in >10 MW capacity wind turbines the turbine power consumption increases with
decreasing wind speed, whereas in <10 MW capacity wind turbines the opposite is true, i.e., the turbine
power consumption increases with increasing wind speed. The obtained results lead to the conclusions
that turbine consumption is compensated for by the energy produced by the wind turbine. When wind
turbines stop working or do not operate at full capacity, energy is taken from the power grid. The resulting
fluctuations may be explained by technical factors relating to the equipment. This is a detailed study of the
wind energy of Lithuania and can be used as a template for similar studies to be carried out elsewhere.

The results of the research will help to more precisely evaluate the energy efficiency of nearly
nZEB buildings in Lithuania. PEF values will help the end user when choosing decisions regarding
which energy source to use with the aim of meeting the requirements for nearly nZEB buildings.
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Overall, the findings of this work indicate that a number of parameters can influence the value
of PEF. This study provides guidelines for PEF determination; nevertheless, each case should be
carefully examined on an individual building basis, especially when there is no exact methodology for
determining the PEF values. However, PEF is important for setting precise primary energy values,
which are used in energy policymaking, in defining energy-saving goals or energy consumption
efficiency in international and national energy scenarios, environmental impact assessments, directives
and standards. Every European Union member state should define the primary energy in wind
turbines as well as the statistical parameters of wind turbines and climate (wind speed, wind turbine
capacity, conversion efficiency, turbine-power consumption etc.).

5. Conclusions

These investigations has shown that PEF may depend on the capacity of the wind turbines.
The value of the non-renewable energy factor fp,,., of the wind turbines/farms of >10 MW capacity
was 0.012. For the wind turbines/farms of <10 MW capacity, the value was 0.009. This is a difference of
35%. Therefore, the total value of PEF depends on the number of different wind turbines/farms with
regard to the capacity of the wind turbines.

The study results revealed that in >10 MW capacity wind turbines, the turbine consumption
increased with decreasing wind speed, whereas in <10 MW capacity wind turbines, the opposite was
true, i.e., the turbine consumption increased with increasing wind speed.

Furthermore, the investigation revealed that the value of the non-renewable PEF of the wind turbines
depends on both the geographic location and climate conditions. The wind turbines located in the middle
of a continent might have a larger non-renewable PEF than that in coastal areas. The consumed amount
of electrical energy was higher in the warm latitude/season than in the cold latitude/season. In order
to achieve the goals set forth in EU energy efficiency and renewable energy directives and regulations,
all EU member states should use the same or, at least, a very similar methodology for the calculation of the
primary energy factor of renewable and non-renewable energy sources.

Author Contributions: All authors contributed equally to this work. All authors designed the calculations,
discussed the results and implications, and commented on the manuscript at all stages. Conceptualization, R.T.;

Data curation, ]é and D.AK.; Formal analysis, ]é ; Investigation, R.T. and P.B.; Methodology, R.T.;
Writing—original draft, ]8.

Funding: This research was supported by Basic Science Research Program through the Kaunas Technology
University (KTU) and by the Ministry of Environment of the Republic of Lithuania. The results of this study
were used in drafting the national Technical Regulation for Construction Works STR 2.01.09:2016 Design and

Certification of Energy Efficiency of Buildings, which shall ensure the implementation of the provisions and goals
of Directive 2010/31/EU in Lithuania.

Acknowledgments: The authors thank the owners/operators and electricity transmission system operators,
who provided reports of operating wind turbines/farms in Lithuania.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Energy Performance of Buildings—QOuverarching Standard EPBD; EN 15603:2014; European Union: Brussels,
Belgium, 2014.

2. Mahela, O.P; Shaik, A.G. Comprehensive overview of grid interfaced wind energy generation systems.
Renew. Sustain. Energy Rev. 2016, 57, 260-281. [CrossRef]

3.  ECOFYS. Primary Energy Factors for Electricity in Buildings. Available online: http://download.dalicloud.
com/fis/download/66a8abe211271fa0ec3e2b07/ad5fccc2-4811-434a-8c4f-6a2daadlad2a/Primary_energy_
factors_report_ecofys_29.09.2011.pdf (accessed on 1 March 2019).

4. Shafiullah, G.M.; Oo, AM.T.,; Shawkat Ali, A.B.M.; Wolfs, P. Potential challenges of integrating large-scale
wind energy into the power grid—A review. Renew. Sustain. Energy Rev. 2013, 20, 306-321. [CrossRef]

5. Issue Paper: Definition of Primary and Secondary Energy. Available online: http://unstats.un.org/unsd/
envaccounting/londongroup/meeting13/LG13_12a.pdf (accessed on 1 March 2019).


http://dx.doi.org/10.1016/j.rser.2015.12.048
http://download.dalicloud.com/fis/download/66a8abe211271fa0ec3e2b07/ad5fccc2-4811-434a-8c4f-6a2daa41ad2a/Primary_energy_factors_report_ecofys_29.09.2011.pdf
http://download.dalicloud.com/fis/download/66a8abe211271fa0ec3e2b07/ad5fccc2-4811-434a-8c4f-6a2daa41ad2a/Primary_energy_factors_report_ecofys_29.09.2011.pdf
http://download.dalicloud.com/fis/download/66a8abe211271fa0ec3e2b07/ad5fccc2-4811-434a-8c4f-6a2daa41ad2a/Primary_energy_factors_report_ecofys_29.09.2011.pdf
http://dx.doi.org/10.1016/j.rser.2012.11.057
http://unstats.un.org/unsd/envaccounting/londongroup/meeting13/LG13_12a.pdf
http://unstats.un.org/unsd/envaccounting/londongroup/meeting13/LG13_12a.pdf

Energies 2019, 12, 2145 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

Martinez, F.; Herrero, C.L.; Pablo, S. Open loop wind turbine emulator. Renew. Energy 2014, 63, 212-221.
[CrossRef]

Yen, J.; Ahmed, A.N. Enhancing vertical axis wind turbine by dynamic stall control using synthetic jets.
J. Wind Eng. Ind. Aerodyn. 2013, 114, 12-17. [CrossRef]

Islam, R.M.; Mekhilef, S.; Saidur, R. Progress and recent trends of wind energy technology. Renew. Sustain.
Energy Rev. 2013, 21, 456-468. [CrossRef]

Herbert, ].G.M.; Iniyan, S.; Sreevalsan, E.; Rajapandian, S. A review of wind energy technologies.
Renew. Sustain. Energy Rev. 2007, 11, 1117-1145. [CrossRef]

Hasan, S.N.; Hassan, Y.M.; Majid, S.M.; Rahman, A.H. Review of storage schemes for wind energy systems.
Renew. Sustain. Energy Rev. 2013, 21, 237-247. [CrossRef]

Serrano, A.R.; Krawczyk, D.A. Development of Renewable Energy. In Buildings 2020+ Energy Sources, 1st
ed.; Serrano, A.R., Krawczyk, D.A., Eds.; Printing House of Bialystok University of Technology: Biatystok,
Poland, 2019; pp. 7-49.

Chen, L.Z. Overview of different wind generator systems and their comparisons. IET Renew. Power Gener.
2008, 2, 123-138.

AGFW. German Energy Efficiency Association for District Heating, Cooling and Combined Heat and Power.
Available online: https://www.cleanenergywire.org/experts/agfw-energy-efficiency-association-heating-
cooling-and-chp (accessed on 1 March 2019).

Johannson, T.B.; Patwardhan, A.; Nakicenovic, N.; Gomez-Echeverri, L. Global Energy Assessment—Towards a
Sustainable Future, 1st ed.; Cambridge University Press: Cambridge, UK, 2012.

International Energy Agency, Eurostat and the Organization for Economic Cooperation and Development.
Energy Statistics Manual. Available online: https://www.iea.org/stats/docs/statistics_manual.pdf (accessed
on 1 March 2019).

BP Statistical Review of World Energy. June 2018. Available online: https://www.bp.com/content/dam/
bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-
report.pdf (accessed on 1 March 2019).

Renewable Energy Monitoring Protocol—Update 2010. Available online: https://www.rvo.nl/sites/default/files/
bijlagen/Renewable%20Energy“20Protocol %20Monitoring%202010%20DEN.pdf (accessed on 1 March 2019).
Special Report on Renewable Energy Sources and Climate Change Mitigation. Available online: https:
/[www.ipcc.ch/site/assets/uploads/2018/03/SRREN_FD_SPM_final-1.pdf (accessed on 1 March 2019).
Macknick, J. Energy and CO, emission data uncertainties. Carbon Manag. 2011, 2, 189-205. [CrossRef]
Harmsen, R.; Wesselink, B.; Eichhammer, W.; Worrell, E. The unrecognized contribution of renewable energy
to Europe’s energy savings target. Energy Policy 2011, 39, 3425-3433. [CrossRef]

Building Regulations No. 78/2013 on the Energy Performance of Buildings. Available online: http:
[[www.tzb-info.cz/pravni-predpisy/vyhlaska-c-78-2013-sb-o-energeticke-narocnosti-budov (accessed on
1 March 2019). (In Czech)

BR18. Building Regulations Guidelines on Energy Consumption. Building Regulations. Available online:
http://bygningsreglementet.dk (accessed on 1 March 2019). (In Danish)

Government of the Republic Regulation. Minimum Requirements for Energy Efficiency Nr. 63. 11 December
2018. Available online: https://www.riigiteataja.ee/akt/113122018014 (accessed on 1 March 2019). (In Estonian)
Energy Efficiency of Buildings. D3 Finnish Building Code Collection Ministry of the Environment, Department
of Built Environment. Available online: http://www.finlex.fi/data/normit/37188-D3-2012_Suomi.pdf (accessed
on 1 March 2019). (In Finnish)

Building Regulations of 26 October 2010 on the Thermal Characteristics and Energy Performance Requirements
for New Buildings and New Parts of Buildings. Available online: https:/www.legifrance.gouv.fr/affichTexte.do?
cidTexte=]JORFTEXT000022959397&categorieLien=id (accessed on 1 March 2019). (In French)

Energetic Evaluation of Buildings—Building Regulations; DIN V 18599:2016; Beuth Verlag GmbH: Berlin,
Germany, 2016; ISBN 13: 978-3410289463. (In German)

Detailed National Parameter Specifications for the Calculation of the Energy Performance of Buildings
and the Issue of the Energy Performance Certificate—Building Regulations. TOTEE 20701-1/2017.
Available online: http://portal.tee.gr/portal/page/portal/SCIENTIFIC_WORK/GR_ENERGEIAS/kenak/files/
TOTEE_20701-1_2017_TEE_1st_Edition.pdf (accessed on 1 March 2019). (In Greek)


http://dx.doi.org/10.1016/j.renene.2013.09.019
http://dx.doi.org/10.1016/j.jweia.2012.12.015
http://dx.doi.org/10.1016/j.rser.2013.01.007
http://dx.doi.org/10.1016/j.rser.2005.08.004
http://dx.doi.org/10.1016/j.rser.2012.12.028
https://www.cleanenergywire.org/experts/agfw-energy-efficiency-association-heating-cooling-and-chp
https://www.cleanenergywire.org/experts/agfw-energy-efficiency-association-heating-cooling-and-chp
https://www.iea.org/stats/docs/statistics_manual.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2018-full-report.pdf
https://www.rvo.nl/sites/default/files/bijlagen/Renewable%20Energy%20Protocol%20Monitoring%202010%20DEN.pdf
https://www.rvo.nl/sites/default/files/bijlagen/Renewable%20Energy%20Protocol%20Monitoring%202010%20DEN.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/SRREN_FD_SPM_final-1.pdf
https://www.ipcc.ch/site/assets/uploads/2018/03/SRREN_FD_SPM_final-1.pdf
http://dx.doi.org/10.4155/cmt.11.10
http://dx.doi.org/10.1016/j.enpol.2011.03.040
http://www.tzb-info.cz/pravni-predpisy/vyhlaska-c-78-2013-sb-o-energeticke-narocnosti-budov
http://www.tzb-info.cz/pravni-predpisy/vyhlaska-c-78-2013-sb-o-energeticke-narocnosti-budov
http://bygningsreglementet.dk
https://www.riigiteataja.ee/akt/113122018014
http://www.finlex.fi/data/normit/37188-D3-2012_Suomi.pdf
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000022959397&categorieLien=id
https://www.legifrance.gouv.fr/affichTexte.do?cidTexte=JORFTEXT000022959397&categorieLien=id
http://portal.tee.gr/portal/page/portal/SCIENTIFIC_WORK/GR_ENERGEIAS/kenak/files/TOTEE_20701-1_2017_TEE_1st_Edition.pdf
http://portal.tee.gr/portal/page/portal/SCIENTIFIC_WORK/GR_ENERGEIAS/kenak/files/TOTEE_20701-1_2017_TEE_1st_Edition.pdf

Energies 2019, 12, 2145 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Regulation on the Definition of the Energy Performance of Buildings—Minister of the Interior. BM 20/2014
(I.7). Available online: http://www.kozlonyok.hu/nkonline/MKPDEF/hiteles/MK14035.pdf (accessed on
1 March 2019). (In Hungarian)

Energy Performance of Buildings—Determination of the Energy Performance for the Classification of the Building;
Technical Specification UNI/TS 11300-5:2016; Italian National Unification (UNI—Ente Italiano di Normazione):
Milano, Italy, 2016. (In Italian)

The Methodology for Calculating the Energy Performance of a Building and a Dwelling or a Part of a Building
Constituting an Independent Technical and Operational Unit as Well as the Method of Drawing Up and
Models of Energy Performance Certificates. Technical regulation Dz.U. 2014 poz. 888. Available online:
http://prawo.sejm.gov.pl/isap.nsf/download.xsp/WDU20140000888/O/D20140888.pdf (accessed on 1 March 2019).
(In Polish)

The Energy Efficiency of Buildings. Regulation of the Ministry of Foreign Affairs of the Slovak Republic.
364/2012. Available online: http://www.sksi.sk/buxus/generate_page.php?page_id=3075 (accessed on
1 March 2019). (In Slovak)

Efficient Use of Energy. Ministry of Environment and Spatial Planning of the Slovenia Republic.
TSG-1-004:2010.  Available online: http://www.arhiv.mop.gov.si/fileadmin/mop.gov.si/pageuploads/
zakonodaja/prostor/graditev/TSG-01-004_2010.pdf (accessed on 1 March 2019). (In Slovenian)

The Standard Assessment Procedure for the Energy Rating of Dwellings. SAP 2012. Available online:
http://www.bre.co.uk/sap2012/page.jsp?id=2759 (accessed on 1 March 2019).

Lithuanian Electricity Transmission System Operator (Litgrid). Available online: http://www.litgrid.eu/index.
php/paslaugos/kilmes-garantiju-suteikimas/ataskaitos/563 (accessed on 5 December 2015). (In Lithuanian)
Deksnys, R.P; Bacauskas, A.; AZubalis, V.; Jonaitis, A.; Slusnys, D.; Staniulis, R.; Radziukynas, V,;
Klementavicius, A.; Kadisa, S.; Leonavicius, A.; et al. Feasibility Analysis of Wind Power Development,
Part 1; Lithuanian Energy Institute Report. Available online: http://www.ena.lt/doc_atsi/VEPG_1_dalis.pdf
(accessed on 5 December 2018). (In Lithuanian)

Deksnys, R.P; Bacauskas, A.; AZubalis, V.; AZubalis, M.; Jonaitis, A.; Slusnys, D.; Staniulis, R.;
Nevardauskas, V.E.; Juo¢itinas, K.; Adomavi¢ius, V.R.; et al. Feasibility Analysis of Wind Power Development,
Part 2; Lithuanian Energy Institute Report. Available online: http://www.ena.lt/doc_atsi/VEPG_2_dalis.pdf
(accessed on 5 December 2018). (In Lithuanian)

Katinas, V.; Gecevicius, G.; Marciukaitis, M. An investigation of wind power density distribution at location
with low and high wind speeds using statistical model. Appl. Energy 2018, 218, 442-451. [CrossRef]

IEC Standard 61400-1: Wind Turbine Generator Systems—Part 1: Safety Requirements, 3rd ed.; International
Electrotechnical Commission: Geneva, Switzerland, 2005.

Directive 2010/31/EC of the European Parliament and of the Council of 19 May 2010 on the Energy Performance
of Buildings (Recast), Brussels. Available online: http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:
[:2010:153:0013:0035:EN:PDF (accessed on 5 December 2018).

Batagliolia, P.R.; Monarob, M.R.; Courya, V.D. Differential protection for stator ground faults in a full-converter
wind turbine generator. Electr. Power Syst. Res. 2019, 169, 195-205. [CrossRef]

Jasitinas, K.; Teleszewski, T.]. Wind Energy. In Buildings 2020+ Energy Sources, 1sted.; Serrano, A.R., Krawczyk, D.A.,
Eds.; Printing House of Bialystok University of Technology: Biatystok, Poland, 2019; pp. 99-133.

Sen, Z. Terrain topography classification for wind energy generation. Renew. Energy 1999, 16, 904-907.
[CrossRef]

Tian, W.; Ozbay, A.; Hu, H. Terrain effects on characteristics of surface wind and wind turbine wakes.
Procedia Eng. 2015, 126, 542-548. [CrossRef]

Manwell, ].E; McGowan, ].G.; Rogers, A.L. Wind Energy Explained: Theory, Design and Application, 2nd ed.;
Wiley: Hoboken, NJ, USA, 2010; pp. 53-153.

Chitsazan, M.A; Fadali, M.S.; Trzynadlowski, A.M. Wind speed and wind direction forecasting using echo
state network with nonlinear functions. Renew. Energy 2019, 131, 879-889. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://www.kozlonyok.hu/nkonline/MKPDF/hiteles/MK14035.pdf
http://prawo.sejm.gov.pl/isap.nsf/download.xsp/WDU20140000888/O/D20140888.pdf
http://www.sksi.sk/buxus/generate_page.php?page_id=3075
http://www.arhiv.mop.gov.si/fileadmin/mop.gov.si/pageuploads/zakonodaja /prostor/graditev/TSG-01-004_2010.pdf
http://www.arhiv.mop.gov.si/fileadmin/mop.gov.si/pageuploads/zakonodaja /prostor/graditev/TSG-01-004_2010.pdf
http://www.bre.co.uk/sap2012/page.jsp?id=2759
http://www.litgrid.eu/index.php/paslaugos/kilmes-garantiju-suteikimas/ataskaitos/563
http://www.litgrid.eu/index.php/paslaugos/kilmes-garantiju-suteikimas/ataskaitos/563
http://www.ena.lt/doc_atsi/VEPG_1_dalis.pdf
http://www.ena.lt/doc_atsi/VEPG_2_dalis.pdf
http://dx.doi.org/10.1016/j.apenergy.2018.02.163
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri= OJ:L:2010:153:0013:0035:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri= OJ:L:2010:153:0013:0035:EN:PDF
http://dx.doi.org/10.1016/j.epsr.2018.12.018
http://dx.doi.org/10.1016/S0960-1481(98)00304-8
http://dx.doi.org/10.1016/j.proeng.2015.11.302
http://dx.doi.org/10.1016/j.renene.2018.07.060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methodology 
	Research Object 
	Climate Data 
	Primary Energy Calculation Methodology 

	Results 
	The Estimation of the PEF of the Wind Turbines 
	The Estimation of the Produced and Consumed Electric Power 
	The Estimation of the Influence of the Average Wind Speed 

	Discussion 
	Conclusions 
	References

