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ABSTRACT 

This thesis investigates the energy flow for a Vestas V90, 3 MW wind turbine, and provides 

a proper consideration of all the important input energy values in all their complexity. An 

analysis of the Energy Payback Ratio (EPR) has been conducted, with special attention 

being paid to what happens when a wind turbine is placed in different environments (i.e. 

the open field vs. the forest), and what happens to these scenarios when recycling is applied 

to the energy balance.  

The results of the research demonstrate that the EPR values are highly dependent on the 

prerequisites chosen. It was found that the wind turbine placed in the open field had more 

favourable EPR values than the wind turbine in the forest, a result that is dependent upon 

the road being shorter and this scenario being placed closer to the existing electrical 

infrastructure. The most energy intensive phase of the energy balance for both scenarios is 

the manufacturing of the wind turbine. Recycling was added to the energy balance 

calculations, in order to make this study more realistic. Implementing recycling in the 

model increased the EPR values for both scenarios, and highlighted the importance of 

recycling materials.  
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EXECUT IVE SUMMARY 

The Swedish Parliament has introduced an ambitious planning target for wind power in 

order to change the prospects of wind power in Sweden; by 2015 national wind power 

should be able to produce 10 TWh a year. With regards to this target, it can be safe to 

assume that an expansion of wind power is to be expected and that a vast number of the 

current wind turbines in Sweden will be replaced by another wind turbine at the end of 

their lifetime. 

Unfortunately, there is no universal approach for carrying out an energy analysis, and it can 

be difficult to compare the results obtained in different reports, as many of these do not 

clarify how they attained their results: i.e. the transparency of their methodology is not 

satisfactory. Something that is often overlooked in an energy analysis of a wind turbine is 

the energy costs included in the manufacturing of the turbine or in the preparatory work 

needed for the turbine to get to the site of erection: i.e. all of the necessary infrastructure 

including road construction and electrical infrastructure is forgotten. 

The purpose of this thesis was (i) to fill the existing void found in previous energy analyses 

of wind turbines, focusing especially on the Energy Payback Ratio (EPR) for a Vestas V90, 

3 MW wind turbine, (ii) to show how the EPR value varies when this wind turbine is 

placed under altered conditions, i.e. when the turbine is placed in an open field in relation 

to a forest, and (iii) to show how the EPR value changes when recycling is applied to the 

two previously-mentioned scenarios.  

A proper consideration of the complexity of all important input energy values was given, 

and the report has tried to show clearly all the assumptions that have been made in order to 

conduct this thesis and to obtain genuinely accurate EPR values for this wind turbine. The 

report has separated average EPR figures from expected EPR figures, where the average EPR 

values have been obtained by looking at real production figures from two existing Vestas 

V90, 3 MW wind turbines operating in Umeå and Gotland in Sweden, and the expected 

EPR values have been obtained from the Vestas V90 brochure which gives their expected 

production figures for this 3 MW wind turbine.  

Without recycling the average EPR has been calculated to 20.6 for the open field and 10.2 

for the forestry scenario, which can be compared with the expected EPR values from Vestas 

of 23.3 for the open field and 13.2 for the forest. When the recycling of the wind turbine’s 

materials is applied to the calculations the EPR values are increased for both scenarios. The 
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average EPR for the open field increased to 22.8 and the expected EPR value increased to 

25.6. The values for the forestry scenario also improved, with the average EPR being 11.2 

instead of 10.2 and the expected figure rising from 13.2 to 14.5. As these results make clear, 

the recycling stage is an important factor in increasing the EPR values; it is therefore highly 

recommended that the materials from a wind turbine are recycled after it has been 

dismantled.  
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ABBREVIAT IONS  

LCA Life Cycle Assessment 

EPR Energy Payback Ratio 

EXPLANATIONS  

Capacity factor  The ratio of the actual output of a power plant over a period 

of time in relation to the electrical energy that could have 

been produced if the power plant had operated at full 

capacity during the entire time. 

Roughness class Obstacles on the earth’s surface slows down the wind 

adjacent to the surface: the more obstacles on the surface the 

slower the wind. The water surface has a roughness class of 

1, while a city with tall skyscrapers has a roughness class of 4. 

 

 

 

 

 

 

 

 



 

TABLE  OF CONTENTS 

1   I N T R O D U C T I O N  ............................................................................................................... 1 

1.1   OU T L I N E  O F  T H E  T H E S I S ........................................................................................................ 1 

1.1.1  Aim ....................................................................................................................................... 1 

1.1.2  Problem formulation ........................................................................................................... 2 

1.1.3  Delimitations ........................................................................................................................ 2 

1.2   ME T H O D  ................................................................................................................................... 3 

1.3   ST R U C T U R E  O F  T H E  T H E S I S  .................................................................................................. 3 

2   P R E V I O U S  R E S E A R C H  ................................................................................................... 5 

2.1   PR E V I O U S  A P P R O A C H E S  T O  E N E R G Y  B A L A N C E  E V A L U A T I O N  ........................................ 5 

2.1.1  Input-Output Analysis ......................................................................................................... 5 

2.1.2  Process Analysis ................................................................................................................... 6 

2.2   EN E R G Y  B A L A N C E  A N D  EPR  ................................................................................................ 7 

2.2.1  Energy Payback Ratio (EPR) ................................................................................................. 7 

2.3   PR E V I O U S  A R T I C L E S  ............................................................................................................... 7 

2.3.1  Scott W. White and Gerald L. Kulcinski ............................................................................ 8 

2.3.1.1  ”Birth to Death” Analysis of the Energy Payback Ratio and CO2 Gas Emission Rates from 

Coal, Fission, Wind, and DT Fusion Electrical Power Plants ...................................................................... 8 

2.3.1.2  Net Energy Payback and CO2 Emissions from Wind-Generated Electricity in the Midwest . 9 

2.3.2  ELSAM – Life Cycle Assessment of offshore and onshore sited wind farms ................ 10 

2.3.3  Other reports on the subject ............................................................................................ 11 

2.4   SU M M A R Y  P O I N T S  ................................................................................................................ 13 

3   M E T H O D O L O G Y  ............................................................................................................. 15 

3.1   OU R  M E T H O D O L O G Y  A N D  A P P R O A C H  ............................................................................. 15 

3.1.1  Difficulties .......................................................................................................................... 16 

3.1.2  Processing the information needed for the energy balance .......................................... 17 

3.1.3  Energy Payback Ratio (EPR) ............................................................................................... 19 

3.2   SY S T E M  B O U N D A R I E S  .......................................................................................................... 20 

3.2.1  Preparatory work ............................................................................................................... 21 

3.2.1.1  Civil construction work .......................................................................................................... 21 

3.2.1.2  Electrical infrastructure .......................................................................................................... 22 

3.2.2  Manufacturing ................................................................................................................... 23 

3.2.3  Transport and erection ...................................................................................................... 23 

 



3.2.4  Operation and maintenance ............................................................................................. 24 

3.2.5  Dismantling and scrapping ............................................................................................... 24 

3.3   SU M M A R Y  P O I N T S  ................................................................................................................ 25 

4   P R E R E Q U I S I T E S  .............................................................................................................. 27 

4.1   SC E N A R I O S  ............................................................................................................................ 27 

4.1.1  Open field .......................................................................................................................... 27 

4.1.2  Forestry ............................................................................................................................... 28 

4.1.3  Recycling vs. not recycling ................................................................................................ 29 

4.2   AS S U M P T I O N S  M A D E  I N  T H E  R E P O R T  ............................................................................... 29 

4.2.1  Manufacturing ................................................................................................................... 30 

4.2.1.1  Foundation ............................................................................................................................. 31 

4.2.2  Preparatory work ............................................................................................................... 32 

4.2.2.1  Civil construction work .......................................................................................................... 32 

4.2.2.2  Electrical infrastructure .......................................................................................................... 33 

4.2.3  Transport and erection ...................................................................................................... 34 

4.2.4  Operation and maintenance ............................................................................................. 36 

4.2.5  Dismantling and scrapping ............................................................................................... 38 

4.2.6  Electrical generation .......................................................................................................... 39 

4.2.7  Scenarios ............................................................................................................................ 40 

4.2.7.1  Open field ............................................................................................................................... 41 

4.2.7.2  Forestry ................................................................................................................................... 42 

4.2.7.3  Recycling ................................................................................................................................. 43 

4.3   SU M M A R Y  P O I N T S  ................................................................................................................ 46 

5   A N A L Y S I S  O F  T H E  R E S U L T S  .................................................................................... 47 

5.1   EN E R G Y  U S E  .......................................................................................................................... 47 

5.1.1  Manufacturing ................................................................................................................... 47 

5.1.1.1  Foundation ............................................................................................................................. 49 

5.1.2  Preparatory work ............................................................................................................... 50 

5.1.3  Transport and erection ...................................................................................................... 51 

5.1.4  Operation and maintenance ............................................................................................. 53 

5.1.5  Dismantling and scrapping ............................................................................................... 54 

5.2   EL E C T R I C A L  G E N E R A T I O N  ................................................................................................... 55 

5.3   OP E N  F I E L D  ............................................................................................................................ 56 

5.4   FO R E S T R Y  ............................................................................................................................... 57 

5.5   RE C Y C L I N G  S C E N A R I O  ........................................................................................................ 59 

5.5.1  Energy Payback Ratio ........................................................................................................ 61 

5.6   SU M M A R Y  P O I N T S  ................................................................................................................ 62 

 
 



 

6   D I S C U S S I O N  A N D  R E C O M M E N D A T I O N S  ........................................................... 63 

6.1   RE S U L T S  ................................................................................................................................. 63 

6.1.1  Comparing the results ....................................................................................................... 63 

6.1.2  The different phases’ impact on the EPR values ............................................................. 64 

6.1.3  Scenarios ............................................................................................................................ 66 

6.1.3.1  Open field ............................................................................................................................... 67 

6.1.3.2  Forestry ................................................................................................................................... 67 

6.1.3.3  Recycling ................................................................................................................................. 68 

6.2   RE V E R S E D  C O N D I T I O N S  ....................................................................................................... 68 

6.3   SO U R C E S  O F  E R R O R  ............................................................................................................. 70 

6.3.1  Choice and application of method .................................................................................. 71 

6.3.1.1  ‘Worst-case scenario’ .............................................................................................................. 72 

6.4   RE C O M M E N D A T I O N S  F O R  F U T U R E  R E S E A R C H  ................................................................. 74 

7   C O N C L U S I O N  ................................................................................................................... 77 

8   R E F E R E N C E S  ..................................................................................................................... 79 

9   A P P E N D I X  .......................................................................................................................... 83 

9.1   EN E R G Y  PA Y B A C K  PE R I O D  T O  EN E R G Y  PA Y B A C K  RA T I O  ........................................... 83 

9.2   MA T E R I A L  C O N S U M P T I O N  .................................................................................................. 84 

9.3   CA P A C I T Y  F A C T O R  ............................................................................................................... 86 

9.4   EN E R G Y  B A L A N C E  C A L C U L A T I O N S  ................................................................................... 87 

 



TABLE OF TABLES 

TABLE 4.1: MACHINE USED FOR TRANSPORTING THE EXCAVATOR. ........................................... 29 

TABLE 4.2: MATERIAL CONSUMPTION FOR THE VESTAS V90 WIND TURBINE. (20) (28) ............ 30 

TABLE 4.3: ENERGY VALUES FOR THE FOUNDATION MATERIALS. ............................................... 31 

TABLE 4.4: MACHINES USED FOR THE CONSTRUCTION OF THE FOUNDATION. ......................... 32 

TABLE 4.5: COMPOSITION OF THE EXTERNAL CABLES. (20) ........................................................ 33 

TABLE 4.6: MACHINES USED FOR THE UNDERGROUND CABLES. ................................................ 34 

TABLE 4.7: MACHINES NEEDED FOR THE TRANSPORTATION OF THE DIFFERENT PARTS AND FOR 

THE ERECTION OF THE WIND TURBINE. ............................................................................. 35 

TABLE 4.8: TRANSPORT DISTANCES COVERED, BOTH BETWEEN THE DIFFERENT FACTORIES AND 

BETWEEN THESE FACTORIES AND COPENHAGEN. (40) ....................................................... 36 

TABLE 4.9: LUBRICATION VALUES FOR A LARGE VESTAS WIND TURBINE. (19) ............................ 37 

TABLE 4.10: ENERGY VALUES FOR DIFFERENT LUBRICATION OILS. ............................................. 37 

TABLE 4.11: MACHINES USED FOR THE OPERATION AND MAINTENANCE WORK. ...................... 38 

TABLE 4.12: MACHINES USED DURING THE DISMANTLING OF THE WIND TURBINE. ................. 39 

TABLE 4.13: PARAMETERS FOR THE DIFFERENT SCENARIOS. ...................................................... 40 

TABLE 4.14: ALL PARAMETERS CHOSEN FOR THE OPEN FIELD. ................................................... 42 

TABLE 4.15: ALL PARAMETERS CHOSEN FOR THE FORESTRY SCENARIO. ..................................... 43 

TABLE 4.16: ENERGY COSTS FOR RECYCLING THE METALS PRESENT IN THE WIND TURBINE. .... 45 

TABLE 5.1: ENERGY USE DURING THE MANUFACTURING OF THE WIND TURBINE. .................... 48 

TABLE 5.2: ENERGY USE DURING THE MANUFACTURING OF THE FOUNDATION........................ 50 

TABLE 5.3: TOTAL ENERGY USE OF THE PREPARATORY WORK. ................................................... 50 

TABLE 5.4: ENERGY USE DURING THE TRANSPORTATION OF THE DIFFERENT PARTS OF THE 

WIND TURBINE. ................................................................................................................... 52 

TABLE 5.5: ENERGY USE DURING THE OPERATION AND MAINTENANCE PHASE. ......................... 53 

TABLE 5.6: ENERGY USE DURING THE DISMANTLING AND SCRAPPING OF THE WIND TURBINE. 54 

TABLE 5.7: ENERGY COSTS AND ENERGY GAINS FROM RECYCLING THE WIND TURBINE IN THE 

OPEN FIELD. ........................................................................................................................ 60 

TABLE 5.8: ENERGY COSTS AND ENERGY GAINS FROM RECYCLING THE WIND TURBINE IN THE 

FOREST.6 .............................................................................................................................. 60 

TABLE A.9 RELATIONSHIP BETWEEN ENERGY PAYBACK PERIOD (EPP) AND ENERGY PAYBACK 

RATIO (EPR). ...................................................................................................................... 83 

TABLE B.10 THE WEIGHT OF THE TOWER, NACELLE AND ROTOR IN TONNES FOR THE V82 AND 

V90 WIND TURBINES. (20) (28) ........................................................................................... 84 

TABLE B.11 THE CALCULATED WEIGHT OF THE MATERIALS. (20) (28) ....................................... 85 

TABLE D.12: ENERGY USE FOR THE WIND TURBINE WITH A HEIGHT OF 80 METRES. ................. 87 

 
 



 

TABLE D.13: ENERGY USE FOR THE WIND TURBINE WITH A HEIGHT OF 105 METRES. ............... 88 

TABLE D.14: CALCULATIONS FOR THE FOUNDATION. ............................................................... 89 

TABLE D.15: ENERGY REQUIREMENTS FOR THE PREPARATORY WORK. ...................................... 93 

TABLE D.16: ENERGY USE DURING THE TRANSPORT FOR THE TWO SCENARIOS. ....................... 96 

TABLE D.17: ENERGY USE DURING THE ERECTION. ................................................................. 100 

TABLE D.18: ENERGY USE DURING THE OPERATION AND MAINTENANCE PHASE. .................... 101 

TABLE D.19: INFORMATION ABOUT THE DISMANTLING AND TRANSPORT TO LANDFILL FOR 

BOTH THE OPEN FIELD AND THE FORESTRY. .................................................................... 104 

TABLE D.20: AVERAGE PRODUCTION FOR OPEN FIELD AND FORESTRY.................................... 107 

TABLE D.21: THE TOTAL EXPECTED AND AVERAGE ELECTRICAL GENERATION FOR THE TWO 

SCENARIOS. ....................................................................................................................... 108 

TABLE D.22: A QUICK SUMMARY OF THE PARAMETERS. ........................................................... 109 

TABLE D.23: A QUICK SUMMARY OF THE PARAMETERS. ........................................................... 110 

TABLE D.24: THE ENERGY USE AND ENERGY RETURN FOR THE RECYCLING PHASE. ................ 111 

 

 

 



TABLE OF F IGURES 

 

FIGURE 3.1: RECYCLING AND THE ENERGY INPUTS TO THE DIFFERENT STAGES OF THE 

TECHNICAL LIFECYCLE. ....................................................................................................... 19 

FIGURE 3.2: SYSTEM BOUNDARIES FOR THE WIND TURBINE. ...................................................... 21 

FIGURE 3.3: SYSTEM BOUNDARIES FOR THE ELECTRICAL INFRASTRUCTURE. ............................. 22 

FIGURE 4.1: RECYCLING SCENARIOS. .......................................................................................... 44 

FIGURE 5.1: MATERIAL COMPOSITION OF THE VESTAS V90 WIND TURBINE WITH A TOWER 

HEIGHT OF 80 METRES. ....................................................................................................... 47 

FIGURE 5.2: MATERIAL COMPOSITION OF THE VESTAS V90 WIND TURBINE WITH A TOWER 

HEIGHT OF 105 METRES. ..................................................................................................... 48 

FIGURE 5.3: ENERGY USE OF THE FOUNDATION. ........................................................................ 49 

FIGURE 5.4 ENERGY USED DURING THE PREPARATORY WORK. .................................................. 51 

FIGURE 5.5: ENERGY USE DURING THE TRANSPORTATION OF THE DIFFERENT PARTS OF THE 

WIND TURBINE. ................................................................................................................... 52 

FIGURE 5.6: DIVISION OF THE ENERGY USE DURING THE OPERATION AND MAINTENANCE, FROM 

TOP TO BOTTOM: OPEN FIELD AND FORESTRY. .................................................................. 54 

FIGURE 5.7: ELECTRICITY GENERATION FROM THE WIND TURBINES PLACED IN THE OPEN FIELD, 

IN THE FOREST AND THE EXPECTED PRODUCTION ACCORDING TO THE VESTAS 

BROCHURE. ......................................................................................................................... 55 

FIGURE 5.8: ENERGY PAYBACK RATIO FOR THE ACTUAL WIND FARM PLACED IN AN OPEN FIELD 

AND THE HYPOTHETICAL WIND TURBINE, BASED ON DATA FROM VESTAS’ BROCHURE. ... 56 

FIGURE 5.9: THE ENERGY USE IN MWH FOR ALL OF THE CATEGORIES FOR THE OPEN FIELD 

SCENARIO. ........................................................................................................................... 57 

FIGURE 5.10: ENERGY PAYBACK RATIO FOR THE ACTUAL WIND TURBINE AND THE 

HYPOTHETICAL WIND TURBINE BOTH PLACED IN A FOREST. ............................................. 58 

FIGURE 5.11: THE ENERGY USE IN MWH FOR ALL CATEGORIES FOR THE FORESTRY SCENARIO. 58 

FIGURE 5.12: ENERGY BALANCE FOR THE WIND TURBINES’ LIFETIMES. ..................................... 59 

FIGURE 5.13: EPR FOR THE OPEN FIELD SCENARIO, WITH AND WITHOUT RECYCLING. ............ 61 

FIGURE 5.14: EPR FOR THE FORESTRY SCENARIO, WITH AND WITHOUT RECYCLING. ............... 62 

FIGURE 6.1:  CHANGES IN THE AVERAGE EPR VALUES FOR THE OPEN FIELD (NO RECYCLING IS 

APPLIED) WITH ALTERED CABLE LENGTH AND LIFETIME. IN THE REFERENCE SCENARIO, 

THE CABLES ARE 500 METRES AND THE LIFETIME IS SET TO 20 YEARS. ............................... 65 

FIGURE 6.2: REVERSED SCENARIO: THE ROADS, ELECTRICAL INFRASTRUCTURE AND 

TRANSPORTATION DISTANCES HAVE BEEN INCREASED FOR THE OPEN FIELD AND 

DECREASED FOR THE FOREST.............................................................................................. 69 

 
 



 

FIGURE 6.3: REFERENCE SCENARIO WHERE THE WIND TURBINE PLACED IN THE FOREST IS 

FURTHER AWAY FROM THE ELECTRICAL INFRASTRUCTURE AND EXISTING ROADS. ........... 70 

FIGURE 6.4: THE DIFFERENCE BETWEEN THE METHOD USED IN THE REPORT, THE ‘REFERENCE 

METHOD’, AND THE ALTERNATIVE METHOD WITH REGARDS TO THE ENERGY USED FOR 

THE TRANSPORTATION OF THE DIFFERENT PARTS. ............................................................ 73 

 

 

 

 



 
  0BIntroduction  
 

1  INTRODUCTION 

Wind power technology is often seen as a power source that comes without energy costs, 

insofar as it transforms a free energy input into a useful source of energy: electricity. 

Something that is often forgotten in these discussions, however, is all of the energy spent in 

the making of a wind turbine and in building the necessary infrastructure. 

Most of the previous studies on the subject of wind power assessments have used either the 

Input-Output Analysis or the Process Analysis to determine the Energy Payback Ratio 

(EPR) of wind turbines. The majority of these studies have compared wind power to other 

conventional power plants, or compared different sized wind turbines.  

Unfortunately, there is no universal approach for carrying out an energy analysis, and it can 

therefore be difficult to compare these different studies. Furthermore, a lot of the reports do 

not clarify how they attained their results: i.e. the transparency of their methodology is not 

satisfactory. This report will therefore aim towards filling that void by making a proper 

consideration of the complexity of these variants. It will also, in the process, aim to 

contribute to a greater understanding of energy analyses for wind turbines.  

This introductory chapter will focus on explaining the aim and delimitations of this thesis, 

and will also provide a broad outline of the whole report. 

1.1 Outl ine of the thesis 

This report will consist of an energy analysis aiming to determine how much energy goes 

into the making of a wind power plant, and also the level of energy that can be obtained 

during the electrical generation process.  

1.1.1 Aim 

This report will investigate how many times a large Vestas V90 wind turbine repays the 

energy debt needed for its construction. The aim of this analysis is to show how the EPR 

changes when the wind turbine is placed on different sites with altered operating 

conditions: i.e. the report will show how the EPR changes if the wind turbine is placed in a 

forested area in comparison to an open field, and then how this changes when recycling is 

applied to both of the above scenarios.  
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Chapter  1    
 

Vestas has been chosen for this study as they are one of the world’s leading production 

companies for wind turbines, and can therefore be seen as representative of the producers of 

the larger wind turbines currently on the market. The Vestas V90, 3 MW wind turbine 

under consideration here has been chosen as these larger turbines will most likely be used 

for future wind power developments as these turbines have an increased energy production 

per area in comparison to a small wind turbine. 

1.1.2 Problem formulation 

In order to explore the topic, the following questions will be addressed in the report: 

o What input parameters are needed in order to conduct a thorough energy analysis 

of this type of wind turbine? Where will the system boundaries be drawn? 

o What is the energy balance for the Vestas V90, 3 MW wind turbine? 

− How much energy is used during its lifetime?  

− What is the expected electricity production from these 3 MW wind 

turbines? 

− What is the actual average electricity production for these wind turbines? 

o How will the EPR change for the different scenarios? 

1.1.3 Delimitations 

As stated above, this report will focus on establishing a general methodology for calculating 

the Energy Payback Ratio (EPR) for a wind turbine, and examine how the EPR changes 
with varying input parameters. While this methodology could be applied to any form of 

turbine, the results obtained in this report relate solely to the Vestas V90, 3 MW 

wind turbine.  

Anything that cannot be directly linked to the wind turbine will not be considered in this 

report. For instance, the administrative requirements or the engineering design will not be 

included in the energy balances as their contribution to the overall energy requirements for 

a wind turbine is judged to be insignificant. The commissioning phase (i.e. the testing 

period before the wind turbine produces electricity commercially) of the wind turbine will 

not be included either, as it constitutes a very small part of the expected lifetime of a wind 

turbine.  

Further delimitations, can be seen in the System boundaries (Chapter 3.2). 
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1.2 Method 

The research will address the potential problems with the methods used for retrieving the 

information needed for energy balances before actually conducting the energy balances for 

the large Vestas V90 wind turbine. The collecting of data for the energy balance will be 

done through internet research, literature studies, interviews and visits to companies 

involved in the life cycle of a wind turbine.  

Production figures from the only two existing Vestas V90, 3 MW wind turbines on the 

Swedish grid have been gathered from the Swedish internet site “Driftuppföljning 

Vindkraft”. (1) The website carefully documents the energy production from all wind 

turbines currently on the Swedish grid, and monthly production figures, from the start of 

each turbine’s production, can be retrieved from the site.  

Vestas’ production facilities can be found all over Europe, but as this report will investigate 

how the EPR changes when these wind turbines are placed on different sites in Sweden the 

factories nearest the sites will be considered. 

1.3 Structure of the thesis 

This report will include the following parts: 

o Previous research (Chapter 2) will provide an overview of some of the different ways 

an energy analysis can be carried out: i.e. the Input-Output Analysis, the Process 

Analysis and the Hybrid Analysis. Previously published articles will be presented 

and their approach towards evaluating the EPR will be analysed in this part of the 

report. 
o Methodology (Chapter 3) will explain the methodology that has been used in this 

study to obtain the information needed for the energy balance analysis and to 

calculate the EPR.  
o Prerequisites (Chapter 4) gives a detailed explanation of the different scenarios that 

have been chosen for this study, as well as stating all of the assumptions that have 

been made throughout the report. 
o Analysis of results (Chapter 5) presents the results from the energy balance 

calculations, and a brief analysis of these will also be conducted. In addition, this 

chapter will show how the EPR changes with the different scenarios and varied 

parameters. 
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o Discussion and recommendations (Chapter 6) will provide a comparative analysis of 

the two different scenarios, and also consider how the EPR changes when recycling 

is incorporated into these two scenarios. 
o Conclusions (Chapter 7) will assess the significance of this thesis’ results and offer 

some final comments as to the viability of wind power as a power source in the 
future. 
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2  PREVIOUS RESEARCH  

This chapter will provide an overview of the various approaches that have been used 

previously by researchers in this field for estimating the total energy activity of a wind 

turbine. It will explain how earlier reports employed these methods in trying to determine 

the Energy Payback Ratio (EPR) of a wind turbine. The chapter will also look at how the 

EPR can be used as a measure for (i) determining the most energy efficient wind turbine 

and (ii) determining how energy efficient a wind turbine is compared to other conventional 

power plants. 

2.1 Previous approaches to energy balance evaluation 

The two most commonly used methods for determining the energy balance for a wind 

turbine are the Input-Output Analysis and the Process Analysis.  

2.1.1 Input-Output Analysis 

The Input-Output Analysis is a top-down approach that determines, with the help of the 

price of an item or service, how much energy is needed and used for a particular product’s 
production phase. S.W. White and G.L. Kulcinski (2) explain that the process is based 

upon the assumption that “the more expensive an item or service is, the larger the energy 
content of that item or service” (2 p. 2). In other words, the analysis can be described as a 

technique that uses financial transactions for each section within the production 

process. (3) The transactions capture the embodied energy within the production materials, 

both in terms of thermal and electrical energy inputs. (2) However, as each sector within 

the economy includes several products, different quality grades of each product and 

differently priced products, it can be difficult to estimate this embodied energy. For 

example, the price difference between two cars can be large (i.e. Ford vs. Porsche), but the 

energy needed for their production might be similar. (4) 

The energy intensities – i.e. the total direct and indirect energy requirements – of a material 

also vary with the accessibility and method of extraction. Resources that are close to being 

depleted will be more energy intensive as they may be found in more remote locations and 

be less concentrated. When a material becomes more energy intensive, the energy cost of 

the capital investment may also increase as a result. (5) In comparison to other methods for 

analysing the life cycle of a product, the capital investment of a product in an Input-
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Output Analysis is considered to include the profits desired, even though profit is not 

associated with a particular stage in the life cycle. Profit is considered to come with a 

significant cost for the production, and should therefore be deemed as a factor to be 

included in the model. (4)  

2.1.2 Process Analysis 

Process Analysis, or Process Chain Analysis (PCA), is another way of measuring the energy 

content in a service or a product. The analysis involves a similar approach to that taken in a 

Life Cycle Assessment (LCA), when data (both the direct and the indirect energy) is 

collected from all of the processes related to the main process, or the target product. 
According to Treloar (6), any other source of data apart from input-output tables can be 

used in the analysis. The Process Analysis method can be divided into three steps: 

1. Measuring all the direct energy requirements of the main process, as well as the 

process’ output, over a realistic time period; 

2. Identifying the inputs, in forms of other products, services and fuels, that are 

necessary for the main process over the same period of time; and 

3. Determining the embodied energy in these products, services and fuels. (6) (7) 

The energy used in energy producing industries should be included in all of the processes 

required for the target product. In general, the analysis detects smaller and smaller energy 

inputs for each consecutive stage in the process. These energy inputs are added up to the 

total energy intensity of the main processes, or the target product. (7)  

Process Analysis is a very accurate method for a precise and simple system, but when 

applied to a larger and more complex system the method fails: there is too much focus on 

detail. (6) In reality, the analysis is terminated at a stage where the subsequent inputs are 

assumed to have an insignificant effect on the total energy intensity. This is another 

shortcoming of the Process Analysis: the fact that each following input is assumed to have a 

minor effect does not mean that the sum of all following inputs will have a negligible effect 

on the total energy use. (7) Calculations made using the Process Analysis will therefore 

always have a truncation error and will almost certainly overlook some inputs, such as small 

items, services (for instance banking, insurance and finance) and auxiliary activities (i.e. 

administration and storage). (8)  
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2.2 Energy balance and EPR 

An important concept often used in an energy analysis is that of an “energy balance”, 

which refers to the relation between the turbine’s total energy use (i.e. for manufacturing, 

operation, transport, dismantling and disposal) and the average energy production. (9) To 

calculate the energy balance the embodied energy needs to be investigated. This is the total 

amount of energy, direct and indirect, required for a product or service. (10) 

2.2.1 Energy Payback Ratio (EPR) 

The energy balance in a product, service or power plant is often expressed through the 

Energy Payback Ratio (EPR), which is defined as the ratio between the input energy and 

the output energy. A larger EPR denotes a better energy balance: i.e. more energy is 

produced in relation to the amount of energy that is used in the different stages of a 

product, service or power plant’s lifetime. (11)  

Scott W. White and Gerald L. Kulcinski have written two similar reports about the EPR 

for different types of power plants. The EPR was calculated in both of these studies with 

the help of Equation 2.1. (2), (11) 
Equation 2.1 

LdecLopLconLmat

Ln
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,
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=   Eqn (2.1) 

where  =  the net electrical energy produced over a given plant’s lifetime, L 

= total energy invested in materials used over a plant’s lifetime, L 

= total energy invested in construction needed for a plant’s lifetime, L 

=  total energy invested in operating over a plant’s lifetime, L 

LnE ,

matE ,

conE ,

LopE ,

L

L

LdecE , = total energy invested in decommissioning the plant after it has                    

operated for a lifetime, L 

2.3 Previous articles 

Generally, the reports published on the subject of energy balance for wind turbines are 

lacking in transparency, and it can be difficult to know what the authors have based their 

calculations on. Furthermore, every report tends to use different assumptions, making them 

hard to compare with each other. These issues generate large differences between the results 

of the reports: while a Danish report states that a wind turbine will produce approximately 
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80 times the amount of much energy that is needed to construct it (12), other authors state 

a much more modest figure of 4 times the amount of energy (13).  

2.3.1 Scott W. White and Gerald L. Kulcinski   

These authors presented two similar reports that explain how the EPR can be used for a 

comparison of different power generation plants. The first discusses how the EPR varies 

with different types of power plants (11), and the second focuses on CO2-emissions in 

addition to the energy payback time for a wind turbine (2). 

2.3.1.1 ”Birth to Death” Analysis of the Energy Payback Ratio and CO2 Gas 

Emission Rates from Coal, Fission, Wind, and DT Fusion Electrical Power 

Plants 

This study (2) compares a coal-fired plant with a (nuclear) fission plant, a fusion plant and 

a wind power plant (although no fusion plants had been built at that time: up until May 

2007 there was still no commercial energy producing fusion power plants in 

operation (14)).  

The report made several assumptions regarding the capacity factor and the inventory of the 

materials required for the construction of the coal, fusion and fission plants; only wind 

power had actual figures obtained from the manufacturers. The energy intensities for the 

calculations were assumed to be underestimating the total energy input as they were based 

upon the raw ingot form of the metals, and not the fabricated product. The EPRs for the 

different power plants vary by more than a factor of 2: the EPR was 11 for coal, 16 for 

fission, 27 for DT-fusion and 23 for wind. 

In their discussion of the results, the authors state that, the comparison of these four power 

generation plants is complicated and perhaps even somewhat unfair, as the values for wind 

energy do not include energy storage. Wind power is thought to have received a higher 

EPR as a result of this exclusion of an energy storage facility. What is interesting about this 

report is that it does not discuss, or draw any conclusions about, the decommissioning 

phases of these four different technologies. The EPR results would probably change if this 

phase of the power plant’s lifetime was included.  

The report also has some limitations when it comes to presenting the source of the data 

utilized. For example, it is not stated where the information about fuel transportation, 

operation, waste disposal and decommissioning is taken from.  
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2.3.1.2 Net Energy Payback and CO2 Emissions from Wind-Generated Electricity in 

the Midwest 

In this report the authors compared three different wind power projects in the Midwest of 

the United States, where the wind resources are expected to be very high. The area is 

therefore expected to have a high potential of providing a large percentage of the entire 

U.S. electricity market, based on 1990 consumption levels. Two of the projects are situated 

in Minnesota and are known as the Buffalo Ridge phase I and phase II projects, henceforth 

referred to as BR-I (342.5 kW wind turbine) and BR-II (750 kW wind turbine). The last 

project is situated in Wisconsin, hereafter referred to as DePere project (600 kW wind 

turbine), where the wind resources are less impressive and where the wind site was set up to 

be a low wind speed site.  

For the calculations of the EPR, it is only BR-I that had its calculations made from actual 

data; both BR-II and DePere are based on the manufacturers’ predicted capacity factor. 
The capacity factor was predicted as 31% for DePere project and 35% for BR-II (as there 

was insufficient data to establish the actual capacity factor), and the actual capacity factor 

for BR-I was significantly lower at 24%.  

The energy requirements for the wind farm constructions in the report include 

transportation of the components to the construction site, and the actual onsite 

construction. Assumptions about the lifetime of the towers were made, with these being 

expected to last longer than the expected 20-25 years lifetime of the nacelle with all its 

moving parts. The total energy required to dismantle one turbine was assumed to be half 

the energy required for the on-site assembly, simply because a new turbine will be put in 

the old turbine’s place: i.e. the energy required for the dismantlement can be amortized for 

two turbines.  

The EPR for wind powered electricity for the projected wind turbines varies from 17 at the 

DePere site to 39 for BR-II. For BR-I, with the actual production data, the EPR is 23. As 

DePere was a low wind speed site and Buffalo Ridge a site with a greater wind resource, the 

results of this study effectively show that the EPR depends on the essential parameter for 

wind power technology: a good wind resource! However, according to the authors, all of 

these projects are believed to be placed in areas with good wind, even the low wind speed 

site at DePere, and therefore a conclusion can be drawn that an EPR of 23 should be 

counted as a fairly good result for these types of wind power installations. For more 

efficient wind turbines with a higher capacity factor, as the authors of this report noted in 

their conclusions, the energy payback time would decrease as the amount of electricity 

generated would increase without requiring a significantly higher energy input. 
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Construction data was only available for the DePere wind farm and subsequently the 

information from BR-I and BR-II was scaled from that data, whereby the calculations made 

assume a linear approximation between the number of turbines and the energy 

requirements. This linear dependency is not confirmed by any sources that can reinforce 

this statement. The fact that the turbine and towers have a different mass is not taken into 

consideration. Most of the report is based on the life cycle of the nacelle, and only little 

focus is given to the rest of the turbine, as the authors consider the nacelle to be the most 

important parameter in these types of calculations.  

Almost a decade after the publication of this study, Scott W. White revised the work in the 

report “Net Energy Payback and CO2 Emissions from Three Midwestern Wind Farms: An 

Update” (13). The second report was based on more production data as well as some 

repairs of the wind turbines, which had to be taken into account in the calculations in order 

to bring the results closer to those of a real wind farm. The EPRs for the three projects still 

varied greatly, though the EPR that changed the least was for BR-I, which was based on 

actual production data from the start. The newly calculated EPR for BR-I was 24 instead of 

23, for BR-II it was now 28 rather than the previous figure of 39, and for DePere the new 

EPR was 11 instead of 17. The conclusion of the report states that even though the EPRs 

have decreased, they still compare favourably to those of coal and nuclear fission (gaseous 

diffusion enriched uranium), with EPRs of 11 and 7 respectively. 

2.3.2 ELSAM – Life Cycle Assessment of offshore and onshore sited wind 
farms  

In 2004 a Danish report on two different wind farms was published. (9) The Danish 

companies Elsam Engineering A/S and Vestas Wind Systems A/S compiled a study funded 

by the Danish Energy Authority’s energy research programme for the year 2000. The 

purpose of the project was to perform an LCA for two wind farms: an onshore wind farm 

and an offshore wind farm, both equipped with V80 2 MW wind turbines from Vestas 

Wind Systems.  

The LCA of the two wind farms has been modelled with a computer application from the 

Danish Environment Authority. One of the reasons stated for using this particular program 

is that Elsam Engineering already has a compatible comprehensive database with, among 

other things, materials and environmental impacts. The report covers all the phases in the 

life cycle of a wind turbine: production, transportation, erection, operation, dismantling 

and removal. The model includes a worst-case scenario where one reconditioning or 

renewal of half of the gears and the generators on the offshore wind farm has to be made 

during the 20 years lifetime. On the onshore wind farm the worst-case scenario consists of 
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the renewal of half of the gearboxes after 10 years. The transportation of various large 

components to Vestas Wind Systems from subcontractors is also included in the model. 

The study also includes a sensitivity assessment that models the wind farms during different 

conditions. According to the analysis, the energy production and the lifetime are the most 

significant assumptions. Other conditions have, nevertheless, also been modelled, including 

recycling, location and energy use.  

Even though the report is an LCA, it also includes an energy balance for the two wind 

farms. The energy balance for the offshore turbine is 9.0 months (which equates to an EPR 

of 26.7 – as shown in Appendix 9.1) and for the onshore turbine it is 7.7 months (equating 

to an EPR of 31.2). That means that the wind farms are required to be in normal operation 

for 7.7 and 9.0 months respectively to produce the same amount of energy needed in their 

life cycles. The difference depends on the fact that the transmission grid is notably larger 

for the offshore wind farm, and the offshore foundations demand a much larger steel 

consumption. In their appendix, there is also a calculation based on the same prerequisites 

as in previously calculated energy balances made by the Danish Wind Industry 

Associations. These energy balances are based on input-output tables and energy 

multipliers, and according to them the energy payback period would be 3.1 months (an 

EPR of 77.4) and 3.2 months respectively (an EPR of 75), for the onshore and the offshore 

wind farm. 

The report carefully documents all the sources of its information, and any assumptions or 

simplifications are generally clearly stated. Unfortunately, however, the software lacks 

transparency as it is not stated where Elsam Engineering gained the information for their 

comprehensive database used in the software. The only detail given is that all information 

and all assumptions have been discussed with Vestas Wind Systems. It is therefore virtually 

impossible to know what grounds the study is based on. The lack of discrimination and 

accountability thus seen here is one of the inconveniences with a corporation specific 

application or database. 

2.3.3 Other reports on the subject 

Several other reports about energy analyses have also been published, though the 

approaches to the subject taken are somewhat different. This can be seen, for example, in a 

report by Lenzen and Munksgaard from 2002 (15), where it is concluded that there are 

large differences in the findings of the energy analyses they examined. The scatter is due to 

the fact that the analyses use different methodologies (i.e. Process Analysis or Input-Output 

Analysis) and that every analysis uses its own scope (i.e. the breadth of the analysis varies 

considerably). The energy balance is also greatly dependent on where the turbine has been 
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manufactured, what happens with the turbine after the service life, and on the choice of 

tower material. A 500 kW German turbine manufactured in Brazil requires about twice as 

much primary energy as it would if it was manufactured in Germany. This variation is 

contingent on differences in the energy content of the steel, which in turn depends on 

differences between steel production in the two countries. Moreover, it also appears that 

the economy of scale applies, i.e. the energy balance deteriorates with decreasing power 

rating. (15)  

In a report edited by Søren Krohn, the energy balance is used to calculate the efficiency of a 

Danish 600 kW wind turbine. (12) All energy calculations, which are based on the costs for 

the different stages in the lifetime of the wind turbine, are made using energy multipliers 

for the 117 sectors of the Danish economy from the Danish Central Bureau of Statistics. It 

is assumed that all components, apart from the transformer, are destroyed and recycled. 

Although the scrapping process requires energy, some energy is produced during the 

dismantling and shredding processes: hence the total energy balance for the scrapping 

process is found to be positive, i.e. more energy is recovered from the recycling than is used 

within this process. It is concluded in the report that the energy payback time for this type 

of a wind turbine is 3.1 months (an EPR of 77.4) or 3.8 months (an EPR of 63.2), 

depending on the roughness class – the former is for roughness class 1 and the latter is for 

roughness class 2. This means that according to this Danish research, a wind turbine will 

recover the energy spent in its lifetime approximately 80 times over. (12)  

An uncertainty in the Danish report is that no energy multipliers were available for the year 

of 1995, since the Danish Central Bureau of Statistics releases these figures with a delay of 

four years. In order to calculate the energy balance for that year, the annual growth rate 

between the years of 1987 and 1991 was determined, and then the energy multipliers from 

1991 to 1995 were created using the same annual growth rate.  
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2.4 Summary points 

− The Input-Output Analysis aims to determine how much energy is needed to 

produce a given product or service through examining the prices of the constituent 

items and services needed for the final product/service. On the plus side with this 

method, financial records mean that the purely economic data needed is often 

widely available. However, the flaw with this method is that it tends to overestimate 

the energy intensities through its high levels of aggregation among other things.  

− Process Analysis aims to measure the energy content in a product or service by 

identifying the direct energy requirements of the main process, and dividing this 

into sub sectors over a given period of time, detecting smaller and smaller energy 

inputs for each stage in the production process. While this is a very thorough 

method to identify all energy inputs, it tends to underestimate energy intensities as 

it does not include indirect energy requirements.  

− Energy Payback Ratio (EPR) is one way to illustrate the energy balance for products 

or services. For a wind turbine the EPR is highly dependent on wind resources and 

the lifetime of the wind turbine. A higher EPR equals more energy output in 

relation to energy input. 

− A problem with the earlier reports in this field is that there is a certain lack of 

transparency when it comes to the presentation of the sources of data used, and also 

that the assumptions made in the reports have an enormous influence on the 

outcome. However, a number of the different reports looked at here do examine the 

energy balance of wind turbines thoroughly, even though the transparency of their 

assumptions is lacking in places.   
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3  METHODOLOGY 

This chapter will focus on explaining how the data needed for the energy balance 

calculation has been collected, and also the differences between the method used in this 

report in comparison to previous work on the subject. The system boundaries of this study 

will be outlined, and the chapter will also contain a brief discussion of some of the 

difficulties involved in carrying out this particular research.  

3.1 Our methodology and approach 

In the subsequent calculations neither the Input-Output Analysis nor the Process analysis 

will be used to obtain the energy data, although ideas from these two methods have been 

drawn upon and used in this thesis. While it may be relatively easy to obtain information 

about the expenses associated with a wind turbine, it is much harder to acquire information 

about the energy related to this cost in each of the different sectors of the economy. 

Furthermore, the Process Analysis is overly detailed and the amount of information needed 

is overwhelming, making this approach too complex to work with.  

In contrast to the previous research mentioned in the preceding chapter, this report will 

focus on retrieving raw energy data from the different life stages of the wind turbine. The 

calculations for the energy balance in this report will be based solely on data related to 

embodied energy, i.e. the quantity of energy required to manufacture, transport and supply 

to the point of use (16), rather than economic data.  

However, in situations when this energy data is not obtainable an estimation of the energy 

use will be made instead, based on the amount of material used in the Vestas V82 wind 

turbine (9) combined with the energy content of the specified materials. The amount of 

material has been correlated in order to correspond to the size of the V90 wind turbine 

(calculations shown in Appendix 9.2). The reason for combining these two information 

sources is that the product brochure made for the V90 wind turbine, while specifying the 

resource consumption for wind power plants, excluded some of the major components in a 

wind turbine, for instance steel. However, these missing figures were included in the LCA 

for the V82 wind turbine – hence the combination of these two analyses for this report.  

Given that our approach does not take all aspects into consideration in the calculations (e.g. 

the extraction and transportation of raw material are not accounted for), a higher energy 

value for a specific material will always be used in this report. This will attempt to even out 
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any differences between our method and the reality: hence illustrating a ‘worst-case 

scenario’.  

The factories used in this study are located in Denmark and the data for the energy values 

used in this report has therefore been collected chiefly from European sources (preferably 

from the Nordic countries). The extraction of raw materials differs greatly all over the 

world, and it is therefore logical that European sources have been used for a model based on 

a site in Europe. 

3.1.1 Difficulties 

It is difficult to enact a comprehensive energy balance primarily due to the large amount of 

data needed to do so, but also because of a number of major obstacles that make it 
extremely hard, if not impossible, to access this data.   

The first issue preventing access to the necessary information can be related to the fact that 

the producers of the different parts of the turbine are private companies, which are operated 

and managed for profit, through competing for business in a free market. These companies 
are therefore reluctant to release any form of information thought to be commercially 

valuable – i.e. any details that could in any way be of use to their competitors is simply not 

going to be made publicly available. This means that it is not possible, in practice, for 

researchers in this field to obtain the exact details relating to the energy inputs for all of the 

parts of a wind turbine. That these companies treat this sensitive information with such 

caution can be clearly demonstrated by the following example taken from the research 

process for this thesis. Information about where the larger parts of the turbine – i.e. the 

nacelle, the rotor, the blades and the tower – are produced is easily obtained from the 

Vestas website. This website also provides clear site descriptions for each of the factories 

producing these parts, including their respective annual energy use. With the information 

on how many parts each Vestas factory manufactures in a year, a rough estimation of the 

embedded energy for each part could have been calculated. However, Vestas could 

unfortunately not provide the exact details as to annual production levels or comment on 

the possible accuracy of a proposed estimation as to this figure because, according to a 

product manager at Vestas, these details are confidential due to the keen competition in the 

market. 

Another point to make concerning research into this area is how hard it is to locate the 

people (be it engineers, administrative staff or academics) with sufficient knowledge about 

the energy use in the production of wind turbines. While this can be related to the 

difficulties inherent in trying to obtain specific information from complex organizations, it 
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also emphasises that the information gathering process in this research area can be both 

lengthy and arduous. 

3.1.2 Processing the information needed for the energy balance 

The following framework has been used in order to process the information needed to carry 

out the calculations of a wind turbine’s embodied energy:   

1. Flow chart 

The flow chart defines the system boundaries and determines what stages in the life 

cycle of the wind turbine are to be included in the calculations (see Figure 3.1 

below). The starting point in the life cycle is the different production stages of the 

wind turbine. Next, the stages that will have a significant impact upon the wind 

turbine’s energy balance are considered. Processes that cannot be directly related to 

the wind turbine (for example, the manufacturing of the machines used for the 

erection of the wind turbine) will not be considered within the parameters of this 

report.  

 

2. Mass balance 

A record will be compiled of the material composition of the wind turbine (see 

Chapter 4). This step facilitates the control that all of the wind turbine’s material is 

accounted for in the disposal process of the life cycle. 

 

3. Energy requirements of basic goods 

Basic goods are the goods that are used in the production of the wind turbine, and 

no consideration to custom-made machines needed for the production, erection or 

decommissioning phases of the wind turbine’s expected lifetime will be taken.  

 

4. Energy requirements  

The wind turbine is composed of several materials, each one with a specific energy 

content. The calculations will be based on these energy contents paired with the 

amount of each material, which gives the embedded energy of each material. This 

method is also employed for all materials used during operation and maintenance.  

 

5. Energy requirements of transport  

The energy requirements of the transport depend on the means of transport used 

and the distance these parts have been transported.  
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6. Energy requirements of waste disposal 

After the turbine’s expected lifetime all parts, apart from the foundation, are 

brought either to an incineration plant, a landfill or a recycling facility. The 

dismantling and the transportation to these facilities also use energy, and the energy 

use of these have been included here.  

 

7. Energy gains from recycling 

If the dismantled parts from the wind turbine are brought to an incineration plant 

or a recycling facility, the processes there can produce energy. However, there is also 

energy costs associated with this phase, as the recycling processes do use a certain 

amount of energy.  

 

8. Determination of the total energy requirements 

All these steps added together will constitute the total energy balance for the wind 

turbine.  

All of the energy that is considered as an input parameter in the energy balance calculations 

can be seen in Figure 3.1. Preparatory work includes the work that needs to be carried out 

in order to get the wind turbine to the site of consideration and for it to be able to generate 

electricity: this covers both civil construction work (roads, hardstand areas and preparation 

of the foundation) and the electrical infrastructure (excavation for the cables from the site 

to the grid connection point and cabling). The system boundaries are explained further 

below, in section 3.2. 
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Figure 3.1: Recycling and the energy inputs to the different stages of the technical lifecycle.  

The foundation is not manufactured by Vestas; a local contractor is instead engaged to 

construct this part in accordance with the technical descriptions from the wind turbine’s 

manufacturer. Information about this construction, along with the details of the civil 

construction work, the erection and the lubrication, has been gathered from experts in each 

field in order to determine how much energy is used in these areas.  

3.1.3 Energy Payback Ratio (EPR) 

As stated in Chapter 2, the Energy Payback Ratio (EPR) is a method to illustrate the energy 

balance of a wind turbine. Equation 2.1 has been modified in order to fit the methodology 

used here and Equation 3.1 will therefore be used in the calculations carried out in this 

report.  
Equation 3.1: Energy Payback Ratio. 
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  Eqn (3.1) 

where  =  the net electrical energy produced over a given plant’s lifetime
 outE

manE = total energy invested during the manufacturing phase of the wind turbine 
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prepE = total energy invested in the preparatory phase (civil construction work and 

electrical infrastructure)  

ertrE & =  total energy invested in the transport and erection phase of the wind 

turbine 

MOE & = total energy invested in operating and maintaining the wind turbine over 

its lifetime, L 

disE = total energy invested in decommissioning the plant after it has operated for 

a given lifetime, L 

For the calculations of the EPR, all useful energy produced by an electrical power plant 

over its lifetime has to be determined. The total amount of energy that is needed for the 

wind turbine’s production is also compiled and calculated. In order to carry out the 

calculations, it is essential to know how much energy is needed:  

– to construct the plant; 

– to operate the plant; and  

– to decommission the plant. (11)  

3.2 System boundaries 

It is of great importance to define the system boundaries in order to make the results more 

accountable and transparent. (17) An important part of this defining process is also to 

consider which of the external inputs to the system should be included (illustrated in Figure 

3.2 and explained further below).   

To be able to carry out the energy balance for the system, the following points should be 

taken into consideration: 

– Attention to detail regarding the aggregation of energy inputs. A careful record 

must be kept of the energy inputs already added to the energy balance, so that no 

energy input is calculated more than once.   

– Keeping track of the input and output energies of the system. A vast quantity of 

input energy is discarded as waste material. However, if the waste material is 

recycled, these energies should be subtracted from the energy balance. (18) 
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Figure 3.2: System boundaries for the wind turbine. 

What needs to be remembered is that even though each following input is assumed to have 

a minor effect, this does not mean that the sum of all following inputs will have a negligible 

effect on the total energy use. (7) 

3.2.1 Preparatory work 

3.2.1.1 Civil construction work 

Before the actual construction phase of the wind turbines can start, civil construction works 

have to be carried out in the area that is under consideration. 

Civil construction work for a wind power plant consists of the following main tasks: 

– Establishing site access and site preparation 

– Road construction in order to allow vehicles access to the site (for example, those 

transporting the different components) 

– Excavation for the foundation, roads and underground cables 
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– Stabilisation for the foundation and the hardstand area 

– Site restoration after all the construction work has been finished, and also after the 

decommissioning phase of the wind turbine. 

A level hardstand area adjacent to the tower foundations needs to be prepared to hold the 

heavy cranes during the construction of the wind turbines. The area firstly needs to be 

excavated and then stabilised before the construction can start. The hardstand area and the 

access roads may use the excavated material as supporting material. However, for the energy 

payback ratio calculations both the hardstand area and the road have been assumed to be 

made from gravel.  

3.2.1.2 Electrical infrastructure 

The electrical infrastructure from the grid connection point and onwards will not be 

included in this study on the bases that every energy source needs to be connected to the 

grid, and any losses in the grid will be the same for all energy sources. However, the cables 

leading up to the grid connection point will be included as these are site specific. This 

includes the cables from the wind turbine to the grid connection point, see in Figure 3.3.  

 

Figure 3.3: System boundaries for the electrical infrastructure. 

Before commencing the preparations for the electrical infrastructure of a certain site, it is 

important that the following issues are considered: 

– the distance to, and size of, the nearest grid connection; and  

– the location of the transformer. 

Larger Vestas wind turbines, including the Vestas V90, 3 MW, are equipped with a 

transformer within the nacelle or tower. The electricity is transformed to the right voltage 

within the turbine and a substation is therefore not needed. (19) This also reduces the 

demand for the internal cables leading from the wind turbine to the substation.  
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Losses between the wind turbine and the grid connection point depend on the distance the 

electricity has to be transported. However, as both of the scenarios presented in this report 

are assumed to be in a relatively close proximity to an existing electrical infrastructure, the 

external losses are believed to be negligible and will therefore not be accounted for here. 

3.2.2 Manufacturing 

Although, manufacturing is one of the most energy intensive phases in the life cycle of a 

wind turbine, this phase does not include the production or transportation of raw materials 

needed for the core components of the turbine. The energy used during these stages is 

instead believed to be included in the embodied energy for the different materials.  

The nacelle must contain oil in order to function appropriately. (20) The quantity of the 

oil must be determined for the calculations of the total energy intensity of the wind 

turbine. It must also be decided if the blades are made of a uniform material. 

Research, development and administrative costs will not be included in the calculations as 

these cannot be directly linked to the wind turbine’s energy use. These costs are connected 

to energy use in office buildings, and it is extremely difficult to separate or determine 

exactly how much energy goes into the planning of one wind turbine, as these departments 

are related to the development work of a product as a whole and not to an individual unit 

of production. The energy use of the different factories, on the other hand, is expected to 

be included in the embodied energy for each material; hence a separated compartment in 

the calculations will not be needed. 

3.2.3 Transport and erection 

The next step in determining the system boundaries is to estimate the distances covered 

from the manufacturer to the site. To calculate the embedded energy within the transport 

for the different parts of the turbine (the foundation, the tower, the nacelle and the blades) 

from manufacturer to site, the following questions need to be answered:  

− What mode of transport is used?  

− What distance is the product transported? 

− Are there any other vehicles involved? (e.g. escorting cars) 

Special packaging for transporting the blades safely to the site will not be included in this 

report as the energy quantities involved are expected to be negligible. On the other hand, 

the amount of hours that the vehicles are in use must be determined in order to calculate 

the total energy use for the erection and transportation phase. 
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3.2.4 Operation and maintenance 

The expected overall lifetime of a wind turbine is often regarded as being 20 years – though 

certain parts need to be changed within this period as a result of wear and tear. A wind 

turbine that is placed in a location with vast wind resources will be put under more strain 

than a wind turbine that is placed in a low wind speed location. The rotating and moving 

parts within the turbine will be under more strain than the fixed parts hence the need for 

continuous maintenance during its lifetime. (20)  

In some countries, the washing of the blades is obligatory as this is seen as a measurement 

that could increase the wind turbine’s efficiency. However, as this is a very unusual event 

for wind turbines placed in Sweden, the washing of the blades will not be included in the 

calculations of the energy balance. Repainting of the towers has not been included as it only 

happens on rare occasions and it can therefore be seen as negligible.  

The making of the van used for the maintenance checks will not be included in the 

calculations either as it has not been especially made for this purpose. Neither are the tools 

used during the maintenance check, and they have therefore also been excluded from the 

calculations. 

3.2.5 Dismantling and scrapping 

After the set lifetime of 20 years the wind turbine is dismantled and decommissioned. 

Older wind turbines, with concrete towers, are usually blasted away and no energy can be 

gained from them at the end of their lifetimes. However, as the Vestas V90 turbine under 

consideration in this report is a more recent model with a four-section steel tower, no 

explosives will be needed and the remains will either be placed in a landfill or recycled. (21) 

When one turbine is replaced by another the need for restoration decreases, as existing 

roads can be used by the following projectors; hence reducing the energy input for the 

subsequent wind turbine or wind farm. This will be examined in greater detail in the 

following chapter.  
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3.3 Summary points 

− Neither the Input-Output Analysis nor the Process Analysis will be used to obtain 

the energy data; instead this report will focus on retrieving raw energy data from the 

different stages of the wind turbine’s lifetime.  

− Several difficulties are associated with the objective to enact a comprehensive energy 

balance of a wind turbine: a large amount of data is needed and the necessary 

information is often related to the producers of the different parts of the turbine. 

These producers are private companies, reluctant to release any form of information 

thought to be commercially valuable.  

− The energy inputs for the system boundaries have been divided into five categories: 

Preparatory work, Manufacturing, Transport and erection, Operation and maintenance 

and Dismantling and scrapping.  
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4  PREREQUIS ITES   

In order to understand the variations of the Energy Payback Ratio (EPR), the outcomes of 

different scenarios will be presented in this report. These various scenarios have been 

chosen due to their differences in character, and their aim is to show how the EPR changes 

with, for instance, a change in tower height. This chapter will detail these particular 

scenarios, and also explain the assumptions and basic data that the calculations in this 

report are based upon.  

For all of the various scenarios under consideration in this report, the time spent in the 

different life stages of the wind turbine has been estimated in some cases and 

complemented by exact figures when these have been available. In order to increase the 

transparency of this study, it will be clearly stated when estimated values have been used 

and when exact figure have been drawn upon in detailing these life stages.  

4.1 Scenarios 

Previous work on the subject has compared wind power plants with other conventional 

power plants, and different types of wind turbines have been compared and analysed: for 

example, larger wind turbines have been compared with smaller wind turbines. However, 

none of the previous articles on the subject has compared or looked at how the EPR 

changes when the same wind turbine is placed under different conditions. The scenarios 

that have been chosen for this report are an open field and a forested area. This report will 

try and show how these two scenarios change when the recycling of the materials after the 

turbine’s expected lifetime is included in the calculations, in contrast to placing the remains 

in a landfill.  

The following sections will present the basic information that is needed in order to 

determine how the EPR changes for each of the different scenarios. 

4.1.1 Open field 

The first scenario that this report will focus upon is how the energy output is affected when 

a wind turbine is placed in an open field. The province of Skåne in the south of Sweden has 

been selected for this example, as most of the area consists of agricultural land and the area 

is known for having a high penetration of wind power on the grid. (22) Placing a wind 
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turbine in an open field reduces the risks, costs and environmental impacts of operating a 

turbine, as reflected in the general selection for wind turbine locations today.  

A scenario with an open field comes with the assumptions that it: 

− Has a good wind resource as there are few obstacles to the wind, such as buildings, 

trees, rock formations etc., which decrease the wind speeds significantly; 

− Usually has a short distance to the nearest grid connection point: the area already 

has an existing electrical infrastructure;  

− Is easily accessible by road, and railway, and the energy need for civil construction 

work, such as access roads to the site, is reduced; and  

− The distance between the production facility and the site in the region of Skåne will 

be reduced, as these are adjacent to one another. 

In addition to the above-mentioned advantages, placing a wind turbine in an open field 

also aids the project manager, as this location guarantees compliance with the security 

margin of 300-500 meters distance from the wind turbine to the nearest house.  

4.1.2 Forestry 

The second scenario is, in contrast to the open field, placed in an area where the wind 

resources are reduced due to the surrounding forest. The province of Småland (also in the 

southern part of Sweden) has been selected for this example, as a forested high plain 

dominates the geography of the area. This example will thereby try and show how the EPR 

changes for a more remote area, with a lesser wind resource: the wind resource is expected 

to be more turbulent as there are more obstacles adjacent to the wind turbine.  

A wind turbine that is placed in a forested area comes with the assumptions that it: 

− Will have a higher tower as the rotor has to be above the trees in order to obtain the 

higher winds: the larger tower will be used for the calculations for this scenario;  

− Will have a longer distance to the nearest grid connection point: the area is secluded 

from built-up areas; 
− Is not easily accessible by road, and the energy need for civil construction work, 

such as access roads to the site, is increased; and  

− Transport distances between the production facility and the site are increased, as 

the site chosen for this study is further away from the production facilities.  

No consideration will be given towards the fact that road construction in this scenario uses 

more energy because of the cutting down of trees needed, or due to the area needing more 

preparatory work as a result of its hilly nature. 
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4.1.3 Recycling vs. not recycling 

Both of the above mentioned situations will be calculated with the assumption that no 

material will be taken care of at the end of their lifetime: i.e. they are based on the 

assumption that the wind turbine will be dismantled and the remains will be put in a 
landfill. In the additional two scenarios of this report, recycling will be applied to both of 

the above scenarios in order to understand how the EPR changes when energy can be 

retrieved from the materials in a wind turbine at the end of its lifetime.  

4.2 Assumptions made in the report 

The turbine used in this report is the V90 from the Danish company Vestas, with a 90-

meter diameter and a nominal output of 3 MW – one of the largest onshore turbines 

presently on the market (as of 2008).  

All of the machines that are used are expected to be running on diesel fuel with an energy 
content of 36.4 MJ/l. (23) It will be assumed that only one excavator will be used for all 

excavating work, which therefore needs to be transported to and from the site only once. As 

the preparatory work is expected to take a few days, and the driver of the truck transporting 

the excavator is not expected to stay during this time, the truck transporting the excavator 

is expected to drive 2 distances fully loaded and 2 distances empty (see Table 4.1). All 

machines will travel 150 km in order to get to the site (24), unless otherwise stated. 

Table 4.1: Machine used for transporting the excavator. 

Machine Used for Fuel consumption Number 

Truck (25) Transporting the 

excavator 

0.35 l/km if fully loaded 

0.275 l/km empty 
1 

In order to try and make the assumptions easier to follow, the lifetime of the wind turbine 

has been divided into 5 different phases: manufacturing, preparatory work, transport and 

erection, operation and maintenance, and dismantling and scrapping.  

The relationship 1 kWh equals 3.6 MJ has been the basis for all of the calculations carried 

out in this report. (23) 
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4.2.1 Manufacturing 

The expected lifespan of the turbine is stated to be 20 years and assumptions about the 

material consumption for the wind turbine can be viewed in Table 4.2 (calculations can be 

found in Appendix 9.2). However, the amount of steel that is used for the tower will 

change according to the height of the tower, and the figures that can be seen below have 

been based on the two life cycle assessments made by Vestas for the V82 and the V90 wind 

turbines. (20), (26) In the LCA for the V90 wind turbine the blades consist mostly of 

PrePreg, a material that consists of 40% epoxy and 60% glass fibre. (26) However, 

according to the product brochure, carbon fibre is used instead of glass fibre in order to 

decrease the weight of the blades. So this report will therefore assume that glass fibre can be 

replaced by carbon fibre, and in order to present as accurate results as possible most of the 

energy values are taken from a report from the Danish government’s environmental board, 

Miljøstyrelsen. (27)  

Table 4.2: Material consumption for the Vestas V90 wind turbine.1 (20) (28) 

Material 
Mass (kg) 

80 m tower 
Mass (kg) 

105 m tower 
Energy value (MJ/kg) 

Steel 180,350 296,350 40 (27) 

Stainless steel 10,700 10,700 46 (27) 

Cast iron 35,700 35,700 30 (27) 

Copper 3,750 4,900 90 (27) 

Aluminium 6,750 11,150 170 (27) 

Carbon fibre 17,150 17,150 193 (29) 

Epoxy 9,800 9,800 138 (29) 

Plastic 3,700 5,550 110 (27) 

In the LCA of the V82 wind turbine it can be seen that both the tower and nacelle contain 

“electronics”. (20) Unfortunately, though, exactly what materials are included in the 

electronics section have not been stated in this LCA. In order to achieve a ‘worst-case 

scenario’ for this report, “electronics” will be processed as aluminium in the calculations, as 

aluminium has the greatest energy content of the detailed metals used herein. Furthermore, 

‘engineering steel’ is assumed to be steel; the remaining components in the rotor is assumed 

to be PrePreg; and the oil within the nacelle (for the V82 turbine) is believed to be included 

in the total amount of oil a wind turbine can hold (as mentioned below in Operation and 

maintenance). The wind turbine tower contains vast quantities of oil with an energy value 

                                                 
1 See Appendix 9.2for more details.  
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of 40.3 MJ/l (30): 1,200 l of oil for the 80 m high tower and 2,100 l for the 105 m high 

tower. (20) It is assumed that the oil included in the tower will not be changed during the 

lifetime of the wind turbine.  

4.2.1.1 Foundation 

The tower foundation measures 14 meters x 14 meters and consists of concrete and 

steel. (31) The concrete is assumed to be mixed on site and to have a density of 

2,400 kg per m3. (32) Energy values for these materials can be seen in Table 4.3. A large 

wind turbine requires a large foundation: 500 m3 of concrete and 50 tonnes of reinforcing 

bars are needed. Apart from concrete and steel, the foundation also needs gravel at a 

volume of 1.8 tonne per m3 concrete, which equates to a mass of 900 tonnes for a 

foundation of 500 m3. (24) The trucks carrying the gravel and reinforcing bars to the site 

need to cover a distance of 150 km in order to get the material to the site. The dump truck 

carrying the gravel has a maximum payload of 14 tonnes; hence 65 trucks are needed for 

the transportation of the gravel to the site. The semitrailer truck needed for the reinforcing 

bars, on the other hand, has a maximum payload of 26 tonnes hence 2 trucks are needed. 

(25) The crane used for the lifting of the reinforcement bars needs to be transported to the 

site by a semitrailer truck.   

Table 4.3: Energy values for the foundation materials. 

Material Energy value (MJ/kg) 

Concrete 1.47 (32) 

Steel  40 (27) 

The casting of the foundation usually takes one day to complete. However, making the 

mould for the foundation will take two days and removing the mould usually takes one 

day. (24) The construction material for the mould will not be included in the calculations 

as it is believed to have a negligible impact on the overall energy balance. 

The small truck used for building the mould will travel a total distance of 600 km (150 km 

per way and two days is assumed) and 300 km for the removal of the mould as this only 

takes one day to complete. These trucks are expected to drive fully loaded 33% of the time 

and 67% of the time empty. The machines needed for the construction of the foundation 

(see Table 4.4) are also expected to have been transported 150 km. (33) The excavator has a 

fuel consumption of 0.041 kWh per metre of road constructed (and 4 metres wide) (33), 

which means that for the foundation the excavator uses 0.01 kWh per m3 excavated 

material. 
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Table 4.4: Machines used for the construction of the foundation. 

Machine Used for Fuel consumption Number 

Excavator (33) Digging  0.01 kWh/(m3) 1 

Small truck (25) Building the mould and 

removal of the mould 

0.275 l/km if fully loaded 

0.225 l/km empty 
1 

Dump truck (25) Carrying the gravel  0.35 l/km if fully loaded 

0.275 l/km empty 
65 

Semitrailer truck 

(25) 

Carrying the reinforcing 

bars 

0.38 l/km when fully loaded 

0.235 l/km empty 
2 

Cement mixer 

truck (33) 

Making the cement 1l/m3 concrete 
1 

Pump (33) Cement-pumping 0.3 l/m3 concrete 1 

Front end loader 

(33) 

Moves the concrete 

from the mixer to the 

pump 

0.2 l/m3 concrete 

1 

Semitrailer truck 

(25) 

Transports the crane to 

the site 

0.38 l/km when fully loaded 
1 

Crane (34) Lifts the reinforcing bars 7.5 l/hour  1 

4.2.2 Preparatory work 

The turbine is expected to stand alone, thereby increasing the energy use for each 

individual wind turbine. Thus the energy use during the civil construction work and the 

electrical infrastructure for a wind farm equals that of a single wind turbine, and the total 

energy use for a single wind turbine will therefore be higher than for that of an entire wind 

farm.  

4.2.2.1 Civil construction work 

The road and the level hardstand areas need to be able to support both heavy and long 

vehicles – for instance, the heavy cranes used for the erection of the wind turbine. (35) The 

standard requirements for the onsite road are that it is made from gravel and that it is 

1 metre thick and 4 meters wide (35), while the level hardstand area (also made from 

gravel) are 20 metres x 40 metres wide for these larger wind turbines. (31) 
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The vehicles in this study have been chosen in order to try and show a ‘worst-case scenario’. 

Therefore, smaller trucks will be used instead of the larger trucks that can be found on the 

market. The smaller vehicles chosen for this study are both smaller and older than the 

vehicles that are generally used for this type of construction work, hence increasing the 

number of journeys (more kilometres will be covered using smaller vehicles) and 

subsequently the energy use.  

One meter of road requires 440 kWh of energy – this figure includes a 30 km 

transportation of the gravel (i.e. from the gravel pit to the site), as well as the fuel 

consumption for the machines used (e.g. an excavator, a dumper truck, a road roller, etc.). 

These figures do not include the distance that needs to be covered in order to get the 

machines to the site – something that is highly dependent upon site location in relation to 

point of departure – nor does it include the manufacturing of these machines, as they are 

not made especially for this particular site. (35) Even though the establishment of a road in 

the forest involves more work than for the open field, the energy requirements mentioned 

above will be used for both scenarios, as 440 kWh per metre road can be seen as an average 

figure for any 4 metre wide road construction. 

4.2.2.2 Electrical infrastructure 

The individual contribution of each material in the cables has been taken from the Vestas 

LCA V82. (20) The composition of the external cables can be seen in Table 4.5.  

Table 4.5: Composition of the external cables. (20) 

External cables Weight (kg/m cable) Energy content (MJ/kg) 

Plastic 30.38 110 (27) 

Aluminium 19.06 170 (27) 

Copper 4.77 90 (27) 

Total 54.21  

As several different types of ‘plastic’ exist polyurethane will be assumed for the cables, as it 

is waterproof and often used as insulation material in moist locations. (36) 

The machines used for the preparation work for the underground cables are shown in 

Table 4.6. (35) The manufacturing of the machines is not included in the calculations, as 

the machines are not especially made for this purpose. The dump truck carrying the cables 

is assumed to travel a distance of 150 km in order to get to the site of construction. (33) 
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The excavator is assumed to dig a ditch that is 1 meter wide and at a length varying with 

the different scenarios.  

Table 4.6: Machines used for the underground cables. 

Machine Used for Fuel consumption Number 

Excavator (33) Digging and filling 0.01 kWh/metre  1 

Dump truck 

(25) 

Putting the cables in the 

ground 

0.35 l/km if fully loaded 

0.275 l/km empty 
1 

The excavator will also be used for filling up the channel after the cables have been placed 

in the ground: so the distance needed for the excavation will need to be multiplied by 2. 

The distance the dump truck has to travel is set to 150 km, plus the length of the cables (in 

order to get to the site). The truck is assumed to be fully loaded on the way to the site and 

empty on the way back.  

4.2.3 Transport and erection 

The transportation of various large components to Vestas’ factories from subcontractors 

will be included, and these figures are based on estimates from the production facilities in 

Denmark to the sites’ locations in the south of Sweden. Most of the larger trucks require 

escorting cars, which are assumed to travel the exact same distance as the trucks, with each 

convoy needing 4 escorting vans: for example, 3 trucks carrying the blades need two vans in 

the front of the equipage and two vans in the rear. As these accompanying vans need to 

have their warning signs up during the escorting of the larger trucks, the fuel consumption 

will be higher than during the times when the signs are down. (37)   

The trucks transporting the smaller parts between the factories producing the subsections 

for the wind turbine and the production facilities where the components are fitted together 

are assumed to drive fully loaded at all times (as seen in Table 4.7). For instance, the truck 

with the trailer transporting the control system from the control system factory to the 

nacelle factory is assumed to be able to fit 40 control systems in one truck, hence the fuel 

consumption for that single part will only be 1/40 of the fully loaded truck. The reason for 

this assumption is that the actual figures for the capacity of the trucks between these 

facilities are commercially valuable and therefore unattainable.  
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Table 4.7: Machines needed for the transportation of the different parts and for the erection of the wind 
turbine. 

Machine Used for Fuel consumption Number 

Escorting vans  

(4 cars per 

carriage) (37) 

Escorting the larger 

components (tower and 

blades) 

0.09 l/km (sign up) 

0.08 l/km (sign down) 
8 

Truck (25) Transportation of the 

rotor 

0.35 l/km if fully loaded 

0.275 l/km empty 
1 

Semitrailer truck 

(25) 

Transportation of the 

tower and the blades 

0.38 l/km if fully loaded 

0.235 l/km empty 
7 

Truck with trailer 

(25) 

Transportation of the 

control system between 
control system factory and 

nacelle factory 

0.48 l/km if fully loaded 

0.295 l/km empty 
1/40 

Truck with trailer 

(25) 

Transportation of the 
machining between the 
machining factory and 

nacelle factory 

0.48 l/km if fully loaded 

0.295 l/km empty 
1/40 

Semitrailer truck 

(25) 

Transportation of the 
nacelle between the 

nacelle factory and the site 
of erection 

0.38 l/km if fully loaded 

0.235 l/km empty 
1 

Semitrailer truck 

(25) 

Transportation of the 

cranes 

0.38 l/km when fully 

loaded 
2 

Cranes (34) Putting the wind 

turbine in place 

7.5 l/hour  
2 

The erection of a wind turbine is expected to take a “long” day, meaning a working day of 

14 hours. (31) Two cranes are needed for the erection of a wind turbine, one larger and one 

smaller, positioned on the hardstand areas adjacent to the wind turbine. Even though the 

cranes are believed to be of different sizes, the fuel consumption will consist of an estimated 

median value of 7.5 l/h for each crane (as seen in Table 4.7). Each crane needs to be 

transported by a semitrailer truck to the site of erection. (34) 

For most project developments it is important that all costs (including the costs for 

transportation) are kept as low as possible, and the two described scenarios will be no 
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exception to this rule. All of the different parts of the wind turbine are therefore assumed to 

have been manufactured in Denmark. Unfortunately, the exact information about where 

the different parts are manufactured is not obtainable due to commercial reasons. The 

production sites have therefore been chosen from a ‘worst-case scenario’ perspective, and 

the factories have been chosen on the basis of being placed as far away from the Swedish 

border as possible. The control system and the machining are firstly transported to the 

nacelle factory in Ringkøping, where all parts of the nacelle are fitted together, and then 

distributed to different purchasers. (38) 

− Control system: Hammel  

− Machining: Lem  

− Nacelle: Ringkøping 

− Towers: Varde 

− Blades: Lem 

The distance from Copenhagen to Malmö is about 45 km, a figure that is not dependent 

upon the different scenarios and that will therefore not be varied in the calculations of the 

energy balance. (39) The distances within Denmark can be seen in Table 4.8.  

Table 4.8: Transport distances covered, both between the different factories and between these factories and 
Copenhagen. (40) 

Route Distance (km) 

Hammel to Ringkøping (control system) 115 

Lem to Ringkøping (machining) 10 

Ringkøping to Copenhagen (nacelle) 355 

Varde to Copenhagen (tower) 300 

Lem to Copenhagen (blades) 325 

4.2.4 Operation and maintenance 

Maintenance checks are scheduled in advance and occur on a routine twice a year basis 

during the turbine’s lifetime. However, the first year of operation should also include an 

additional check after the first 3 months in order to see that the turbine is functioning 

correctly. Several tasks are performed at the service check, and the whole service check is 

expected to take two days (i.e. a vehicle needs to be driven 4 times per service check).  
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The amount of lubrication that is used during the operation and maintenance phase has 

been estimated as 7.9 kg per service check (seen in Table 4.9): i.e. 15.8 kg of lubricant is 

used annually. (19)  

Table 4.9: Lubrication values for a large Vestas wind turbine. (19) 

Part in the wind turbine Lubrication (kg/change) 

Blades (all 3) 4.8 

Bearings (main) 2.5 

Generator (automatic 

allocation) 
0.2 

Yaw system (automatic 

allocation) 
0.2 

Gear system 0.2 

Total 7.9 

The nacelle and rotor holds 585 litres of oil, which is split into 300 litres of oil in the gear 

system and 285 litres oil in the hydraulic system. (19) As this report has chosen a ‘worst-

case scenario’ it will be assumed that a complete change of the oil within the nacelle and 

rotor is needed every fifth year, due to condensation and leakage. The energy values for the 

different lubrication oils can be seen in Table 4.10. 

Table 4.10: Energy values for different lubrication oils.  

Material Energy value  

Lubricating oil 40.43 (MJ/l) (30) 

Grease 37 (MJ/kg) (41) 

During a service maintenance check, the cables within the towers will be checked along 

with all the other ‘loose’ parts. No real testing of the underground cables, from the wind 

turbine to the grid connection point, will be performed unless they have proven to be 

unreliable or damaged in some way. (19) The generator might also survive for the whole 

lifetime of the wind turbine, in which case it would not need to be exchanged. However, in 

fitting with the ’worst-case scenario‘-approach a complete change of the generator will be 

carried out once during the wind turbine’s lifetime. The wind turbine will lose production 

for a few days for the generator to be changed, though this production loss is not included 
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in the model as this will only have a very small impact on the overall production from the 

wind turbine. For the exchange of the generator, a truck is expected to drive from the 

production factory to the site of the wind turbine, to unload the new generator and then 

drive the old generator to a landfill. A larger crane is used for the fitting of the new 

generator, an exchange that is expected to take a full day’s work, i.e. 8 hours (specifications 

of the vehicles used during the operation and maintenance work can be seen in Table 

4.11). Each crane needs to be transported by a semitrailer truck to the site of erection. (34)  

Table 4.11: Machines used for the operation and maintenance work. 

Machine Used for Fuel consumption Number 

Van (37) Transportation of 

lubrication etc. 
0.08 l/km 1 

Truck (25) Transportation of the 

generator 

0.35 l/km if fully loaded 

 
1 

Semitrailer truck 

(25) 

Transportation of the 

cranes used for the 

renewal of the generator 

0.38 l/km when fully 

loaded 

 

2 

Crane (34) Fitting of the generator 7.5 l/hour  2 

4.2.5 Dismantling and scrapping 

The dismantling phase is expected to take as long as the erection of the wind turbine, and 

the different parts of a wind turbine are placed in either a landfill-site, or at a recycling 

facility. Most of the vehicles used are also believed to be the same as those used for the 

erection – see Table 4.12. 
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Table 4.12: Machines used during the dismantling of the wind turbine. 

Machine Used for Fuel consumption Number 

Semitrailer truck 

(25) 

Transportation of the 

cranes 

0.38 l/km when fully 

loaded 
2 

Cranes (34) Dismantling the wind 

turbine  

7.5 l/hour  
2 

Escorting vans 

(4 cars per 

carriage) (37) 

Escorting the larger 

components (tower and 

blades) 

0.09 l/km (sign up) 

0.08 l/km (sign down) 
8 

Semitrailer truck 

(25) 

Transportation of the 

tower, blades and 

nacelle to the disposal 

facility 

0.38 l/km if fully loaded 

0.235 l/km empty 
8 

Truck (25) Transportation of the 

rotor to the disposal 

facility 

0.35 l/km if fully loaded 

0. 275 l/km empty 
1 

Given Sweden’s ambitious energy goal, of having 10 TWh of wind power on the grid by 

the year 2015 (42), it can safely be assumed that wind is a source of power that will play an 

even bigger role on the Swedish energy market in the future. The Swedish Energy Agency 

has set an even more ambitious goal of having 30 TWh on the grid by the year 2020, 

compared to 1.4 TWh in 2007 (42), and it is therefore also quite safe to assume that the 

development of wind farms will increase and that most of the current wind turbines in 

Sweden will be replaced by another turbine at the end of their lifetime. This report 

therefore assumes that a new wind turbine will be erected on the same site as the old wind 

turbine, and it will thereby use the existing roads, foundation and electrical infrastructure as 

a starting point for its development.  

4.2.6 Electrical generation 

The electricity generation from the two wind turbines, which is used in the calculations of 

the EPR, has been determined in two different ways;  

(i) through the LCA made for the Vestas V90 wind turbine (28) which gives their 
expected production figures for this 3 MW wind turbine, as seen below in the 

scenarios; and  
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(ii) through looking at two operating wind turbines in Sweden (in Umeå and on 
Gotland), which will be referred to as the average EPR. Information regarding 

their production has been taken from the “Driftuppföljning Vindkraft” 

webpage (1), which has measured and documented the electricity output from 

all operational wind turbines and wind power stations in Sweden since the start 

of their production.  

The electrical generation figures used in the report are based on actual production figures 

from the two existing Vestas V90, 3 MW wind turbines placed in Umeå and on Gotland. 

The wind turbine placed in Umeå has a higher electrical production and will therefore be 

used in the open field example. The wind turbine placed on Gotland has a lesser electrical 

production and will therefore be used for the forestry example. These existing wind 

turbines’ electrical production will be compared to the expected production figures that can 

be obtained from the LCA made for this 3 MW wind turbine. (26) This comparison is 

made as previous articles have shown a difference in EPR values when actual and expected 

production figures have been used. (13) 

4.2.7 Scenarios  

In order to see how the EPR changes with the different scenarios, some of the parameters in 

the calculations need to be adjusted to fit each situation. The Vestas V90 wind turbine can 

be erected for two different tower heights: an 80 meter high tower and a 105 meter high 

tower. (26) Although the manufacturing of the towers changes, the overall basis of the 

calculations carried out in this report will remain the same – as seen in Table 4.13.  

Table 4.13: Parameters for the different scenarios. 

Parameters  Value 

Turbine manufacturer and model Vestas V90 

Rated power output from each turbine 3 MW 

Expected lifetime of turbine 20 years 

Capacity factor (predicted) 30.02 %  

Capacity factor (actual) 23.29 – 26.54 %  

Rotor diameter 90 meter 

The capacity factor shown in Table 4.13 can be explained as the ratio of the actual output 

of a power plant over a period of time compared to the electrical energy that could have 
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been produced if the power plant had operated at full capacity during the same period of 

time – see Equation 4.1.  
Equation 4.1 

outputpowerrated
outputpoweraveragefactorapacity =C

 

Eqn (4.1) 

As mentioned in Chapter 2, previous articles have noticed a difference in predicted and 

actual capacity factors. (13) The actual capacity factor for this report has been estimated 

with the help of production figures from two existing Vestas V90, 3 MW turbines placed in 

two different locations in Sweden: one in the north, outside of Umeå, and the other wind 

turbine on the island of Gotland off the south-eastern coast. These sites have been chosen 

due to the fact that these two sites are the only sites in Sweden where these larger wind 

turbines are in production. An average of their overall energy production has been 

calculated and hereafter used in the calculations of the EPR for the different scenarios 

chosen – see Appendix 9.3. The predicted capacity factor is based on Vestas’ own figures, 

taken from their own LCA for this turbine. (26) 

4.2.7.1 Open field 

The wind turbine placed in an open field is located in the southern part of Sweden, and the 

approximate distance from Malmö to the notional site is set at 50 km, a distance that the 

various parts will be transported on existing roads. The distance between the wind turbine 

and a landfill and recycling facility is also assumed to be 50 km. 

The road that needs to be built on site is expected to be in close proximity to existing roads 

in the area and no consideration will be given to widening of existing roads in the area. The 

existing roads on site will need to be extended by 500 m. This site is also assumed to be in 

close proximity to an existing electrical infrastructure and grid connection point, thus these 

distances can be lowered. The external cables leading from the wind turbine to the grid 

connection point are the only cables that will be accounted for here, as the wind turbine 

hosts a transformer within itself. The external cables are expected to be 500 metres long 

here: i.e. 500 metres of excavation for the cabling needs to be carried out by the excavator.  

This site is not believed to have many obstacles in its surroundings and is therefore 

expected to have a vast wind resource, and as a result of this, a low roughness class. The 

lower tower has thus been chosen for this scenario, despite the fact that this lower tower is 

generally used for offshore wind turbine development. (26) The higher capacity factor has 

been chosen for the same reasons: i.e. the conditions for this site resemble those of offshore 

and open plain development. The amount of steel used for the 80 metre high tower of the 
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Vestas V90 turbine can be seen in Table 4.14, together with all of the parameters chosen 

for this particular scenario. 

Table 4.14: All parameters chosen for the open field. 

Parameters  Value 

Amount of steel 160,000 kg (28) 

Turbine tower height 80 meters high 

Transportation of blades and rotor 420 km 

Transportation of tower 395 km 

Transportation of nacelle 450 km 

Transportation of new generator (after 10 

years) 

450 km 

Distance to landfill and recycling facility 50 km 

Vans’ travelling distance per maintenance 

check (total) 

200 km (100 km/day) 

Capacity factor (actual) 26.54 % (1) 

Length of road and cables 500 m 

During the operation and maintenance phase for the open field scenario the vans are 

expected to travel 50 km one way, from the starting point to the wind turbine: thus the 

total distance covered per maintenance check is 200 km as a maintenance check is expected 

to take 1.5 days.  

4.2.7.2 Forestry 

The wind turbine placed in the forest is also located in the southern parts of Sweden but 

the approximate distance from Malmö is slightly further than for the open field scenario: 

the distance to the notional site is set as 200 km (a distance travelled on existing roads). 

The distance between the wind turbine and a landfill or recycling facility is assumed to be 

100 km. 

The site is expected to be further away from existing electrical infrastructure and the 

external cables therefore need to be drawn further in order to connect to the grid, a distance 

that is judged to be 2 km. As the wind turbine is placed in a more remote location, the 
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onsite road needs to be extended as well and the existing roads in the area need to be 

extended 2 km as well (no widening of existing roads in the area is expected to take place).  

Placing a wind turbine in the forest results in a lesser wind resource than is the case with 

the open field location, as a forested area has a much higher roughness class, and the lower 

capacity factor has therefore been chosen. With a higher tower the amount of steel used in 

the turbine's production is evidently greater than that used in the tower that is 25 metres 

shorter: as can be seen here in Table 4.15, together with all of the parameters chosen for 

this scenario. 

For this scenario, the vans used during the operation and maintenance phase are expected 

to travel 100 km one way. As the wind turbine will be placed in a more remote location, 

the total distance covered per maintenance check will therefore be 400 km, which, in 

comparison to the previous scenario, is a doubling of the distance covered. 

Table 4.15: All parameters chosen for the forestry scenario. 

Parameters  Value 

Amount of steel 285,000 kg (28) 

Turbine tower height 105 meters high 

Transportation of blades and rotor 570 km 

Transportation of tower 545 km 

Transportation of nacelle 600 km 

Transportation of new generator (after 10 

years) 

600 km 

Distance to landfill and recycling facility 100 km 

Vans’ travelling distance per maintenance 

check (total) 

400 km (200 km/day) 

Capacity factor (actual) 23.29 % (1) 

Length of road and cables 2,000 m 

4.2.7.3 Recycling 

Both of the above mentioned situations have been calculated with the assumption that no 

material will be taken care of at the end of the wind turbine’s lifetime. In this scenario, 

though, most of the material from the wind turbine is assumed to be reused in some way, 
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and the majority of the material will therefore not be placed in a landfill - as seen in Figure 

4.1 below.  

Unlike previous scenarios, most of the materials used in the different sections of the wind 

turbine will be recycled and energy will be gained at the end of the lifetime. However, as it 

is virtually impossible to achieve a 100% recycling rate for the individual materials, a minor 

portion of these materials will not be recycled; they are instead assumed to be placed in a 

landfill and will therefore not contribute to the overall energy gains. The disposal of the 

different materials used within the wind turbine has been listed below: 

− Incineration: all of the carbon fibre, epoxy and plastic present in the wind turbine 

will be incinerated at a rate of 90% efficiency. (43) 

− Recovery: 90% of the steel, stainless steel, cast iron, copper and aluminium will be 

recovered from the wind turbine, and the remaining 10% will be placed in a 

landfill. (26) 

 
Figure 4.1: Recycling scenarios. 

Within the recycling process, there are material losses as well as energy losses. These 

material losses have been estimated as 40% for cast iron (44), 4% for aluminium (45) and 

30% for steel and stainless steel (44). Cast iron is, to a large degree, manufactured from 

recycled cast iron and recycled steel, thus the energy cost of recycling cast iron is the same 

as the energy costs that go into its production: i.e. the energy cost is the same as the energy 

value of this material. The energy costs that are connected to the transformation of each of 

the individual materials within the recycling process can be seen in Table 4.16. Carbon 

fibre, epoxy and plastics cannot be recycled and are therefore incinerated. During the 

incineration process, 20 MJ per kg material can be obtained.   
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Table 4.16: Energy costs for recycling the metals present in the wind turbine.  

Material Energy costs (MJ/kg)  

Steel   20 (27) 

Stainless steel 40 (27) 

Cast iron 30 (27) 

Copper 50 (27) 

Aluminium 30 (27) 

The recycled metals are given credit for preventing further production of their original 

forms; it is assumed that the recycled material is going to substitute newly manufactured 

materials.  

Unlike some of the older wind turbines, most of the modern wind turbines are delivered to 

the site of erection in sections of 3 to 4. Most of the newer wind turbines are made from 

steel, and it is therefore easier to dismantle the tower into its previous sections and also to 

recycle the different sections: i.e. three blades, one rotor, one nacelle and the tower 

(consisting of four sections). A vast quantity of the material from the wind turbine can be 

recovered during the dismantling phase if the wind turbine is dismantled carefully rather 

than blasted away – something that is usually the case for the older wind turbines that are 

taken off the market.  

Though the generator can be recycled or reused, it is not always economically viable to do 

so. However, as this thesis focuses on the energy load of the wind turbine rather than the 

economical figures involved, the wind turbine is expected to have its generator replaced 

once during its lifetime and the old generator will be put in a landfill for the above 

scenarios.  
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4.3 Summary points 

− This chapter has described the characteristics and assumptions associated with the 

different scenarios chosen (open field, forestry and recycling).  

− The basic data and assumptions that the calculations are based upon are also 

presented in the chapter.  
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5  ANALYSIS  OF THE RESULTS 

This chapter will present the results achieved from the energy balance calculations for the 

scenarios in addition to conducting a brief analysis of the results. This chapter will also 

examine how the EPR changes when recycling is applied to the two scenarios. Full details 

of all calculations and explanations can be found in Appendix 9.4.  

5.1 Energy use  

5.1.1 Manufacturing 

The main components of a Vestas wind turbine are the same for the two different scenarios 

presented in this report; the only parameter that changes for the manufacturing of the wind 

turbine is the extension of the tower for the forestry scenario. The energy use of the major 

materials that go into the manufacturing of the 80 metre high wind turbine can be seen in 

Figure 5.1. The materials have been listed as a percentage of the total energy use of this 

phase of the wind turbine’s lifetime.  

 
Figure 5.1: Material composition of the Vestas V90 wind turbine with a tower height of 80 metres. 

Figure 5.2, on the other hand, shows the energy use of the major materials for the 105 

metre high tower; in other words, the tower height that is used for the forestry scenario. 

The percentage of steel has noticeably increased its share of the total energy used for the 

forestry scenario in comparison to the open field scenario above; figures that are not 

surprising given that the tower is made mainly from steel. Aluminium, plastics and oil have 

also to some extent increased their share; these are the components with a percentage 
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increase. The rest of the materials have decreased their share in proportion to steel’s 

increase. 

 

Figure 5.2: Material composition of the Vestas V90 wind turbine with a tower height of 105 metres. 

Energy use during the manufacturing of the wind turbine has been presented in megawatt 

hours in Table 5.1.2  

Table 5.1: Energy use during the manufacturing of the wind turbine.
3  

Material 
Energy use (MWh) 

open field (80 m tower) 

Energy use (MWh) 

forestry (105 m tower) 

Steel  2,003 3,293 

Stainless steel 137 137 

Cast iron 298 298 

Copper 94 123 

Aluminium 319 527 

Carbon fibre 919 919 

Epoxy 376 376 

Plastic  113 170 

Oil 13 24 

Total 4,272 MWh  5,864 MWh  

                                                 
2 The relationship of 1 kWh equates to 3.6 MJ (as previously mentioned in Chapter 4) is the same as 1 MWh 
equating to 3.6 GJ. (3) However, since the energy use is rather large during the different stages, the latter 
relationship has been used hereafter in order to conduct a meaningful comparison. 
3 All data in the table has been rounded up, and hence the sums of all the metals do not correspond to the 
total sum. For more exact figures see Appendix 9.4. 
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Even though it is only the height of the tower that changes between the manufacturing of 

the two wind turbines, the energy used for the wind turbine placed in the forest is almost 

40% more than the one placed in the open field. The larger amounts of steel, and also 

aluminium, are the main reasons for this increase. 

5.1.1.1 Foundation 

Table 5.2 shows the energy use during the manufacturing of the foundation (that is, for the 

machines and the material needed for this stage) will be the same for both of the scenarios. 

As seen in Figure 5.3 it is the material used for the foundation, and not the transportation 

of the materials, that contributes the most towards the energy use of the foundation. The 

making of the foundation also has a negligible effect on the total energy use of the 

foundation.  

 
Figure 5.3: Energy use of the foundation. 

The dump truck is the third largest energy using item for the manufacturing of the 

foundation. This could be because a smaller version of the dump truck has been chosen, 

which increased the fuel consumption: hence increasing its share of the total energy use.  

The total energy use for the manufacturing of the foundation is estimated at 1,117 MWh. 

This figure also includes the transportation of the materials used in the building of the 

foundation as well as the energy use needed during the excavation for the mould, which can 

also be seen in Table 5.2. 
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Table 5.2: Energy use during the manufacturing of the foundation. 

Foundation Energy use (MWh) 

Concrete 490 

Reinforcing bars 556 

Excavator 0.002 

Small truck 2 

Dump truck 61.6 

Semitrailer truck 1.9 

Cement mixer truck 5 

Pump 1.5 

Front end loader 1 

Semitrailer truck for crane 1.15 

Crane 0.15 

Total 1,120 MWh 

5.1.2 Preparatory work 

During the preparatory work for the wind turbine site, the machines are in use for a full 

working day and their fuel consumption was previously mentioned in Chapter 4. The 

preparation of the level hardstand area adjacent to the tower foundations is the same for the 

two scenarios. (46) The energy use during the preparatory step of the construction of the 

wind turbine can be seen in Table 5.3 (in which the energy use for the truck transporting 

the excavator falls under the category “Excavation for cables”). 

Table 5.3: Total energy use of the preparatory work. 

Preparatory work 
Energy use (MWh) 

open field 

Energy use (MWh) 

forestry 

Road construction 220 880 

Level hardstand areas 88 88 

Excavation for cables 3 3 

External cables 974 3,895 

Total 1,285 MWh 4,866 MWh 
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As expected, the energy use for the preparatory work is much greater for the forested area 

than for the open field. This is evidently directly linked to the length of the road and the 

lengthened external cables, which are the heaviest energy using items, as illustrated in 
Figure 5.4.  

 
Figure 5.4 Energy used during the preparatory work. 

Even though the external cables have increased in length, the energy use during the 

excavation for the cables has not increased significantly between the two different scenarios. 

In relation to all of the materials that go into the external cables, the excavation for them 

constitutes a very small part of the energy use and its contribution to the overall EPR will 

be negligible. What should also be noted is the fact that the cables represent most of the 

energy used in this phase, and the preparation of the level hardstand area and excavation for 

the cables is considerably smaller in relation to the embedded energy in the external cables. 

5.1.3 Transport and erection 

The transportation of the parts of a wind turbine does not have an especially large impact 

on the total energy use for the turbine, and the differences between the two scenarios are 

not as obvious as can be seen in other categories. The division of the used energy for the 

open field and the forested area can be seen below in Figure 5.5.  
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Figure 5.5: Energy use during the transportation of the different parts of the wind turbine. 

As can be seen in Figure 5.5, the most energy intensive part of the transport phase is for the 

larger parts of the wind turbine: i.e. for the blades, rotor and tower. All of the larger parts 

need their own semitrailer truck, and in addition they also need four escorting vans (two in 

the rear and two in the front of the caravan) in order to be able to drive on public roads 

and not hinder other traffic. The total energy use during the transportation of the wind 

turbines for both the open field and the forested area can be seen in Table 5.4.  

Table 5.4: Energy use during the transportation of the different parts of the wind turbine.
4
 

Transportation of Energy use (MWh) 
open field 

Energy use (MWh) 
forestry 

Blades and rotor 13 18 

Tower 13 17 

Nacelle 3 4 

Machining 0.002 0.002 

Control system 0.02 0.02 

Total 29 MWh 39 MWh 

                                                 
4 All data in the table has been rounded up, and hence the sums of all the metals do not correspond to the 
total sum. For more exact figures see Appendix 9.4. 
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The energy use of the cranes used during the erection of the wind turbine is the same for 

both scenarios and has been calculated to 4 MWh; hence the total energy use during the 

transportation and erection is 33 MWh for the open field and 44 MWh5 for the wind 

turbine placed in the forest. 

Even though Figure 5.5 seems to show the transportation of the blades, tower and rotor as 

heavy energy using items, it needs to be remembered that these figures should be compared 

to the ones for the manufacturing. How the different phases relate to each other will be 

looked at in more detail in Figure 5.9 and Figure 5.11 below. 

5.1.4 Operation and maintenance 

During the operation of the wind turbine, maintenance checks will be performed on a 

twice a year basis except during the first year of operation when this will be performed three 

times. This equates to a total of 41 maintenance checks during the expected lifetime of 20 

years, and will be the same for the two different scenarios. The energy use during the 

operation and maintenance phase of the wind turbine’s lifetime can be seen in Table 5.5.  

Table 5.5: Energy use during the operation and maintenance phase.
5
  

 Energy use (MWh) 
open field 

Energy use (MWh) 
forestry 

Vehicle  6.6 13.3 

Renewal of the generator 5.3 6.0 

Lubrication 29.5 29.5 

Total 41.5 MWh 48.8 MWh 

The energy use is evidently larger for the wind turbine that is placed in the forest (shown in 
Figure 5.6), as the distances are greater. These figures are not too surprising considering 

that the road travelled for each maintenance check is longer and the workers have to drive 

further in order to get to the site than in the open field scenario. The vehicles’ energy use 

involves a full 100% increase of energy use in relation to the open field, which can be 

directly linked to the distance travelled by these vehicles being doubled for this scenario. 

                                                 
5 All data in the table has been rounded up, and hence the sums of all the metals do not correspond to the 
total sum. For more exact figures see Appendix 9.4. 
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Figure 5.6: Division of the energy use during the operation and maintenance, from top to bottom: open field 

and forestry. 

The renewal of the generator involves a slight increase in energy use, as can be seen in both 

Figure 5.6 and Table 5.5. This increase is related to an increase in transportation distance 

for the truck transporting the generator because this is the only variable that changes 

between the two scenarios. The lubrication values, on the other hand, are equal for the two 

different scenarios as the amount of lubrication needed for the nacelle is independent of the 

height of the tower. 

5.1.5 Dismantling and scrapping 

As previously stated in Chapter 4, the amount of hours that the vehicles are used for during 

the dismantling phase of the wind turbine will be the same as during the erection of the 

wind turbine. After the dismantling of the wind turbine, the remains will be placed in a 

landfill near the site and the energy use of the dismantling phase can be seen in Table 5.6.  

Table 5.6: Energy use during the dismantling and scrapping of the wind turbine. 

 Energy use (MWh) 
open field 

Energy use (MWh) 
forestry 

Dismantling of wind turbine 4.4 4.4 

Transport to landfill 3.5 7 

Total 7.9 MWh 11.4 MWh 
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During this scenario, no parts of the wind turbine have been recycled or taken care of after 

its lifetime: all parts are driven to a landfill. As can be seen in Table 5.6, the energy use 

during the dismantling and scrapping of the wind turbine is by no means a heavy item in 

comparison to the manufacturing or the preparatory work.  

5.2 Electrical generation 

The electrical generation in the open field and the forested area are based on actual 

production figures from wind turbines placed in Umeå (open field scenario) and on 

Gotland (forestry scenario). (1) For the open field the electrical generation was documented 

as 6,975 MWh annually (and 139.5 GWh across its lifetime), and for the forested area it 

was documented as 6,121 MWh annually (and 122.4 GWh for its lifetime). These figures 

should be compared to Vestas’ own production expectancy for these types of wind turbines 

(as seen in Figure 5.7) which was set as 7,889 MWh annually (and 157.8 GWh over its 
lifetime) (28): i.e. Vestas’ expected production figures are 13% higher than the actual 

production figures for the open field, and 29% higher for the wind turbine that is placed in 

the forest.  

 
Figure 5.7: Electricity generation from the wind turbines placed in the open field, in the forest and the 

expected production according to the Vestas brochure. 

As seen in Figure 5.7, the average production varies greatly between the two wind turbine 

placements. The turbine that is placed in the forest is estimated to produce 0.86 MWh per 
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annum less than the turbine that is placed in the open field, and 1.77 MWh less than what 

could be achieved according to Vestas. While these figures indicate a tremendous 

production loss if the turbine is placed in the forest rather than the open field, these figures 

should be taken as indications of what could occur rather than as absolute.  

5.3 Open field 

The EPR for the open field has been calculated as 20.6 for the ‘actual’ wind turbine placed 

in an open field, which can be compared to the expected EPR value of 23.3 for a Vestas 

V90, 3 MW wind turbine (see Figure 5.8). 

 
Figure 5.8: Energy Payback Ratio for the actual wind farm placed in an open field and the hypothetical wind 

turbine, based on data from Vestas’ brochure. 

As can be seen in Figure 5.8, the expected EPR is much higher than the EPR that was based 

on actual production figures: a relationship that was also seen in Chapter 2.3.1.2 in the 

article “Net Energy Payback and CO2 Emissions from Wind-Generated Electricity in the 

Midwest”, written by White and Kulcinski. (11) It was established in the updated version 

of this article (13) that the EPR was lowered tremendously when the figures were based on 
actual production figures and not just on the manufacturers’ predicted production figures, a 

relationship that can also be clearly seen here. It is of course impossible for the 

manufacturers to know the exact conditions that their wind turbines will be placed in, but 

it should be noted that their capacity factors are most of the time superior to the actual 
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capacity factors. The actual capacity factors have been calculated with the help of the actual 

electrical generation figures for the Holmsund 2, figures that this report has been based 

upon. 

By far the most energy intensive phase in the open field scenario is the manufacturing stage, 

which can be seen clearly in Figure 5.9.  

 
Figure 5.9: The energy use in MWh for all of the categories for the open field scenario. 

Although all of the preparatory work (including electrical infrastructure and civil 

construction work) has been included in this report, Figure 5.9 clearly shows that it is the 

manufacturing of the wind turbine that is the most energy intensive item during its 

lifetime.  

5.4 Forestry 

The EPR for the forest has been calculated as 10.2 for the ‘actual’ wind turbine placed in 

the forest, which can be compared to the expected EPR value of 13.2 for a Vestas V90, 3 

MW wind turbine (shown in Figure 5.10).    
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Figure 5.10: Energy Payback Ratio for the actual wind turbine and the hypothetical wind turbine both 

placed in a forest. 

Something that can be seen for both the average and expected example is that the EPR, not 

too surprisingly, is significantly lower for the second scenario of placing a wind turbine in 

the forest. It is obvious that a longer road, an extension of the external cables, a lower 

electrical generation and a taller tower will affect the energy balance in a negative way, 

hence lowering the EPR. A summary of the energy use for all categories can be seen in 
Figure 5.11.  

 
Figure 5.11: The energy use in MWh for all categories for the forestry scenario. 

Due to the longer road and cables, the energy use during the preparatory work is 

significantly larger for the forest than in the open field scenario. 

58 
 



   
  4BAnalysis of the Results 
 

5.5 Recycl ing scenario 

The last scenario investigated in this report has been to understand how the EPR changes 

when recycling is applied to the two above-mentioned scenarios. Clearly the EPR will be 

raised as a result of some of the energy put into the making of the wind turbine being 
retrieved at the end of the turbines’ lifetime. What is interesting, though, is to see how 

much the EPR changes when energy can be gained from the last stage of the wind turbine’s 

expected lifetime. For instance, as more steel goes into the manufacturing of the larger 

tower, it should be possible to retrieve more energy at the end of this turbine’s lifecycle (see 

Figure 5.12 for more details). However, the gain from the recycling phase cannot 

counterbalance the extra energy used by the turbine in the forest as it (i) needs more steel 

for its manufacturing, (ii) involves greater transportation distances and (iii) requires a 

lengthening of the road and external cables.  

 
Figure 5.12: Energy balance for the wind turbines’ lifetimes. 

In both of the above-mentioned scenarios, the energy gained from the recycling is larger 

than the energy costs for the recycling; hence there is a total energy return that benefits the 

EPR (see Table 5.7 for the open field scenario and Table 5.8 for the forestry scenario).  

Carbon fibre, epoxy, plastics and oil do not come with an energy cost for the recycling 

scenario, as these materials will be incinerated and energy can be gained in the form of heat 

recovery. An incineration process is constantly running and the small amount of energy 

that goes into starting the process cannot be connected to any individual material. Heat can 

59 
 



 
Chapter  5 
 

still be recovered from the incineration process and these materials do therefore contribute 

to the overall energy gains that are connected to this scenario. 

Table 5.7: Energy costs and energy gains from recycling the wind turbine in the open field.6  

Material Energy costs (MWh) Energy gains (MWh) 

Steel 902 - 1,262 

Stainless steel 107 - 86 

Cast iron 268 - 161 

Copper 47 - 84 

Aluminium 51 - 275 

Carbon fibre - - 86 

Epoxy - - 49 

Plastics - - 19 

Oil - - 6 

Total 1,374 MWh - 2,028 MWh 

Table 5.8: Energy costs and energy gains from recycling the wind turbine in the forest.6  

Material Energy costs (MWh) Energy gains (MWh) 

Steel 1,482 - 2,074 

Stainless steel 107 - 86 

Cast iron 268 - 161 

Copper 61 - 110 

Aluminium 84 - 455 

Carbon fibre - - 86 

Epoxy - - 49 

Plastics - - 28 

Oil - - 11 

Total 2,001 MWh - 3,059 MWh 

                                                 
6 All data in the table has been rounded up, and hence the sums of all the metals do not correspond to the 
total sum. For more exact figures see Appendix 9.4. 
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As seen in the two tables above, the energy gains are larger for the forested scenario in 

comparison to the open field scenario. As mentioned previously, this is related to the 

amount of material that goes into the manufacturing of the wind turbine placed in the 

forest. The energy that can be gained from recycling should be compared to the energy that 

is used during the turbine’s manufacturing. It is then easy to see that even though recycling 

is a rather small energy gain, seen in relation to the energy balance as a whole its 

contribution to the EPR values has a positive effect and it is therefore crucial to perform 

this recycling rather than simply discarding the parts to a landfill (as discussed further in 

section 5.5.1).  

5.5.1 Energy Payback Ratio 

When recycling is applied to the calculations, the average EPR for the open field scenario 

is 22.8 (compared to 20.6 without recycling) and the expected EPR is 25.8 (compared to 

23.3 without recycling). A comparison between the EPR values for the open field scenario, 

both with and without recycling, is shown in Figure 5.13.  

 
Figure 5.13: EPR for the open field scenario, with and without recycling. 

The difference between the EPR with and without recycling in the forestry scenario, on the 

other hand, is not as apparent as the difference for the open field scenario: see Figure 5.14. 

The average EPR is 11.2 (compared to 10.2 without recycling) and the expected EPR is 

14.5 (compared to 13.2 without recycling) for the forestry scenario when recycling is added 

to the calculations. 
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Figure 5.14: EPR for the forestry scenario, with and without recycling. 

The EPR values for both of the forested scenarios are much lower than those for the open 

field, since the forest situation involved greater energy use but less electrical generation. It 

should be noted, however, that even though the forested scenario is less effective than the 

open field scenario it is, in terms of energy level, still a viable source of electricity 

generation. The scenarios’ impact on the EPR values will be discussed further in Chapter 6.  

5.6 Summary points 

− The most energy intensive phase of the wind turbine’s lifetime is the 

manufacturing.  

− Without recycling applied to the energy balance calculations, the average EPR value 

for the open field is 20.6 and for the forest 10.2. 

− When recycling was added to the calculation the EPR values increased as a result 

and the new average EPR value for the open field is 22.8 and 11.2 for the forestry.  
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6  DISCUSS ION AND RECOMMENDATIONS  

This chapter will discuss and analyse further the results detailed in Chapter 5. It will also 

look into the limitations of the method employed in this study, as well as proposing various 

recommendations for future studies within this field of research. 

6.1 Results 

The aim of this thesis is to examine how the EPR values changes when a wind turbine is 

placed under different conditions, with the open field and forest scenarios being chosen to 

provide the basis for a thorough investigation. This report has established that the Vestas 

V90, 3 MW wind turbine placed in the open field has an average EPR of 21.2 without 

recycling and of 23.6 when recycling is added to the energy balance. The average EPR 

values for the forest situation are somewhat lower, with EPR values of 10.8 without 

recycling and of 12.0 with recycling being obtained for this scenario. Even though these 

EPR values are lower than what might be expected, especially after looking at the LCA 

made for this particular wind turbine, this report still suggests that these larger wind 

turbines are a viable source of power that should be utilized even further in the future.  

6.1.1 Comparing the results 

A significant difficulty involved in interpreting the results is the complexity inherent in 

comparing different EPR values from different studies. For example, what can actually be 

said about the EPR values obtained in other studies? Different authors use different styles 

of investigations and it can be genuinely difficult to understand what these other studies 

have based their assumptions on. While many of these previous studies have not clearly 

shown what their calculations have been based upon, and there are difficulties in drawing 
any conclusions about the results obtained, these reports do still give an indication of how 

the varying power sources are related and valued against each other. For example, the report 

written by White and Kulcinski, with a comparison between wind power and other sources 

of electrical generation plants (see Chapter 2.3.1.1), showed results that are in the same 

range as the EPR values obtained in this report. In their report wind power received an 

EPR value of 23 when it was placed in an area of vast wind resources, a figure that is not 

too far away from the results obtained for the open field turbine in this report. Given that 

the forested scenario received a lower EPR as a result of it being placed further away from 
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existing electrical infrastructure and roads, it may not be strictly fair to compare these EPR 

values with EPR values obtained in reports where the analysis has been made for wind 

farms placed in favourable conditions (i.e. with few obstacles and high winds).  

In the same manner, extreme caution should be taken when comparing the EPR values 

obtained in this report with the EPR values from the Vestas’ LCA. The method for 

retrieving the energy data used in the calculations may differ greatly. For example, Vestas 

have in all probability based their calculations on real data, while this report is based on 

assumptions about the energy content within each material. Furthermore, Vestas’ EPR 

values are based on a complete wind farm, while this report focuses on single standing wind 

turbines. In contrast to the publicly available LCAs made by Vestas, this thesis has included 

everything that goes into the phase ‘preparatory work’. Given this – i.e. that this significant 

and energy-intensive phase has been excluded from the Vestas analysis – it is not very 

difficult to see how the Vestas LCA obtained their higher EPR values. One possible 

conclusion to draw from this could be that the methodology used by Vestas for their LCAs 

needs to be more comprehensive in order to include such details in the energy balance. 

However, as it is impossible for the public to obtain all the data needed to carry out a 

complete and thorough analysis of the energy that flows through the system, the results 

obtained in this report must be seen as indicative rather than absolute, though they can be 

used as a basis for further studies. 

6.1.2 The different phases’ impact on the EPR values  

As seen in Chapter 5, the most energy intensive stage by far in the lifetime of the wind 

turbine is the manufacturing phase. The difference in energy intensity between having an 

80 metres high tower and one that is 105 metres high was clearly illustrated in Table 5.1. 

The manufacturing phase of the wind turbine’s lifetime, and the subsequent changes 

between the two scenarios that result from this phase, are solely linked to the increase in 

metal consumption: the increase in energy usage is directly linked to the height of the tower 

for the wind turbine. It can therefore be safe to assume that it is this entry in the energy 

balance that has the biggest impact upon the EPR values obtained for the two scenarios - as 

seen in Figure 5.12. Though this phase of the wind turbine’s life is the most energy 

intensive one, it still uses less energy than the wind turbine produces over just one year of 

its life in production: i.e. the energy usage during the manufacturing of the wind turbine is 

4.3 GWh for the open field and 5.9 GWh for the forestry, while the two “different” wind 

turbines produce annually 6.98 GWh and 6.12 GWh respectively.  

The forestry scenario with more obstacles has had its production figures taken from the 

turbine placed on Gotland, as these figures were lower than the ones from Umeå and thus 
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reflect the ‘worst-case scenario’. However, the size of the tower of both actual wind turbines 

was 80 metres instead of the 105 metres that has been assumed for the forestry scenario in 

this report. It can therefore be said that if the forestry scenario were to be based on an 80 

metres high tower instead of the 105 metre one, the EPR values would be much greater as 

less energy would be used in the production phase. In which case, though, given the lower 

tower the electrical production from this scenario would also decrease as the wind would be 

more turbulent at this lower height. 

Another energy intensive phase in the wind turbine’s lifetime is the preparatory work, 

which can be seen in Figure 5.12. The preparatory work comprises a significant entry in the 

overall energy balance, with the external cables having a major impact on the overall energy 

used during this phase. To illustrate this further, an extension of the cables from 
500 metres to 2,000 metres for the open field scenario has reduced the average EPR from 

20.6 to 18.8 (both of the examples are without recycling). This change in the average EPR 

is in the same range as decreasing the lifetime of the wind turbine by 2 years: i.e. if the 

expected lifetime of the wind turbine is set to 18 years instead of the previously assumed 

20 years, the average EPR for the open field (without recycling) will be 18.6 rather than the 

previous figure of 20.6. This can be seen in Figure 6.1 where the reference scenario is with 

500 metres of cable and a lifetime of 20 years. 

 
Figure 6.1: Changes in the average EPR values for the open field (no recycling is applied) with altered cable 

length and lifetime. In the reference scenario, the cables are 500 metres and the lifetime is set to 20 years. 
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Figure 6.1 illustrates how the EPR values are highly dependent upon the input parameters 

that are set for the energy balance calculations. Changing other parameters, like the 

parameters related to the manufacturing of the wind turbine, will have a similar impact on 

the EPR values, and by varying different parameters in the model the most advantageous 

wind turbine can be chosen to fit a particular wind power development site. 

In comparison to the manufacturing and the preparatory work phases – two incredibly 

energy intensive phases of the energy balance – the ‘transport and erection’, the ‘operation 

and maintenance’ and the ‘dismantling and scrapping’ phases can almost be seen as 

negligible entries in the overall energy balance. Transportation of different parts will of 

course be more energy intensive if the site of erection is further away from the production 

facilities, and the figures used in this report are just assumptions based on previous 

placements of wind power developments in Sweden.  

As several sources have mentioned that the current method for decommissioning an old 

wind turbine is by blasting it away, rather than recycling the materials from the wind 

turbine (47), (21), the assumptions made in this report can be seen as somewhat uncertain 

and perhaps even unrealistic when compared to current decommissioning methods. 

However, this blasting is mostly carried out because older wind turbines constitute of 

towers made mainly from concrete, hence the recycling value for these turbines is too low 

to make it economically viable. Furthermore, this report has been based on the assumption 

that one wind turbine will be replaced by another, and that energy for the restoration of the 

ground is not necessary: assumptions which can thus be justified by the Swedish 

government’s large-scale development plan for increasing the wind power penetration on 

the grid. (42) 

6.1.3  Scenarios 

Common knowledge dictates that locations with a high expected annual energy output 

generally have shorter payback periods, lower energy intensities, and less variability than 

areas with a low expected energy output, something that has also been shown in previous 

studies. The energy balance calculations made for the two different scenarios in this report, 

both with and without recycling, tried to illustrate just how the EPR changes when the 

wind turbine is placed in different locations with dissimilar basic conditions.  

A thorough investigation of the exact parameters that should go into a complete energy 

analysis of a power plant is something that has not previously been carried out. Nor has 
there been an assessment of what happens when the same wind turbine (though with 

different tower heights) is placed in different operating conditions, and this report has been 

carried out with the intention to fill this void. 
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6.1.3.1 Open field 

In the energy balance calculations for the open field scenario, the average EPR value was 

calculated at 21.2 without recycling and 23.6 when recycling was added to the energy 

balance. If these EPR values are compared to the Vestas payback values found in “Life cycle 

assessment of offshore and onshore sited wind power plants based on Vestas V90-3.0 MW 

turbines”, where the Energy Payback Period (EPP) was calculated at 6.6 months (which 

equates to an EPR of 36.4) (26), it is easy to state that 36.4 is much higher than the EPR 

values obtained in this report. However, a key difference between the two reports is that 

this report has tried to adopt a ‘worst-case scenario’ approach in all cases – an approach that 

will obviously reduce the EPR values for these large wind turbines. In this context it is 

worth reiterating that the overall aim here has been to show that wind power technology is 

a viable option for power generation development, as well as to try and show how viable 

and energy effective these types of wind turbines are even when a ‘worst-case scenario’ is 

applied to the energy balance.  

If the EPR values obtained in this report are compared with, for instance, those from White 

and Kulcinski’s reports, then the EPR values here are favourable. (2), (11), (13) The open 

field scenario in this report has been less of a ‘worst-case scenario’ than the forest, as this 

site is supposed to be placed near existing electrical infrastructure and roads, in an area 

where the transportation distances are not very high and where the wind resource is 

expected to be vast. This scenario could therefore be seen as more realistic than the forestry 

scenario with its much less promising prerequisites, insofar as a wind power developer 

would obviously aim to find an optimal place for a wind power development: i.e. a place 

where the conditions are favourable.  

6.1.3.2 Forestry 

In the energy balance calculations for the forested scenario the average EPR was calculated 

at 10.8 without recycling and 12.0 when recycling was added to the energy balance. These 

values should again be compared to Vestas’ own figures of an EPP of 6.6 months and an 

EPR of 36.4. (26) The difference between Vestas’ EPR value and the EPR obtained in this 

report is larger than in the previous case of the open field. A significant reason for this is the 

low capacity factor chosen for this scenario – a deliberate attempt to try and include the 

difficulties involved in capturing wind in circumstances with more turbulence caused by 

surrounding obstacles, as well as the fact that this wind turbine has been placed further 

away from existing roads and infrastructure. On an energy level, it might not be as viable to 

place a wind turbine in the forest as in the open field, but rather than taking a negative 

approach to interpreting these results it should instead be stressed that it is still, in pure 

energy terms, profitable to invest in these larger wind turbines placed in the forest.  

67 
 



 
Chapter  6 
 

The figures obtained in this scenario can also be compared with the EPR values obtained in 

White and Kulcinski’s report (2) – where the EPR for a coal power plant was calculated 

at 11 and at 7 for a nuclear fission (gaseous diffusion enriched uranium) – rather than with 

the wind turbines placed in more favourable conditions. When this scenario is compared 

with these other electricity power plants, the EPR results obtained here can be viewed in a 

much more positive light. If emissions and other pollutants are included in the arguments 

as well, it is not difficult to see that a wind turbine placed in the forest is a viable option for 

electricity generation. 

6.1.3.3 Recycling 

Recycling was applied to the two scenarios with the aim to make the report more realistic 

and thereby more relevant for future studies. However, when recycling is applied to these 
two different situations it is important to separate the energy that goes into the plant from 

the energy that can be gained from recycling the different materials from the wind turbine. 

The energy gained from recycling can never replace the form of energy that was used in the 

production of the different materials, nor is it equal to the embedded energy within the 

materials. Energy gained from recycling can only be used as either thermal energy or be 

included, in combination with raw ingot material, in the production of new construction 

materials: hence the recycled energy can never fully retrieve its earlier energy potential.  

6.2 Reversed conditions 

The EPR values obtained for the forested scenario have been based on the assumptions that 

the electrical generation is less than for the open field and that this turbine is in a more 

remote place than the open field turbine. If the opposite case was to be assumed instead – 

i.e. that it is the open field that is placed further away from existing roads and electrical 

infrastructure, and the electrical generation for this site is lowered – then the forestry 

scenario should become the least energy intensive option, as seen in Figure 6.2. 
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Figure 6.2: Reversed scenario: the roads, electrical infrastructure and transportation distances have been 
increased for the open field and decreased for the forest. The electrical generation for the two scenarios have 

also been reversed. 

As seen in the graph above, the EPR values for the open field have been reduced while the 

EPR values for the forestry have increased; a result that in this case is directly related to the 

extension (and contraction) of roads and cables in the preparatory phase. What is 

interesting here is the fact that when recycling is then applied to the calculations, the 

increase in EPR values for the forestry scenario is remarkably higher in comparison to the 

open field. This could be related to the fact that the energy gains for the forest are higher, 

as the manufacturing phase has not changed at all for this example, and more energy can 

therefore be retrieved from the wind turbine while simultaneously the energy used in 

transporting the material to and from the site has decreased. The figures seen in Figure 6.2 

should be compared to the values obtained in the ‘reference scenario’ (i.e. the assumptions 

used in the report) that can be seen in Figure 6.3 (also previously shown in Chapter 5).  
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Figure 6.3: Reference scenario where the wind turbine placed in the forest is further away from the electrical 

infrastructure and existing roads. 

The EPR values for the forested scenario (with reversed conditions and recycling applied) 

increasing to 17.5 is equivalent to extending the expected lifetime by 11 years for the 

reference scenario: i.e. the expected lifetime of the wind turbine placed in the forest would 

be 31 years instead of 20 years. The EPR value for the open field decreasing to 

approximately 13.5, on the other hand, is the same as reducing the expected lifetime by 

almost 8 years: decreasing the expected lifetime of the turbine to 12 years for this reference 

scenario gives an EPR value of 13.7. Nonetheless, several sources believe that the expected 

lifetime of a wind turbine is longer than the norm of 20 years, and an expected lifetime of 

31 year might therefore be a plausible estimation. If the expected lifetime were to be 
increased to 31 years, an average EPR value of 35.3 could be expected for the open field 

when recycling is added to the calculations. 

6.3 Sources of error 

A potential source of error is related to a large part of the analysis being based on 

assumptions and simplifications. The oil within the wind turbine, for example, is assumed 

to consist of just one single type of oil, while the energy used during the civil construction 

phase does not include the distance covered in order to get the machines to the site – 

something that is highly dependent upon the site location in relation to point of departure. 

Two further issues that have not been considered in this report’s calculations are the 
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widening of existing roads and the fact that forest roads are more difficult to establish than 

roads in an open field. While these assumptions and simplifications may not have a great 

impact on the EPR values, it is important to bear in mind that the sum of all the minor 

inputs might have an effect on the total energy use. 

In comparison to Vestas’ product brochure, the model used in this report shows a small 

dissimilarity with regards to the weight specifications: the wind turbine placed in the open 

field should weigh 271 tonnes and the wind turbine placed in the forest should weigh 

396 tonnes (28). The model used in this report has 1.9 tonnes of material too little for the 

open field scenarios, and 2.6 tonnes of material have not been accounted for in the forestry 

scenario. This could be a result of the small round-off error found in the material 

assessment in the LCA for the V82 wind turbine.  

Verbal sources – in the form of contractors and project developers - have been used in this 

report and are a possible source of error. Their information can be incorrect, either because 

they are mistaken or they do not want to share the correct piece of information (e.g. if it is 

in their interest to fabricate or conceal the actual figures). The credibility of verbal sources 

increases if the information given is recent and if primary sources have been used: the verbal 

sources of this thesis are only primary and relate solely to contemporary information, thus 

their reliability should increase as a result. The information used agrees with, to a large 

extent, other sources. 

6.3.1 Choice and application of method 

Due to the difficulties mentioned in Chapter 3.1.1, it has not been possible to retrieve the 

exact data desired; therefore, there are a few limitations and problems related to the method 

chosen for the report. Almost all of the data relating to the manufacturing of the wind 

turbine and the external cables is estimated from Vestas’ LCA for the V82 wind turbine 

(20), and in some case their LCA for the V90 wind turbine. (26) The most obvious 

shortcoming is the fact that the calculations are solely dependent on the materials included 

in the LCA; any processing of the raw material at the factories is not incorporated. 

Secondly, not all of the transportation of subcomponents is included: only the transports of 

the machining and control system to the nacelle factory are accounted for in the 

calculations. This means that the information underlying the calculations is not by any 

mean complete; nevertheless, the estimated numbers provide a good assumption and the 

results give a clear picture of the components that have the greatest influence on the EPR. 

All calculations relating to the energy used for the manufacturing of the wind turbine have 

been based on the assumption that a linearization can be made between the two Vestas 

wind turbines: the Vestas V90 and V82. (26), (20) If the calculations were to be based 
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upon another type of wind turbine, some of the parameters would inevitably change and 

the EPR would also change as a result. 

Another difficulty in obtaining the data relates to the availability of the information about 

the energy use: most wind turbine manufacturers are private organisations and the key 
focus of these companies is more likely to be upon keeping economic figures and data rather 

than records of energy use, though the two are inevitably correlated. Put simply, the 

companies might be a little less interested in keeping exact records of all of the energy 

inputs into their products than researchers in the field might wish them to be. One 

response to this, and to take a cynical view of the situation, might be to question whether 

this is a case of a company not wishing to examine just how energy effective a product is 

when it is already being successfully and profitably sold on the market. 

6.3.1.1  ‘Worst-case scenario’ 

A ‘worst-case scenario’ has been the starting point for this thesis: when there has been an 

option to choose between different energy content values the ‘worst-case scenario’ has been 

chosen. The energy content with the higher value has been chosen in order to account for 

inputs that might not have been included in the study. 

However, there are fields where the ‘worst-case scenario’ has not been chosen: i.e. with the 

transporting of the different parts. Other ways of calculating the energy balance of the 

transportation phase do exist, but due to the variability in energy use in transport little data 

comparing the different modes of transport has been published. According to 

Miljøstyrelsen, the Danish government’s environmental board, the estimated energy costs 

for various modes of transport show that travel by road (5.0 MJ/(tonne.km)) involves 

significantly greater energy use than travel by rail (0.8 MJ/(tonne.km)) or sea (1.0 

MJ/(tonne.km)) (27). This method was selected initially, but later rejected on the grounds 

that the calculations showed unrealistic results: the transportation of the nacelle alone (one 

truck) consumed almost twice as much energy as the transportation of the blades and the 

rotor together (four trucks) with these calculations (see Figure 6.4 for a comparison 

between the reference method used in this report and the alternative method). Although 

this method gives a higher energy use for the transportation phase and therefore represents 

a ‘worst-case scenario’, the method eventually used in this report corresponds better with 

the reality in this instance.  
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Figure 6.4: The difference between the method used in the report, the ‘reference method’, and the alternative 

method with regards to the energy used for the transportation of the different parts. 

Applying a ‘worst-case scenario’ to the lifetime of the wind turbine is not an easy task as 

there are many uncertainties about how many years the wind turbine will actually last for. 

In this report, the expected lifetime has been assumed to be 20 years; the wind turbine can 

probably generate electricity for longer, but they might also be dismantled earlier. For 

example, four Danwind turbines previously owned by the Swedish power company 

Vattenfall were dismantled after 18 years as they had produced a sufficient amount of 

electricity over the years and reached the end of their lifetime. Previous articles on the 

subject have handled this uncertainty about the expected lifetime in different ways. In an 

article by White and Kulcinski (11) the assumption about the lifetime of the tower was 

believed to be twice as long as the expected 20-25 years lifetime of the nacelle. Due to the 

general expansion of wind power in Sweden, with the rapid development and introduction 

of larger turbines and the expectation that older turbines will gradually be replaced by these 

new, improved turbines, the lifetime of the turbines and towers in this report was assumed 

to be 20 years. However, it should be recognised that the lifetime of the wind turbine 

influences the EPR calculations greatly, and that any alterations in the lifetime will 

therefore have huge effects on the results. 
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6.4 Recommendations for future research 

With the current development of more wind power penetrating the grid the need for 

energy storage also increases. Some sort of energy storage is necessary in order to be able to 

depend to a large degree on wind power as an energy source: the wind does not always 

blow, and for these calm occasions energy stored from earlier, windier times is needed. This 

need will, however, probably reach a stagnation point, as more and more local energy 

markets connect in a common, international energy market: the wind will always be present 

somewhere in the world, and it should therefore be possible to decrease the need for energy 

storage if the wind farms connected to the grid are located in different parts of the world. 

An energy storage facility is something that is most likely to affect the EPR values for a 

wind turbine or a wind farm. Energy storage has been excluded in this thesis as this can be 

difficult to quantify and it would not be economically viable, or remotely realistic, to build 

an energy storage facility for just one wind turbine. Further reasons for excluding energy 

storage are the difficulties related to placing such a storage facility in relation to the wind 

turbines, and the fact that energy storage is not a universal solution to wind power 

technology and is not normally used in Scandinavia. Supplementary studies about how 

such a situation affects the EPR are needed in order to see if an energy storage facility will 

have a positive or a negative effect on the energy analysis and EPR values of a wind turbine.  

The focus of this thesis has been on single standing wind turbines, which negatively affects 

the EPR in comparison to wind farms, as the preparatory work is carried solely by the 

single wind turbine rather than being shared between several turbines. Nevertheless, a wind 

power park needs to have a substation that collects the electricity from the whole park and 

distributes it to the transmission lines. Having a substation means that more energy will be 

used as the production and transportation involved must be included in the calculations, 

but having a wind farm also means that the energy needed for (to take just one example) 

road construction will be shared by all of the wind turbines included in the wind farm. 

How this sharing amongst several turbines and extra energy use alters the EPR requires 

further investigation.  

A potential field of further studies, though not one examined in detail in this report, may 

be the building of more sustainable wind power plants. Recycled and local materials (e.g. 

wood) would almost certainly influence the EPR results. The need for raw ingot materials – 

the largest fraction of the energy use during a wind turbine’s lifetime – decreases if recycled 

materials are favoured in the production. In addition, the transportation distances decrease 

when local materials are utilized, further decreasing the energy use. 
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No distinction between the different types of energies has been made in this report as the 

oil, natural gas or any other energy form used in the initial stage of the wind turbine’s 

lifetime cannot be compared to the electricity that will be generated from the turbine, or 

the energy that can be gained from recycling. For instance, electricity can never replace oil 

in the sense that it can be used in the same field of application, and caution should be taken 

when comparing the two. However, as the focus of this report has been on the energy flow 

through the system, no consideration has been taken towards the fact that different kinds of 

energy cannot be compared and this is something that could be examined further in the 

future. 
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7  CONCLUSION 

There are several obstacles that need to be overcome in the process of carrying out an 
energy analysis of a wind turbine, with the major one being obtaining the exact information 

needed for the analysis. In order to conduct a thorough and accurate analysis, one would 

ideally be able to manufacture one’s own wind turbine and then objectively examine the 

process. This way, no energy inputs would be excluded, nor would any elements be 

understated or exaggerated. A further difficulty lies with the evaluation of different 

information sources and the subsequent judgment of the information attained. 

Determining whether the information has a negligible impact on the overall energy balance 

calculations or not, and estimating if the assumptions made are justified, are complex and 

arduous tasks, and furthermore constitute yet another possible source of error.  

The Energy Payback Ratio values are highly dependent upon the assumptions made for the 

wind turbine, and in this report the two scenarios have been constructed and examined 

using a ‘worst-case’ approach. Due to the prerequisites chosen, the open field scenario is, 

not surprisingly, the most favourable location for wind power development. Without 
recycling, the average EPR is 21.2 for the open field and 10.8 for the forest. When recycling 

is applied to the calculations, however, these EPR values improve, making it even more 
profitable to invest in wind power: with recycling, the average EPR for the open field is 

23.6 and for the forestry scenario the average EPR is 12.0. As these figures clearly show, the 

recycling has a great impact on the EPR, and in order to ameliorate the energy balance it is 

therefore recommended that recycling be applied after the wind turbine has been 

dismantled.  

These EPR values can be compared to the higher ones found in Vestas’ LCA for this 

particular wind turbine. The differences between the EPR values must be related to the fact 

that Vestas are less comprehensive in their inclusion of energy inputs in their calculations. 

Despite the EPR values obtained here being lower than those put forward by Vestas, this 

report still clearly shows that wind power is a viable source of electricity: both on an energy 

level and in relation to other energy sources. The future prospects of wind power, with the 

continuing development of larger wind turbines and improved technology, suggest that 

EPR values will be improved yet further. 
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9  APPENDIX 

9.1 Energy Payback Period to Energy Payback Ratio 

The Energy Payback Period (EPP) is the time required for the system to pay back all of the 

energy used during its lifetime, as shown below in Equation A.1.  
Equation 9.1 

A

CL

E
E

EPP =
 

Eqn (A.1)
 

where    is the energy used by the system over a plant lifetime, L 

 is the annual energy production over a plant lifetime, L 
CLE

AE

In the Danish report “Life Cycle Assessment of offshore and onshore sited wind farms”, the 

expected lifetime, L, has been estimated as 20 years (i.e. 240 months). (9) The relationship 

between the Energy Payback Ratio (Equation 2.1) and the Energy Payback Period is shown 

in Equation A.2. 
Equation 9.2 

EPP
LEPR =

       
Eqn (A.2) 

To clarify the relationship between EPR and EPP, as given in Chapter 2.3.2, the first 

transformation from EPP to EPR will be shown below. 
Equation 9.3 

7.26
0.9

240
==

months
monthsEPR

 

All of the EPPs mentioned in the Danish report have been calculated in the same manner, 

see Table A.1.  

Table A.9 Relationship between Energy Payback Period (EPP) and Energy Payback Ratio (EPR). 

EPP  (months) EPR  

9.0 26.7 

7.7 31.2 

3.1 77.4 

3.2 75.0 

3.8 63.2 
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9.2 Material consumption 

The amount of material used in the analysis is based on the Vestas V82 wind turbine (20), 

and has been correlated in order to correspond to the V90 wind turbine (28) according to 

the method described below. 

The weight of the tower, nacelle and rotor in each wind turbine is stated in Table B.10. 

The weight of the foundation is not relevant as this is set at a fixed value, in order to 

withstand the force from a large wind turbine according to the subcontractor’s 
specifications. 

Table B.10 The weight of the tower, nacelle and rotor in tonnes for the V82 and V90 wind turbines. (20) 
(28) 

 V82 
(tonnes) 

V90 
(tonnes) 

Tower 136 (78 m) 160 (80 m) 
285 (105 m) 

Nacelle 51 70 

Rotor 42.2 41 

The percentage difference between the nacelles and the rotors for the two wind turbines has 

been calculated below. The material increase for the different parts was assumed to be 

linear. 

Tower (80 m) 176.1
136
160

=  

Tower (105 m) 096.2
136
285

=
 

Nacelle 373.1
51
70

=
 

Rotor 9716.0
2.42

41
=

 

According to these calculations, materials associated with the tower are multiplied by either 

1.176 (lower tower) or 2.096 (higher tower), materials associated with the nacelle are 

multiplied by 1.373 and materials associated with the rotor are multiplied by 0.9716 

(shown in Table B.11).  
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Table B.11 The calculated weight of the materials. (20) (28) 

 
V82  
(kg) 

V90  
80 m tower (kg) 

V90 
105 m tower (kg) 

Tower 136,000 160,000 285,000 

Steel 126,100 148,300 264,300 

Aluminium 4,800  5,650 10,050 

Plastic 2,000 2,350 4,200 

Copper 1,300 1,550 2,700 

Oil 1,000 1,200 2,100 

Nacelle 51,000 70,000 70,000 

Cast iron 18,000 24,700 24,700 

Steel 19,300 26,500 26,500 

Stainless steel 7,800 10,700 10,700 

Carbon fibre  1,800 2,450 2,450 

Copper 1,600 2,200 2,200 

Plastic 1,000 1,350 1,350 

Aluminium 800 1,100 1,100 

Rotor 42,200 41,000 41,000 

Cast iron 11,300 11,000 11,000 

Steel 5,700 5,550 5,550 

Rest (PrePreg) 25,200 24,500 24,500 

40% epoxy 10,080 9,800 9,800 

60 % carbon fibre 15,120 14,700 14,700 

The density of oil is about 0.8 kg/l (48), which means that the volume of oil is 1,500 l in 

the 80 m tower and 2,625 l in the 105 m tower, according to the calculations below. 

500,1
8.0

200,1
=

 
625,2

8.0
100,2

=  

85 
 



 
 

9.3 Capacity factor 

The capacity factor can be explained as the ratio of the actual output of a power plant over 

a period of time compared to the electrical energy that could have been produced if the 
power plant had operated at full capacity during the same period of time. A yearly average of 

the electricity generation has been calculated for the open field scenario (Holmsund 2 

outside of Umeå) and the forestry scenario (Olsvenne 2 on Gotland), where the data of 

their electricity output has been documented since the start of their production. (1)  

The capacity factor for the open field is 26.54%, as shown in the calculation below. 
Equation 0.1 

2654.0
87603

6975
=

× hMW
MWh

  
The capacity factor for the forested area has been calculated in the same way and is 

23.29%. 

The average output for the Vestas V90, 3MW has been calculated with the help of the 

brochure for this particular wind turbine. In the Vestas brochure, it was clearly stated that 

the capacity factor for this type of wind turbine is 30.02%. (26 p. 14) The average annual 

production from this wind turbine can thereby be calculated to 7.89 GWh per annum (see 

calculation below). 

annumMWhannumhMW /78893002.0/87603 =××  
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9.4 Energy balance calculations 

Manufacturing 

Wind turbine 

The energy use for the different materials in the wind turbine has been calculated using Equation D.0.1. The results for an 80 m wind turbine can 

be seen in Table D.12, and the results for a 105 m wind turbine are shown in Table D.13.  
Equation D.0.1 

nconsumptioenergyvalueenergymass
=

×
×

10006.3  Eqn (D.1)
 

Table D.12: Energy use for the wind turbine with a height of 80 metres. 

Material Mass (kg)  Energy value 
(MJ/kg) 

Energy use 80 m 
(kWh) 

Steel  180,350 40  2,003,889 

Stainless steel 10,700 46  136,722 

Cast iron  35,700 30  297,500 

Copper  3,750 90  93,750 

Aluminium 6,750 170  318,750 

Carbon fibre 17,150 193  919,431 

Epoxy 9,800 138   375,667 

Plastic 3,700 110 113,056 

Total   4,258.8 MWh 
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Table D.13: Energy use for the wind turbine with a height of 105 metres. 

Material Mass (kg)  Energy value 
(MJ/kg) 

Energy use 105 m 
(kWh) 

Steel  296,350 40  3,292,778 

Stainless steel 10,700 46  136,722 

Cast iron  35,700 30  297,500 

Copper  4,900 90  122,500 

Aluminium  11,150 170  526,528 

Carbon fibre 17,150 193  919,431 

Epoxy 9,800 138   375,667 

Plastic 5,550 110 169,583 

Total   5,840.7 MWh 

The tower also contains oil: an 80 m tower holds 1,200 l and a 105 m tower holds 2,100 l. The energy value for the oil is 40.43 MJ/l, which 

means that the energy use is 13,477 kWh for the open field and 23,584 kWh for the forestry (using the same calculation as above). 

The total energy use for the open field scenario is 4,272 MWh, see calculation below. 

272,4
1000

477,138.258,4 =+
 
(MWh)

 

In the same way, but with the figures for the taller tower, the energy use for the scenario with the wind turbine in the forest is calculated as 5,864 

MWh. 
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Foundation 

The specifications for the foundation are found in Table D.14, and the size of the foundation is 14 metres times 14 metres.  

Table D.14: Calculations for the foundation. 

Materials 

Concrete (volume) 500 m3  

Density 2,400 kg/m3  

(volume × density) Concrete (mass) 1,200,000 kg 

Energy content (concrete) 1.47 MJ/kg  

Concrete 490,000 kWh (mass of concrete × energy content / 3.6) 
 

Reinforcing bars (steel) 50,000 kg  

Energy content (bars) 40 MJ/kg  

(mass × energy content / 3.6) Reinforcing bars 555,556 kWh 
  

Machines 

Excavator EW150  

Energy use 0.01 kWh/m2 (0,041 / 4) 

Excavator 2 kWh (14 ×14 × energy use) 
  

Small truck  

Fuel consumption (full) 0.275 l/km  
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Fuel consumption (empty) 0.225 l/km  

Distance 150 km This distance is travelled on a total of 3 days (2 days for the building of the 
mould and 1 day for the removal of the mould) 

(2 × fuel consumption (full) + 4 × fuel consumption (empty)) × distance Fuel (volume) 218 l 

Energy content (fuel) 36.4 MJ/l  

(fuel × energy content / 3.6) Small truck 2,199 kWh 
  

Semitrailer truck For the reinforcing bars 

Maximum payload 26,000 kg  

No of trucks 2  (reinforcing bars / maximum payload)                                   (rounded up) 

Fuel consumption (full) 0.38 l/km  

Fuel consumption (empty) 0.235 l/km  

Distance 150 km  

((fuel consumption (full) + fuel consumption (empty)) × distance × no of 
trucks) 

Fuel (volume) 185 l 

Energy content (fuel) 36.4 MJ/l  

(fuel × energy content / 3.6) Semitrailer truck 1,866 kWh 
  

Dump truck  For the gravel 

Maximum payload 14,000 kg  

Gravel 1,800 kg/m3 concrete  

(gravel × concrete (volume)) Total gravel 900,000 kg 

No of trucks 65  (total gravel / maximum payload)                                            (rounded up) 
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Fuel consumption (full) 0.35 l/km  

Fuel consumption (empty) 0.275 l/km  

Distance 150 km  

((fuel consumption (full) + fuel consumption (empty)) × distance × no of 
trucks) 

Fuel (volume) 6,094 l 

Energy content (fuel) 36.4 MJ/l  

(fuel × energy content / 3.6) Dump truck  61,615 kWh 
  

Cement mixer truck  

Fuel consumption 1 l/m3 concrete  

(fuel consumption × volume of foundation) Fuel (volume) 500 l 

Energy content (fuel) 36.4 MJ/l  

(fuel × energy content / 3.6) Cement mixer truck 5,056 kWh 
  

Pump  

Fuel consumption 0.3 l/m3 concrete  

(fuel consumption × volume of foundation) Fuel (volume) 150 l 

Energy content (fuel) 36.4 MJ/l  

Pump 1,517 kWh (fuel × energy content / 3.6) 
  

Front end loader  

Fuel consumption 0.2 l/m3 concrete  

(fuel consumption × volume of foundation) Fuel (volume) 100 l 
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Energy content (fuel) 36.4 MJ/l  

(fuel × energy content / 3.6) Front end loader 1,011 kWh 
  

Semitrailer truck for crane  

Fuel consumption 0.38 l/km  

Distance 150 km Travelled two ways 

(fuel consumption × 2 × hours) Fuel (volume) 114 l 

Energy content (fuel) 36.4 MJ/l  

Truck 1,153 kWh (fuel × energy content / 3.6) 
  

Crane  

Fuel consumption 7.5 l/h  

Hours 2 h  

(fuel consumption × hours) Fuel (volume) 15 l 

Energy content (fuel) 36.4 MJ/l  

Crane 152 kWh (fuel × energy content / 3.6) 
  

  

Machines 74,569 kWh (excavator + small truck + semitrailer truck + dump truck + cement mixer truck 
+ pump + front end loader + semitrailer truck + crane) 

  

Total  1,120 MWh (concrete + reinforcing bars + machines) 
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Preparatory work  

The preparatory work is the construction of the road and level hardstand area, plus the excavation and external cables (see Table D.15). 

Table D.15: Energy requirements for the preparatory work. 

Open field Forestry  

 Road construction  

Length 500 2000 m  

Weight 11 11 tonne/m  

Energy content (road) 440 440 kWh/m  

Road 220,000 880,000 kWh (length × energy) 
  

Level hardstand area construction   

Width 20 20 m  

Length 40 40 m  

Size 800 800 m2  

Hardstand 88,000 88,000 kWh (energy content of road × length × width / 4) 
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 Excavation  

Excavator EW150  

Energy use 0.01 0.01 kWh/m length (energy use for the excavator / 4) 

Excavator 10 41 kWh (energy use × length × 2) 
  

Truck (for the excavator)  

Fuel consumption (full) 0.35 0.35 l/km  

Fuel consumption (empty) 0.275 0.275 l/km  

Distance 150 150 km  

((fuel consumption (full) + fuel consumption (empty)) × distance × 2) Fuel (volume) 188 188 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Truck 1,896 1,896 kWh (fuel × energy content / 3.6) 
  

Dump truck  

Fuel consumption (full) 0.35 0.35 l/km  

Fuel consumption (empty) 0.275 0.275 l/km  

Distance 150.5 152 km (length + 150 km) 

((fuel consumption (full) + fuel consumption (empty)) × distance) Fuel (volume) 94 95 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel (volume) × energy content / 3.6) Dump truck 951 961 kWh 
  

  

Excavation 2,857 2,897 kWh (excavator + truck + dump truck) 
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 External cables 

Length 500 2000 m  
  

Copper 4.77 4.77 kg/m  

(length × material) Mass (copper) 2,385 9,540 kg 

Energy content (copper) 90 90 MJ/kg  

Copper 214,650 858,600 MJ (mass × energy content) 
  

Plastic 30.38 30.38 kg/m  

(length × material) Mass (plastic) 15,190 60,760 kg 

Energy content (plastic) 110 110 MJ/kg  

Plastic 1,670,900 6,683,600 MJ (mass × energy content) 
  

Aluminium 19.06 19.06 kg/m  

(length × material) Mass (aluminium) 9,530 38,120 kg 

Energy content (aluminium) 170 170 MJ/kg  

Aluminium 1,620,100 6,480,400 MJ (mass × energy content) 
  

Cables 973,792 3,895,167 kWh ((copper + plastic + aluminium) / 3.6) 
  

Total 1,285 4,866 MWh ((road + hardstand + excavation + cables) / 1000) 
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Transport and erection 

The consumed energy during the transport for both the open field and the forested area can be seen in Table D.16. 

Table D.16: Energy use during the transport for the two scenarios. 

Open field Forestry  

Blades/rotor      

Escorting vans     

No of vans 4 4   

Fuel consumption (to site) 0.09 0.09 l/km  

Fuel consumption (from site) 0.08 0.08 l/km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of cars) 

Fuel (volume) 286 388 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Escorting vans 2,888 3,919 kWh 
  

Truck for the rotor    

Fuel consumption (to site) 0.35 0.35 l/km  

Fuel consumption (from site) 0.275 0.275 l/km  

Distance 420 570 km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance) 

Fuel (volume) 263 356 l 
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Energy content (fuel) 36.4 36.4 MJ/l  

Rotor 2,654 3,602 kWh (fuel × energy content / 3.6) 
  

Semitrailer for the blades    

No of trucks 3 3   

Fuel consumption (to site) 0.38 0.38 l/km  

Fuel consumption (from site) 0.235 0.235 l/km  

Distance 420 570 km  

 ((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of trucks) 

Fuel (volume) 775 1,052 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Blades 7,835 10,633 kWh (fuel × energy content / 3.6) 
  

  

Blade/rotor 13,377 18,155 kWh (escorting vans + rotor + blades) 
  

Tower      

Semitrailer truck for the tower    

No of trucks 4 4   

Fuel consumption (to site) 0.38 0.38 l/km  

Fuel consumption (from site) 0.235 0.235 l/km  

Distance 395 545 km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of trucks) 

Fuel (volume) 972 1,341 l 
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Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Semitrailer truck 9,825 13,556 kWh 
  

Escorting vans     

No of vans 4 4   

Fuel consumption (to site) 0.09 0.09 l/km  

Fuel consumption (from site) 0.08 0.08 l/km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of cars) 

Fuel (volume) 269 371 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Escorting vans 2,716 3,747 kWh 
  

Tower  12,541 17,303 kWh (semitrailer truck + escorting vans) 
  

Nacelle      

No of trucks 1 1   

Fuel consumption (to site) 0.38 0.38 l/km  

Fuel consumption (from site) 0.235 0.235 l/km  

Distance 450 600 km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of trucks) 

Fuel (volume) 277 369 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Nacelle 2,798 3,731 kWh  (fuel × energy content / 3.6) 
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Machining      

No of trucks 0.03 0.03  1/number of machinings per truck (40 per truck) 

Fuel consumption (to) 0.48 0.48 l/km  

Fuel consumption (from) 0.295 0.295 l/km  

Distance 10 10 km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of trucks) 

Fuel (volume) 0.2 0.2 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Machining 2 2 kWh (fuel × energy content / 3.6) 
  

Control system      

No of trucks 0.03 0.03  1/number of control systems per truck (40 per truck) 

Fuel consumption (to site) 0.48 0.48 l/km  

Fuel consumption (from site) 0.295 0.295 l/km  

Distance 115 115 km  

((fuel consumption (to) + fuel consumption (from)) × distance × 
no of trucks) 

Fuel (volume) 2 2 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Control system 23 23 kWh 
  

Total 28.7 39.2 MWh ((road + hardstand + excavation + cables) / 1000) 
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The erection of the wind turbine uses the same amount of energy in both of the scenarios, see Table D.17.  

Table D.17: Energy use during the erection. 

Erection       

 Semitrailer trucks for cranes  

No of trucks 2   

Fuel consumption 0.38 l/km  

Distance 150 km Travelled two ways 

(no of trucks × fuel consumption × hours × 2) Fuel (volume) 228 l 

Energy content (fuel) 36.4 MJ/l  

(fuel × energy content / 3.6) Semitrailer trucks 2,305 kWh 
  

Crane  2 cranes are used 

Fuel consumption 7,5 l/h  

Hours 14 h  

(fuel consumption × hours × 2) Fuel (volume) 210 l 

Energy content (fuel) 36.4 MJ/l  

Cranes 2,123 kWh (fuel × energy content / 3.6) 
  

Total 4.4 MWh (semitrailer trucks + cranes) 
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Operation and maintenance 

Operation and maintenance is split into ‘vehicle’, ‘renewal of generator’ and ‘lubrication’ (Table D.18). 

Table D.18: Energy use during the operation and maintenance phase. 

 Open field Forestry  

Van 

Van 

Interval 2 2 times/year  

One-way distance 50 100 km  

(one-way distance × 2 ways × 2 days × interval) Annual distance 400 800 km/year 

(one-way distance × 2 ways × 2 days) Extra check first year 200 400 km 

(annual distance × lifetime + one extra check first year) Lifetime distance 8,200 16,400 km 

Fuel consumption 0.08 0.08 l/km  

(lifetime distance × fuel consumption) Fuel (volume) 656 1312 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Van 6,633 13,266 kWh (fuel × energy content / 3.6) 
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Renewal of the generator 

Truck  

Fuel consumption (full) 0.35 0.35 l/km  

Distance (from factory) 450 600 km  

Distance (to landfill) 50 100 km  

(fuel consumption × (distance (from factory) + distance (to 
landfill)) 

Fuel (volume) 175 245 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Truck 1,769 2,477 kWh (fuel × energy content / 3.6) 
  

Semitrailer trucks for cranes   

No of trucks 2 2   

Fuel consumption 0.38 0.38 l/km  

Distance 150 150 km Travelled two ways 

(no of trucks × fuel consumption × hours × 2) Fuel (volume) 228 228 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Semitrailer trucks 2,305 2,305 kWh 
 

Crane  2 cranes are used 

Fuel consumption 7.5 7.5 l/h  

Hours 8 8 h  

(fuel consumption × hours × 2) Fuel (volume) 120 120 l 
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Energy content (fuel) 36.4 36.4 MJ/l  

Cranes 1,213 1,213 kWh (fuel × energy content / 3.6) 
  

  

Renewal of generator 5,288 5,996 kWh (truck + semitrailer trucks + cranes) 
  

Lubrication 

Oil change every 5 5 year Every fifth year 

Changes per lifetime 4 4  (lifetime / times) 

Oil per change 585 585 l  

Energy content (oil) 40.43 40.43 MJ/l  

(oil per change × changes per lifetime × energy content / 3.6) Energy (oil) 26,280 26,280 kWh 
  

Grease/service 7.9 7.9 kg  

Energy content (grease) 37 37 MJ/kg  

(grease/service × interval × lifetime × energy content / 3.6) Energy (grease) 3,248 3,248 kWh 

Lubrication 29,527 29,527 kWh (oil + grease) 
  

Total 41.4 48.8 MWh ((van + renewal of generator + lubrication) / 1000) 
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Dismantling and scrapping 

The calculation for the dismantling and transport to landfill can be found in Table D.19. 

Table D.19: Information about the dismantling and transport to landfill for both the open field and the forestry. 

Open field Forestry  

 Dismantling 

Semitrailer trucks for cranes   

No of trucks 2 2   

Fuel consumption 0.38 0.38 l/km  

Distance 150 150 km Travelled two ways 

(no of trucks × fuel consumption × hours × 2) Fuel (volume) 228 228 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Semitrailer trucks 2,305 2,305 kWh 
  

Crane 2 cranes are used 

Fuel consumption 7.5 7.5 l/h  

Hours 14 14 h  

(fuel consumption × hours × 2) Fuel (volume) 210 210 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Cranes 2,123 2,123 kWh (fuel × energy content / 3.6) 
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Dismantling 4,429 4,429 kWh (semitrailer trucks + cranes) 
  

Transport to landfill  

Escorting vans  

No of cars 8 8  

Fuel consumption (to site) 0.09 0.09 l/km  

Fuel consumption (from site) 0.08 0.08 l/km  

 ((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of cars) 

Fuel (volume) 68 136 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content / 3.6) Escorting vans 688 1,375 kWh 
  

Semitrailer trucks  

No of trucks 8 8  

Fuel consumption (to site) 0.38 0.38 l/km  

Fuel consumption (from site) 0.235 0.235 l/km  

Distance 50 100 km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance × no of trucks) 

Fuel (volume) 246 492 l 

Energy content (fuel) 36.4 36.4 MJ/l  

(fuel × energy content) Semitrailer trucks 2,487 4,975 kWh 
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Truck  

Fuel consumption (to site) 0.35 0.35 l/km  

Fuel consumption (from site) 0.275 0.275 l/km  

Distance 50 100 km  

((fuel consumption (to site) + fuel consumption (from site)) × 
distance) 

Fuel (volume) 31 63 l 

Energy content (fuel) 36.4 36.4 MJ/l  

Truck 316 632 kWh (fuel × energy content / 3.6) 
  

  

Transport to landfill 3,491 6,982 kWh (escorting vans + semitrailer trucks + truck) 
  

Total 7.9 11.4 MWh ((dismantling + transport to landfill) / 1000) 
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Electrical generation  

The electricity generation has been determined in two different ways: as an expected production and as an average production. The first is 

calculated through the Vestas V90 brochure (28), which states that the output from the wind turbine is 3 MW. The capacity factor of 30.02% is 

taken from the Vestas LCA made for the V90 turbine. (26) For one year, the electrical generation is 7,889 MWh, according to the calculation 

below. 

889,73002.0336524 =××× MWdaysh  (MWh/year) 

The average figures are calculated by looking at two operating wind turbines (production data taken from the “Driftuppföljning Vindkraft” 

webpage (1)). The monthly production of each wind turbine is added together and then an average monthly production is calculated, based on 

the number of months the wind turbine has been in operation. This is then multiplied with the number twelve to acquire an expected yearly 

production (see Equation D.0.2). 
Equation D.0.2 

12exp ×=
operationinmonths
productionmonthlytotalproductionyearlyected

 Eqn (D.2)
 

Data for the two wind turbines can be seen in Table D.20. 

Table D.20: Average production for open field and forestry. 

 Open field (Holmsund 2) Forestry (Olsvenne 2) 

Monthly average production 581 MWh 510 MWh 

Yearly average production 6,975 MWh 6,121 MWh 
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The yearly production is then multiplied with the expected lifetime of 20 years, and the total electrical generation can be seen below in Table 

D.21. 

Table D.21: The total expected and average electrical generation for the two scenarios. 

 Open field (Holmsund 2) Forestry (Olsvenne 2) 

Expected production 157,780 MWh 157,780 MWh 

Average production 139,500 MWh 122,420 MWh 
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Open field  

A summary of all the parameters for the open field scenario, calculated above, can be seen in Table D.22. 

Table D.22: A quick summary of the parameters. 

Parameters Value 

Manufacturing 5,392 MWh 

Preparatory work 1,285 MWh 

Transport and erection 33 MWh 

Operation and maintenance 41 MWh 

Dismantling and scrapping 8 MWh 

Average electrical generation 139,502 MWh/lifetime 

Expected electrical generation 157,785 MWh/lifetime 

The average EPR for the open field is 20.6, see calculation below. 

6.20
84133285,1392,5

502,139
=

++++  

In the same way, but with the figure for the expected electrical generation, the expected EPR is 23.3. 
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Forestry 

A summary of all the parameters for the forestry scenario, calculated above, can be seen in Table D.22. 

Table D.23: A quick summary of the parameters. 

Parameters Value 

Manufacturing 6,984 MWh 

Preparatory work 4,866 MWh 

Transport and erection 44 MWh 

Operation and maintenance 49 MWh 

Dismantling and scrapping 11 MWh 

Average electrical generation 122,418 MWh/lifetime 

Expected electrical generation 157,785 MWh/lifetime 

The average EPR for the forestry is 10.2, see calculation below. 

2.10
114944866,4984,6

418,122
=

++++  

In the same way, but with the figure for the expected electrical generation, the expected EPR is 13.2. 
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Recycling  

The recycling has both energy costs and energy gains, see Table D.24. 

Table D.24: The energy use and energy return for the recycling phase. 

Open field Forestry  

Recycling costs        

Recycling of steel 20 20 MJ/kg  

(amount of steel in wind turbine × 0.9) Amount of steel 162,315 266,715 kg 

Steel 901,750 1,481,750 kWh (recycling of steel × amount of steel / 3.6) 
  

Recycling of stainless steel 40 40 MJ/kg  

(amount of stainless steel in wind turbine × 0.9 Amount of stainless steel 9,630 9,630 kg 

(recycling of stainless steel × amount of stainless steel / 3.6) Stainless steel 107,000 107,000 kWh 
  

Recycling of cast iron 30 30 MJ/kg  

(amount of cast iron in wind turbine × 0.9) Amount of cast iron 32,130 32,130 kg 

(recycling of cast iron × amount of cast iron / 3.6) Cast iron 267,750 267,750 kWh 
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Recycling of copper 50 50 MJ/kg  

(amount of copper in wind turbine × 0.9) Amount of copper 3,375 4,410 kg 

Copper 46,875 61,250 kWh (recycling of copper × amount of copper / 3.6) 
  

Recycling of aluminium 30 30 MJ/kg  

(amount of aluminium in wind turbine × 0.9) Amount of aluminium 6,075 10,035 kg 

Aluminium 50,625 83,625 kWh (recycling of aluminium × amount of aluminium / 3.6) 
  

  

Recycling costs  1,374,000 2,001,375 kWh (steel + stainless steel + cast iron + copper + aluminium) 
  

Recycling gains        

Steel (energy content) 40 40 MJ/kg  

(amount of recycled steel × 0.7) Amount of steel 113,621 186,701 kg 

Steel 1,262,450 2,074,450 kWh (steel × amount of steel / 3.6) 
  

Stainless steel (energy 

content) 

46 46 MJ/kg  

(amount of recycled stainless steel × 0.7) Amount of stainless steel 6,741 6,741 kg 

(stainless steel × amount of stainless steel / 3.6) Stainless steel 86,135 86,135 kWh 
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Cast iron (energy content) 30 30 MJ/kg  

(amount of recycled cast iron × 0.6) Amount of cast iron 19,278 19,278 kg 

(cast iron × amount of cast iron / 3.6) Cast iron 160,650 160,650 kWh 
  

Copper (energy content) 90 90 MJ/kg  

(amount of recycled copper × 1.0) Amount of copper 3,375 4,410 kg 

Copper 84,375 110,250 kWh (copper × amount of copper / 3.6) 
  

Aluminium (energy 

content) 

170 170 MJ/kg  

(amount of recycled aluminium × 0.96) Amount of aluminium 5,832 9,634 kg 

Aluminium 275,400 454,920 kWh (aluminium × amount of aluminium / 3.6) 
  

  

Recycling gains 1,869,010 2,886,405 kWh (steel + stainless steel + cast iron + copper + aluminium) 
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Incineration        

Incineration of carbon fibre 20 20 MJ/kg  

(amount of carbon fibre in wind turbine × 0.9) Amount of carbon fibre 15,435 15,435 kg 

(burning of carbon fibre × amount of carbon fibre / 3.6) Carbon fibre 85,750 85,750 kWh 
  

Incineration of epoxy 20 20 MJ/kg  

(amount of epoxy in wind turbine × 0.9) Amount of epoxy 8,820 8,820 kg 

Epoxy 49,000 49,000 kWh (burning of epoxy × amount of epoxy / 3.6) 
  

Incineration of plastics 20 20 MJ/kg  

(amount of plastic in wind turbine × 0.9) Amount of plastic 3,330 4,995 kg 

Plastics 18,500 27,750 kWh (burning of plastics × amount of plastic / 3.6) 
  

Incineration of oil 20 20 MJ/kg  

(amount of oil in wind turbine × 0.9) Amount of oil 1,080 1,890 kg 

Oil 6,000 10,500 kWh (burning of oil × amount of oil / 3.6) 
  

  

Incineration 159,250 173,000 kWh (carbon fibre + epoxy + plastics + oil) 
  

Recycling -654.3 -1058.0 MWh ((recycling costs – recycling gains - incineration) / 1000) 
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In the forest, the average EPR is 11.2 and the expected EPR is 14.5 - see calculations for the average EPR below. 

The average EPR for the open field scenario with applied recycling is 22.8 – see calculation below. 

With the same calculations, the expected EPR for the open field is 25.8.  

2.11
058,1114944866,4984,6

418,122
=

−++++
 

8.22
65484133285,1392,5

502,139
=

−++++
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