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ABSTRACT 

 

There is a need for an efficient adjustment of the energy supply system towards 

renewable energy resources in the near future. This raises the question whether it is 

financially efficient to repower an onshore wind turbine or wind farm in operation 

with respect to specific surrounding conditions? To this purpose, the objective of this 

Thesis is a quantitative analysis of a wind power project repowering addressing 

certain legislative parameters, varying economic factors and WT models respectively.  

To enable this analysis, a case-study considering a number of hypothetical scenarios 

for repowering a wind farm in Germany has been applied. The scenarios address in 

particular the widely implemented limitation in overall building heights of 100m 

depending upon varying economical parameters. Nevertheless, this case-study applies 

three different WT models whereof one model matches the legislations and the other 

two models exceed the legislations by a varying degree in order to evaluate a potential 

productivity growth. The varying economic conditions are represented by a base case 

projection applying average wind power construction costs and financial rates 

whereas a best case and worst case projection consider deviating interest rates, 

capacity factors, investment and O&M costs respectively.   The economic calculations 

together with the determination of the capacity factor with respect to each WT model 

are performed by utilising the decision aid tool RETScreen. 

The results obtained by this case-study show versatile economic and technological 

performance. WT models of minor size addressing in particular local existing 

legislation regarding the limitation of overall height which must not exceed 100m are 

inefficient regardless of varying economic conditions. Exceeding the limitation, WT 

models provide a significant increase in performance and thus return positive 

economic results independent of varying economic conditions. 

The main conclusion is that existing local legislations based on previous 

considerations from the past but which no longer correspond to the state of 

technology have to be questioned in general or have to be mitigated by subsidy 

instruments in order to support a generation shift in technology before the end of life 

of operational wind farms and thus promptly increase efficiency by repowering.  
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NOMENCLATURE 

 

AEP Annual Energy Production 

EEG Erneuerbare-Energien-Gesetz (Renewable Energy Act) 

IRR Internal Rate of Return 

O&M Operation & Maintenance 

RES Renewable Energy Sources 

WACC Weighted Average Cost of Capital 

WT Wind Turbine 
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1 INTRODUCTION  

Today many wind turbines and wind farms in operation use technology which is no 

longer considered to be state of the art. In order to force the change towards a 

sustainable energy supply supported by wind power, the substitution of operating Wind 

Turbines (W/Ts) and wind farms with the latest WT models before the end of life could 

have significant influence on the share of renewable energy sources in the short term. 

This process is usually referred to as ‘repowering’ addresses manifold drivers but at the 

same time it is constrained by serious barriers. 

WT owners have to ask themselves when and to what extent to repower wind power 

facilities. The necessity for an efficient adaption of the energy supply towards 

renewable energy resources in the near future raises the question whether it is 

financially efficient to repower an onshore wind turbine or wind farm in operation with 

respect to specific surrounding conditions before its end of life. 

The available literature provides only a few substantial quantitative analyses focusing 

on the economic feasibility of repowering, addressing potential efficiency increase and 

constraints at the same time.  

In this thesis a framework for assessing the financial viability of repowering wind farms 

is developed and subsequently applied to a case-study in Germany. 

Therefore, the particular objective of this Thesis is to evaluate the financial viability of 

repowering depending on varying economic and legislative conditions but also to take 

into account different WT models featuring varying dimensions and efficiency 

respectively.  

1.1 Structure & Content 

Subsequently the introduction, Chapter 2, literature review, includes a brief introduction 

to the subject with respect to origins of wind and power conversion together with the 

relevant technologic development during the last decades. This is followed by a detailed 

theoretical analysis evolving the subject of repowering, focusing to a certain degree on 

Germany. The analysis provides information about benefits and advantages of 

repowering as well as its constraints and barriers. Subsidy, legislations and policy issues 

are further integral parts of this theoretical analysis completed by a minor discourse of 

the time dimension of repowering. 
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Chapter 3 then provides the methodology adopted to address the objective of this paper.  

As repowering touches variable aspects, stakeholders and their interests respectively the 

aim of this thesis is in particular to assess the financial viability of different repowering 

scenarios relating to an operational wind farm. To achieve meaningful results the 

decision aid tool RETScreen is selected applying appropriate data. 

 

Chapter 4 contains the application of the methodology. The author decided to choose an 

onshore wind farm in Germany as the object of this study. The wind farm started 

operation in 2000 and contains 17 WTs. The data applied to this study are those 

representing average financial conditions in Germany with respect to onshore wind 

power development. The repowering scenarios consider three different WT models with 

respect to varying dimension and nominal power in order to increase the efficiency but 

also to decrease the number of WTs in operation at the same time. To achieve 

quantitative results the decision aid tool RETScreen is utilised. Furthermore, a best case 

and worst case projection complete this financial analysis returning conclusive results.  

 

Under Chapter 5 the obtained results are further analysed particularly with respect to 

relevant conditions and data in order to address limitations of the methodology. 

 

A final discussion considering the problematics regarding repowering obtained by this 

study and possible solution strategies including indications for further studies is 

provided under Chapter 6.   
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2 LITERATURE REVIEW 

2.1 Introduction 

Wind power development in the past suggests a considerable potential for repowering 

today and in the future that will become a major and decisive part for the entire sector 

and its dependent branches.  

The literature review provides information about the history of wind power as well the 

basic physical properties of wind and its conversion into electrical power. The technical 

development of wind power indicates the potential of repowering aging wind farms. 

Therefore, repowering is accompanied by many advantages and benefits as different 

determiners show. On the other hand, several barriers constrain the development of 

repowering. To address these determiners different policy and subsidy strategies are 

illustrated which influence the development of repowering.  

Finally, an overview of different approaches regarding the time dimension for 

repowering in order to predict the most appropriate moment to repower completes the 

literature review. 

2.2 Wind Power 

Wind power is an old well known energy source. Ancient documents describe the use in 

Persia over 1000 years ago and it is supposed that already in China some 3000 years 

ago, wind power was utilised. Wind power forced the development of mankind in 

manifold ways and was established all over the world. But with the start of the 

industrial revolution based on the invention of the steam machine, the use of wind 

power was radically reduced and retreated and has retreated into niches such as the local 

use for pumping water or minor energy production. 

Today, after a fast technological development during the last four decades, wind power 

has become one of the most important energy sources supporting the change towards a 

sustainable energy production minimising the dependency of finite fossil fuels and at 

the same time the emission of carbon dioxide (Wizelius, 2007).  

 

2.2.1 Origins of Wind 

The main driver of wind is differences in air pressure based on the sun’s radiation which 

heats up the atmosphere, landmasses and oceans respectively. The variation in 
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temperature differences depending on the varying intensity of the radiation as a result of 

varying distance and angle of the sun determines seasonal and hourly variation. The so 

called pressure gradient force is forcing the air to level out these differences and results 

in the motion of air masses. In addition other factors such as Coriolis force and Gravity 

force as well as atmospheric effects such as clouds exert further influence the motion of 

air and result in the geostrophic wind which provides the theoretical main wind 

directions on the Earth without any greater variations. Contrary, meso, regional and 

local scale differences and variation in meteorology such as temperature variation 

during the day and night as well as variation in topography such as forest and hilly 

terrain (Fehler! Verweisquelle konnte nicht gefunden werden.) influence the wind 

gradient regionally and locally on minor scale closer to surface. Here, it is important to 

base a wind power project on a sound base and thorough logged long term and short 

term wind data in combination with sophisticated climate models and precise terrain 

descriptions which are mandatory in order to predict the AEP as adequate as possible 

(Wizelius, 2007). 

 

 

Figure 2.2-1 Computational Fluid Dynamics model’s result layer pictures the wind speed variation in very 

complex terrain by different colours (SOLIDwinds, 2015) 

 

2.2.2 Energy Conversion & Technology 

Air masses in motion contain kinetic energy which can be utilised for e.g. 

transformation into electrical energy. According to the Betz law (Wizelius, 2007), at 
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most 59 per cent of this energy from the wind can be utilised and represents the 

maximum theoretical possible power coefficient of a WT. The mass flow through a 

certain area as a product of air density, swept area and wind speed multiplied by the 

square of the wind speed divided by two and multiplied by the power coefficient gives 

us the wind power that a WT can attain. 

 

 

Figure 2.2-2 Basic components of a modern, horizontal-axis wind turbine with a gearbox (NREL) 

 

Today (Figure 2.2-2), most common WTs are horizontal axis turbines equipped with a 

three blade upwind rotor and a maximum tip speed ratio of 7 to 10 as the aerodynamic 

lift results in higher rotor speed than the actual wind speed. The rotor directly drives a 

generator or is connected through a gearbox. Additionally, a yaw motor combined with 

an anemometer is used in order to follow the wind direction.  Further electrical control 

systems for surveillance and operations follow-up, a transformer for grid adaption as 

well as nacelle, tower and foundation complete a modern WT.  

The rediscovery of wind power as an option in order to support the change towards an 

energy supply not depending on fossil fuels and nuclear power started in the 1970s and 
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1980s. At this time, the western world faced serious problems such as the oil crises and 

the Chernobyl accident which made it its dependency on energy aware. Several 

countries such as Sweden, the USA and Germany invested in research and development 

programs focussing on large scale WT models. However, they had difficulties bringing 

them to an operational state. Denmark, on the contrary, decided on another path and 

concentrated initially on creating a market by introducing generous subsidies. The 

national industry therefore focused on small to minor scale technology but also 

simplicity and durability in order to cope with varying weather conditions and to 

guarantee reparability by the owner. As a result, the first models going into mass 

production had only a nominal power of 20-30kW and were up to 20 metres high 

(Wizelius, 2007). 

 

 

Figure 2.2-3 Growth in size of typical commercial wind turbines (NREL) 

 

In order to harness as much energy as possible and to increase the efficiency of a WT, 

other substantial improvements and technological were required (Figure 2.2-1), the 

swept area increases constantly as it is significant for the power a WT can extract. 

Additionally, an increasing hub height makes it possible to utilise the more heterogenic 

and by the topography less influenced wind in greater heights, as the influence of the 

friction in complex terrain decreases with the distance to surface (Ackerman et al, 

2012). 

Today, the current most powerful WT is a 10 MW prototype of the offshore WT amsc 

SeaTitan characterised by a rotor diameter of 190 meters and a hub height of 125 meters 

(power-technology.com). 
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2.2.3 Repowering & Surrounding Conditions 

All over the world, wind power has shown significant development over the last four 

decades and has become one of the key technologies with respect to renewable energy 

sources. The share of wind power in the electricity supply is growing and already 

reaches already remarkable figures in certain places such as Denmark, California and 

Germany which were among the first to develop extensive wind power at major size. In 

2012 wind power provided over 30% towards Denmark's electricity supply, produced 

by over 5000 WT. And yet, around 50% of these WTs has a size of less than 1MW and 

are older than 10 years (Danish Energy Agency, 2014). The situation is similar to other 

countries with a long history in wind power. Here the substitution of old WTs becomes 

more and more the focus for the successful continuation of wind power development as 

the efficiency of WT models increases significantly almost year by year. Considering a 

usual lifespan of 20 years for a WT installed in the middle of the 1990s, there are a 

growing number of WTs which are not any longer state of the art and are now 

comparatively inefficient. Considering a common size of 750kW and a hub height of 50 

meters at this time (Fehler! Verweisquelle konnte nicht gefunden werden.), the 

theoretical potential by repowering with state of the art WT models with up to 10MW 

and hub heights over 130 meters is obvious. 

The market size for repowering is increasing, especially in countries with a long history 

in wind power development. But for e.g. in Germany, one of the pioneers and a key 

country driving the development of energy production by wind power at large scale, 

repowering developed slowly as in 2011 only 170 WTs were repowered (BWE, 2012).  

Even though, in 2013, already 25% of Germany’s gross new onshore wind power 

capacity is accounted for repowering (Radowitz, 2014). 

The appeal to repower a WT depends on many different factors and differs significantly 

between federal countries in Germany as e.g. 80% of the new installed WTs in 

Schleswig-Holstein are erected as repowering plants whereas in Mecklenburg-

Vorpommern repowering still remains insignificant (Neddermann, 2013).  

For Germany it is expected that in the near future the share of repowering will increase 

and account for most of the “new” installations (Figure 2.2-4). 

 



18 

 

 

Figure 2.2-4 Prognosis of development of repowering and its share in Germany (DEWI) 

 

Nevertheless, there are a number of drivers which determine the attractiveness for the 

owner of an aging wind farm to repower.   

2.2.4 Repowering Alternatives, Drivers & Benefits 

In order to predict the efficiency and advantages of repowering it is of importance to 

analyse the drivers, benefits but also barriers which entail possible constraints for a 

repowering project. Furthermore, the replacement of old WTs can be done in many 

ways which in relation to a wide range of determinants have to be evaluated from a 

holistic view. 

In general, repowering describes the replacement of an old WT with a new one though 

there are several alternatives. According to BWE (BWE, 2012) by halving the number 

of WTs and doubling of the capacity at the same time, a tripling of the AEP can be 

achieved.  

Therefore besides a 1-to-1 up-scaling of a solitary WT or the replacement with a WT 

with similar rates but more advanced technique, the replacement of e.g. two smaller 

WTs by one large WT or the clustering of many solitary smaller WTs by a few larger 

centrally placed WTs represent the common repowering method. Though, the 1-to-1 up-

scaling of an entire windfarm results in the highest increase inproductivity. All these 

approaches go hand in hand with different advantages and disadvantages considering 

energy, financial issues but also environmental factors (Hulshorst, 2008). 
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There are several drivers and surrounding factors which indicate the efficiency of 

repowering. Here, as already mentioned above, the development and improvement of 

technology is one of the key factors driving repowering as it results in a significant 

increase in net capacity factor for a wind power project and location respectively (Lantz, 

Leventhal, & Baring-Gould, 2013). In turn, a significant increase in capacity by 

repowering results in a significant increase of remuneration (Table 2.2-1).  

 

Table 2.2-1 Example Repowering in Germany (Neddermann, 2013) 

Example Repowering in 2013 / Germany Old WT (1998) New WT (2013) 

Number of WT 10 6 

Rated Power per WT 600 kW 3.05 MW 

Total Capacity 6 MW 18.3 MW 

Hub Height 50 m 99 m 

Total Height 71.5 m 150 m 

Case A (Site with 125% of EEG reference yield) 

Electricity Production 13.82 Mio. kWh/a 65.00 Mio kWh/a 

Feed-In Tariff* 6,2 ct/kWh 9.76 ct/ 

Revenue per Year 856 840 EUR 6 343 990 EUR 

Case B (Site with 100% of EEG reference yield) 

Electricity Production 11.05 Mio. kWh/a 52.00 Mio. kWh/a 

Feed-In Tariff* 9,1 ct/kWh 9,76 ct/kWh 

Revenue per Year 1 005 550 EUR 5 075 192 EUR 

* varying Feed-In Tariff depending on regulations regarding the German subsidy system based on the EEG (Erneuerbare-Energien-

Gesetzt/German Renewable Energy Act) 

 

Nevertheless, the real rate of increase in production efficiency depends on further 

factors other than just the development of the power of a WT. The development does 

not only stop at the WT technology, but includes more sophisticated wind energy 

software based on complex wind climate modelling leading to a better use of the wind 

energy on site. Advanced wind energy software also addresses wake losses in a better 

manner and possible production losses can also be adapted by a more precise placement 

of WTs within a project area as well. Considering the technological development in 

relation to the aging of the existing WTs, repowering will become the preferred 

investment relative to greenfield (new construction) projects (Lantz, Leventhal, & 

Baring-Gould, 2013). 
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Another determent is related to land use. Especially countries such as Germany show a 

high level of urbanisation and wind power development at the same time. Therefore, 

sites with good wind conditions diminish year by year (Wiser, 2007). Today, it is 

difficult to find adequate sites with high wind speeds which also provide suitable 

surrounding conditions for the development of a wind power project. This in context of 

the ambitious targets of the German government to reach an electricity share for 

renewable energy source of 50 % by 2020 and in 2050 a share of 80% (BMWi, 2015) 

will support the development with repowering and its market opportunities. 

As seen, the significant increase in AEP by more advanced technology is the main 

driver for repowering which in the near future will be at the forefront compared to 

greenfield projects. Additionally, the capital expenditures including cost for the WT, 

grid connection, work and other investment costs are comparatively higher for a 

greenfield project than for repowering. Wiser (2007) suggested that past repowered 

projects are $150-200/kW cheaper than new greenfield projects as e.g. given parts of the 

infrastructure can be used. 

Beside the already mentioned benefits considering repowering compared to greenfield 

projects, repowering might also imply a minor risk scenario regarding an investment at 

large scale but also for minor wind power projects as land acquisition has already been 

executed and good data on wind speed are logged over an adequate time period. 

Another economic factor which attracts and influences a decision for repowering refers 

to O&M costs. O&M costs accounts for several different assets which are redeemable 

during the life-time of a WT such as service, insurance and administration costs. Here, 

especially service and maintenance costs in order to keep the reliability of a WT are in 

focus. The performance of old WTs declines with time and results in an increase of 

service costs at the end of life-time as well as technical problems which may result in 

significant downtime and thus significant revenue cuts (Silvosa, Gómez, & Río, 2013).  

The average O&M costs in Germany increase in the second decade of operation from 

1.05 ct/kWh up to 1.47 ct/kWh (Deutsche WindGuard GmbH, 2013). Furthermore, a 

replacement of components already after ten years entails not only newer and more 

advanced and reliable equipment but also addresses the problematic of the availability 

of spare parts for older WTs (Filgueira, 2009). On the other hand, based on the analysis 

of the Spanish Wind Energy Association, old WTs have fewer electronic components, 

are less complex and as a result the differences in O&M costs are marginal (AEE, 

2010). 
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Even though many drivers are mostly of economical nature and related to an increase of 

the energy production, there exist even further benefits which highlight the positive 

effects of repowering. 

 

 

Figure 2.2-5 Example of repowering and its effect on visual impact (BWE 2010) 

 

Considering the public opinion towards wind power and especially its salient presence 

in the natural environment, repowering of old fast rotating solitary spread WTs and/or 

wind farms by fewer but more powerful and slow rotating advanced WT models 

addresses public concerns which are mostly related to visual impacts (Figure 2.2-5). 

Furthermore, a generation shift in technology results in a reduction in noise emission.  

Additionally, the socioeconomic and environmental benefits are the generation of 

construction jobs and higher tax revenues. Further positive effects are the grid 

integration of electricity produced by wind power. Here advanced WT technology 

generates better electricity quality and no significant transmission upgrade would be 
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required. Technical dynamic efficiency benefits based on a continuous development of 

technology may also contribute to its own advancement considering its learning curve. 

However, these potential socioeconomic and environmental positive effects are variable 

in its magnitude (Río, Silvosa, & Gómez, 2010).  

Finally, a strong second-hand turbine market also implies benefits for repowering. On 

the one hand, the disposition of used WTs and components create additional revenue 

which can be directly reinvested in repowering. However, the potential revenue of 

selling used WTs is depend upon the quality and its age (Figure 2.2-6). 

   

 

Figure 2.2-6: Percent of the value as new for used WTs relative its age (AEE, 2010) 

 

On the other hand, developing countries stimulate, by their increasing energy demand, 

the development of renewable energy sources. Considering repowering before the end-

of-life circle and limited financing options, these countries get access to well proven and 

maintained WT technology at moderate costs.  Furthermore, smaller and less complex 

WTs include further advantages such as less advanced maintenance requirements as 

well as transport and erection of smaller WTs can be executed without major problems 

(Hulshorst, 2008). 

But there also exist barriers which have to be considered in order to determine the 

efficiency and possibility of repowering with respect to these constraints. 

2.2.5 Barriers & Legislations 

As seen, many drivers account for a positive image regarding repowering of a wind 

power project in operation before the end-of-life-time. Particularly, the huge potential in 

increasing the electrical power production considering a tremendous development of 
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WT technology during the last decades is a clear indication for repowering. Even 

though, several barriers are identified and could lead to a contrary view. 

The increase in energy production of a WT depends not only on new technical 

innovations but also and particularly on the size of tower and rotor. Here, even though 

the number of WTs might be reduced by repowering an increase in the WT dimension 

has to be in accordance to existing national legislations. Potential wind power projects 

for repowering were built several years ago and larger WT models may no longer match 

current regulations regarding heights, noise, shadow and distance to settlements. 

In Germany, potential repowering project sites are not always declared as areas of 

interest for wind power and thus repowering very often faces difficulties with the height 

limitations of a WT. In the early days, an overall height of 100m (hub height inclusive 

rotor radius) seemed to be sufficient and many land development plans only allow the 

substitution with WTs of the same height (BWE, 2012). Furthermore, nowadays more 

and more federal countries insist on distances of 1000m to settlements whereas the 

federal state Bavaria even initiated the so called 10H act. Here, the distances to 

settlements must not be less than 10 times the overall height. But also an increase in 

dimension may touch other interests such as aviation safety, environmental and military 

issues. Besides, to address a limitation regarding the height, the German military 

decided to increase the flight altitude for low level flights by 100m which as a 

consequence allows construction heights up to 220m.  

As a result potential repowering projects face difficulties regarding building permit 

processes. Here as well, areas of national interest for wind power are often not identical 

with the areas of operating wind farms and no binding regulations regarding repowering 

exists and complicated planning environments remain. As a result unpredictable delays 

or even a refusal of an application may not be avoidable (BWI, 2012).  

With the need to expand the project area further, landowners have to give their 

permission; these additional negotiations may affect the project timeline or even lead to 

the abandonment of the project in the case of stakeholders rejecting the offer (DStGB, 

2012).  
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Figure 2.2-7 Load distribution (blue low/red high) in German (DStGB, 2012) 

Figure 2.3-4 illustrate the load distribution in Germany and points to further barriers 

for repowering due to technical constraints. The regions with the highest electricity 

consumption are marked red in the map. These regions are characterised by a high 

degree of urbanisation and industrialisation. In contrast to the industrial areas and urban 

centres, the areas with the best sites for wind power development and thus with the 

highest power production are placed in the North and North West remote from the 

power consumers. As a result, the grid capacity is not designed for the power 

production far-off the power consumer. Here, repowering and a respectable increase in 

power production by wind power face serious problems regarding the grid 

infrastructure. Already in 2010, EWEA studies showed that Germany suffers from long 

grid connection lead-time and a 17% of studied wind power projects were deferred, due 

to insufficient grid capacity. Germany intends to address these problems by the building 

of several national transmission lines and minor grid expansions but which will still not 

keep pace with the wind power development and will therefore constrain the effort for 

repowering (DStGB, 2012). Even though the grid on site manages significant capacity 

increase by repowering, new repowering projects may require new transmission 

licences which may not be easy to obtain and result in further project delays (Río, 

Silvosa, & Gómez, 2010).  
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Besides restrictions due to legal conditions and technical barriers, repowering implies 

not only an increase in power production but also a potential temporary loss of revenue. 

The dismantling of the old WTs and foundations causes temporary stops in production 

by the old WTs and wind farm respectively and thus in minor production losses. 

Finally, operating and depreciated wind farms which have not reached its end of life 

may not encourage owners to repower. Especially considering significant investments 

for state of the art WT technology in contrast to a secure source of income, repowering 

does not attract investors (Río, Silvosa, & Gómez, 2010). According to KEMA (2008), 

this fact is the primary barrier as many operating wind farms are simply more profitable 

in the short term. 

2.2.6 Subsidy & Policy Strategies 

The success of wind power under the last four decades in certain countries worldwide is 

substantially based on different decisions. In order to promote the wind power 

development, one of the most important drivers became policy and subsidy strategies to 

support and bring forward a new technology. 

Even though repowering shows high performance and many determinants indicate the 

efficiency and advantages, as mentioned above several major and minor barriers may 

constrain the intention to repower. Many countries proclaimed ambitious targets 

regarding the share of renewable energy sources. To reach these goals different subsidy 

strategies are usually applied to accomplish certain approaches. Production Tax Credits 

provide the producer a tax credit per kWh of renewable energy generated whereas 

investment subsidies already take part at the beginning of a wind power project. 

Auction and tendering schemes are further common instruments in order to support 

renewable energy sources. Finally, feed-in tariffs and quotas with tradable green 

certificates complete the most common subsidy schemes. 

The success of each scheme varies and depends on its design and further cross-

instruments. Río et al (2010) identified several relevant criteria in order to evaluate the 

efficiency of each subsidy scheme supporting repowering. Besides the general 

effectiveness to drive repowering, cost and administrative effectiveness, compatibility 

and ability to include repowering incentives within existing supporting schemes and its 

dynamic efficiency to generate a continuous incentive for technical improvements and 

cost reductions are most important. As a result feed-in tariffs and investment subsidies 

tend to be the most appropriate instruments though beside a specific subsidy 
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instruments the choice of cross instrument subsidy elements is at least as important. In 

order to increase the efficiency of certain supporting schemes particularly regarding 

repowering, additional elements are relevant for regulation and steering.  

 

 Timing refers to the moment when to support and whether the support should 

decline over a period and by what extent.  

 A minimum size for new turbines results in a certain increase in productiveness 

whereas a maximum size of replaced turbines considers that primarily WTs 

which go below a certain production limit are replaced.  

 A certain age limit refers to repowering of potential WTs only when they 

exceeded a certain period in operation.  

 Finally, beside a price cap as additional incentive to the ordinary schemes, 

support tied to site-profitability considers the necessity for increasing incentives 

relative to the profitability of a site which performs better or worse. 

 

Nevertheless, an increasing number of experts question the necessity of supporting 

schemes for wind power in general and in particular for repowering in Germany. 

Considering a mature technology and the fact that in several federal states repowering 

already accounts for the majority of new installed capacity, incentives may compromise 

the reputation of an entire industry. Furthermore, repowering at sites with good wind 

conditions is alone a sufficient incentive (Neddermann, 2013). 

2.2.7 Time dimension & Economical Tools 

Several aspects regarding advantages and barriers but also policy and subsidy strategies 

indicate the complexity of repowering. As seen, several aspects can be assessed and 

evaluated from different perspectives and thus the perspective on repowering varies. 

Even though, to reach ambitious renewable energy targets repowering may have to be 

pushed and WTs and wind farms have to be replaced already in the middle of their life-

cycle, whereas from owner’s perspective a well operating wind farm providing an 

adequate  revenue stream does not indicate the necessity to repower at all. To address 

both alternatives, an economical perspective in relation to the time dimension regarding 

the best moment to repower gives further implications. 

Eric Lantz et al (2013) analyse the financial feasibility of repowering in California in 

order to predict the moment when repowering becomes feasible by utilising NREL’s 
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System Analyser Model to predict the cash flow based on manifold variables such as 

installation costs and different rates scenarios. Additionally calculations regarding the 

Net Present Value allow comparison over time. Both analyses relative to an investment 

in a greenfield project show that repowering becomes profitable after 20 years of 

operating. Furthermore, the analysis indicates that partial repowering is less economical 

than full repowering considering the surrounding conditions in California.  

Another study applying the two-factor real options model of McDonald and Siegel in 

order to predict the optimal moment for repowering in Denmark by the probability of 

success indicates the profitability for repowering after a life-time of 11-15 years. The 

probability of success depends primarily on the volatility of revenue stream and thus the 

authors recommend higher guaranteed incentives (Himpler & Madlener, 2011) 

2.3 Conclusion 

The literature review shows the versatility of repowering and describes advantages but 

also barriers of repowering a wind power project in operation before its end-of-life and 

contains many unknown variables. One of the most important drivers is the potentially 

significant increase in capacity and thus particularly interesting from the economic 

perspective. But a significant increase also results in rising shares of RES and supports 

the change towards a sustainable energy supply in order to address manifold problems 

regarding finite fossil fuels. Nevertheless, repowering touches many stakeholder 

interests and is restricted by several limitations. Here, especially existing legislations 

constrain repowering project approaches and may lead to its rejection. Thus, even 

though repowering can account for substantial efficiency increase, a well performing 

wind power project may not imply the necessary attractiveness for the owner to take the 

financial risk of repowering.  

Evaluating the economic feasibility of repowering, addressing its versatility with respect 

to benefits and barriers, in the next Chapter 3 the methodology is developed. 
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3 METHODOLOGY 

In order to evaluate the complexity of repowering and its economic feasibility a case-

study is performed. Addressing certain advantages but also constraints and particularly 

legislation issues different repowering scenarios are developed (Figure 2.3-1). The 

scenarios are versatile and applying different WT models and varying financial 

parameters at the same time in order to determine its impact on economic indicators. 

 

 

Figure 2.3-1 Basic process steps 

 

To sufficiently analyse the potential of repowering in Germany, a case-study applying 

different substitution scenarios considering different WT models and varying financial 

parameters is performed. The scenarios address benefits but also barriers of repowering 

in order to illustrate the efficiency of each repowering approach and scenario 

Wind power project repowering 

• identify a suitable case-study 

Scenarios 

• develop different repowering scenarios 

Evaluation 

• collection of adequate data 

• applying tool to data  

Ranking of scenarios 

• analysis of results 
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respectively. Most important to the case-study is the limitation in overall heights of 

100m. Therefore one WT model matching this legislation but also two other models 

exceeding the overall height by varying extent are selected. Furthermore, regarding the 

economic environment, the case-study applies average construction costs in Germany 

which represent the base case. In order to address varying economic conditions a best 

case and worst case projection apply deviating rates and costs which results in further 

scenarios. 

3.1 Decision Aid Tool RETScreen 

To perform the economical calculations for each scenario the project financial tool 

RETScreen 4 developed by NRC (Natural Resources Canada) is utilised. The tool is 

developed in order to determine the technical and financial viability of renewable 

energy projects as well as to perform energy performance analysis and includes several 

databases to support project evaluation.   

With respect to wind power projects, RETScreen provides several WT models and their 

power curves. In order to examine the feasibility of a wind power project the tool 

applies further project specific parameters (Table 3.1-1). 

Wind data is provided by National Aeronautics and Space Administration (NASA, 

2015). 

 

Table 3.1-1 RETScreen - parameters  

parameters 

WT model and number 

wind data 

losses* 

availability* 

investment 

annual cost 

electricity export rate (feed-in tariff) 

inflation rate 

project life-time 

debt ratio 

debt interest rate 

debt term 
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*In order to evaluate the capacity factor utilising RETScreen method 2, the user is expected to determine losses and 

availability regarding each scenario. In order to minimise the potential influence of too many variables in this case-

study the values for “array”, “air foil” and “miscellaneous” losses are assumed to be 1% each whereas the 

availability is considered to be 98%. 

 

The financial viability depends on these parameters and is pictured by different financial 

indicators (Table 3.1-2). 

 

Table 3.1-2 RETScreen - financial indicators 

financial indicators 

Pre-tax IRR – equity 

Pre-tax IRR – assets 

Simple payback 

Equity payback 

Cumulative cash-flow graph 

 

 

The IRR-equity rate presents the true interest yield provided by the project equity over 

its life. If the value is equal or greater than the required rate, the project will be 

financially acceptable. The IRR-assets presents the true interest yield provided by the 

project assets over its life. This value is compared usually to the required cost of capital.  

Both are calculated to find the discount rate that causes the NPV of the equity and assets 

respectively to be equal of zero.  

The simple payback refers to the time it takes to recover the initial investment while the 

equity payback indicates the time it takes to recover the equity. Nevertheless, the simple 

payback does not consider time value of money nor inflation while the equity payback 

considers the level of debt and thus represents a more advanced assessment. 

Additionally, the cumulative cash flow graph visualise the equity payback. The cash 

flow becomes positive after the equity payback period (RETScreen Suit Help, 2015). 
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4 APPLICATION OF THE METHODOLOGY AND RESULTS 

4.1 Wind Farm 

The author decided for the wind park “Wolgast” as the case-study object. The wind park 

is suited to the North West of Wolgast. The town is located in the federal state of 

Germany Mecklenburg-VorpommernFigure 4.1-1 Location of the wind park “Wolgast” (Google 

Maps)Figure 4.1-1).  

 

          

Figure 4.1-1 Location of the wind park “Wolgast” (Google Maps) 

 

The less complex terrain surrounding the wind park is primarily characterised by open 

farm land. Besides that, several farm buildings, small villages and the town of Wolgast 

shape the local landscape. The minimum distances between wind farm and industrial 

area are 300m and 800m to the residential area respectively depending upon the 

placement within the project area. 

The wind park was constructed in 2000 and contains 7 WTs in operation.16 WTs have a 

capacity of 500kW whereas one WT has a capacity of 1.5MW. All WTs are delivered 

by Enercon and have a hub height of 65m and 67m (1.5 MW) respectively. The rotor 

diameter is assumed to be a maximum 70m due to the existing legislation regarding the 

limitation of the overall height of 100m. The installed power amounts up to 9.5 MW. 
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4.2 Scenario Specific Parameters & Figures 

The analysis utilises RETScreen applying different varying parameters. Table 4.2-1 

presents the most important economical parameters in order to analyse the economic 

efficiency of repowering.  

 

Table 4.2-1 Average onshore investment & annual cost (highly location dependent) and financials in 

Germany (Deutsche WindGuard GmbH, 2013) 

investment €/kW 

WT, delivering & installation 1,010/1,150/1,340 
a
 

foundation, grid connection, site preparation & others 373 

annual costs ct/kWh 

O&M, lease payment, insurance, reserve fund & others 2.55 

financials 
 

debt term 15 years 

debt ratio 78% 

interest rate 3.8% 

return on equity 10% 

WACC 5.16% 

capacity factor b 22.8% 

inflation rate c 1.53 

project life-time 20 years 

feed-in tariff d 
80.98 €/MWh 

(88.6 & 49.5 €/MWh) 

a depending on hub height (<100m/100-120m/>120m) 

b
 (statista, 2015) ;  average rate for coastal sites and good wind resources;  

c (inflation.eu, 2015); average rate under the last 15 years 

d Actual level of initial feed-in tariff for onshore wind power projects varies. Corresponding to the EEG 

(BMWi, 2014) the level increases or implies a quarterly digression of 0.4% depending on the actual total 

installed capacity per year. Furthermore, the length of refund period for both the initial tariff and basic 

tariff depends on the “reference yield model” and may result in a shortening of the period receiving the 

initial tariff (at present 8.86 ct/kWh).  

E.g. in case the yield corresponds to 82.5% of the reference yield the initial feed-in tariff is paid the 

entire period of 20 years whereas a yield of 150% caps it at 5 years and thus the following 15 years the 

owner receives only the basic tariff (4.95 ct/kWh). The reference yield is calculated based on standard 

recognised rules. The presented study considers a yield corresponding to 100% of the reference yield 

and thus as a result in a refund period of 16.1 years and 88.6 €/MWh (initial tariff) and 3.9 years and 
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49.5 €/MWh (base tariff) respectively which in turn results in an average feed-in tariff of 80.98 €/MWh 

during the project life-time. 

Alternatively, the owner can decide for direct marketing in order to sell the electricity on its own 

responsibility (Leipziger Institut für Energie GmbH, 2014).  

 

The values are average rates and applied according to the base case scenarios. The worst 

case scenarios imply an increase in investment and annual costs of +10% and worsened 

financial conditions respectively represented by a debt interest rate of 5%. The best case 

scenarios therefore consider a lower investment and annual costs of -10% and more 

efficient financial conditions respectively which are represented by a debt interest rate 

of 3% (Table 4.2-2). 

 

Table 4.2-2 varying parameters representing base, worst and best case projection 

parameter base case worst case best case 

investment cost average +10% -10% 

O&M cost average +10% -10% 

debt rate average 5% 3% 

return on equity a average 12% 8% 

WACC b average 6.5% 4.1% 

capacity factor evaluated utilising RETScreen -10% +10% 

a not part of RETScreen calculation; required to calculate the WACC b and to check against the IRR-assets 

evaluated by RETScreen  

 

Other parameters such as inflation, debt term and project life are assumed to be 

constant. The feed-in tariff is also considered to remain at the same level because the 

reference yield model addresses variations of the AEP by adaption of the feed-in tariff. 

A lower AEP results in a higher feed-in tariff and vice versa. 

Nevertheless, the capacity factor is determined by the decision aid tool RETScreen for 

each WT model in order to address the technical differences regarding different WT 

models in more detail. Furthermore, a variation in AEP due to uncertainties with respect 

to each case is addressed by a variation of the capacity factor by ±10%. 

Besides, an average return on equity rate of 10% and an average interest rate of 3.8% 

(Table 4.2-1) result in a WACC (weighted average cost of capital) rate of 5.16% with 

respect to an average debt ratio of 78%. With respect to the worst case and the best case 

projection and thus a varying debt rate of 5% and 3% together with a varying return on 
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equity rate of 12% and 8% results in a WACC of 6.5% regarding the worst case and 

4.1% regarding the best case projection. 

4.3 Repowering Scenarios & Wind Turbines 

To sketch the financial versatility of repowering different scenarios are formulated. The 

repowering scenarios consider the substitution of the 16 WTs with 500kW (total 8MW) 

and an approximate doubling of the current capacity. The number of WTs varies 

depending on the chosen WT model and its nominal power. The 1.5MW WT remains.  

As the limitation in heights does not allow a significant increase in the dimension of the 

new WT model at present time, the analysis considers one WT model complying with 

this legislation. Nevertheless, two further WT models with larger dimensions (Table 4.3 

1) are selected in order to picture the potential productivity increase by repowering.  

 

Table 4.3-1 WT models applied by the analysis provided by the decision aid tool RETScreen 

manufacture model power hub height rotor diameter overall height 

Enercon E-70 2.3 MW 64m 71m 99.5m 

WinWinD D100 3 MW 100m 100m 150m 

Fuhrländer FL3000 3 MW 140m 121m 200.5m 

 

To abide current legislation and to provide a significant increase in installed power the 

WT models of choice became the WT Enercon E-70 2.3MW with a hub height of 64m 

and a rotor diameter of 71m which results in an overall height of 99.5m. The second 

WT model is the WinWinD D100 3MW with a hub height of 100m and a rotor diameter 

of 100m which results in an overall height of 150m. The third WT model is the 

Furhländer FL3000 3MW. This model has a hub height of 140m and a rotor diameter of 

121m and thus an overall height of 200.5m. 

Therefore, to address the minimum distance to buildings it is assumed that a minor 

number of WTs but featuring larger dimensions can be placed in the project so that the 

regulations are fulfilled. 

The financial viability depending on varying economic circumstances is addressed by 

three different cases - base case, worst case and best case projection (Figure 4.3-1).  
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Figure 4.3-1 repowering scenarios 

4.4 Results 

The indicators for the financial viability picture the performance regarding each 

scenario with respect to varying surrounding conditions. 

Nevertheless, the same financial initial debt ratios, debt terms and interest rates 

regarding each WT model and case projection result in nearly similar initial financial 

performances regarding total investment, debt and annual debt payment since the 

investment costs depend upon the average prices per installed MW and vary only to a 

low degree on the hub height. The annual costs therefore depend on the AEP and thus 

on the capacity factor which primarily is decisive for the actual divergence regarding 

each scenario and economic performance respectively. 

4.4.1 Base Case 

The first step in the case-study was to determine the capacity factor with respect to each 

WT model. This calculation (Table 4.4-1) shows a significant divergence between the 

Repowering 
Scenarios 

Scenaria 1-3 

base case 

Scenario 1 

7x E-70 

16.1 MW 

Scenario 2 

5x D100  

15 MW 

Scenario 3 

5x FL3000  

15 MW 

Scenaria  4-6 

worst case 

Scenario 4 

7x E-70  

16.1 MW 

Scenario 5 

5x D100  

15 MW 

Scenario 6 

5x FL3000  

15 MW 

Scenarioa 7-9 

best case 

Scenario 7 

7x E-70  

16.1 MW 

Scenario 8 

5x D100  

15 MW 

Scenario 9 

5x FL3000  

15 MW 
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WT models. The capacity factor of the WT model Enercon E-70 is 17.1% which is 

below the average capacity factor of 22.8%, whereas the WT model Furfländer FL3000 

provides a significantly higher capacity factor of 38.5%. The WinWinD D100 WT 

model is ranked in between with a capacity factor of 26.7% and exceeds the average 

value. 

 

Table 4.4-1 results base case projection 

Parameters scenario 1 scenario 2 scenario 3 

WT Model E-70 D100 FL3000 

number 7 5 5 

capacity 2.3 MW 3 MW 3 MW 

total capacity 16.1 MW 15 MW 15 MW 

capacity factor 17.1% 26.7% 38.5% 

inflation rate 1.53 1.53 1.53 

project life 20 20 20 

debt ratio 78% 78% 78% 

interest 3.8% 3.8% 3.8% 

debt term 15y 15y 15y 

feed-in tariff 80.98 €/MWh 80.98 €/MWh 80.98 €/MWh 

investment 22.266.300,00 € 22.845.000,00 € 25.845.000,00 € 

debt -17.367.714,00 € -17.819.100,00 € -20.159.100,00 € 

electrical export 24.117 MWh 35.084 MWh 50.589 MWh 

income 1.953.007,29 € 2.841.086,12 € 4.096.697,22 € 

annual cost 613.781,62 € 892.882,71 € 1.287.490,05 € 

income - annual cost 1.339.225,67 € 1.948.203,41 € 2.809.207,17 € 

annual debt payment 1.540.305 € 1.58.337 € 1.787.867 € 

Pre-tax IRR – equity 2.8% 13.0% 22.6% 

Pre-tax IRR – assets -5.0% -0.2% 3.4% 

Simply payback 16.6y 11.7y 9.2y 

Equity payback 18.0y 9.5y 4.9y 

 

In order to evaluate the financial viability with respect to the base case projection the 

average rates and investment figures together with the determined capacity factors are 

applied. All three scenarios return a positive value regarding the Pre-tax IRR-equity 

rate. Scenario 1 returns a rate of 2.8%, scenario 2 a rate of 13.0% and scenario 3 a rate 

of 22.6%. Regarding the Pre-tax IRR-assets, now only scenario 3 returns a positive rate 
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of 3.4% while scenario 1 returns a negative rate of -5.0%. Scenario 2, though, only 

slightly falls below a positive rate and returns -0.2%. Having a look at the simple 

payback and equity period, all scenarios are below the project life-time of 20 years 

where scenario 3 (9.2 and 4.9 years respectively) performs considerably better than 

scenario 1 (16.6 and 18.0 years respectively) while scenario 2 returns values found in 

between (11.7 and 9.5 years respectively). 

As a result, scenario 3 is coming closest to be economically feasible with respect to the 

base case projection particularly when comparing the Pre-tax IRR-assets rate of 3.4% 

with an average WACC of 5.16% while scenario 2 in general returns convincing results 

but clearly miss the Pre-tax IRR-assets threshold. Contrary to that, scenario 1 is clearly 

not economically feasible.  

 

4.4.2 Worst case 

The worst case (Table 4.4-2) projection applies a debt interest rate of 5%. The capacity 

factor decreases by -10% while the investment and annual costs increases by +10% 

compared to the base case projection. This projection results in weaker economic 

performances regarding each scenario since the capacity factor regarding scenario 3, 4 

and 5 reach the values of 15.6%, 24.0% and 34.7% respectively. 

 

Table 4.4-2 results worst case projection 

Parameters scenario 4 scenario 5 scenario 6 

WT Model E-70 D100 FL3000 

number 7 5 5 

capacity 2.3 MW 3 MW 3 MW 

total capacity 16.1 15 MW 15 MW 

capacity factor 15.4% 24.0% 34.7% 

inflation rate 1.53 1.53 1.53 

project life 20 20 20 

debt ratio 78% 78% 78% 

interest 5.0% 5.0% 5.0% 

return on equity 12% 12% 12% 

WACC 6.5% 6.5% 6.5% 

debt term 15y 15y 15y 

feed-in tariff 80.98 €/MWh 80.98 €/MWh 80.98 €/MWh 

investment 24.492.930,00 € 25.129.500,00 € 28.429.500,00 € 
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debt -19.104.485,40 € -19.601.010,00 € -22.175.010,00 € 

electrical export 21.705 MWh 31.575 MWh 45.530 MWh 

income 1.757.706,56 € 2.556.977,51 € 3.687.027,50 € 

annual cost 607.643,80 € 883.953,88 € 1.274.615,15 € 

income - annual cost 1.150.062,76 € 1.673.023,63 € 2.412.412,35 € 

annual debt payment 1.840.570 € 1.888.406 € 2.136.391 € 

Pre-tax IRR – equity -4.3% 3.7% 10.8% 

Pre-tax IRR – assets -9.0% -4.3% -0.9% 

Simply payback 21.3y 15.0y 11.8y 

Equity payback > project 17.5y 11.9y 

 

 

This projection results in positive Pre-tax IRR-equity rates of 3.7% regarding scenario 5 

and 10.8% regarding scenario 6 while scenario 4 returns a negative rate of -4.3%. With 

regards to the Pre-tax IRR-assets now all three scenarios return a negative rate. While 

scenario 4 and 5 clearly fall below (-9.0% and -4.3% respectively), scenario 6 slightly 

misses a positive rate and returns -0.9%. Considering the simple payback and equity 

payback periods, scenario 4 exceeds both periods by at least 21.3 years with respect to 

the project life-time. Scenario 5’s payback periods are slightly under the project life-

time (15.0 and 17.5 years respectively) while scenario 6 performs significantly better 

and shows periods nearly half the project life-time (11.8 and 11.9 years respectively).  

As a result, scenario 4 and scenario 5 are not profitable while scenario 6 performs nearly 

economically feasible but it clearly misses the average WACC rate of 6.5%. 

4.4.3 Best case 

The best case projection (Table 4.4-3) applies a decrease of -10% regarding the 

investment and annual costs, and a capacity factor increase by +10% compared to the 

base case. The debt interest rate is set at 3%. 

 

Table 4.4-3 results best case projection 

Parameters scenario 7 scenario 8 scenario 9 

WT Model E-70 D100 FL3000 

number 7 5 5 

capacity 2.3 MW 3 MW 3 MW 

total capacity 16.1 15 MW 15 MW 
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capacity factor 18.8% 29.4% 42.4% 

inflation rate 1.53 1.53 1.53 

project life 20 20 20 

debt ratio 78% 78% 78% 

interest 3.0% 3.0% 3.0% 

return on equity 8% 8% 8% 

WACC 4.1% 4.1% 4.1% 

debt term 15y 15y 15y 

feed-in tariff 80.98 €/MWh 80.98 €/MWh 80.98 €/MWh 

investment 20.039.670,00 € 20.560.500,00 € 23.260.500,00 € 

debt -15.630.942,60 € -16.037.190,00 € -18.143.190,00 € 

electrical export 26.529 MWh 38.592 MWh 55.648 MWh 

income 2.148.308,02 € 3.125.194,74 € 4.506.366,94 € 

annual cost 607.643,80 € 883.953,88 € 1.274.615,15 € 

income - annual cost 1.540.664,22 € 2.241.240,85 € 3.231.751,79 € 

annual debt payment 1.309.351 € 1.343.381 € 1.519.793 € 

Pre-tax IRR – equity 10.8% 24.2% 37.3% 

Pre-tax IRR – assets -1.3% 3.9% 7.9% 

Simply payback 13.0y 9.2y 7.2y 

Equity payback 11.4y 4.5y 2.8y 

 

 

As expected, the financial viability rises and all scenarios reach a positive Pre-tax IRR-

equity whereof scenario 7 reaches a rate of 10.8%, scenario 8 a rate of 24.2% while 

scenario 9 returns a rate of 37.3%. The Pre-tax IRR-assets therefore still indicates a 

negative economic performance regarding scenario 7 as it returns a rate of -1.3% while 

scenario 8 achieve a rate of 3.9% and scenario 9 a rate of 7.2%. With regards to the 

simple payback and equity payback period, scenario 7 reaches results of 13.0 and 11.4 

years respectively while scenario 8 and 9 return results of 9.2 and 4.5 years and 7.2 and 

2.8 years respectively. 

As a result, scenario 7 returns economically feasible rates although the Pre-tax IRR-

assets rate is still negative. Scenario 8 performs better and the Pre-tax IRR-assets rate of 

3.9% reaches nearly the WACC rate of 4.1%. Scenario 9 shows significant economic 

performance regarding all indicators. 
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5 DISCUSSION AND ANALYSIS 

5.1 Analysis of results 

The case-study evaluated the financial viability of repowering a wind farm in operation 

in Germany. The study object was a minor wind farm in the north-east of Germany. It is 

located in a coastal area close to the town of Wolgast near the Baltic Sea. The wind 

farm was established in 2000 and contains 16x0.5MW WTs. The repowering scenarios 

focused on a decrease in number of WTs and a doubling of the capacity. The major 

challenge was the existing legislation regarding the overall height of 100m. To 

particularly address this circumstance but also to indicate maximum higher potential 

efficiency increase, different scenarios featuring different WT models were developed. 

One WT model matched this legislation (Enercon E-70) whereas two other WT models 

exceeded the limitations by 50m (WinWinD D100) and 100m (Fuhrländer FL3000) 

respectively. 

The decision aid tool RETScreen was utilised in order to determine the capacity factor 

regarding each WT model and the economic performance respectively. The tool 

provided different WT models and their power curve as well as meteorological data. 

The financial evaluation was based on average financial parameters with respect to the 

economic situation in Germany. Furthermore, a best and a worst case projection 

completed the evaluation. 

The case-study pictured variable scenarios (Table 5.1-1) depending on the chosen WT 

model and the surrounding financial parameters.  

 

Table 5.1-1 financial viability of repowering scenarios depending on case 

 base case worst case best case 

Parameters scenario 

1 

scenario 

2 

scenario 

3 

scenario 

4 

scenario 

5 

scenario 

6 

scenario 

7 

scenario 

8 

scenario 

9 

WT Model E-70 D100 FL3000 E-70 D100 FL3000 E-70 D100 FL3000 

capacity factor 17.1% 26.7% 38.5% 15.4% 24.0% 34.7% 18.8% 29.4% 42.4% 

Pre-tax IRR – equity 2.8% 13.0% 22.6% -4.3% 3.7% 10.8% 10.8% 24.2% 37.3% 

Pre-tax IRR – assets -5.0% -0.2% 3.4% -9.0% -4.3% -0.9% -1.3% 3.9% 7.9% 

Simply payback 16.6y 11.7y 9.2y 21.3y 15.0y 11.8y 13.0y 9.2y 7.2y 

Equity payback 18.0y 9.5y 4.9y > 
project 

17.5y 11.9y 11.4y 4.5y 2.8y 
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With regard to the investment and further specific financial initial conditions such as 

debt ratio, debt term and interest rate, all WT models and scenarios respectively showed 

similar initial performances as the costs depend upon the average prices per installed 

MW. Thus the disparity regarding the capacity factor indicated the main difficulty: the 

limitation of the WT dimension. Enercon E-70 matched the limitation but provided a 

rather modest capacity factor of 17.1% while the Fuhrländer FL3000 reached a value of 

38.5% and the WinWinD D100 was positioned in-between with 26.7%. Thus since the 

AEP together was particularly based on the capacity factor the financial performance 

deferred significantly in the same way. The E-70 was not economically feasible with 

respect to the worst case and the base case but returned negative IRR-assets with respect 

to the best case compared to the average WACC. The D100 showed a more moderate 

performance. The best case was considered to be nearly economically feasible whereas 

the base case returned one marginal negative result (IRR-assets) but still showed 

adequate economic performance regarding the other indicators. The worst case was not 

financially attractive at all. The FL3000 therefore only returned a somewhat negative 

value (IRR-assets) evaluating the worst case while evaluating the base this scenario 

reached profitability though it missed slightly the average WACC rate. With respect to 

the best case the FL3000’s performance was clearly financially feasible.     

Nevertheless, the results indicated that repowering within the limitation regarding the 

overall height was generally not financially feasible. Exceeding the overall height by 

50m by using the WT model D100 and thus obtaining a capacity factor of circa 27% 

compared to 17% (E-70) was still not returning adequate results. Only a doubling of 

heights (200m) and thus a capacity factor of 38% with respect to the WT model FL3000 

returned satisfying results (Figure 5.1-1) regarding each case. 
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Figure 5.1-1 Financial viability of repowering scenarios with respect to surrounding conditions 

 

The qualitative illustration (Figure 5.1-1) shows the relation between each scenario and 

its economic performance with respect to a certain case. As already mentioned above 

repowering can be economically feasible with respect to varying surrounding conditions 

but more importantly it was highly dependent upon the chosen WT model. Scenario 3, 6 

and 9 featuring the largest WT model FL3000 (red circles) reached the threshold with 

respect to nearly each scenario and surrounding conditions. Having a look at scenario 2, 

5 and 8 featuring the medium size WT model D100 (green circles), the economic 

feasibility was still convincing but regarding the worst case, here the scenario clearly 

fell below the threshold. Finally scenario 1, 4 and 7 featuring the E-70 (blue circles), 

here, only a very favourable financial environment would have been likely to result in a 

feasible repowering project. 

As a result a limitation in heights which no longer correspond to the state of the art in 

wind power technology have to be questioned in order to support a generation shift in 

technology in the short term by repowering. On the other hand, an adaption of the 

subsidy system could result in financial feasibility of repowering complying with legal 

limitations. 
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Besides repowering, the development of a new wind farm after the end of life-time 

seemed to be generally unattractive with respect to the applied figures and the height 

limitation. 

5.2 Analysis of methodology, surrounding conditions, its limitations and effect on 

the results 

The case-study applied average construction costs and financial rates and thus did not 

address possible project specific costs and rates. Furthermore, according to the source 

the average rates depended highly on location and thus might not be representative for 

the base case and thus neither for the worst case nor the best case. Especially since the 

case-study object was located in exploited terrain. Existing infrastructure might address 

the requirements for the repowering scenarios and result in further investment decreases 

as parts of the infrastructure can be reused. Also this study did not address potential 

revenue due to the disposal of the repowered equipment. 

Utilising the decision aid tool RETScreen implied further uncertainties regarding the 

results as it could not substitute advanced wind energy software such as WindPRO. E.g. 

uncertainties due to wake effects and specific terrain conditions on site were only 

addressable by four simple parameters (losses and the availability). Furthermore, the 

wind data was not appropriate and not as adequate as long-term wind measurements on 

site. And thus, AEP calculation based on a more complex climate modelling applying 

sufficient wind data would have been mandatory in order to address the complexity of a 

wind power project and to put the project on a sound base respectively. As a result a 

more detailed analysis utilising advanced wind energy software and specific project 

investment costs and financial rates may have returned a satisfying economic result 

even regarding the considered WT model E-70 which is in accordance with the 

legislation. 

Furthermore some uncertainties were related to the feed-in tariff as variation in the AEP 

would have resulted in different feed-in tariffs and its pay period respectively. This in 

turn would have affected the actual income and would further influence the financial 

viability regarding each scenario. E.g. was the expected AEP of scenario 1/E-70 

(21.7MWh) in accordance with the reference yield of 21.8MWh (FGW e.V., 2015) 

while the best case achieved 120% of the reference yield and thus would have resulted 

in an average feed-in tariff of only 72.31 €/MWh which in turn has negative impact on 

the economic performance than the evaluation already illustrated. In contrast, the D100 
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compared with a GE 2.85-103 providing similar dimension (98m hub height; 103m 

rotor diameter) but lower capacity (2.85MW). Here, the reference yield was determined 

to be 40.4MWh (FGW e.V., 2015) and surpass the AEP compared to the best case 

regarding the D100 (38.6MWh). As a result with respect to the D100 and the worst case 

the feed-in tariff may have been higher than assumed and thus may have returned a 

better economic performance than evaluated.  

Furthermore, the WT model itself. The Enercon E-70 was a rather old model but still 

listed in the portfolio of Enercon. Also, Enercon offers a 3 MW model featuring the 

same dimensions but which was not part of the data base of RETScreen. Here, an 

increase regarding the capacity factor and thus efficiency keeping in mind the height 

limitation may have led to satisfying economic results. 

As this case-study utilised RETScreen and applied data to the same extent regarding 

each WT model and scenario respectively, the qualitative financial deviation between 

each repowering approach was likely to present the reality while the actual economic 

performance may have not represented the actual possible performance as it depended 

on several unknown variables mentioned above. 

Nevertheless, this case-study evaluating the financial viability shows the versatility of 

wind power repowering. Even though the literature agrees on the fact that repowering 

implies a significant technological and financial efficiency increase certain barriers 

(here existing legislation regarding the overall height) are likely to constrain repowering 

approaches and may even lead to project cancelation. Beside others, this may effects 

ambiguous targets regarding the energy system transformation in Germany which may 

not be achievable in the near future or at all, or without the exploitation of further areas 

(complex terrain, offshore, nature reserves) while sites in operation are phased out and 

are used otherwise. 

Otherwise it might be possible for the project owner in accordance with the primary 

involved stakeholders such as local authorities to enter into an agreement over an 

exception and relaxation of the limitations. Both in order to decrease the number of 

existing WTs and achieve efficiency increase at the same time. Furthermore, a public 

consultation may return positive attitudes and thus supports repowering at this site 

exceeding the limitations regarding the overall height.  

Additionally, an adaption of the subsidy system regarding repowering at sites with a 

limitation in heights could counteract this constraint as well. 
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Besides, another aspect which this paper did not address is the time dimension whether 

it is efficient to repower already after e.g. 15 years of operation or later (or even earlier). 

Here, more detailed economic data regarding the chosen study object is necessary in 

order to assess different repowering approaches in relation to this wind farm.
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6 CONCLUSIONS 

The objective of this Thesis was to evaluate the financial feasibility of repowering an 

operational wind power project in Germany depending on variable economics. 

To provide significant results a case-study was performed utilising the decision aid tool 

RETScreen. The object of this case-study was a minor wind farm providing 16 WTs 

which commenced operation in 2000. In order to evaluate the financial viability 

different scenarios are developed. The data applied by the scenarios were average 

construction costs and financial rates as well as different WT models providing varying 

dimensions and thus varying performance. To complete the study a best case and worst 

case considered a versatile economic environment with respect to interest rates, 

investment and O&M costs. Additionally, variations in capacity factor regarding each 

WT model represented further potential project specific deviations and thus results in 

versatile repowering scenarios. 

The results obtained by this case-study show versatile economic and technologic 

performance. WT models of minor size addressing in particular existing legislation 

regarding the limitation of overall height which must not exceed 100m are inefficient 

independent of varying economic conditions. Exceeding the limitation, WT models 

provide a significant increase in performance and thus return positive economic results 

independent of varying economic conditions. 

Not considering the limitations mentioned, the main conclusion is that existing local 

legislation in Germany based on considerations from the past which no longer 

correspond to the state of technology have to be questioned in order to support a 

generation shift in technology before the end of life of wind farms in operation and thus 

a prompt increase in production by repowering. On the contrary, an adaption of the 

subsidy system with respect to repowering could improve the financial feasibility with 

respect to existing legislations. 

However, for further work, it could be interesting compare how the scenarios perform 

utilising advanced wind energy software applying comprehensive wind data as well as 

project specific validated costs and rates. Furthermore, a local project specific survey 

may indicate potential consent to the substitution of smaller WT models with more 

efficient larger WT models. 
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