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ABSTRACT  

 

Many reasons to consider extending the useful time of ageing wind farms. Like to take 

advantage of it being located in a good wind source, besides existing infrastructure, etc. 

Repowering can be an appropriate option for the ageing wind farm that suffering less yield 

energy and increment of cost of operation and maintenance. 

The thesis discusses the repowering potential of old wind farms. The case study is 

implemented on a selected wind farm in Denmark. Different repowering scenarios were 

considered with the technical-economic assessment for each scenario to determine which 

scenario is viable. The sensitivity analysis was done taking into consideration selected 

parameters to find out the effect of each parameter on the profitability and productivity of the 

repowered wind farm. More details will be explored in the following chapters. 
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1. INTRODUCTION 
 

The growing global population and increasing standard of life have led to a rising energy 

demand worldwide. Globally, the current trend is to gradually move to alternative sustainable 

energy sources to reduce dependence on fossil fuels and thereby preserve the environment 

and minimize greenhouse gas emissions that cause global warming. Moreover, fossil fuels 

are in limited supply, and the depletion of fossil fuels will lead to unmet energy demands. 

Sustainable energy can be obtained from renewable resources such as sun, wind, water, and 

crops. Wind energy technology has an operational lifespan similar to other types of energy 

sources; the lifespan of wind energy technology is about 20 to 25 years. When a wind turbine 

farm approaches its operational lifespan limit, the owner or operator needs to consider future 

options for the ageing farm. At the end of its lifespan, owners/operators have two options: 

decommissioning or repowering. These scenarios must be considered at an early stage when 

planning wind farms. Repowering can be partial or full, depending on the applicable 

legislation and location of the project.  

Decommissioning comprises uninstalling a wind turbine and rehabilitating the location either 

fully or partially, depending upon the applicable legislation. Partial repowering implies 

extending the life of the wind turbines in some manner, while full repowering is 

accomplished by installing new wind turbines with more technologically advanced 

components and equipment. Retired wind farms are therefore subject to a crucial decision, 

and the owner/operator has to make an informed decision on how to manage the ageing wind 

farm while also considering the economic implications.  
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2. LITERATURE REVIEW 
 

A glance at the history of the development of wind energy, it is noted growing installed 

accumulative wind energy in the globe, and it is continuously rapidly growing. The increment 

and jumps of installed capacity are due to many reasons, such as reducing dependence on 

fossil fuels to minimise the emission of greenhouse gas which is considered the main reason 

for global warming and the other motivation is to adhere with the general international 

direction to depending on the renewable energy (IRENA, 2019). Greenhouse gases and 

global warming are considered the main essential motivation for renewable energy policy. 

Renewable energy as wind energy is contributing to reducing the of greenhouse gases and 

helping in controlling global warming rates as it was agreed to be less than 2 degrees in 

Parise conference concerning climate change (Nations, 2015). The European countries had 

agreed on energy policy which calls to transfer gradually from fossil fuel to renewable energy 

and encouraging depending on renewable energy by making it more efficient which will 

assist speed up the deployment of the renewable energy. Wind energy is one of the important 

renewable energy sources to achieve energy policy targets, endeavour to increase the 

installed wind energy capacity is considered an important factor. For that, it is required to 

install more onshore wind farms with production capacity three-fold by 2030 (1787 GW) and 

by 2050 to install nine-fold (5044 GW) compared to the capacity installed in 2018 (542 GW) 

(IRENA, 2019). From the cost point of view, the price of electricity produced from 

renewable is gradually coming down comparing to other resources, the price of electricity 

that is produced from the onshore wind farm is $ 0,056 per kWh and this 13%,35 % less than 

2017 and 2010 price sequentially (IRENA, 2019).  

Wind energy and hydropower have dominated for a decade in renewable energy. The total 

onshore wind energy installed capacity is 542 GW (IRENA, 2019), in addition to that the 

wind energy has increased to compound annual growth rate “CAGR” above 21% since 2000 

(IRENA, 2019). 

The following figure ill illustrates growing in onshore wind energy   
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Figure 1: Predicting the accumulative growth capacity of onshore wind energy 

 

The prediction of the accumulative growing capacity of onshore wind energy by 2030 is 

three-fold (1787 GW) and almost ten-fold by 2050 (5044 GW) (IRENA, 2019).  

This increment of installed capacity draws the attention to consider land required for 

construction, as per the IRENA report for future onshore wind energy the estimated land to 

accommodate the expected capacity is a huge “The total land area required for global onshore 

installation of 5 044 GW by 2050 is between 1 008 800 square kilometres (km2) (around the 

size of Ethiopia) and 1 664 520 km2 (around the size of Iran). In terms of total disrupted area, 

the range would be between 50 440 km2 (around the size of Azerbaijan)”. The estimation is 

based on 2.5 MW/km2 as the lower end, and 5 MW/km2 as the upper end (IRENA, 2019). 

The continuous development of wind energy technology has resulted in an industrial 

revolution by producing wind turbines with higher capacities which play a crucial role in the 

deployment of the wind industry, moreover, contributed to finding more accurate programs 

that are used for wind resource assessment and others for calculation of annual energy 

production from wind energy (IRENA, 2019). 
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2.1 LIFESPAN OF WIND FARMS  

Wind energy technology is similar to other energy technologies, so it is not free from gradual 

degradation. The machinery and equipment for wind turbines do not survive forever and 

begin to experience wear and tear towards the end of their operational lifespan. On the other 

hand, research and development on wind energy technology continue to enhance 

performance and better power harvesting. The estimated lifespan of a wind turbine is around 

20 to 25 years (Ortegon, et al., 2013). When wind farms reach the end of their operational 

lifespan or lag in terms performance due to long downtimes or high costs of maintenance, it 

leads to higher Levelized cost of energy (LCOE) and decreased profits. At this stage, the 

developer or operator of the wind farm must decide on the prospects of the wind farm. The 

three possible end of life scenarios for ageing wind farms are decommissioning, extension of 

life, and repowering. The owner of the wind farm must conduct a careful and detailed study 

to arrive at an economical and convenient solution (Luengo & Kolios, 2015). Further details 

on the end-of-life scenarios are provided in the subsequent sections. 

 

2.2 LIFESPAN EXTENSION 

The concept behind extending the lifespan of wind turbines involves replacing some 

equipment and maintaining the main structure. The gearbox, generator, and blades can be 

replaced while maintaining the features and general specifications of an existing wind farm.  

Several factors would drive to lifetime extension as using advanced technology to improve 

the availability, reliability and productivity of the wind farm which lead to reducing the 

LCOE since the LCOE is a function of the total energy produced over the operating 

expenditure (OPEX). The OPEX of ageing onshore wind farms increases due to maintenance, 

whereas the efficiency degrades with time due to wear and tear of wind turbines. Moreover, 

frequent malfunctioning also affects the productivity of onshore wind farms, causing more 

losses and a decline in profits (Luengo & Kolios, 2015).  

As mentioned earlier, the lifespan of onshore wind farms is extended without changing major 

components such as the towers and foundations; hence, the assessment of such components is 

mandatory to ensure and confirm the validity and capability of the wind farm to function 

effectively. The assessment report must provide all the required information and ensure 

conformity to all norms required for the safe operation of the wind farm. Another important 
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challenge in extending the lifespan of onshore wind farms is to ensure the availability of 

required parts in form of brand new or refurbished equipment (Luengo & Kolios, 2015).  

2.3 DECOMMISSIONING   

When an onshore wind farm becomes financially and technically unviable, the 

owner/operator decides on decommissioning it. Decommissioning is the last stage in the life 

cycle of a wind farm. Hence, it is imperative that decommissioning be considered at an 

earlier planning phase of onshore wind farms to avoid future complications. Moreover, 

considering the decommissioning cost during the planning phase assists in the financial 

estimation of the project. Typically, it is essential to include the decommissioning plan in the 

environmental impact assessment is essential to obtain permission for the construction of 

onshore wind farm projects (Topham & McMillan, 2017).  

The decommissioning policy of expired wind farms has been reviewed and implemented in 

many countries. Also, decommissioning security bonds have been implemented and have 

become an essential part of environmental impact assessments necessary for granting 

approvals for wind farms. For example, Sweden has implemented a decommissioning 

security bond to ensure that the owners/operators of onshore wind farms restore wind 

farmlands to their original status (Aldén, 2019). 

Landlords to have concerns regarding the decommissioning of wind farms. Since the remains 

of old wind farms negatively impact the usage and value of the land, it is important to include 

the decommissioning plan within the land lease contract (Ltd, 2013). 

Partial or complete decommissioning of onshore wind farms is determined based on 

legislation applicable to the location of the wind farm. Decommissioning essentially involves 

removing the wind turbines with the associated infrastructure facilities and restoring the 

affected land to its original condition as much as possible.  

The process for decommissioning wind farms is opposite to that for their erection. The 

decommissioning process starts with disconnecting the high-voltage connection to isolate the 

onshore wind farm from the high-voltage grid. Thereafter, the low-voltage connection to each 

wind turbine being decommissioned is disconnected. This is followed by dismantling the 

wind turbine by taking off its blades, nacelle, and tower. The following figure illustrates the 

dismantling of nacelle at Spurness Wind farm in July 2012.  
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Figure 2: Lowering of wind turbine nacelle at Spurness Windfarm, Orkney (Courtesy: 

SSE Renewables) 

The foundations of the wind turbines are removed, and the plot is filled with the native soil to 

reinstate it to its original condition. All cables and crane pads are removed either partially or 

completely to restore the original landscape. The substation too is dismantled, and its base is 

demolished (Ltd, 2013).  

Decommissioning of an onshore wind farm is a costly operation since it involves using 

equipment with special specifications, such as cranes and vehicles, along with skilled 

manpower. As per XCES, the estimated decommissioning cost for 132 wind turbines was 

USD 71 Million at Nobel in Minnesota, USA, and that for 18 wind turbines was USD 7.38 

Million at Palmers Creek wind farm in Chippewa county. The estimated decommissioning 

cost for one turbine was USD 410,000 in 2019 (IER, 2019). 

2.4 REPOWERING 

Now, about repowering old wind farms, the truth remains that several existing onshore wind 

turbine fleets have reached the end of their lifecycle. Repowering of ageing wind farms is 

undertaken to utilize the sites of existing wind farms since most wind farms have been built 

at highly appropriate locations. Thus, repowering significantly increases the power capacity 

and resource efficiency of these sites. 

There is no general protocol for repowering onshore wind farms. Consequently, the relevant 

processes and measures are yet to be established. In simple terms, the purpose of repowering 
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onshore wind farms is to maintain their production capacity or to increase their efficiency 

(Andersson, et al., 2018). 

Different methods for repowering can be adopted depending on the objective. One method 

involves extending the lifespan of existing wind turbines by replacing some major 

components that have availability and efficiency concerns. Such a procedure is known as 

partial repowering. Another method involves replacing the entire old wind turbines fleet with 

new wind turbines of either the same or higher capacity that can produce more energy with 

fewer turbines (Setterwalls, 2020). We explore this subject in further detail in the following 

paragraphs. 

2.5 FULL REPOWERING  

To begin with, it is important to clearly understand the concept of repowering. Repowering 

involves replacing old wind turbines with new ones to achieve increased energy production 

from well-established wind sites with the endeavour to extract maximum benefit from 

existing infrastructure such as foundations, interconnection cables, and substations required 

that it is safe and technically possible to do so. 

Repowering could be achieved in different scenarios such as: 

• Replacing the old wind turbines with new ones of the same production 

capacity and specifications: In this case, the existing foundations can be 

reused if they are in a good condition and have sufficient remaining lifespans. 

The strength of foundations and towers is tested to confirm their potential for 

reuse. It should be noted that replacing old turbines with new ones of the same 

capacity and specifications involves lesser construction cost since there is no 

need to modify or construct new foundations. Continued usage of existing 

interconnecting cables and substations helps in reducing the cost of 

construction and the CAPEX. This, in turn, improves the LCOE. 

• Replacing old wind turbines with new ones of higher capacity: In this case, 

energy production can be maintained at original levels using fewer turbines or 

increased by using more higher capacity turbines. However, it is imperative 

that in such a situation, the capability of the infrastructure should be 

ascertained to confirm if it is suitable to be reused or needs to be replaced to 

withstand the load of new wind turbines. Besides, wind turbines of higher 

capacity need to be built at greater heights for increased power production. 
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Thus, towers should be reconstructed to adapt to the new technical 

recommendations, specifications, and energy production requirements of the 

new turbines. Consequently, the construction cost of new turbines and 

associated infrastructure increases due to the requirement of new foundations, 

interconnecting cables, and substations. This, in turn, implies an increase in 

the CAPEX. Hence, a feasibility study is essential to estimate the profitability 

of such a full repowering exercise (Santos, et al., 2016). 

The layout of new wind turbines also needs to be reconsidered due to the wake 

losses. The bigger rotors of wind turbines cause more wake losses, which in 

turn affect the productivity of wind farms and have a negative impact on the 

lifespan of the wind turbines. Hence, new wind turbines should be relocated to 

mitigate the effect of wake losses as much as possible. If suitable, some 

existing foundations should be reused for this purpose, and new foundations 

constructed at newer locations to minimize wake losses (Bhattacharya, 2017). 

2.6 ECONOMIC ASSESSMENT OF ONSHORE WIND FARMS 

The last few years have witnessed a dramatic change in sustainable energy costs, mainly due 

to R&D and the deployment of sustainable technology. 

According to the International Renewable Energy Agency (IRENA), the estimated cost of the 

installed capacity of onshore wind farms ranges from USD 1,300–1,400 per kWh in China 

and Denmark. In most developed countries, this cost ranges between USD 1,800–2,200 per 

kWh. The breakdown of the total cost illustrates that the cost of wind turbines accounts for 

64% to 84% of the total. This cost includes transportation, grid connection, and construction 

(IRENA, 2012). Figure 3 provides a breakdown of onshore wind farm installation costs. 
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Figure 3 Capital cost breakdown for a typical onshore wind power system and turbine 

Repowering has a positive impact on the initial cost of wind farms, since reusing part of the 

existing infrastructure—such as electrical infrastructure, site access roads, and other 

facilities—minimizes the cost. However, good knowledge of the project site will contribute 

to reducing the initial cost, since it eliminates the need for an on-site wind measurement 

campaign. 

The cost of developing a wind farm project and its profitability are the essential factors that 

developers and operators focus on to ensure the success and profitability of a project. Most 

studies focus on different parameters to assess the profitability of a wind energy project. The 

most frequently used parameters for monitoring project profitability are a capacity factor 

(CP), net present value (NPV), internal rate of return (IRR), and Levelized cost of energy 

(LCoE) (Miceli, 2020). 

The CP is the ratio of the wind farm’s actual energy production (MWh) to its nominal 

productive capacity, as shown in the equation below: 

 

 
 

(1) 
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The CP is determined by the availability of wind and the specification of wind turbines; 

typically, the range of CP in present wind energy projects is between 27% and 45% 

(Campbell, 2019). 

 

The NPV represents the value of future cash flows as today’s value. 

 

 
 

 
(2) 

In the equation above, C represents cash flow while C0 is the initial investment and C1 is the 

cash flow for the first year, up to the last production year, n. The r represents the discount rate 

(Miceli, 2020). 

The IRR is the discount rate that makes NPV equal to zero (Miceli, 2020).  

The LCoE is determined by the cost of energy production, which is the ratio of the 

construction cost (capital expenditure; CAPEX) added to the operational and maintenance 

cost (operational expenditure; OPEX) for annual energy production (Miceli, 2020). 

 

 
 

 
(3) 

As per Morthorst’s (2009) report on the economics of wind farms, these economics are 

determined based on several factors, such as, 

• The capital expenditure, CAPEX. 

• The operation and maintenance cost, OPEX. 

• The CP (this depends on the wind speed and availability of the wind farm). 

• The lifespan of the wind farm. 

• The cost of the capital. 

Morthorst (2009) also states that the CAPEX ranges from 64% to 84%, as mentioned 

previously. CAPEX includes 

• The cost of the wind turbine including its blades, tower, and transformer. 

• The cost of civil works, including site preparation and foundations for wind turbines. 

• The grid connection, which includes the substation and connection to the distribution 

or transmission network, depending on the applicable regulations. 

• Miscellaneous costs for consultation and other sub-control systems. 
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2.7 ESSENTIAL COMPONENTS FOR AN ONSHORE WIND FARM 

2.7.1 WIND TURBINE COST  

 

The wind turbine is the costliest part of the total cost installed capacity of onshore wind 

farms. It should be noted that the cost of a wind turbine varies depending on several 

factors such as the location of the wind farm project. Between 2000 and 2002, the average 

price of a wind turbine was around USD 700 per kW. By 2009, the price of a wind 

turbine increased to USD 1500 per kW in the USA and USD 1800 per kW in Europe. 

However, prices in Europe declined by around 18 % in the first half of 2010, as illustrated 

in the following figure. 

 

 
Figure 4: Wind Turbine price index by delivery, 2004 to 2012 (IRENA, 2012) 

 

The price decline resulted from competition between manufacturers as well as a decrease 

in the price of the commodity materials such as steel, copper, and cement (IRENA, 2012). 

Another study showed that the price of wind turbines in the second half of 2017 was USD 

990,000 Per MW (Bloomberg, 2017). 
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Figure 5: Wind turbine price index by delivery date (H2 of 2017) (Bloomberg NEF) 

 

2.7.2 GRID CONNECTION COST  

 

Wind farms can be connected to the distribution or transmission network using a step-up 

transformer to bring the voltage of the produced electricity to the same level as the 

network that the wind farm is connected to. The type of connection a wind farm has with 

the network is determined based on the distance. The grid connection can be established 

via high voltage alternating current (HVAC) when the distance is not too long; however, 

if the distance is longer than 50 km, the grid connection is established via high voltage 

direct current (HVDC) to minimize losses in the current due to transmission over long 

distances. Furthermore, the cost of a grid connection varies depending on the location of 

the project and the applicable regulations. It is the responsibility of the owner/operator of 

the wind farm to upgrade or reinforce the electrical system to accommodate the new wind 

farm production. The total cost of grid connection and associated works such as electrical 

works, interconnection cables, and connection point ranges between 11% to 14% of the 

total initial cost of the onshore wind farm (IRENA, 2012).  
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2.7.3 CIVIL WORKS, INSTALLATION, AND CONSTRUCTION  

 

The establishment of an onshore wind farm involves additional tasks such as 

transportation and installation of wind turbines as well as the construction of relevant 

infrastructure, foundations, and service roads (IRENA, 2012). The essential step in 

designing a foundation is to identify the proper load. The specifications of a wind turbine 

are provided by the manufacturer in the tender contract. Hence, designing the foundation 

is considered as a simple civil engineering task. The foundation is done by pouring 

reinforced concrete in the hole excavated for the foundation, which has a width of 13 

meters across hexagonal and a depth of one or two meters. A foundation can typically be 

constructed with a week (Energy, n.d.). Prices of commodities used for constructing the 

foundations of wind turbines increased over the period from 1990 to 2010 and decreased 

thereafter due to the decline in copper and steel prices.  

Different types of foundations can be constructed, such as a shallow footing foundation or 

pile foundation. The estimated cost of a shallow footing (10 m diameter and 1.5 m 

thickness) is 24590.6 € (USD 29853.23), while the cost of a bored pile (70 cm diameter 

and 12 m length) is 7572.5 € (USD 9193.09) and 8472.5 € (USD 10285.70) for a bored 

pile of 100 cm diameter and 13 m length (Papagiannis, 2018). 

The transportation and installation of wind turbines are also considered a challenge. One 

of the major challenges is lifting a nacelle on the tower. Lifting the nacelle requires a 

special crane to satisfy the criteria for lifting a heavyweight load to high heights. For 

example, 3 MW and 5 MW nacelles weigh around 78 T and 130 T, respectively, without 

the gearbox and generator; the total weights with the gearbox and generator are around 

104 T and 173 T, respectively. Thus, the lifting operation of a gradually incrementing 

weight is challenging especially because of the scarce availability of high-capacity cranes 

in the market. Some measures can be taken to reduce the nacelle weight by lifting it on 

the tower without the gearbox and the generator, but this involves an additional cost. One 

option is to use two cranes simultaneously to lift the heavyweight nacelle; this doubles 

the capacity of the crane and assists the stability of loads and installation of the nacelle on 

the tall towers. For safety reasons, modern individual crane control methods are used to 

minimize human errors at the time of lifting and installation. For instance, the Molt 

crawler crane that can lift 600 T is not able to lift the 5 MW nacelle even without the 

generator and gearbox. Hence, the operation for lifting the nacelle to a 130 m height is 

executed using two cranes of 600 T capacities since the combined lifting capacity of both 
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cranes is reduced by around 25 % of their rated capacity because of the complexities 

involved (J, et al., 2014). 

Further, the transportation of parts with a large diameter too is challenging. For instance, 

the parts of the tower generally have a diameter between 4.3 m and 4.6 m in diameter. To 

adhere to transportation rules, these parts are transported as shorter pieces with a diameter 

of 4.3 m and a thicker steel plate. This leads to an increase in transportation costs (J, et 

al., 2014). 

Although powering of onshore winds farm has benefits for society and private. There are 

many obstacles to avoiding repowering. There are many drivers to encourage the 

repowering of onshore wind farms, most likely the Feed-in Tariffs (FITs)  

and investment subsidies were found the most appropriate factors among other drivers to 

support repowering of the onshore wind farms (Rı ́o, et al., 2011 ). 

It is mandatory to consider several factors such as the internal rate of return, the net 

present value, and the Levelized Cost of Energy (LCoE), to assess the feasibility of a 

wind farm project. These economic components account for the investment cost, 

decommissioning cost, and revenue from selling the produced energy apart from the 

operational and maintenance costs, design, management costs, and administrative 

overheads. 

 

2.8 REPOWERING OF OLD WIND FARMS  

The objective of repowering existing wind farms is to gain further benefits from them, 

especially those that are located in the best wind resource areas. Moreover, repowering 

results in cost-savings as compared to building a new wind farm because repowering involves 

utilizing the advantages of existing infrastructure. Besides, large wind turbines can operate at 

variance wind speed range, thereby delivering better performance. For example, a 4 MW 

turbine can generate 50% more electricity than 3 MW in a year (Climate, 2018). 

  

Repowering of offshore wind farms may be considered a sustainable alternative solution 

instead of decommissioning and dismantling, since the dismantling of onshore wind farm 

impacts the environment, also requires good weather and qualified crew, besides special 

tools, equipment, and vessel. The study revealed that the repowering of offshore wind farms 

gives less value to LCoE (10.43%). The study relied on the approach of repowering of an 
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offshore wind farm with different types of wind turbines, and the study was conducted on the 

Horns Rev1 offshore wind farm. The result was obtained by using the real data from Horns 

Rev1 and simulation several scenarios of repowering (Hou, et al., 2017).   

 

2.8.1 REPOWERING OPTIMIZATION  

 

In Spain, a study has been conducted on the existing Malipca wind farm to evaluate 

the effectiveness of repowering operations. The Malpica wind farm is located on the 

Northwest of Spain. It was commissioned in 2002. The wind farm generates 14.625 

MW from 69 turbines. 67 turbines of these turbines were Ecotecnia 28, with a rated 

power of 225 kW and a diameter of 28 m, whereas the other two were Ecotecnia 48, 

with a rated power of 750 kW, at a hub height of 30 m. These old wind turbines were 

repowered using 7 turbines of Enercon E92/2350, with a rated power of 2350 kW and 

a diameter of 92 m to deliver 16.450 MW. The study demonstrated that the repowered 

wind turbines achieved a higher capacity factor of 46%, whereas the capacity factor 

of the old wind farm was 23.40% (Ruiz, et al., 2018). 

 

Figure 6: Estimation of CF and EFLH coefficients 

Furthermore, the study confirmed that repowering helped double the annual energy 

production (AEP) as compared to the old wind farm (66.290 GWh of the repowered 

wind farm as compared to 33. GWh of the old wind farm) with the same installed 

capacity (16.58 old wind farm, 16.45 repowered wind farm) (Ruiz, et al., 2018). 

 

In the same context, the technical parameters and economic parameters are the most 

parameters that drive the repowering. Regarding the technical perspective, wind 

turbine technology impacts energy production. The ageing wind turbine loses 

performance due to wear and tear while modern wind turbines are more reliable and 

need less maintenance. Concerning the economic perspective, the higher energy price 
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and lower tariff are essential to make the repowering more attractive (de Bona, et al., 

2020).  

The outcome from the study that was done in Brazil regarding the repowering of 

Taíba wind farm by implementing different repowering capacities. The result shows a 

significant increase in energy production with a reduction in wake losses with 

different repowering scenarios (de Bona, et al., 2020). Table 7. illustrates the outcome 

of different repowering scenario. 

 

Figure 7: Result of energy simulation of the Taiba wind farm 

 

2.8.2 OPTIMIZATION OF WIND FARM LAYOUT  

Interference between wind turbines influences the energy production of wind farms. So, 

improving the energy production need to keep the interference to a minimum. The 

interference between wind turbines should be reduced to improve energy production from 

wind farms. Interference between wind turbines influences the energy production of wind 

farms. So, improving the energy production need to keep the interference to a minimum. 

On the other hand, the layout of interconnection cables between wind turbines and the 

substation is important where the unoptimized layout of cables increases the losses of 

electrical energy (Réthoré, 2016). Optimization of wind turbine layout has become an 

important vital consideration due to its impact on energy losses and economic viability. 

The unoptimized layout of wind turbines causes energy losses by 10% while the 

optimized layout increases productivity by 15% (Réthoré, 2016). 
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The wake produced from Intra and inter wind farms influences the wind speed and 

energy production causing power deficit. It was found the losses in wind speed and 

energy production are 15% and 35% respectively according to a study done to 

evaluate the effect of wakes on the wind turbines and its energy production. Wakes 

effects on the wind turbines were tested about different hub heights 61 m and 100 m, 

the result was compared with the existing wind turbine with a height 80 m. It was 

found that 12% reduction of wind energy at 61 hub height, while 13.6 % the increased 

of wind energy at 100 m hub height (Syed, et al., 2020). 

 

The layout of the onshore wind farm should be considered at the initial stage of the 

project. The optimal layout of wind turbines in the wind farm reduces the effect of 

wake losses, which in turn increases the expected energy production apart from 

reducing the mechanical defect of the turbines due to the wake losses effect. Finding 

the ultimate optimized layout leads to higher profits for wind farm developers. The 

algorithms employed to determine the optimal layout are genetic algorithms and 

simulated annealing (Samorani, 2013). 

The spacing between wind turbines inside the wind farm is between 5x to 9x of the 

rotor diameter in the predominant wind direction, and between 3x to 5x of rotor 

diameter apart in the direction perpendicular to the predominant wind direction 

(Samorani, 2013), as illustrated in the figure below.  

 

Figure 8: Three rows of five 

turbines each, installed 

according to the rule of thumb   

 

 

As mentioned earlier, the wind turbines in onshore wind farms are located in rows 

perpendicular to the dominant wind direction. Hence, the wind turbines in the first 

row affect the performance of the turbines behind them because of the wake losses 

resulting from the wind turbulence. Also, the wake losses and turbulence negatively 
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impact the lifespan of the turbines located in the second rows. Hence, the optimized 

layout of wind turbines in an onshore wind farm is considered as an important factor 

to enhance energy production. Thus, the goal is to design a layout with a suitable 

number of turbines to obtain optimal production.  

A study was conducted at an onshore wind farm located at Kayathar in the state of 

Tamil Nadu, India. The wind farm was commissioned in the 1990s with a production 

capacity of 7.35 MW. The wind farm has 36 wind turbines, 30 MICON turbines with 

a capacity of 200 kW and 6 Vestas turbines with a capacity of 225 KW. The annual 

productivity is 7350 MWh. Repowering of this wind farm involved replacing the old 

wind turbines with new higher capacity ones, wherein two models of wind turbines 

were proposed to compare their productivity—the Gamesa G80 with an 80 m rotor 

diameter and Lagerwey L72 with a 72 m rotor diameter. The result proved to be 

favourable for the Games G80 turbine at a 100 m hub height for repowering the 

turbines. The energy yield was 1:4.54, and the annual energy production was 

33352.80 with a coefficient factor (CF) of 24%. Moreover, an optimal layout with 

micro siting of 7D and 5D was adopted for the wind turbines to repower 8 turbines 

and deliver a capacity of 2 MW.  The following figures illustrate the layout of the old 

and repowered wind farm (BS, et al., 2013). 

 

 

Figure 9: Old wind farm layout 
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Figure 10: Repowered wind farm wind-optimized layout 

 

 

2.9 ADVANCED TECHNOLOGY OF WIND TURBINES 

The continuous development of wind turbine technology is expected to improve its 

efficiency. For example, a bigger rotor and higher hub height double the energy production of 

wind turbines. The coefficient factor of improvement is approximately 7.1% for one turbine 

and about 9.7% for the overall production (ARÁNTEGUI, et al., 2019). From an economic 

point of view, the finances of onshore repowering projects tend to be better than that for new 

projects (Greenfields). Old wind farms are well known and are regarded as being installed in 

a good wind resource location, which facilitates a more realistic estimation of possible energy 

production. Thus, finance for such projects is often granted more easily (ARÁNTEGUI, et 

al., 2019). 

In terms of the environmental aspect, the repowering of a wind farm leads to a decline in 

fatalities at a rate of 83% for predators and 87% for birds, based on the same energy 

production capacity, as asserted by the technology effect in repowering wind turbines 

(ARÁNTEGUI, et al., 2019). Wind energy, much like conventional energy sources, is 

affected by time: over time, production declines due to different factors. These factors could 

include declining availability and efficiency. Another factor could be aerodynamic 

performance or loss of energy during conversion from wind energy to electrical power. 

The decline in the CP of wind turbines due to ageing is 1.6% (SD: ±0.2) of the annual energy 

production (AEP) (Green & Staffell, 2014). Moreover, the average CP of wind turbines 

declines by about 21%–28.5% in a lifespan of 19 years, which results in a decrease of around 

12% in the average outcome of wind farms’ annual production during their 20-year lifespan. 

Therefore, the LCoE increases by around 9%. These findings were revealed by a study on 
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1,686 international wind turbines from 2002 to 2012, based on practical and theoretical 

information of wind turbines’ CP (Green & Staffell, 2014). 

 

2.10 MANAGEMENT OF WASTE MATERIALS  

Wind energy is considered as a sustainable and clean form of energy. However, the wind 

energy industry has a potential environmental impact associated with wind turbines when 

they reach the end of the lifecycle. Wind turbines then need to be either repowered or 

dismantled (Karavida & Nõmmik, 2016). 

The lifecycle of a wind power plant is illustrated in the following figure (Garrett & Rønde, 

2011). 

 
Figure 11: The lifecycle of a wind power plant 

  

Repowering of wind farms has effects on the environment. The positive impact comes from 

increasing electricity production from sustainable energy sources and minimizing the 

emission of greenhouse gases and extend the lifespan of wind farms which is considered the 

most important contribution to offset the impact of repowering. On the other hand, the 

negative impact of repowering comes from the disposal of used materials where the high 

effect comes from wind turbines, substations, and interconnection cables (Martínez, et al., 

2018). 

The waste materials that come out from old wind turbines are divided into two types. First, 

there is waste that can be sold in the second-hand market where companies can buy or sell 

refurbished wind turbines. Then, there is the second type of waste material that cannot be 

sold in the market but instead needs to be handed over to official organizations for 
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appropriate disposal. The wind farm operator needs to bear the cost of handling these 

materials as part of the decommissioning process (Santos, et al., 2014). 

The main purpose of utilizing clean and sustainable energy is to preserve the environment 

and minimize the emission of greenhouse gases. Thus, the waste management of wind turbine 

materials is considered to be a big challenge by the developers and operators of onshore wind 

farms (Karavida & Nõmmik, 2016). The main parts of onshore wind turbines are the rotor, 

blades, rotor hub, main shafts with bearings, gearbox, generator, and transformer (Vestas 

V90-2.0 MW), as illustrated in the following figures. 

 

 

 
        

Figure 12: The main parts of onshore wind turbines 

 

The steel and cast-iron parts can be recycled and reused, which is economically beneficial to 

the wind farm operators. In contrast, the most challenging aspect is to handle the blades. 

Blades are manufactured from composite materials such as fibreglass. Complex processing is 

needed for recycling this material. Old blades can be transported to landfills or can be 

fragmented to pieces and used in other industries such as cement co-processing (Andersen, 

2015). 

2.11 CONCLUSION 

This chapter addresses sustainable energy while focusing on the rapid development and 

global deployment of wind energy. It also discusses the increased demand for wind energy, 

which has a significant positive impact on technological innovation and economic aspects. 

Moreover, it demonstrates the need for repowering onshore wind farms to obtain a secure 
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source of renewable energy, meet the increasing demand for sustainable energy, and fulfil 

international agreements to reduce global dependence on fossil fuels. Fossil fuel energy is 

considered to be the main source of greenhouse gas emissions and global warming. 

Repowering onshore wind farms allow us to take advantage of the good wind resources at 

existing wind farms and improve their productivity and profitability. This chapter also 

introduces the factors considered when estimating onshore wind farms’ feasibility to 

determine their productivity and profitability. Finally, it addresses the appropriate handling of 

waste materials that emerge from decommissioned wind farms.  

2.12 THESIS QUESTION  

1. Is the repowering of onshore wind farms economically feasible? 

2. What is the recommended scenario for repowering onshore wind farms?  

The following chapter will present a brief about the case study. 

3 CASE STUDY 
 

This study explores the methodology for enhancing the energy production and profitability of 

old onshore wind farms by repowering them. The onshore wind farm Nørre Økse Sø was 

selected for this case study, especially because of its age. It is owned by Vattenfall and was 

commissioned in 2000. Vattenfall plans to repower this wind farm by 2021 to increase its 

existing capacity from 18 MW (34,000 MWh/8500 households) to 72 MW (min. 108,000 

MWh/27000 households (Vattenfall, n.d.). Data regarding the site’s wind resource is 

available. 

The Nørre Økse Sø wind farm is located to the north of Denmark, close to the area Nørre 

Økse Sø. Earlier, this farm was known as North Axe lake—a drainage lake through which a 

channel was dug up to Limfjord to drain the lake and convert it into arable land. Thereafter, a 

wind farm was built by Vattenfall (Vattenfall, n.d.). The Nørre Økse Sø wind farm has 

twenty-four wind turbines NEG Micon NM 48/70 with a total nominal capacity of 18 MW. 

The rotor diameter of the wind turbine was 48 m with a 45 m hub height (Information, 2018). 

Wind turbines at the Nørre Økse Sø wind farm were arranged in a matrix comprising of four 

rows and six columns, as illustrated in the following figure. 
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Figure 13: Nørre Økse Sø wind farm layout 

 

The clearing distance between both rows and columns was 251 m, as measured using Google 

Earth. Moreover, the spacing between wind turbines in the different rows and columns was 

five times the rotor diameter (5D). Hence, it is evident that an increment in the rotor diameter 

of the repowered wind turbines would have a negative impact on the allowable spacing 

between turbines, which in turn would increase the wake losses. 

 

This study aims to demonstrate the effectiveness of repowering on the productivity and 

profitability of the Nørre Økse Sø wind farm considering three different scenarios. These 

scenarios are based on the repowering of the wind farm with wind turbines of different 

capacities—1x (repowering with the same capacity as the old wind farm), 1.5x, and 2x. 

Whereas the repowering scenario with 7x as planned from the owner of the wind farm was 

not considered due to the land constraint, whereas the repowered wind farm shouldn't go 

beyond the original wind farm area.  

The scenario for extending the lifespan of the wind farm is not considered because the 

existing wind turbines are very old, so it has small capacities and its technology obsolete. 

Thus, this study aims to assess the feasibility of repowering the wind farm and compare the 

costs between the various possible repowering scenarios from the perspective of increasing 

energy production as well as the cost and profitability, to recommend the best possible 

option. 
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The windPRO program was used for this study since it is used by wind farm developers and 

is also considered acceptable by banks. WindPRO has different functionalities that can be 

employed to calculate the energy yield of wind farms, visualize the environmental impact, 

assess the wind data of the selected site, quantify uncertainties, and assess site suitability 

(International, n.d.).    

In this study, the windPRO software was used to perform the calculation of wind resource 

assessment, measure and correlation prediction of wind resource, wake losses, and to 

calculate the annual energy production to the different scenarios taking in consideration the 

roughness classes and contour data. 

The next chapter will present more details about the case study, implementation, and results. 

4 IMPLEMENTATION  
 

4.1 INTRODUCTION 

In the previous chapter, we presented a brief explanation of the case study. The following 

chapters present details on the implementation based on various scenarios. One important 

aspect of this chapter is to assess the wind resource for the location of the selected wind farm. 

We begin by assessing the available local wind speed measurement data followed by the 

long-term predicted wind speed data (MCP) using windPRO. 

As mentioned earlier, we select a suitable wind turbines model to achieve the required 

production capacity in this study for the three different repowering scenarios (1x, 1.5x, 2x). 

The production capacity of the repowered wind farm is assessed for each scenario using 

windPRO. Finally, we perform a feasibility study of the repowering scenarios to recommend 

the best scenario from an economic perspective. 

In the previous chapter, we presented a brief explanation of the methodology employed for 

this study. The following chapters present details on the implementation based on various 

scenarios. One important aspect of this chapter is to assess the wind resource for the location 

of the selected wind farm. We begin by assessing the available local wind speed 

measurement data followed by the long-term predicted wind speed data (MCP) using 

windPRO. 

As mentioned earlier, we select a suitable wind turbines model to achieve the required 

production capacity in this study for the three different repowering scenarios (1x, 1.5x, 2x). 

The production capacity of the repowered wind farm is assessed for each scenario using 
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windPRO. Finally, we perform a feasibility study of the repowering scenarios to recommend 

the best scenario from an economic perspective. 

4.2 WIND RESOURCE ASSESSMENT  

Wind speed varies depending on various factors such as seasons, time, and weather events. 

Wind energy is the result of the airflow caused by the uneven heating of the earth’s surface. 

The wind is also affected by several other factors such as the slope of the ground, 

absorptivity, and atmospheric transmissivity. Moreover, terrain, buildings, vegetative cover, 

and water bodies too influence wind speed. Wind energy is determined by the wind speed 

and the density of air (Mathew, 2006), as shown in the following equation: 

  

 
 

(4) 

Where P = power of the wind [W] 

A = swept area of the rotor (blades) [m2]  

ρ = density of the air [kg/m3] 

V = velocity of the wind [m/s] 

 

The wind speed measurement data was obtained from an existing wind farm where wind 

resources were measured for two-year for period 2001-01-02 to 2002-12-31 at a height of 5 

m. The measurements were given wind speed, direction, and temperature with a sample rate 

of 10 minutes. 

The farm site’s wind speed data was configured using windPRO to obtain the wind speed, 

wind frequency, and wind speed frequency, as illustrated in the following figures. 
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Figure 14: Short-term wind data analysis 

It is important to consider whether the on-site wind resource measurements are representative 

of the long-term wind resources. Therefore, when the site measurement varies from the long-

term measurement, an adjustment is made to reflect the long-term resources. The purpose of 

a realistic long-term estimation of wind resources is to ensure a correct assessment of the 

electrical energy from wind turbines, thus reducing uncertainty about long-term energy 

production. To reduce or correct the variation between the short-term data (site wind data) 

and long-term wind data (reference data), the MCP—measure, correlate, and predict— 

approach was employed so the short-term dataset is correlated with the long-term wind 

dataset from a nearby monitoring station, which is taken as a reference data.  

The correlation coefficient is the measure of the quality of correlation, so with the result of 

80% (0.80) or greater is considered good (Nielsen & , 2010).  

For this study, the MERRA-2 station—the station closest to the existing wind farm—was 

taken as a reference site. The long-term wind dataset obtained from MERRA-2 includes data 
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from 1990-01-01 to 2020-06-01 at a height of 50 m and with a sample rate of 60 minutes. 

The wind data analysis of the long-term dataset obtained from WindPRO is illustrated as 

follows. 

 
 

 
  

Figure 15: Long-term wind data analysis 

 

The wind dataset collected from Nørre Økse Sø from 2001-01-02 to 2002-12-31 was 

compared to the MERRA-2 reference site wind dataset for the same period to determine the 

degree of the correlation. The correlation of the site’s wind dataset and the reference dataset 

was conducted using windPRO. The resulting degree of correlation was found to be more 

than 0.8, which is considered to be acceptable. 
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Figure 16: Correlation between site wind dataset and long-term reference dataset 

4.3 FIRST SCENARIO: Repowering with the same capacity 

Under this scenario, the existing wind turbine of NEG Micon NM48/750, 750 kW, 48 m rotor 

diameter, and 45 m hub height were to be replaced with new wind turbines of a similar 

capacity. The selected turbines were Vesta V110/2000, 2MW, with a 110 m rotor diameter 

and 125 m hub height. Vestas wind turbines were selected because the power curve of 

V110/2000 displayed a good energy harvesting capability for the specific wind speed and 

direction condition (Vestas, 2013); moreover, Vestas wind turbines are well known in the 

energy industry and serve as global partners for providing sustainable energy solutions. 

Vestas is based in Denmark and enjoys a very good reputation for proven technology within 

Denmark and around the globe. The V110, 2000 KW model, was selected for all scenarios to 

simplify the calculation and comparison between the different scenarios. 

In this scenario, repowering was to be conducted to replace the old wind turbines with new 

ones to retain the existing capacity of 18 MW. Hence, the 24 old turbines of Micon 750/48 at 

a hub height of 45 m were replaced by 9 new V110/2000 turbines at a hub height of 125 m. 

Installation of the new wind turbines would enhance the lifespan of the wind farm by 25 

years. The Vestas V110/2000 wind turbine has a rotor diameter of 110 m and a hub height of 

125 m. Due to lack of space; the 9 wind turbines were analyzed using windPRO for micro 

siting to maximize energy harvesting and minimize wake losses as much as possible. The 

obtained layout for the 9 wind turbines is as follows. 
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Figure 17: Layout of wind turbines for the first scenario 

Based on the pricing list for the wind project provided by Uppsala University, Department of 

Earth Sciences, Campus Gotland appendix H, the cost of one 3 MW wind turbine with 90 m 

hub height is 35 MSEK with an additional 150,000 SEK for each additional one meter 

including foundation and installation. Thus, the cost of a V110/2000, 2MW, 110 m rotor 

diameter, 125 m hub height wind turbine is assumed to be 27,150,000 SEK (27.15 MSEK). 

The total cost of 9 wind turbines is assumed to be 244,350,000 SEK (244.35 MSEK). 

The total weight of a V110/ 2MW wind turbine is around 340.0 t (wind-turbine-models, 

2020), while the existing wind turbine NM 48/750 weighs around 115.0 t (wind-turbine-

models, 2020). Hence, the existing foundation will not be sufficient to handle the extra 

weight. Thus, new foundations would have to be constructed, the cost of which will be 

considered as part of the wind turbine cost stated above. 

In addition, due to the higher capacity of the repowered wind turbines, the existing inter-array 

cables would not be sufficient. Thus, new inter-array cables will need to be installed to 

handle the new capacity. The total length of the cables is assumed to be 6,000 m (6 km). The 

cost of one km of ground cable XPE 3x150 mm² is 148 360 SEK refer to appendix I, adding 

890,160 SEK (0.8902 MESK) to the overall cost. The cable length is demonstrated in the 

following figure. 
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Figure 18: The length of inter-array cables for the first scenario 

Since the nominal capacity of the wind farm was maintained as the existing capacity, no 

modifications are required for the existing substation. The lifetime of the substation is 

expected to be 50 years (Topham & McMillan, 2017). 

 The decommissioning cost at the end of life of the 9 V110, 2 MW, 125 m hub height wind 

turbines is assumed to be around 258 SEK/kW (Aldén, 2019). The total cost of 

decommissioning will add up 4,644,000 SEK (4.644 MSEK) to the overall cost. The 

decommissioning cost will be reserved for the 25-year lifespan of the repowered wind farm. 

Moreover, the decommissioning cost of the existing wind turbines is assumed to be 

considered in the cost of the original project, thereby making it a part of the CAPEX 

calculation. 

Installing wind turbines with a higher hub height requires conducting an environmental 

analysis. The expected cost for this analysis is 54 k€/MW as per Horns Reef I and Rødsand  

(Kitzing & Morthorst, 2016), but since the site is well known, the expected environmental 

analysis will cost less. Thus, the cost is assumed to be 20 k€/MW, which is normalized to 

208.2 kSEK/MW (XE, n.d.). The total cost for the wind farm is assumed to be 3.75 MSEK. 

Other aspects that need to be considered are design and project management. This cost comes 

up to 107 k€/MW (Kitzing & Morthorst, 2016), which is normalized to 1.114 MSEK/MW, 

taking the total cost for the wind farm to 20.05 MSEK.  

The CAPEX of a wind farm with the same nominal capacity (18 MW) is illustrated in the 

following table.  
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 Price 

Unit/Km/MW 

MSEK 

Amount/ km /MW Total, 

MSEK 

V119, 2 MW @ 125 27.15 9 244.35 

Cables, km 0.15 6 0.89 

Design, Project management 1. 114 18 20. 045 

Environmental analysis 0.21 18 3.7476 

Decommissioning cost 0.258 18 4.644 

Total CAPEX    273.68 

Table 1: Capital expenditure CAPEX, the first scenario 

The operating and maintenance costs are estimated using price guidelines provided by project 

price list appendix H. The O&M cost is 7.8-8.4 cent SEK/kWh; hence, we consider an 

average of 8.1 cents SEK/kWh for our calculation. The estimated electrical production of the 

wind farm AEP is 82 036,70 MWh/y; thus, the estimated annual O&M cost for the wind farm 

is 6 644,972,70 SEK (6.65 MSEK). An additional 0.1 MSEK for each turbine is considered 

to cover the reliability insurance, electrical operations, and inspection costs, adding 0.9 

MSEK to the OPEX. The cost of land is included by deducting 3% of the gross annual 

revenue to complete the OPEX calculation (Wizellins, 2007). Corporate tax is assumed to be 

22% (Trading economics, 2020). 

  Amount 
Unit 

price/kWh Total  
O&M 8,1 cent SEK/kWh 82 036 700,00 0,081 6 644 972.70 
Reliability insurance 70 000,00 9 630 000.00 
Electrical operation 
reliability 15 000,00 9 135 000.00 
inspection costs elevators.  15 000,00 9 135 000.00 
Corporate Tax (22%) - - 6 110 397.5 

land cost (3%) - - 649 924.1  

Total cost MSEK - - 15.1 
Table 2: OPEX, the first scenario 

The WACC cost of capital in Denmark is 5.4%  (Duffy, et al., 2020). The revenue of the 

wind farm is calculated based on the sale of the produced electricity and the subsidies 

provided by the government for wind energy projects. The electricity trading market in 

Denmark is part of the Nord Pool market. The Nord Pool market offers prices for the next 
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day and intraday markets. The price fluctuates over time, so we average the price over 15 

years for our calculation. The average price is 40 €/MWh, i.e., the normalized price is 

415.133 SEK/MWh (Nord Pool, 2020). 

Denmark has an incentive system for wind farms wherein electricity generated by wind farms 

is sold at a premium price. A recently awarded project had an average price premium of 1.54 

øre per kWh (Denish Energy Agency, 2020). Based on the given parameters and factors, the 

annual revenue of the wind farm will be 21.01 MSEK. The NPV and IRR values are 

illustrated in the following table. 

 

NPV 10.97 MSEK 

IRR 6% 

 

Table 3: The NPV and IRR, the first scenario 

4.4 SECOND SCENARIO: Repowering with 1.5x the existing capacity 

In this scenario, the existing wind turbine NEG Micon NM48/750, 750 kW, 48 m rotor 

diameter, and 45 m hub height will be replaced by the same model of the first scenario 

V110/2000,2 MW, and 125 m hub height. Now, 1.5x the existing capacity equals 28 MW, 

which can be achieved by utilizing 14 wind turbines V110/2000 of 125 m hub height. 

Due to the installation of new wind turbines, the lifespan of the wind farm will be extended 

by 25 years. The Vestas V110/2000 wind turbine has a rotor diameter of 110 m and a hub 

height of 125 m. In light of the limited space, the positions of the 14 wind turbines were 

decided using windPRO for micro siting to maximize the energy harvesting and to minimize 

the wake losses as much as possible.  

The following figure illustrates the layout of the 14 wind turbines.  
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Figure 19: Layout of wind turbines in the second scenario 

 

From a financial perspective, the stated wind turbine price from the first scenario will be 

considered in this scenario since the same model is used. Thus, the cost of V110/2000, 2MW, 

110 m rotor diameter, and 125 m hub height is assumed as 27,150,000 SEK (27.15 MSEK). 

The total cost of 14 wind turbines is assumed to be 380,100,000 SEK (380.1 MSEK), which 

includes the cost of building the foundation and installing the wind turbines. 

Due to the higher capacity of the wind farm, new inter-array cables between wind turbines 

and substation would be required. Moreover, the existing substation would not be sufficient 

to handle the new capacity, so the cost of installing new inter-array cables as well as 

constructing a new substation should be added to the total project cost. The total length of 

cables is assumed to be 8.5 km. The cost of one km of underground cable XPE 3x150 mm² is 

148,360 SEK, taking the total cost of the cables to 1,189,402.12 SEK (1.19 MSEK) that 

needs to be added to the total cost. The following figure illustrates the length of inter-array 

cables.   
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Figure 20: The length of inter-array cables in the second scenario  

The estimated cost of constructing the new substation based on the report of the transmission 

cost estimation guide MTEP20 issued by MISO (MESO, 2020) is around 536,916.39 USD; 

this amount is normalized to 4.73 MSEK (XE, n.d.). The decommissioning cost for this farm 

is assumed to be 258 SEK/kW (Aldén, 2019), taking the total cost to 7.224 MSEK, which 

will be reserved for 25 years. 

 An environmental analysis is needed to factor for the impact of the wind turbines being 

installed at a higher hub height. As in the first scenario, the cost of the environmental analysis 

is assumed to be 20 k€/MW, which is normalized to 208.2 kSEK/MW (XE, n.d.), taking the 

estimated total cost for the wind farm to 5.8296 MSEK. The cost of project design and 

management is assumed to be 107 k€/MW (Kitzing & Morthorst, 2016), which is normalized 

to 1.114 MSEK/MW, adding up the total to 31.192 MSEK. The CAPEX of the wind farm 

with the same nominal capacity of 28 MW is illustrated in the following table. 

 

 

 

 

 

627 m 

655 m 250 m 
485 m 

371 m 

390 m 435 m 

502 m 

507 m 

508 m 

390 m 
519 m 

343 m 28
5 

m
 

Substation 

Inter-array cable 



 

 

 

35 

 Price 
Unit/Km/MW 

MSEK 

Amount/ km /MW Total, 
MSEK 

V119, 2 MW @ 125 27.15 14 380.1 
Cables, km 0.15 8.5 1.275 
Substation and grid 
connection  

- - 4.73 

Design, Project management 1. 114 28 31.192 
Environmental analysis 0.21 28 5.8296 
Decommissioning cost 0.258 28 7.224 
Total CAPEX    430.3506 

Table 4: Capital expenditure, CAPEX, in the second scenario 

The stated of operation and maintenance price from the first scenario will be considered. So, 

the average estimated O&M price is 8.1centst SEK/kWh. The estimated electrical production 

of the wind farm AEP is 121 283.30 MWh/y; thus, the estimated cost of O&M per year is 

9,823,947.30 SEK (9.823 MSEK). Moreover, an additional 0.1 MSEK is factored for each 

turbine to cover for the reliability insurance, electrical operation reliability, and inspection 

costs, adding 1.4 MSEK to the OPEX. Thereafter, 3% of the gross annual revenue is 

deducted to account for the cost of land (Wizellins, 2007). Moreover, corporate tax is 

assumed to be 22% (Trading economics, 2020). 

 

  Amount 
Unit 

price/kWh Total  
O&M 8,1 cent SEK/kWh 121 283 300,00 0,081 9 823 947.30 
Reliability insurance 70 000,00 14 980 000.00 
Electrical operation 
reliability 15 000,00 14 210 000.00 
inspection costs elevators.  15 000,00 14 210 000.00 
Corporate Tax (22%) - - 9 018 353.454  
land cost (3%) - - 959 224.9  
Total cost MSEK - - 21 

Table 5: The OPEX cost, the second scenario 

 

The WACC cost of capital in Denmark is 5.4%  (Duffy, et al., 2020). The primary revenue 

source for wind farms is from selling electricity in addition to incentives from the 

government for wind energy projects. The electricity trading market in Denmark is part of the 

Nord Pool market. The Nord Pool market offers prices for the next day and intraday markets. 
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The price fluctuates over time, so we average the price over 15 years. The average price is 40 

€/MWh; thus, the normalized price is 415.133 SEK/MWh (Nord Pool, 2020). Furthermore, 

Denmark has a premium price incentive scheme for wind farms in which electricity generated 

by wind farms. A recently awarded project had an average price premium of 1.54 øre per 

kWh (Denish Energy Agency, 2020). Based on the given parameters and factors, the annual 

revenue of the wind farm will be 21.01 MSEK. The NPV and IRR values are illustrated in the 

following table. 

 

NPV -10,14 
IRR 5% 

 

Table 6: The NPV and IRR, the second scenario 

The value of NPV indicates that the project is not profitable, the negative value is due to the 

high initial cost and lack of profitability caused by the low selling price of electricity. More 

details will be presented in the coming chapters. 

4.5  THIRD SCENARIO: Repowering with 2x the existing capacity 

Under this scenario, the existing wind turbine NEG Micon NM48/750, 750 kW, 48 m rotor 

diameter, and 45 m hub height will be replaced by a turbine of the same model as in the other 

scenario: V110/2000, 2MW, and 125 m hub height. To double the power generation capacity 

of the existing wind farm, 19 wind turbines V110/2000 with a 125 m hub height will be 

utilized to produce 36 MW nominal capacity. The lifespan of the wind farm will be extended 

by 25 years by virtue of the installation of new wind turbines. For optimizing their output, the 

wind turbines are positioned using windPRO to minimize wake losses. The layout of the 18 

wind turbines is illustrated in the following figure. 
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Figure 21 Third scenario, the layout of wind turbines 

The cost of the wind turbine will be as the previous scenarios, thus the cost of V110/2000, 2 

MW,110 m rotor diameter, 125 hub height is assuming as 27 150 000 SEK (27.15 MSEK). 

The total cost of 18 No. is assumed to be 488 700 000 SEK (488,7 MSEK). The cost is 

included the cost of foundation and installation of the wind turbine. 

The existing interconnection cables will not be sufficient due to the higher capacity of a wind 

turbine, so the need for new inter-array cables to connecting the wind turbines and substation. 

Installation of new cables will add cost to the repowering project. The estimated quantity of 

inter-array cables is 9 Km. The cost of one Km of XPE 3x150 mm² is 148 360 SEK, thus the 

additional cost of cables will be 1 335 240 SEK (1,34 MSEK). The following figure 

illustrated the length of cables 

 

Figure 22: The length of inter-array cables in the third scenario  
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The higher nominal capacity of the repowered wind farm would require the installation of a 

new substation. The estimated cost for constructing a new substation is around USD 

595,236,39 USD, based on the cost estimation guide (MESO, 2020); this amount is 

normalized to 5.24 MSEK (XE, n.d.). The Decommissioning cost is assumed to be 285 

SEK/kW (Aldén, 2019), taking the total cost to 9,288 MSEK. This amount is reserved for 25 

years. As mentioned in previous scenarios, the estimated cost for environmental analysis is 

20 k€/MW, which is normalized to 208.2 kSEK/MW (XE, n.d.). The estimated total cost for 

the wind farm is 7.4952 MSEK. Moreover, the cost of project design and management is 

calculated is estimated to be 107 k€/MW (Kitzing & Morthorst, 2016), which is normalized 

to 1.114 MSEK/MW. Hence, the total cost for the wind farm is assumed to be 40,104 MSEK.  

The following table summarizes the CAPEX for the third scenario. 

 

 Price per 

unit/Km/MW 

MSEK 

Amount/ km /MW Total, 

MSEK 

V119, 2 MW @ 125 27.15 18 488.7 

Cables, km 0.15 9 1.34 

Substation and grid 

connection  

- - 5.24 

Design, Project management 1. 114 36 40.104 

Environmental analysis 0.21 36 7.4952 

Decommissioning cost 0.258 36 9.288 

CAPEX    552.17 

Table 7: Capital expenditure, CAPEX, the third scenario 

In terms of operation and maintenance (O&M) costs, as per the previous scenarios. The 

average O&M cost will be 8.1 cents SEK/kWh. The estimated electrical production of the 

wind farm AEP is 149,239 MWh/y, so the estimated O&M cost per year is 12,088,359 

MSEK, with an addition of 0.1 MSEK for each turbine to cover for the reliability insurance, 

electrical operations, and inspection cost, which will result in adding 1.8 MSEK to the 

OPEX. 

To complete the OPEX calculation, 3% of the gross annual revenue is deducted to factor for 

the cost of land (Wizellins, 2007). Also, corporate tax is assumed to be 22% (Trading 

economics, 2020). 
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Amount 

SEK 
Unit 

price/kWh Total 
O&M 8,1 cent SEK/kWh 149 239,00 0,081 12 088 359 
Reliability insurance 70 000,00 18 1 260 000 
Electrical operation reliability 15 000,00 18 270 000 
Inspection costs elevators. 15 000,00 18 270 000 
Corporate Tax (22%)  - - 11 080 070.2 
land cost (3%)   - - 1 178 516.56 
OPEX MSEK - - 26.15 

Table 8 The OPEX, Third Scenario 

WACC in Denmark is 5.4%  (Duffy, et al., 2020). The primary revenue source for wind 

farms is from selling electricity in addition to incentives from the government for wind 

energy projects. The electricity trading market in Denmark is part of the Nord Pool market. 

The Nord Pool market offers prices for the next day and intraday markets. The price 

fluctuates over time, so we average the price over 15 years. The average price is 40 €/MWh; 

thus, the normalized price is 415.133 SEK/MWh (Nord Pool, 2020). Furthermore, Denmark 

has a premium price incentive scheme for wind farms in which electricity generated by wind 

farms. A recently awarded project had an average price premium of 1.54 øre SEK per kWh 

(Denish Energy Agency, 2020). Based on the given parameters and factors, the annual 

revenue of the wind farm will be 38.11 MSEK. The NPV and IRR values are illustrated in the 

following table.  

 

NPV -36,00 MSEK 
IRR 5% 

 

Table 9: The NPV and IRR, the third scenario 

The value of NPV indicates that the project is not profitable, the negative value is due to the 

high initial cost and lack of profitability caused by the low selling price of electricity. More 

details will be presented in the coming chapters. 
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5 DISCUSSION AND ANALYSIS  
 

In all scenarios, the turbine Vesta V110/2000, 2MW, with a 125 m hub height are installed.  

The first scenario involved the least amount of initial cost as compared to the other two 

scenarios. The repowering initial cost for the first, second, and third scenarios are 273.683754 

MSEK, 430.2652355 MSEK, and 552.3148326 MSEK, respectively. 

It should be noted that the first scenario involves lower initial cost due to the usage of 

existing infrastructure and the installation of a fewer number (nine) of wind turbine 

generators (WTGs) to produce the same nominal capacity as that of the existing wind farm. 

The second and third scenarios involve a higher initial cost because of the installation of a 

new substation to handle the higher nominal capacity and new grid connections because of 

the increased generation capacity. Also, both these scenarios involve the installation of a 

higher number of WTGs (14 and 18 respectively) to meet the required capacity. The results 

of the case study have shown a huge discrepancy in the NPV between the three scenarios. 

The first scenario has a positive NPV (10.97 MSEK), whereas the second (-10.14 MSEK) 

and third scenarios (-36.15 MSEK) have negative NPVs. The following table summarizes the 

financial implications of the three different scenarios. 

 SEC 01 SEC 02 SCE 03 

WTG Model (Unit) V110/2000 V110/2000 V110/2000 

WTG rated (MW) 2 2 2 

Rotor diameter (m) 110 110 110 

Hub height (m) 125 125 125 

Wind speed @ hub height (m/s) 8.7 8.7 8.7 

WTG No. (Unit) 9 14 18 

Installed capacity (MW) 18 27 36 

Capacity factor (%) 52.0  49.4  47.3  

AEP MWh/y 82 036.70 121 283.30 149 239.00 

Total CAPEX (MSEK) 273.68 430.24 552.32 

Total OPEX (MSEK) 14.16 21.20 24.90 

Income from selling El (MSEK) 21.01 31.01 38.11 

WACC (%) 5.40 5.40 5.40 

NPV (MSEK) 10.97 -10.14 -36.15 
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Table 10: Summary of the financial status of three different scenarios 

 

The three scenarios are evaluated based on several parameters. From the LCoE viewpoint, the 

first scenario shows the lowest LCoE of 451.76 SEK/ MWh, followed by the second scenario 

at 470.92 SEK/ MWh and the third scenario at 474.48 SEK/MWh. The LCoE values for all 

scenarios are acceptable since they are below 0.065 USD/kWh, which is equivalent to 560 

SEK/MWh (IRENA, 2020). 

From the capacity factor viewpoint, the first scenario provides the best capacity factor of 

52.0%, which indicates the best extraction of the wind resources; the high-value CP is a result 

of the appropriate positions and maintenance of sufficient space between turbines to 

minimize wake losses. The second scenario has a lower capacity factor of 49.4%, followed 

by the third scenario at 47.3%. It is notable that, despite the variation in the capacity factors 

among the three scenarios, all three scenarios present very good capacity factors. 

Nevertheless, from the economic perspective, the first scenario presents a promising 

profitable project while the second and third scenario presents unprofitable projects due to the 

high initial costs and low-income profit caused by electricity price.  

The wake losses are higher in the first and second scenarios due to the limited land 

availability, which leads to the improper spacing between wind turbines. However, from the 

viewpoint of energy production, the AEP of the third scenario is highest at 149 239.00 

MWh/y, followed by the second scenario at 121 283.30 MWh/y and the first scenario at 82 

036.70 MWh/y. The variance in AEP is a result of the different installed capacities 9, 14, and 

18 WTGs (V110/2000, 125 m hub height) are installed in the first, second, and third 

scenarios, respectively. 

In this context and according to the financial estimation the first scenario for repowering of 

the Nørre Økse Sø wind farm is the best and more economically effective for the wind farm 

developer since it presents a good investment along the wind farm lifetime 25 years. Since 

the first scenario gives an NPV 10.97 MSEK and the LCoE is 451.76 SEK /MWh. While the 

second and third scenarios present a negative NPV -10.14, -36.15 respectively, so they are 

considered not viable. 

 

LCoE (SEK/MWh) 451.76  470.92  474.48 
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5.1  SENSITIVITY ANALYSIS    

To study the uncertainty associated with wind energy, we conduct a sensitivity analysis to 

determine the factors affecting the NPV variable under a given set of assumptions. The 

sensitivity analysis is performed on the three scenarios while considering certain changes in 

the CAPEX, AEP, and electrical price (El). 

The sensitivity analysis is conducted against changes of -/+ 1%, -/+ 2%, -/+3%, and -/+ 4% 

of the CAPEX for all scenarios. The results show that the NPV of the first scenario is positive 

(NPV = 2.71 MSEK) with increments of up to + 3% of the CAPEX, while at +4%, the 

project is not viable (NPV = -0.03 MSEK). For the second scenario, the NPV is negative up 

to -5% of the CAPEX, which implies that the NPV is positive (NPV = 11.3 MSEK). For the 

third scenario, the NPV is negative; however, when the decrement reaches -0% of the 

CAPEX, the NPV is positive (NPV = 18.48 MSEK). The following tables present the results 

of the sensitivity analysis of CAPEX for the three scenarios. 

 

-10% 
change 

in 
CAPEX 

-5% 
change 

in 
CAPEX 

-2% 
change 

in 
CAPEX 

-1% 
change 

in 
CAPEX 

Sensitivity +1% 
change in 
CAPEX 

+2% 
change 

in 
CAPEX 

+3% 
change 

in 
CAPEX 

+4% 
change 

in 
CAPEX 

CAPEX 

38.29 24.6 16.39 13.65 10.19 8.18 5.44 2.71 0.03 
Table 11: Sensitivity analysis of CAPEX, Scenario one 

-10% 
change 

in 
CAPEX 

-5% 
change 

in 
CAPEX 

-2% 
change 

in 
CAPEX 

-1% 
change 

in 
CAPEX 

Sensitivity +1% 
change 

in 
CAPEX 

+2% 
change 

in 
CAPEX 

+3% 
change 

in 
CAPEX 

+4% 
change 

in 
CAPEX 

CAPEX 

32.81 11.3 -1.61 -5.91 -10.14 -14.52 -18.82 -23.12 -27.42 

Table 12: Sensitivity analysis of CAPEX, Scenario two 

 

-10% 
change 

in 
CAPEX 

-5% 
change 

in 
CAPEX 

-2% 
change 

in 
CAPEX 

-1% 
change 

in 
CAPEX 

Sensitivity +1% 
change 

in 
CAPEX 

+2% 
change 

in 
CAPEX 

+3% 
change 

in 
CAPEX 

+4% 
change 

in 
CAPEX 

CAPEX 

18.48 -9.18 -25.77 -31.3 -36.89 -42.36       
Table 13: Sensitivity analysis of CAPEX, Scenario 3 

 

The sensitivity analysis of AEP shows that the first scenario is viable until the reduction of -

4% of AEP when the resulting NPV= -3.44 MSEK, while the second scenario is considered 
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viable when the AEP is increasing until +2 % when the resulting NPV= 0.62 MSEK. Finally, 

the third scenario is considered viable with an AEP of +6% when the resulting NPV= 2.62 

MSEK. The following tables present the sensitivity analysis for AEP.   

 

-4% 
change 

in 
AEP 

-3% 
change 

in 
AEP 

-2% 
change 

in 
AEP 

-1% 
change 

in 
AEP 

Sensitivity +1% 
change 

in 
AEP 

+2% 
change 

in 
AEP 

+5% 
change 

in 
AEP AEP 

-3.44 0.08 3.74 7.4 10.19 14.58  18.23 29.07 
Table 14: Sensitivity analysis of AEP, Scenario one 

-4% 
change 

in 
AEP 

-3% 
change 

in 
AEP 

-2% 
change 

in 
AEP 

-1% 
change 

in 
AEP 

Sensitivity +1% 
change 

in 
AEP 

+2% 
change 

in 
AEP 

+5% 
change 

in 
AEP 

AEP 

-31.62 -26.2 -20.91 -15.5 -10.14 -4.80 0.62 16.61 
Table 15: Sensitivity analysis of AEP, Scenario two 

-4% 
change 

in 
AEP 

-3% 
change 

in 
AEP 

-2% 
change 

in 
AEP 

-1% 
change 

in 
AEP 

Sensitivity +1% 
change 

in 
AEP 

+2% 
change 

in 
AEP 

+5% 
change 

in 
AEP 

+6% 
change 

in 
AEP 

AEP 

-63.24 -56.61 -50.1 -43.47 -36.89 -30.33 -23.69 -3.91 2.62 
Table 16: Sensitivity analysis of AEP, Scenario three 

The sensitivity analysis against the electricity price shows that a positive NPV value in the 

first scenario (NPV= 0,49 MSEK) is maintained until -3% of El price, whereas the NPV 

becomes negative when the El price is reduced by -4% (NPV= -3.03 MSEK). The second 

scenario shows that the El price should be increased by +2% to get a positive value of NPV 

(NPV= 0.22 MSEK), while a lesser price result in a negative NPV. The third scenario 

presents a negative NPV= -36.89 MSEK, and even an increment in El price by +6% leads to 

a negative NPV= 1.24 MSEK. The following tables present the sensitivity analysis for the 

electricity price.  

 

-4% 
change 
in El 
Price 

-3% 
change 
in El 
Price 

-2% 
change 
in El 
Price 

-1% 
change 
in El 
Price 

Sensitivity +1% 
change 
in El 
Price 

+2% 
change 
in El 
Price 

+5% 
change 
in El 
Price 

+10% 
change 
in El 
Price El Price 

-3.03 0.49 4.01 7.53 10.19 14.44 17.96 28.39 45.87 
Table 17: Sensitivity analysis of El price, Scenario one 
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-4% 
change 
in El 
Price 

-3% 
change 
in El 
Price 

-2% 
change 
in El 
Price 

-1% 
change 
in El 
Price 

Sensitivity +1% 
change 
in El 
Price 

+2% 
change 
in El 
Price 

+5% 
change 
in El 
Price 

+10% 
change 
in El 
Price 

El Price 

      -15.36 -10.14 -4.93 0.22 15.66 41.4 
Table 18: Sensitivity analysis of El price, Scenario two 

-4% 
change 
in El 
Price 

-3% 
change 
in El 
Price 

-2% 
change 
in El 
Price 

-1% 
change 
in El 
Price 

Sensitivity +1% 
change 
in El 
Price 

+2% 
change 
in El 
Price 

+6% 
change 
in El 
Price 

+10% 
change 
in El 
Price 

El Price 

    -49.56 -43.19 -36.89 -30.60 -24.23 1.24 26.57 
Table 19: Sensitivity analysis of El price, Scenario three 

Finally, we conclude by comparing the results of the three scenarios. The first scenario shows 

a promising investment case from the financial perspective, whereas the initial capital is 

273.68 MSEK, which is less than the second and third scenarios requiring a capital of 430.24 

MSEK and 552.32 MSEK, respectively. Moreover, the O&M costs for the first, second, and 

third scenarios is 14.16 MSEK, 21.20 MSEK, and 552.32 MESK, respectively. The first 

scenario is considered financially acceptable due to the NPV value = 10.97 MSEK, whereas 

the second and third scenarios show negative NPV values of -10.14 and -36.15, respectively. 

Further, the sensitivity analysis to shows that the first scenario is the best scenario for 

repowering the Nørre Økse Sø wind farm since it presents acceptable results despite changes 

in the three variables of CAPEX, AEP, and El price.  

From the energy production perspective, the third scenario has a higher AEP range of 149 

239.00 MWh/y, followed by the second (121 283.30 MWh/y) and first (82 036.70 MWh/y) 

scenarios has. However, as stated earlier, the third and second scenarios are not financially 

viable. 

5.2 LIMITATION OF THE CASE STUDY  

It worth noting that there are some limitations to this study. The MCP for wind resource 

assessment was done using windPRO based on the available site wind data taken at a height 

of 5 m while the hub height is 125 m; hence, more accurate wind speed measurement might 

be required at the relevant hub height. The estimated time for the commissioning and 

construction of wind farms is not considered in this study, which will vary depending on the 

nominal capacity.  
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The decommissioning cost of the existing WTGs is not considered in this study based on the 

assumption that the cost must have been considered in the initial capital of the existing 

project. The calculation of the grid integration is based on the literature and reports, which 

requires further investigation with more accurate data and cost estimates. Finally, the 

proposed location for new substations is based on certain assumptions, whereas the actual 

arrangement might have a different cost impact. 

6 CONCLUSION 
 

This thesis aims to determine the most feasible scenario for onshore wind farm repowering. 

Operators and developers are encouraged to repower existing wind farms that already have 

good wind resources. This study presents three scenarios for the repowering of an onshore 

wind farm, and our results conclude that the scenario of repowering at the same nominal 

capacity as the existing wind farm shows promise. Repowering was achieved with nine wind 

turbines V110/2000 with a 125 m hub height. The results of the first scenario show a positive 

NPV, while the other two scenarios have a negative NPV, implying that they are not viable. 

The case study also shows that the LCoE for the first scenario is less than those for the 

second and third scenarios. 

Regarding wake losses, we note that the first scenario has lower wake losses (6.5%) due to 

fewer wind turbines and recommended spacing between turbines. The wake losses in the 

second and third scenarios are 11.2% and 15.0%, respectively, due to the constraints on the 

available area of the existing wind farm. Notably, the wake losses in the second and third 

scenarios are higher because of the lack of optimal space to reduce these losses. The results 

show promise in repowering an onshore wind farm at the same nominal capacity as the 

existing wind farm, which can serve as an incentive for developers and operators to adopt 

repowering rather than decommissioning. 

Next, we suggest future research directions in this area. The electricity price has a significant 

impact on the profitability of repowering projects; hence, higher and more stable electricity 

prices will promote repowering. Further, options for reducing the capital cost of repowering 

by using advanced technology and strengthening the existing infrastructure should be 

investigated. Lastly, more incentives for repowering projects should be investigated to 

encourage operators and developers to repower wind farms rather than decommission them. 

 

 



 

 

 

46 

7 REFERENCES: 
 
Nations, U., 2015. United Nation climate change. [Online]  
Available at: https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-
agreement   
 
Ortegon, K., Nies, L. & Sutherland, J., 2013. Preparing for end of service life of wind 
turbines. Journal of cleaner production. 
 
Luengo, M. M. & Kolios, . A., 2015. Failure Mode Identification and End of Life Scenarios 
of Offshore Wind Turbines: A Review. Energies, 8(8), 8339-
8354(https://doi.org/10.3390/en8088339). 
 
Aldén, L., 2019. Management of End of life of wind farm. s.l.:s.n. 
 
Ltd, S. C., 2013. Research and guidance on restoration and decommissioning of onshore 
wind farms, Scotland: Scottish Natural Heritage. 
 
IER, 2019. The Cost of Decommissioning Wind Turbines is Huge. [Online]  
Available at: https://www.instituteforenergyresearch.org/renewable/wind/the-cost-of-
decommissioning-wind-turbines-is-huge/  
[Accessed July 2020]. 
 
Setterwalls, 2020. Repowering Wind Farms in Sweden – Securing Technical and Economical 
Sustainability. [Online]  
Available at: https://setterwalls.se/aktuellt/artikel/repowering-wind-farms-sweden-securing-
technical-and-economical-sustainability-0  
[Accessed July 2020]. 
 
Santos, L. C., Vizoso, A. F., Camacho, E. M. & Piegiari, L., 2016. Costs and feasibility of 
repowering wind farms. Energy Sources, 07 Dec, Part 
B(http://dx.doi.org/10.1080/15567249.2014.907845), pp. 974-981. 
 
Letcher, T. M., Trevor M. Letcher. Civil Engineering Aspects of a Wind Farm and Wind 
Turbine Structures. In: Wind Energy Engineering. s.l.:Joe Hayton. 
Miceli, F., 2020. Wind farms construction. [Online]  
Available at: http://www.windfarmbop.com  
[Accessed 2020]. 
 
Campbell, S., 2019. Wind Power monthly. [Online]  
Available at: https://www.windpowermonthly.com/article/1663417/horns-rev-1-2-3-three-
generations-turbine-output-analysed  
[Accessed 2020]. 
 



 

 

 

47 

Morthorst, P. E., 2009. Wind Energy tha fact. [Online]  
Available at: https://www.wind-energy-the-facts.org/index-81.html  
[Accessed 2020]. 
 
Bloomberg, 2017. BloombergNEF. [Online]  
Available at: https://about.bnef.com/blog/2h-2017-wind-turbine-price-index/  
[Accessed 2020]. 
 
IRENA, 2019. FUTURE OF WIND, s.l.: IRENA. 
 
IRENA, 2012. COST ANALYSIS SERIES, s.l.: IRENA. 
 
Energy, W., n.d. Civil work. [Online]  
Available at: https://www.wind-energy-the-facts.org/civil-works.html  
Papagiannis, M., 2018. WIND TURBINE FOUNDATIONS IN CLAY, s.l.: Uppsala University. 
J, . C. et al., 2014. Analysis of Transportation and Logistics Challenges Affecting the 
Deployment of Larger Wind Turbines, s.l.: National renewable energy laboratory. 
 
Climate, E. a., 2018. How upgrading the UK’s old onshore wind fleet can cut carbon, reduce 
bills and support local communities, s.l.: Energy and climate intellegence unit. 
 
Ruiz, R. V., Ramírez, F. J., Escribano, A. H. & Lazaro, E. G., 2018. A techno-economic 
analysis of a real wind farm repowering experience: The T Malpica case. Energy Conversion 
and Management. 
 
Andersson, T., Andersson, J. & Rosqvist, S., 2018. SETTERWALLS. [Online]  
Available at: https://setterwalls.se/en/about-us  
[Accessed 2020]. 
 
Samorani, M., 2013. The Wind Farm Layout Optimization Problem. Handbook of Wind 
Power Systems, Energy Systems, Issue DOI: 10.1007/978-3-642-41080-2_2,. 
 
BS, N., Devi, R. P. & Sreevalsan, E., 2013. Repowering of Wind Farms. WIND 
ENGINEERING, March, 37(https://doi.org/10.1260/0309-524X.37.2.137), pp. 137-150. 
 
ARÁNTEGUI, R. L., Uihlein, . A. & Yusta, . J. M., 2019. Technology effects in repowering 
wind turbines. Wind energy, 15 Dec, 23(3), pp. 660-675. 
 
Green, R. & Staffell, I., 2014. How does wind farm performance decline with age?. 
Renewable Energy, 21 Feb, Volume 66, pp. 775-786. 
 
Karavida, S. & Nõmmik, R., 2016. Waste Management of End-of-Service Wind Turbines, s.l.: 
Aalborg University. 
 



 

 

 

48 

Garrett, P. & Rønde, K., 2011. Life Cycle Assessment, Denmark: Vestas Wind Systems. 
 
Santos, A. C., Romero, S. C., Molina, C. P. & Pérez, F. M., 2014. Repowering: An actual 
possibility for wind energy in Spain in a new scenario without feed-in-tariffs. Renewable and 
Sustainable Energy Reviews, 24 July, 41(2015), p. 319–337. 
 

Andersen, N., 2015. Wind turbine end-of-life, Gävle: University of Gävle. 
 
Vattenfall, n.d. Repowering af Nørre Økse Sø. [Online]  
Available at: https://group.vattenfall.com/dk/vores-forretning/vindprojekter-i-danmark/norre-
okse-so  
[Accessed 2020]. 
 
Vattenfall, n.d. Nørre Økse Sø Wind Farm. [Online]  
Available at: https://powerplants.vattenfall.com/norre-okse-so  
[Accessed 2020]. 
 
Information, W. i., 2018. Nørre Økse Sø Wind Farm. [Online]  
Available at: https://www.industryabout.com/country-territories-3/2881-denmark/wind-
energy/46320-norre-okse-so-wind-farm  
[Accessed 2020]. 
 
International, E., n.d. WindPRO Software. [Online]  
Available at: https://www.emd.dk/windpro/  
[Accessed 2020]. 
 
Mathew, S., 2006. Wind Energy Fundamentals, Resource Analysis and Economics. 
India(Malapuram): Springer. 
 
Topham, E. & McMillan, D., 2017. Sustainable decommissioning of an offshore wind farm. 
Renewable Energy, Volume 102, pp. 470-480. 
 
Kitzing, L. & Morthorst, P., 2016. Economics of building and operating offshore wind farms. 
In: Offshore Wind Farms. s.l.:s.n., pp. 9-27. 
 
XE, n.d. [Online]  
Available at: 
https://www.xe.com/currencyconverter/convert/?Amount=1&From=EUR&To=SEK  
[Accessed 2020]. 
 

Morthorst, P. E., Auer, H., Garrad, A. & Blanco, I., 2009. Wind energy the fact. [Online]  
Available at: https://www.wind-energy-the-facts.org/index-81.html  
[Accessed 2020]. 



 

 

 

49 

 
Anon., 2020. Denmark Corporate Tax Rate. [Online]  
Available at: https://tradingeconomics.com/denmark/corporate-tax-rate  
[Accessed 2020]. 
 
Vestas, 2013. People.unica.it. [Online]  
Available at: https://people.unica.it/danielecocco/files/2012/04/2-MW-Product-Brochure-
1.pdf  
[Accessed 2020]. 
 
MESO, 2020. Transmission Cost Estimation Guide. [Online]  
Available at: 
https://cdn.misoenergy.org/20200211%20PSC%20Item%2005c%20Cost%20Estimation%20
Guide%20for%20MTEP20%20DRAFT%20Redline425617.pdf  
[Accessed Oct 2020]. 
 
Trading economics, 2020. Denmark Corporate Tax Rate. [Online]  
Available at: https://tradingeconomics.com/denmark/corporate-tax-rate  
 
Duffy, A. et al., 2020. Land-based wind energy cost trends in Germany, Denmark, Ireland, 
Norway, Sweden and the United States. Applied Energy, 27 Feb. 
 
Nord Pool, 2020. EUROPE'S LEADING POWER MARKET. [Online]  
Available at: https://www.nordpoolgroup.com/Market-data1/#/nordic/table  
[Accessed 2020]. 
 
Denish Energy Agency, 2020. Technology neutral tenders. [Online]  
Available at: https://ens.dk/en/our-services/current-tenders/technology-neutral-tenders  
[Accessed 2020]. 
 
Wizellins, T., 2007. Developing wind power project, Theory and practice. London: 
Earthscan. 
 
IRENA, 2020. RENEWABLE POWER GENERATION COSTS IN 2019, s.l.: IRENA. 
 
Bhattacharya, S., 2017. Civil Engineering Aspects of a Wind Farm and Wind Turbine 
Structures. In: T. M. Letcher, ed. Wind Energy Engineering. Guildford: Elsevier. 
 
wind-turbine-models, 2020. Wind turbine model. [Online]  
Available at: https://en.wind-turbine-models.com/turbines/603-vestas-v90-3.0  
[Accessed 2020]. 
 



 

 

 

50 

Nielsen, ,. P. & . E. I. A., 2010. WindPRO 2.7 User Guide. [Online]  
Available at: http://www.emd.dk/files/windpro/manuals/for_print/MANUAL_2.7.pdf  
[Accessed 2020]. 
 
de Bona, J. ́. C., Ferreira, J. C. E. & Duran, J. F. O. ̃., 2020. Analysis of scenarios for 
repowering wind farms in Brazil. Renewable and Sustainable Energy Reviews, 9 August. 
 
Réthoré, P. E., 2016. Wind Farms, Electrical Optimization, and Repowering. In: Wind Power 
Generation. Demark: Elsevier Ltd., pp. 59-65. 
 
Martínez, E. et al., 2018. Life cycle assessment of a wind farm repowering process. 
Renewable and Sustainable Energy Reviews, 28 May.pp. 260-271. 
 
Hou, P. et al., 2017. Offshore wind farm repowering optimization. Applied Energy, 14 
September.pp. 834-844. 
 
Syed, A. H., Javed, A., Feroz, R. M. A. & Calhoun, R., 2020. Partial repowering analysis of a 
wind farm by turbine hub height variation to mitigate neighboring wind farm wake 
interference using mesoscale simulations. Applied Energy, 24 April. 
 
Rı ́o, P. d., Silvosa, A. C. & Go ́ mez, G. I., 2011 . Policies and design elements for the 
repowering of wind farms: A qualitative analysis of different options. Energy Policy, 23 
February.pp. 1897-1908. 
 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

51 

8 APPENDICES A-G 
 

 

 

APPENDIX A. POWER CURVE FOR V110-2.0 MW 
	

SCE 1   
AEP MWh/y 82 036,70 
Electricity Price/MWh 415,00 
Price premium/kWh 0,02 
    
    
income from selling 
electricity 34 045 230,50 
income from subsidies 1 263 365,18 
Total income 35 308 595,68 
Total income MSEK 35,30859568 
income after O&M MESK 27,76 
Corporate tax (22%) MESK 6,107997056 
land cost (3%) MSEK 0,649668778 
Net revenue per year MESK 21,01 

APPENDIX B. NET REVENUE PER YEAR FIRST SCENARIO 
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SCE 2    
AEP MWh/y 121 283,30 
Electricity Price/MWh 415,00 
Price premium/kWh 0,02 
    
    
income from selling 
electricity 

50 332 
569,50 

income from subsidies 1 867 762,82 

Total income 
52 200 
332,32 

Total income MSEK 52,20033232 
income after O&M MESK 40,98 
Corporate tax (22%) MESK 9,014804704 
land cost (3%) MSEK 0,958847409 
Net revenue per year MESK 31,00 

APPENDIX C. NET REVENUE PER YEAR SECOND SCENARIO  

SCE 3   
AEP MWh/y 149 239,00 
Electricity Price/MWh 415,00 
Price premium/kWh 0,02 
    
    
income from selling 
electricity 

61 934 
185,00 

income from Subsidies 2 298 280,60 

Total income 
64 232 
465,60 

Total income MSEK 64,2324656 
income after O&M MESK 50,34 
Corporate tax (22%) MESK 11,07570345 
land cost (3%) MSEK 1,178052094 
Net revenue per year MESK 38,09 

APPENDIX D. NET REVENUE PER YEAR THIRD SCENARIO 
 



 

 

 

53 

 
APPENDIX E. CAPITAL INVESTMENT FIRST SCENARIO 

 
APPENDIX F. CAPITAL INVESTMENT SECOND SCENARIO 
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APPENDIX G. CAPITAL INVESTMENT THIRD SCENARIO 

 
 

 

 APPENDIX H. PROJECT COST  
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APPENDIX I. CABLE COST 

 


