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Abstract 

The increasing share of renewable energy especially wind energy leads to increased share of 

unpredictable and varying energy into the grid. This leads to congestion in the grid which ultimately 

results in wind curtailment. In Germany in 2015 alone more than 4000 GWh of wind energy was 

curtailed. On the other hand, off grid energy requirements for event industry especially concerts and 

festivals, rely heavily on diesel generators to fulfill their power requirements.  This thesis investigates 

a unique use case for the mobile storage application. The batteries are used to utilize the curtailed wind 

energy for off-grid applications like festivals and concerts in Germany.  The batteries are charged at the 

wind farm during the duration of curtailment and once they are fully charged, the batteries are 

transported to the location of concert or an event to provide clean energy. The batteries or storage system 

used for this case have a capacity of 1.5 MWh and the whole system is constructed in a standard shipping 

container to allow convenient transportation. 

According to the findings of this study, the proposed use case can lead to a significant CO2 emission 

reduction, a single storage system could save up to about 8.4 million kg of CO2, at the events and 

festivals. Furthermore, it could help in renewable energy integration by providing clean wind energy, 

that is otherwise curtailed, to festivals and concerts. This study identifies a wind farm with most 

curtailed energy in Germany with total curtailment duration accounting for about 32% of the time in 

the year 2017. The technical model, simulated in MATALB/Simulink, successfully charged the battery 

storage system without any bottleneck. The levelized cost of storage was found to be in comparison 

with the levelized cost of diesel generators. A single storage system has an ability save up to 8.4 million 

kg of CO2 emissions. The study further proposes policy suggestions to promote such innovative use 

case. 

Keywords: Wind energy curtailment, Energy storage, Mobile battery storage, Germany 
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Sammanfattning 

Den ökande andelen förnybar energi, särskilt vindenergi, leder en till ökad andel av oförutsägbar 

intermittent energi till elnätet. Detta leder tidvis till en överbelastning på elnätet, vilket resulterar i att 

vindkraftverkens elproduktion måste begränsas. Endast i Tyskland under 2015 begränsades 4000 GWh 

av vindenergi. Samtidigt används diesel generatorer i off-grid områden för att bedriva mässor, 

marknader, festivaler och liknande arrangemang. Den här rapporten undersöker ett specifikt fall för 

mobila lagringsmöjligheter. Batterier kan användas för att nyttja den begränsade vindenergin för off-

grid evenemang som festivaler och konserter i Tyskland. Batterierna laddas i vindkraftsparker vid hög 

tillgång till vindenergi och transporteras sedan till ett evenemang för att försörjas med förnybar energi. 

Batterierna eller lagringsmediet som används för detta fall har en kapacitet på 1,5 MWh och systemet 

är paketerad i en fraktcontainer för enkel transport.  

Enligt resultaten från denna studie kan det föreslagna användningsfallet leda till en betydande 

minskning av koldioxidutsläppen, ett enda lagringssystem skulle kunna spara upp till cirka 8,4 miljoner 

kg CO2 vid evenemang och festivaler. Dessutom skulle det kunna bidra till integration av förnybar 

energi genom att tillhandahålla ren vindkraft, som annars begränsas, till festivaler och konserter. Denna 

studie identifierar en vindkraftspark med den mest begränsade energin i Tyskland med total 

kapacitetsvaraktighet som står för cirka 32% av tiden under 2017. Den tekniska modellen, simulerad i 

MATALB / Simulink, laddade batterilagringssystemet framgångsrikt utan flaskhals. De nivåiserade 

lagringskostnaderna visade sig vara i jämförelse med de nivåiserade kostnaderna för dieselgeneratorer. 

Ett enda lagringssystem kan spara upp till 8,4 miljoner kg koldioxidutsläpp. Studien föreslår vidare 

policyförslag för att främja ett sådant innovativt fall. 

Keywords: Vindkraftsnedskärning, Energilagring, Mobil batterilagring, Tyskland  
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Nomenclature 
 

𝑢 Wind speed at desired height [m/s] 

𝑢𝑟 Wind speed at reference height [m/s] 

𝑧 Desired height [m] 

𝑧𝑟 Reference height [m] 

𝑎 Empirical exponential coefficient - 

𝑄 Total number of hours of curtailment [hours] 

𝑟 Discount rate [%] 

𝑁 Project lifetime [years] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abbreviations 
 

EU European union 

GWh Giga-watt hour 

MWh Mega-watt hour 

kWh kilo-watt hour 

kW kilo-watt 

MW Mega-watt 

EEG Germany renewable energy sources act 

PV Photovoltaics 

PHS Pumped Hydro Storage 

T&D Transmission and distribution 

TSO Transmission System Operator 

DSO Distributed system operator 

ENTOS-E European Network Of Transmission System Operators For Electricity 

CAES Compressed air energy storage 

NaS Sodium Sulphur battery 

LCOE Levelized cost of electricity 

LCOS Levelized cost of storage 

P2H Power to gas 

BESS Battery energy storage system 

kV kilovolt 

AC Alternating current 

DC Direct current 

Ah Ampere hour 

O&M Operation and maintenance 

DOD Depth of discharge 

DEG Degradation factor 

HV High voltage 

LNG Liquefied natural gas 

CNG Compressed natural gas 
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1. Introduction 

Increasing share of renewable energy, especially wind and solar, leads to a decrease in carbon emissions 

but it also limits the control on the production due to variable and unpredictable nature of wind speed 

and solar radiations. The highly variable generation from wind makes it difficult to be integrated into 

the grid. With the increasing penetration of wind, the congestions and imbalance in the grid are 

becoming a common occurrence. As a result, most of the time wind energy has to be curtailed. The 

curtailment of wind is a serious issue in many European countries like Germany, Spain, and Ireland. 

The wind curtailment is undesirable as the full potential of installed renewable capacity is not utilized. 

Similarly, since governments provide subsidies for construction and operation of wind farms, it also 

leads to reduced overall social welfare.   

Electric energy storage or batteries are an important component when it comes to reducing the 

intermittency of renewable energy and providing flexibility to the grid. Lithium-ion batteries are of high 

importance due to their high energy density and ability to quickly ramp up and down the power. The 

lithium-ion batteries are widely being used for different applications. The use cases of lithium-ion 

batteries vary from small scale home storage solutions to large scale storage capable of deferring 

transmission and distribution upgrades. All these use cases are aimed to integrate the variable renewable 

energy into the grid.  

This study proposes optimized utilization of curtailed wind energy through storage applications. The 

curtailed wind energy is used to charge the mobile battery storage. Once fully charged, the battery is 

transported to customer premises to power to off grid application like festivals, music concerts, and 

construction sites that usually rely on diesel generators. Figure 1depicts this use case. 

 

 

Figure 1: Mobile battery storage with curtailed wind 

 

This use case not only utilizes the curtailed wind energy, but it also provides clean energy to festivals 

that burn a lot of diesel to fulfill their power requirements. Presently, there has been an increasing trend 

in making such events more sustainable and eco-friendlier.  

This thesis investigates the potential of curtailed wind energy that can be used for off-grid applications 

through techno-economic feasibility analysis.  

 



2. Research Objective 
The main objective of this thesis is to analyze the potential of curtailed wind energy that can be utilized 

economically at off-grid sites through mobile battery storage. Thus, the batteries considered in this 

research are not stationary rather they are mobile and can be transported, once they are fully charged, 

for off-grid consumption. A techno-economic analysis will be performed to evaluate the potential for 

wind farm in Germany. 

2.1. Research Question 
This thesis addresses the following questions. 

 Which wind farm in Germany has maximum curtailed wind energy and what is its curtailment 

profile? 

 What is the amount of curtailed wind energy that can be stored in batteries without any technical 

bottleneck and how long will it take to charge the batteries? 

 What is the economic feasibility in terms of levelized cost of storage and comparison with 

diesel generators? 

 

2.2. Scope and Limitations 
The study is only focused on Germany’s energy market and only takes into account the onshore wind 

farms. Furthermore, the year 2017 is selected for the analysis due to the availability of the data. The 

wind curtailment occurring in the region of only four DSOs in Germany, EDIS, Schleswig Holstein 

Netz, Bayernwerke, and Avacon, is analyzed based on the availability of data.  

The storage technology on which this study and subsequent analyses will be focused is electric batteries, 

specifically lithium-ion batteries. While calculating the energy from the wind farm, the wake effect is 

not taken into account. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. Literature Review 
This section discusses in depth the various parts involved in this study along with a review of relevant 

literature.  

 

3.1. Wind Curtailment 
The increasing penetration of renewables, especially wind energy, has led to a number of challenges. 

The varying characteristics of wind generation combine with limited forecasting ability makes it 

challenging to integrate it into the grid. Different countries in the EU have introduced different 

legislative measures to ensure effective grid access for wind farms and to ensure maximum utilization 

of wind energy whenever it is available. The most popular legislation is Priority Dispatch, which makes 

it mandatory for the grid operator to give the wind farm operators priority access to the grid whenever 

there is wind generation [1]. Another legislation, called guaranteed access without priority dispatch, 

sets a maximum threshold up to which a wind farm operator can inject the energy into the grid. This 

threshold is agreed between wind farm operator and grid operator based on the grid limitations. Table 

1 summarizes the various grid access legislations in EU countries. 

The priority dispatch has a number of advantages as it incentivizes system operators to minimize the 

wind curtailment by implementing better technological solutions, it encourages grid development, and 

ensure future investments [2]. However, there are some countries, like UK and Sweden, where priority 

dispatch does not exist and this is due to the fact that these countries have developed balancing markets 

and wind farms operators can participate in these markets while this is not true in other countries [2]. 

 

Table 1: Grid access for RES status [3] 

Country Grid Connection  Use of the Grid   

Austria Non-discriminatory Guaranteed access without priority dispatching 

Belgium Priority Connection Priority access 

Denmark Non-discriminatory Priority access 

Estonia Non-discriminatory Guaranteed access without priority dispatching 

Finland Non-discriminatory Guaranteed access without priority dispatching 

France Non-discriminatory Guaranteed access without priority dispatching 

Germany Priority Connection Priority access 

Greece Non-discriminatory Priority access 

Hungary Non-discriminatory Priority access 

Ireland Non-discriminatory Priority access 

Italy Priority Connection Priority access 

Netherlands Non-discriminatory Guaranteed access without priority dispatching 

Norway Non-discriminatory Guaranteed access without priority dispatching 

Poland Non-discriminatory Priority access 

Spain Priority Connection Priority access 

Sweden Non-discriminatory Guaranteed access without priority dispatching 

 

 

However, the increasing penetration of wind generation in the EU has led to increasing wind 

curtailment. Table 2 shows an increase in wind curtailment with increasing penetration of wind energy 

for some EU countries. The wind curtailment ratio represents the wind energy curtailed out of total 



wind energy installed capacity. This curtailment occurs due to the number of different reasons and most 

important among them are, decrease in demand during high renewable production and congestion in 

the grid or grid limitations [3]. 

 

  

Table 2: Curtailment Rates in selected EU countries [5] 

Country  Year 
Wind penetration 

ratio (%) 

Wind Curtailment 

Ratio (%) 

Wind Curtailed 

(GWh) 

Germany 

2011 8.00 0.80 410 

2012 8.00 0.70 358 

2013 8.10 0.90 480 

2014 9.10 2.10 1221 

2015 14.60 3.50 3060 

UK 

2012 3.90 0.40 45 

2013 5.90 2.00 380 

2014 7.00 3.10 659 

Ireland 

2012 14.50 2.50 103 

2013 17.40 3.50 171 

2014 18.20 4.40 236 

Spain 
2012 16.20 0.30 121 

2013 19.00 2.10 1166 

 

 

In Germany, specifically, it was reported that total curtailment quantity increased from 1,581 GWh in 

2014 to 4,722 GWh in 2015, thus almost three times increase compared to previous years. The 

compensation payments by grid operator for downward regulation also increased significantly from 315 

million euros in 2014 to 813 million euros in 2015 [4]. Figure 2 shows the increasing magnitude of 

curtailment in the previous years.  

 

 

 

Figure 2: Wind Energy Curtailment in Germany [5] 
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Wind curtailment is the problem that is being faced by wind farms in the EU. The increased penetration 

of wind results into a lot of variable generation and thus, the grid and demand may not always be enough 

to accumulate such variable generation. This challenge is an opportunity in itself as during high wind 

generation the extra energy, that is now being curtailed, can be stored to be used later when wind 

generation in low and energy demand is high. Hence, to harness the potential of curtailed power, the 

storage technologies and the potential benefits that they could provide when coupled with variable 

renewable generation is being explored. 

 

3.2. Germany Renewable Energy Sources Act – EEG 

The Germany Renewable Energy Sources Act commonly known as EEG, or Erneuerbare-Energien-

Gesetz in German, is originally based on Electricity Feed-in Act 1991 which for the first time in the 

world introduced feed-in tariffs for green electricity [6]. The EEG, since its first introduction in 2000, 

have had a series of modifications. The EEG for the first-time [7] guaranteed grid access for renewable 

energy generation technologies, including wind, along with confirmed technology specific feed-in 

tariffs for each kilowatt-hour generated for 20 years with gradual interval degradation to encourage 

market innovation. Since 2000, there has been a series of minor modifications mainly focused on PV 

market. The major changes in the feed-in tariff regime were first signaled in 2014 [8] and then 

practically abolished in 2017 [9] with a very few exceptions. These new legislations aimed to integrate 

the renewable generation technologies with electricity markets by gradually exposing renewable 

technologies to markets. The 2014 legislation [8] made it compulsory for the new renewable plant 

operators to sell their energy in electricity market in order to get a fixed market premium or feed-in 

tariff. The legislation in 2015 abolished feed-in tariffs and introduced technology specific capacity 

auctions. Under this new legislation, the bids are accepted from the market players against the auctioned 

capacity and the EEG support is given to the lowest bidder for 20 years. Small renewable plants of 

under 750 kW are exempted from this capacity auctions and they will continue to get conventional feed-

in tariffs.  

3.3. Battery Storage 
 

Pumped hydro Storage is a major storage technology being used in the world. PHS, however, have 

some geographical constraints and limited power density. Presently there has been an increasing trend 

of investment in other storage technologies, especially, Lithium-ion batteries, Compressed air Storage, 

and flow batteries [10]. In terms of battery storage, Lithium-ion batteries are dominating the markets 

with their ever-increasing share in the market due to high energy density and low self-discharge, as 

shown in Figure 3. According to a study published in 2016 [11], till 2015, Lithium-ion batteries 

comprised of 95% of the total battery storage deployed in the market. However, the study further noted 

the significant emergence of redox flow and zinc hybrid batteries. 

 

 

 

 

 

 

 



 

 

Figure 3: Share of annual battery storage additions, by technology [12] 

 

The large-scale electrical storage or batteries, along with variable renewable production, can provide a 

number of different services to the grid [12]. These services include peak shaving, load shifting, 

frequency regulation, providing flexibility to T&D operators, and may even decrease the future 

investment and need to increase the capacity of T&D infrastructure. The most important characteristics 

of batteries are their ability to quickly ramp up and down the input and output energy, which makes 

them very suitable for short-term applications [13]. It is observed that in Danish grid [14] the rapid and 

short-term applications, less than 5 hours of storage, of battery energy storage system is a success due 

to the ability of the battery storage system to instantly react to variations. These rapid and short-term 

application includes; rapid spinning reserves, primary frequency control, secondary frequency 

regulation, smoothing the output power from a wind farm, active & reactive power control, and 

harmonic compensation. The Danish grid, with high wind generation, can benefit from longer duration 

of storage by increasing the value of wind power, converging energy prices in different region along 

with reduced unusual price variations in the energy spot market.  

Large scale battery storage systems have been deployed at a number of different places [15] to provide 

the auxiliary services to the electricity grid, for example, Berlin, Lausanne, Jeju Island in South Korea, 

South Australia and many more [15]. The type of services that these projects provide vary a lot based 

on the regulatory framework implemented and it ranges from providing a primary reserve for frequency 

regulation, to load shifting and peak shaving. 

As far as the market for electrical storage is concerned, there is a sharp increase in the interest at all the 

level of the energy sector whether it is a private entity, TSO or government. Although the prices of 

battery storage systems are quite high, it is the future decrease in the prices that make it very attractive 

for all the energy utilities. A 73% drop in the price of lithium-ion batteries was observed in 2016 as 

compared to 2010. Furthermore, it is projected that price of lithium-ion batteries will drop to 73 $/kWh 

in 2030 as compared to 273 $/kWh in 2016 [16]. A report published by European Network of 

Transmission Network Operators for Electricity, ENTOS-E, highlights the services that large-scale 

storage could provide to TSOs and gives recommendations for short as well as long term procurement 

of these services in a competitive manner [17]. The white paper published by Energy Storage World 

Forum [18], explores four key factors or actors that play a very important role in the development of 

battery storage market. These actors include financing the projects, storage efficiency & life cycles, 

target new geographic markets, and developing new applications.  



3.4. Wind Curtailment and Storage 
 

In addition to providing flexibility services to the grid, storage can be used to minimize the negative 

impact of wind curtailment. Ideally an effective storage system should have the capability to accumulate 

all the renewable energy that cannot be injected into the grid and thus, curtailed. This energy should be 

released when needed. There are only few countries with such storage capabilities for example, Sweden 

due to extensive Pumped Hydro Storage [19]. Most of the countries, however, do not have huge 

potential for PHS due to geographical restrictions and other storage technologies are not only very 

capital intensive but also have their own limitations. Thus, the variable renewable generation, wind, 

must be curtailed to balance the grid, as discussed before. 

Crete, an island in Greece, has high wind penetration and thus, a huge amount of wind is curtailed. The 

three different energy storage technologies were studied and compared with an aim to investigate the 

role of storage in development of renewable energy sources in non-interconnected islands [20]. Three 

storage technologies, Compressed Air Energy Storage (CAES), Pumped Hydro Storage (PHS), and 

Sodium Sulfur batteries (NaS), were studied and their Levelized Cost of Electricity (LCOE) was 

calculated for comparison purposes.  

Another study was conducted in Finland with an aim to explore the effects of wind curtailment on the 

energy system composition and operation at national and city level [21]. During curtailment, the 

curtailed energy is used for Power to Heat (P2H) application in order to provide flexibility and to better 

integrate the wind energy. The study, however, considered forced/planned curtailments for P2H. The 

results were not positive as it was found that wind curtailment usually occurred during the period of 

low heat demand.  

A two-stage optimization of Battery Energy Storage System (BESS) was proposed in order to reduce 

the wind curtailment in China [22]. The study concludes that BESS along with wind farms and thermal 

power plants leads to a reduction in the operational cost of wind farms and thermal plants. The study 

further concludes that investments in BES system are justified when benefits are taken into account. 

All the studies consider storage in terms of providing flexibility to the grid and to reduce the wind 

curtailment. This document investigates the storage potential of curtailed wind energy to be used for 

off-grid applications, like festivals, musical concerts, and construction sites. Thus, the batteries 

considered in this research are not stationary rather they can be transported, once they are fully charged, 

for off-grid consumption.  

The event industry mostly comprising of festivals and musical concerts relies primarily on diesel 

generators to fulfill the power requirements. These generators emitted about 1.2 billion kg of CO2 in 

UK in 2013 [23] and about 380 million liters of diesel was used. On top of that the diesel generators 

that these festivals are oversized. Mentoring showed that average generator load is 10-20 % while ideal 

range is 50-70 % [23]. This also leads to high emissions. Thus, electric storage system to provide power 

to these festivals will leads to reduced carbon emissions. 

 

 

 



4. Methodology 
In this chapter, the technical and economical methodology adapted for the analysis is discussed in detail. 

The various steps involved in this section are summarized in Figure 4.  

 

 

Figure 4: Description of various steps involved in methodology section 

 

4.1. Data collection and analysis 
Germany has ambitious plans for renewable energy generation especially wind energy. All the four 

TSOs, TenneT, 50Hertz, Amprion, and TransnetBW, of Germany, publish the daily generation and 

consumption data on their websites that are easily accessible. 

This study is primarily based on the curtailment data obtained from KITopen repository[24]. The 

repository provides free data for research purposes. It includes the hourly curtailment data from four 

German DSOs; EDIS, Schleswig Holstein Netz, Bayernwerke, and Avacon. The data is originally 

gathered by UBIMET, which is a weather company and offers a number of different services. One 

among these services is EinsMan, which gathers renewable feed-in management data- or curtailment 

data in common words- for business purposes. This data identifies each renewable energy source by its 

EEG plant code only and provide information about the time and duration of curtailment along with 

Data 
collection

•Data collection for wind curtailment in Germany, technical specification of 
different renewable power plants in Germany, and wind speed data.

Indentifying 
wind farm

•Identifying a wind farm with maximum curtailed energy based on total aggregated 
duration of curtailment and installed power of wind turbines.

Curtailment 
profile

•The curtailed wind energy of selected wind farm is calculated from the wind speed 
at the hub height and performance curve of wind turbines.

Technical 
simulation

•The wind farm connected with a battery storage system is simulated in SIMULINK. 

•The daily average curtailment profile is used to charge the battery.

Economic 
feasibility

•Calculating levelized cost, sensitivity analysis of important parameters.

•Comparison with diesel generators.



possible reasons for curtailment and location of congestion in the network. This data is used to identify 

the wind farm that has most curtailment duration. 

It is important to mention here that in accordance with Germany’s EEG regulation each renewable 

energy source has been assigned a unique code commonly known as EEG plant code or 

“Anlagenschlüssel” in German. Thus, each wind turbine in Germany has its own EEG plant code. The 

EEG plant code1 is a 33-digit number starting with “E” and it is assigned by the concerned grid operator.  

The Table 3 below explains the various datasets that are used along with their corresponding sources 

and relevant information extracted for this study. 

Another important dataset, from which data for the analysis is extracted, is MaStR portal[25] a relatively 

new initiative of German Federal Network Agency (Bundesnetzagentur). This portal is a comprehensive 

regulatory register of electricity and gas markets. This portal has some fundamental data available for 

the public. It further assigns some more unique codes, like MaStR number, to individual renewable 

energy source along with the EEG plant codes. This dataset is used to obtain the location coordinates 

for respective EEG plant codes along with the technical specifications or in our case, the model number 

of the wind turbine. 

The German TSOs information platform (netztransparenz)[26] also publish the updated list of all the 

energy generation units within each TSO regions. This list also identifies each plant based on its EEG 

plant code and also provides valuable information regarding the installed power of each power 

generation unit. This information along with the duration of curtailment of each unit, obtained from 

feed-in management data, is used to identify the wind farm with most curtailed energy.  

 

Table 3: Description of different datasets along with relevant information extracted 

Dataset Source Information Extracted 

List of Renewable power 

plants in each TSO region 

Information platform of 

TSOs(netztransparenz) 

[26] 

EEG plant code of all the 

renewable power plants 

installed in each TSO region. 

The total installed power of 

each EEG plant. 

Market Master Data Register 

("Marktstammdatenregister") 

- MaStR  

MaStR data portal by 

Bundesnetzagentur [25] 

Location coordinates of each 

installed wind turbine along 

with technical specifications 

(Turbine model) 

Renewable feed-in 

management data Germany 

Karlsruhe Institute of 

Technology Repository 

open (KITopen) [24] 

Curtailment data of renewable 

plants for four DSOs 

Wind speed hourly data 2017 

Climate Data Centre 

(CDC) portal by German 

Weather Service [27] 

Hourly wind speed data of 

weather station located at the 

site of wind farm.  

Solar generation in TSO 

region 
TenneT [28] 

Solar injected into the network 

of TenneT TSO. 

 

 

                                                           
1 The information that is provided by EEG plant code is explained in detail in Appendix A.1. 



The rest of the dataset, solar generation in TSO region, is used in the later stages and contains 

information regarding the solar energy injected into the network of TenneT TSO in hourly resolution. 

This dataset will be explained more in detail prior to its use in the subsequent sections. 

 

4.1.1. Identification of the wind farm 

 

The renewable feed-in management data of four DSOs are analyzed separately. It is important to note 

here that since each wind turbine has its own EEG plant code; it is easy to identify the wind turbines 

that constitute a wind farm. The EEG plant codes of wind turbines in a particular windfarm are the same 

except the last one or two digits which are simple mathematical increments. For example, if a wind 

turbine in a wind farm “A” has an EEG plant code ending with digit 1, then next wind turbine of the 

same windfarm will have the same EEG plant code but ending with digit 2. 

In the first stage, the windfarms with the highest curtailment duration are identified for each DSO 

region. This is simply obtained by plotting all the wind turbines against the sum of all the curtailment 

durations in the year 2017.  

The four interesting clusters are obtained. The first cluster is a combination of five windfarms consisting 

of 17 wind turbines and they were curtailed for about 383 hours in 2017 alone. All of these wind farms 

are located physically quite close to each other and thus, they are classified in the same cluster. The 

second, third, and fourth clusters consist of three large wind farms. The Table 4 below represents all 

four clusters2 along with their total curtailment duration and other important information like location, 

DSO and TSO region.  

 

Table 4: Details of the identified windfarm clusters 

Cluster 

Number 

of wind 

turbines 

Number 

of 

windfarms 

Curtailment 

duration in 

2017 (hours) 

TSO 

region 

DSO 

region 
Town/District 

1 17 5 383 50Hertz EDIS Dahme/mark 

2 12 1 3,356 TenneT 
Schleswig-

Holstein 
Großenwiehe 

3 30 1 2,462 TenneT 
Schleswig-

Holstein 
Risum-Lindholm 

4 23 1 2,856 TenneT 
Schleswig-

Holstein 
Risum-Lindholm 

 

 

One observation that can be made from the above table is that Schleswig Holstein Nets has more 

congestion in its network than the rest of four DSOs. 

The total maximum energy curtailed depends on two factors; the duration of curtailment and installed 

power of each turbine. The multiplication of both of these factors yields the total energy curtailed in 

MWh.  

                                                           
2 The EEG plant codes of all these wind turbines are shown in Appendix A.2. 



𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦𝑚𝑎𝑥 = [𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑚𝑒𝑛𝑡 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛(ℎ𝑜𝑢𝑟𝑠)] ∗ [𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 (𝑘𝑊)]              
(1) 

The rated/installed power of wind turbines in each cluster is extracted from the data of installed 

renewable energy plant in each TSO region provided by the information platform of German TSOs 

[26]. Table 5 shows the estimated maximum energy curtailed. 

The maximum curtailed energy is estimated by assuming that each wind turbine generates at its full 

capacity during the period of curtailment. This is only done to select one wind farm that has the most 

potential of curtailed energy for the subsequent analysis. The total curtailed energy of the selected wind 

farm is calculated in more detail in the next section. 

It is clear from the Table 5 that cluster 4, consisting of 23 wind turbines each with a maximum installed 

power of 3MW, has most potential when it comes to maximum energy curtailed in 2017. Thus, this 

wind farm, located in North of Germany, is selected for further analysis. The subsequent analysis, 

curtailment profile, technical and economic feasibility is carried out on this wind farm due to the amount 

of energy being curtailed. 

The selected wind farm is mapped on ArcGIS and is shown in Figure 5. 

 

Table 5: Maximum curtailed energy of each cluster 

Cluster 
Curtailment duration 

in 2017 (hours) 

Max power of each 

turbine (kWh) 

Max curtailed 

energy (MWh) 

1 383 2530 16,469 

2 3,356 2300 92,626 

3 2,462 2300 169,895 

4 2,856 3000 197,111 

 

 

The MaStR data portal is used to extract more information about the selected wind farm especially the 

model number of wind turbines and locational coordinates3.  

The selected wind farm, cluster 4, is located in the north of Germany in the state of Schleswig-Holstein.  

The selected wind farm consists of 23 wind turbines. Out of 23 wind turbines, 8 are manufactured by 

SIEMENS, 11 by VESTAS and data of rest of the 4 wind turbines is corrupted in MaStR portal. Both 

models; from Siemens4 and Vestas, have the same maximum output of 3 MW.  

 

 

                                                           
3 All the useful data related to the selected wind farm, extracted from multiple sources, is shown in Appendix A.3. 

 
4 On 30 April 2019, EU commission ruled that Siemens wind turbine model that is used in this wind farm are illegal due to the violation of a 

safety standard (Commission Implementing Decision 2019/690). While Siemens is resolving the issue, all the data and information of the 

said product have been removed from the website of Siemens.  

 



 

 

Figure 5: GIS map of the selected wind farm 

 

It is found that the specification of Siemens turbine installed at the selected wind farm is quite similar 

to that of Vestas.  Table 6 compares the critical specification of both turbine models. 

 

Table 6: Important features of SIEMENS and VESTAS wind turbines 

Properties SIEMENS VESTAS 

Model number SWT-3.0-113 v112-3.0 

Rated power (MW) 3 3 

Cut in wind speed (m/s) 4 3 

Rated wind speed (m/s) 12.5 12 

Cut out wind speed (m/s) 25 25 

Generator Synchronous permanent 

magnet 

Synchronous permanent 

magnet 

Hub height (m) 92.5 94 

 

 

For the subsequent analysis, only the specification of a Vestas turbine is taken into consideration. 

 

 

 



4.2. Wind Curtailment Profile 
 

The curtailment profile of selected wind farm is calculated from the wind speed at the hub height of 

wind turbines during the time of curtailment. Once the wind speed at the hub height is known, the 

performance curve of the wind turbine is used to calculate the energy that the wind turbine would have 

produced during the duration of curtailment. The performance curve of a wind turbine is a plot of wind 

speed at hub height on the x-axis against the power output on the y-axis. The performance curve of the 

Vestas wind turbine is shown in Figure 6. 

Wind speed data of the year 2017 is obtained from CDC portal by German Weather Service (Deutsche 

Wetterdienst) [27]. The data is available in hourly resolution and one of the weather stations is located 

at the wind farm which is shown as a blue square in Figure 5. The hourly wind speed data of concerned 

weather station- id number 2907 in CDC portal- is obtained for the year 2017.  

 

 

Figure 6: Performance curve of vestas (v112-3.0) 

 

First, the wind speed data is filtered to have only those values corresponding to hours during which the 

curtailment occurred. For filtering the data, a code is written in R, a statistical computing programing 

language5. 

It should be noted here that this weather station measures the wind speed at the height of 10 meters. 

Thus, in order to calculate wind speed at the hub height of the wind turbine, an extrapolation formula 

is used. 

 

 

 

 

 

                                                           
5 The code is shown in Appendix A. 



 

 

Figure 7: Vertical wind profile in Atmospheric boundary layer. 

 

The vertical wind profile in Atmospheric Boundary Layer is shown in Figure 7 [29]. It is assumed that 

wind turbine lies in the bottom-most layer, called Neutral Boundary Layer. In Neutral Boundary Layer, 

the wind profile is mapped by Wind Profile Power Law, which is used to measure the wind speed at a 

particular height- hub height in our case- given the wind speed at a specific height- 10 meters.  

The formula of wind profile power law is given as follow. 

 

𝑢 = 𝑢𝑟 (
𝑍

𝑍𝑟
)

𝑎
                                                                               (2) 

Where:  

 𝑢 = wind speed at the desired height in m/s 

 𝑢𝑟= known wind speed at the reference height in m/s. 

 𝑍 = the desired height in meters at which the wind speed is to be calculated. 

 𝑍𝑟 = The reference height in meters at which the wind speed is known. 

 𝑎 = The exponent is an empirical coefficient that depends upon the stability of the 

atmosphere. 

After the relative filtered values are obtained, the wind profile power law formula is used to calculate 

the wind speed at the hub height. Thus, Z is equal to 94 meters, 𝑍𝑟 equals to 10 meters, and 𝑈𝑟 is the 

filtered wind speed values. The exponent, 𝑎, is kept equal to 0.15 which is its standard value for flat 

countryside areas.  

It should be noted that total hours of curtailment vary slightly in Table 4 and the plots of wind speed6. 

This is due to the rounding off of individual curtailment durations. For example, if on one particular 

day the wind farm was only curtailed for less than half an hour than this is not considered in the 

calculation. Similarly, curtailment of more than half an hour is rounded to a whole full hour. 

                                                           
6 The wind speed, during the curtailment hours, at the weather station and hub height is plotted in Appendix A.5. 



After calculating the wind speed at hub height, the performance curve of the Vestas turbine, shown in 

Figure 6, is used to estimate the energy curtailed during each hour for each turbine. The final energy 

value is multiplied with 23 since this is the total number of wind turbines.  

It should be noted here that feed-in management data from KITopen respiratory[24] also contains 

another important parameter called the level of curtailment – or ‘Stafe’ in German. This parameter tells 

about how much wind farm is allowed to inject into the grid during the time of curtailment. Data analysis 

has shown that about 81% of the time the wind farm was not allowed to inject any electricity- ‘Stafe’ 

equal to zero %. Anyhow, this parameter is also taken into account when calculating the total energy 

curtailed as shown below. 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 =  23 ∗ ∑ (1 −
𝑆𝑡𝑎𝑓𝑒𝑖

100
) ∗ (𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑢𝑟𝑡𝑎𝑖𝑙𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦)𝑖

𝑄
𝑖=1                (3) 

Where 𝑄 is the total curtailment hours which is 2831 hours in our case.  

The steps involved in calculating the curtailed wind energy that has been discussed up until now can be 

summarized as follow: 

1. Once the wind farm is selected, the energy curtailed during the hours of curtailment is 

calculated from the wind speed at the hub height during those hours and from the performance 

curve of the wind turbine model show in figure 5. 

2. The hourly wind speed data is obtained from the weather station located at the wind farm. It 

measures the wind speed at a height of 10 meters. 

3. The wind speed at the hub height is calculated from equation 2. The wind speed data is filtered 

to include only those hours of the year 2017 during which the curtailment takes place. 

4. The performance curve, Figure 6, is then used to calculate the amount of energy that could have 

been generated by a single turbine if there had not been any curtailment. This energy is 

multiplied by number of wind farms (23 in our case) to take into account all the wind turbines 

in the wind farm. 

5. Finally, the factor depicting the level of curtailment is taken into account by the equation 3.  

The curtailment profiles obtained from the analysis are discussed below.  

The total energy curtailed in the year 2017 of the selected wind farm is 134 GWh and the total duration 

of curtailment is 2831 hours. Thus, the selected wind farm is curtailed 32% of the time in the year 2017. 

The monthly wind curtailment profile is shown in Figure 8.  

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 8: Monthly curtailment profile 2017 

 

It is interesting to note that during the months of July, August, and September the curtailment is lowest. 

One possible reason for this could be the decreased congestion in the network due to low demands in 

the summer and since wind energy is prioritized by priority dispatch legislation, it is mostly utilized 

during low demand periods. 

The mean hourly curtailment profile is shown in Figure 9.  

 

 

Figure 9: Average hourly curtailment profile 2017. 

 



During the daytime, there is more curtailment than the night. One possible explanation for that could 

be that during the day, renewable energy from the residential rooftop solar panels is also being fed into 

the grid. Thus, due to the higher injection of variable renewable energy, the grid is unstable and leads 

to more wind curtailment. Correlation between hourly curtailment profile and solar injected into the 

TSO network, the last dataset from Table 3, is shown in Figure 10.  

 

 

Figure 10: Correlation between solar generation and hourly curtailment profile. 

 

However, this is an observation and not a conclusion as curtailment could occur due to a number of 

different reasons like insufficient transmission capacity, oversupply, maintenance operations, and 

accidental outages.   

This curve, Figure 11, provides with more information regarding the total duration of curtailment and 

energy curtailed during each hour. This curve is shown in Figure 11.  

 

 

Figure 11: Curtailment duration curve 

 



It shows that for 874 hours, about 69 MWh is curtailed during each hour. The graph is in the form of 

steps which can be described as curtailment levels for the ease of understanding. The pie chart Figure 

12, below depicts the percentage of various curtailment levels among total duration. 

 

 

 

Figure 12: Percentage of different curtailment level 

 

The curtailment levels have been grouped together to improve readability.  

 

4.3. Technical simulation model 
The technical simulation of wind farm connected with the battery storage system is performed in the 

MATLAB SIMULINK R2019a. The wind farm model and generic Lithium-ion battery modules in 

Matlab are used for the analysis to determine the technical feasibility of the model. It is important to 

note here that the battery is charged with the energy which is being curtailed in the wind farm. 

The wind turbine installed at the selected wind farm is classified as type 4 wind turbines in the literature 

[30]. In type 4 wind turbines, the generator is connected via a full-scale converter with the grid. This 

completely decouples the generator from the wind turbine. This improves the control and power 

extraction from the turbine at the expense of increased cost and relatively more loss.  

Schematic of the Vestas wind turbine installed at the selected wind farm is shown in Figure 13. 

 

 

Figure 13: Schematic diagram of the internal component of Vestas V112-3.0 [6] 

 



The gearbox is connected to a permanent magnet synchronous generator with a rated power of 3.3 MW 

and 710 V output voltage. The back-to-back converter is used to decouple the generator from the grid 

and its output at the grid side is 650 V. Finally, a high voltage transformer is used to step-up the voltage 

to 25 kV. All these components are located within the nacelle- top enclosure of the wind turbine. The 

25 kV lines from each wind turbine are connected at a nearby station which further step-up the voltage 

to 120 kV, thus, connecting the wind farm with the grid. 

The simulation in SIMULINK utilized two modules; wind farm and battery storage. The wind farm 

model made by Richard Gagnon and Jacques Brochu (Hydro-Quebec)[30] is used. It models a type 4 

synchronous generator wind farm which takes wind speed as the input. The model, however, does not 

include high voltage 25 kV transformer and hence it is modeled separately. For the Lithium-ion battery, 

a built-in module in the Simscape Electric library of SIMULINK is used.    

The technical specification7 of various components of a wind turbine in SIMULINK is the same as 

provided in the datasheet of Vestas V112-3.0. The schematic of the SIMULINK model is shown in 

Figure 14. The signal logging portion of the schematics is removed for better visualization. 

The technical specification of the Lithium-ion battery is chosen such that it stores all the energy that is 

curtailed on an average day. The hourly curtailment profile, shown in Figure 9, is used for this purpose. 

The total energy curtailed on an average day is 1.13 GWh and this is considered as the capacity of the 

battery as well. It should be noted here that the battery of such size is quite unrealistic, but the purpose 

of this simulation is to demonstrate the maximum curtailed energy that can be stored in the battery with 

technical feasibility. The nominal voltage of the battery is 900 V DC and capacity is 1.34e06 Ah. 

 

 

Figure 14: MATLAB SIMULINK simulation schematics 

 

The wind farm model in SIMULINK takes wind speed as input and takes into account the efficiency of 

each component- generator, converters, and transformer- separately. While the performance curve of 

the Vestas wind turbine, shown in Figure 6, depicts the power output for a given wind speed by taking 

into account the efficiencies of all internal components. Hence, there is a small difference between the 

output from the simulation model and the one given in the performance curve of the wind turbine. 

The wind speed input to wind farm simulation model is shown in Figure 15. 

 

 

                                                           
7 These technical specifications are shown in detail in Appendix A.6. 



 

 

Figure 15: Average hourly wind speed input 

 

Since the simulation model takes wind speed as an input, the average hourly wind speed, similar to the 

average hourly curtailment profile, at the hub height is calculated. 

 

4.4. Economic Feasibility 
For evaluating the economic feasibility of the proposed model, Levelized Cost of Storage (LCOS), a 

metric proposed by [31] is calculated. The LCOS is calculated by the same formulation as Levelized 

Cost of Electricity (LCOE) and it encompasses the specific characteristics of battery storage instead of 

a power plant. The LCOS is calculated by taking into account the specifics of the battery storage system. 

The LCOS is calculated by the following formula. 

 

𝐿𝐶𝑂𝑆 =
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑂&𝑀+∑

𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑜𝑠𝑡

(1+𝑟)𝑛
𝑁
𝑛=1   + ∑

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑐𝑜𝑠𝑡

(1+𝑟)𝑛
𝑁
𝑛=1  

∑
[𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦]∗[𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠]∗[𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦]∗[𝐷𝑂𝐷]∗(1−𝐷𝐸𝐺∗𝑛)

(1+𝑟)𝑛
𝑁
𝑛=1

                        (4) 

 

The various components in the above equation are explained as follow: 

1. Battery capacity: Battery capacity is the energy that it can store when it's fully charged. It is 

measured in kWh -or MWh. 

 

2. Capital cost: The capital cost is the cost incurred to buy the battery. It is either available in per 

kWh price or the total upfront cost to buy a battery with a certain capacity. In case the capital 

cost is given in per kWh then the total cost is easily calculated by multiplying the total capacity 

of the battery with per kWh price.  

 



3. O&M: The operation and maintenance cost of the battery. It is available either in terms of 

percentage of total capital cost or a fixed cost per year of operation and even sometimes in 

terms of price per kWh. In any case, it is easy to get one combined value. In this study, O&M 

cost are considered as a percentage of total capital cost. 

 

4. Charging cost: The charging cost is also known as fuel cost- to make it sound more familiar 

with LCOE. The charging cost is expressed in terms of dollars or euros per kWh. Since in this 

particular use case the battery is charged only during the wind curtailment, the charging cost is 

quite low as compared to other use cases. However, still, the charging cost is assumed to be 

equal to the average wholesale price of electricity in Germany in 2017, which is 34.2 euros per 

MWh [32]. Later, a sensitivity analysis is also done on the charging price. The constant 

charging cost price escalator [8] over the project lifetime is also taken into account.  

 

5. Transport cost: The transport cost is an important parameter of this use case. Since the battery 

has to been transported to the place of an event and then back to the wind farm, it is important 

to include transport cost in the calculation of LCOS. It is common to consider the transportation 

cost as price per km but in our case, the transportation cost should be in the units of price per 

kWh as LCOS is in price per kWh units. The proposed solution is as follows: 

 

1. First, agree on the dimensions of the battery system.  

2. Then, the transportation of the battery with agreed dimensions should be considered.  

3. The transportation quotes form logistic companies can be used to calculate the price 

per km.  

4. Dividing this price per km with the total capacity of the battery will yield price per km 

per kWh.  

5. Finally, the average distance between the wind farm and the location of the event 

should be estimated. Multiplying this distance with price per km per kWh will yield 

the cost of transportation per kWh. This value can now be used for the calculation of 

LCOS.  

The battery system is transported in the standard 40 ft shipping container. Thus, standard 

dimensions of 40 ft container are used. The reason for such selection is; one, it is a standard in 

the logistics and transportation industry, and it is easy to not only transport but to get quotations 

from the logistics companies. Second, many lithium-ion manufacturers, like LG Chem, 

TESVOLT, and ANESCO, already offers the storage system pre-installed in a 40 ft shipping 

container for the ease of transportation and installation.  

 

The average distance is estimated by mapping 27 musical events and festivals all over Germany 

and then the average distance from the wind farm is calculated. The calculated average distance 

is 568 km8. Twice of this average distance, 1136 km, is used as the battery has to be transported 

back to the wind farm after each use. Table 7 shows the transport calculations in detail. A 

sensitivity analysis can be performed by changing the average distance between the wind farm 

and the location of the event to determine the profitably.  

 

 

 

 

 

 

                                                           
8 Appendix A.7 represents the calculation of the average distance. 



 

Table 7: Calculation of Transportation cost estimation 

Quotation Source worldfreightrates.com 
Della Trucking 

(della-ua.com) 

Transport cost of 40ft container ($) 351 - 

Total distance for quotation (Km) 590 - 

Cost per Km ($/km) 0.594915254 1.017 

Capacity of Battery (kWh) - to be 

transported 
1500 1500 

Cost per kWh per Km ($/km/kWh) 0.00039661 0.000678 

Avg distance (Km) 1136 1136 

Transport cost per kWh ($/kWh) 0.450549153 0.770208 

Average transport cost ($/kWh) 0.610378576 

 

 

Generally, in the industry of power supply rentals, diesel generator rentals, the transportation 

cost is covered by customers and not by the rental firm. Thus, two LCOS calculations are 

made for each storage system; one, taking into account the transportation cost and others, 

without the transportation cost. 

  

6. Number of cycles: Cycle of battery consists of one complete charging and discharging of the 

battery. The number of cycles each year depends on two factors; the discharging cycle- and 

subsequently charging cycle- per day as well as the number of operational days per year. Thus, 

the number of cycles each year is as follow: 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠 𝑒𝑎𝑐ℎ 𝑦𝑒𝑎𝑟 = [𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑦𝑐𝑙𝑒𝑠 𝑒𝑎𝑐ℎ 𝑑𝑎𝑦] ∗ [𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑑𝑎𝑦𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟]     
(5) 

 

It is quite clear that the operational parameters, operational days and discharging cycles per 

day, are kept the same for the whole project lifetime. 

  

It should be noted here that all lithium-ion batteries have a fixed total number of cycles, on top 

of battery life in years, which is in the range of 6000 to 8000 cycles. Thus, during the project 

lifetime, the cycles of the battery should be taken into account. If the cycles of a battery are not 

fully utilized during the project lifetime, then LCOS increases substantially. This is discussed 

in detail in the next chapter.  

 

7. Efficiency: The efficiency means the round-trip efficiency of charging and discharging the 

battery. Generally, Lithium-ion batteries have very high efficiencies of more than 90% [9]. 

 

8. Depth of discharge [DOD]: Depth of discharge means the level up to which the battery can be 

discharged, it depends on the battery chemistry. A 100% DOD means that the battery is 

completely discharged. Generally, Lithium-ion batteries have 80% - 95% DOD.  

 

9. Degradation factor [DEG]: The aging factor accounting for a decrease in the available capacity 

of the battery. In this study, it is assumed to be linear for the project lifetime. 

 



10. Project life [N]: Total life of the project in years. 

 

11. Discount rate (r): Discount rate to take into account the time value of money. 

 

The three different LCOS are calculated; one for generic assumptions related to lithium-ion batteries 

and other two for LC Chem RESU10 and TESVOLT TP HV 70. The specifications of all three cases 

are shown in Table 8. The assumptions of a generic lithium-ion battery are taken from LAZARD [33]. 

The data for the rest of the two products are taken from their respective datasheet[34][35]9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
9 The official product brochure of LG Chem RESU10 and TESVOLT is shown in Appendix A.8 and A.9 respectively.  



 

Table 8: Parameters of three battery storage systems 

Manufacturer Generic Li battery LG Chem TESVOLT 

Product name - RESU10 TS HV 70 

Capacity of product (kWh) - 9.8 50 

Capacity (Ah) - 63 940 

Power (kW) - 5 50 

Nominal voltage (V) - 450 900 

Cycles 7,000.00 6000 7000 

DOD (%) 100.00 95 100 

Weight (Kg) - 100 550 

Cost of Product ($) * - 5852.27 43984.12 

Cost of inverter ($) ** - 1500 2000 

Capital cost with inverters ($) 739,500.00 7352.27 45984.12 

Construction of Storage System 

Size of Container 40 ft standard 40 ft standard 40 ft standard 

Total storage units 1 150 30 

Total weight (kg) - 15000 16500 

Storage system specification 

Total Capacity of the system(kWh) 1,500.00 1,470.00 1,500.00 

Total Capital cost ($) 739,500.00 1,102,840.50 1,379,523.60 

O&M (% of capital cost) 9.00 0.50 0.50 

Charging cost ($/kWh) 0.038646 0.038646 0.038646 

Charging cost escalator (%) *** 0.55 0.55 0.55 

Transport Cost ($/kWh) 0.39754337 0.39754337 0.39754337 

Transport cost escalator (%) 1.00 1.00 1.00 

Discharge cycles per day 2.00 1.70 2.00 

Operational days per year 350.00 350.00 350.00 

Project life 10.00 10.00 10.00 

Efficiency (%) 91.00 94.80 98.00 

Degradation factor per year 0 0.04 0.03 

Discount rate (%) **** 4.5 4.5 4.5 

*Price is based on quotations obtained from alma-solarshop.nl and powernsun.com for LG RESU10 and TESVOLT TP 

HV 70, respectively 

**Cost of compatible inverters from Sunny SMA [36] 

***This assumption is taken from LAZARD database[33] 

**** Discount rate is taken from the average of the various discount rate being used by investors in Germany[37]. 

 

The operational parameter is taken as such to utilize all the cycles of the battery over the project life. 

This may not represent a real scenario and it is discussed in detail in the next chapter. No aging rate is 

considered for the generic case.  

Based on the designed technical model and economic metrics, the techno-economic feasibility of the 

storage system is evaluated. The results are discussed in the chapter “Results and Discussion”. 



5. Results and discussion 
 

This section discusses the results of technical simulation and economic analysis of using battery storage 

system to utilize the curtailed wind energy. The economic feasibility is discussed more in details due to 

a number of important parameters that are crucial for the economic viability of this use case of battery 

storage. 

 

5.1. Technical simulation model 
 

The technical simulations performed in MATLAB SIMULINK are used to identify the various technical 

parameters that should be considered while charging mobile battery storage through curtailed wind 

energy. 

The most important technical parameter is charging the batteries with curtailed wind energy. The 

batteries with large capacity or utility-scale batteries have high nominal voltage in the range of 500 V 

DC to 1000 V DC. Therefore, generic battery model in the simulation has a nominal voltage of 900 V. 

The voltage output of wind turbine is 25 kV AC and in order to charge the battery, this voltage should 

be converted to 900 V DC. There are two ways to do it; to use HV rectifier followed by another HV 

buck converter or to use a transformer to step down the voltage followed by a low voltage rectifier. The 

former offers more control but HV power electronics components are very expensive. Thus, a latter 

approach is used to charge the battery. The transformer step down the voltage to 650 V AC which is 

rectified to 900 V DC. This not only uses the conventional components that are widely available, but it 

also lowers the cost. It is assumed that the transformer is fixed at the location of the wind farm. The 

inverters, pre-installed with the storage system, are used to convert the DC to AC at the location of the 

application. The wind-storage model with a charging facility for the battery when the wind power is 

curtailed is developed using the temporal data of curtailed wind energy.  

 

Figure 16: Results of technical simulation model 

(a) State of charge of battery 

storage system 
(b) Voltage profile of charging cycle 

(c) Power output of wind 

farm 



The availability of the wind power to charge the battery corresponds to the duration of the curtailed 

wind power in the wind farm. The battery system takes about 22 hours to fully charge as shown in 

Figure 16a. The charging voltage profile is similar to the charging profile of a typical lithium-ion 

battery, shown in Figure 16b. Finally, the power output of the wind farm is shown in Figure 16c. The 

high-frequency oscillations in the output are from the control system of turbine drives. The results 

indicate that the curtailed wind energy is sufficient enough to charge the storage system of size 1.13 

GWh within the time duration of 22 hours which makes it feasible to use this arrangement for 

commercial application. 

 

5.2. Economic feasibility 
 

In this subsection, the results of financial calculations are discussed. The results of LCOS calculations 

are shown followed by the sensitivity analysis on the important parameters. Finally, a comparison of 

this service is made with the diesel generators -that are used presently. 

 

5.2.1. Levelized Cost of Storage -LCOS 

 

The final LCOS of three battery systems10, calculated from equation 4, is shown in Figure 17. Figure 

17a shows the LCOS results without considering transportation cost, while Figure 17b, shows the LCOS 

by taking into account the transportation cost. The figure breaks down the LCOS of each battery system 

into its capital cost, O&M cost, charging cost, and transport cost.  

 

 

Figure 17: LCOS of three battery storage systems 

 

From Figure 17, it is observed that charging cost is small than the capex cost for all the three types of 

batteries. The O&M cost for LG Chem and TESVOLT storage systems is very low. This is due to the 

fact that total project life is only 10 years and all the components are available in 10 years warranty. 

                                                           
10 The detailed calculations of LCOS for all three storage systems are shown in Appendix B.1, B.2, and B.3. 

(a). LCOS of three battery systems without 

transportation cost 
(b). LCOS of three battery systems with 

transportation cost 



Also, it is observed that transport cost has a major contribution to the LCOS, and such a high transport 

cost is the reason behind high LCOS.  

 

5.2.2. Sensitivity Analysis 

 

The sensitivity analysis is done on three parameters; charging cost, transport cost, and cycles utilized. 

The LCOS which includes the transportation cost is considered for the sensitivity analysis. 

a. Charging Cost 

The charging cost is assumed to be equal to the average whole price of electricity in the year 2017. Such 

charging cost represents the upper limit as the batteries will be charged during the curtailment hours so 

the charging cost should be cheaper than the wholesale market price. In the sensitivity analysis, the 

charging cost is decreased from the average cost. The results are shown in Figure 18 for all three battery 

storage systems. 

 

 

Figure 18: Effect of charging cost on LCOS 

 

Reducing the charging cost have a little effect in reducing the overall LCOS. This is because the 

charging cost has a small contribution to overall LCOS, shown in Figure 17. 

b. Transport Cost 

Transport cost has a major contribution to the LCOS. The transport cost depends on the average distance 

that was assumed to be 1136 km, reducing this distance will decrease the LCOS substantially. Thus, a 

sensitivity analysis is performed on the average distance for all three storage systems. Results are shown 

in Figure 19. 

 

 

 



 

 

 

 

Figure 19: Results of Sensitivity analysis on the average distance 

 

The analysis shows that below an average distance of 500 km, the LCOS is reduced to half. Thus, service 

should be provided to only those events that are located close to the wind farm. 

c. Cycles Utilized 

The LCOS, shown in Figure 17, is calculated by assuming that all the cycles of the batteries will be 

utilized during the project lifetime. Thus, operational parameters- discharge cycles per day and 

operational days in a year- in Table 8 are selected to ensure full utilization of battery cycles by the end 

of the project lifetime. However, this is not realistic as it is not possible to power up festivals for 350 

days in a year.  Thus, a sensitivity analysis is performed on the cycle utilization, shown in Figure 20. 

 

 

Figure 20: Result of sensitivity analysis on cycles utilized 

 



Thus, there is an exponential increase in the LCOS with decreasing the number of cycles utilized. In 

order to fully utilize the potential of batteries, all cycles must be used during the project lifetime. Since 

it is difficult to fully utilize all the cycles in our case, it is very important to find other revenue streams- 

utilizing the remaining cycles- to fully utilize the economic potential of the storage system. Many 

revenue streams can be generated for a battery storage system as discussed earlier. The two revenue 

streams are considered here in detail; salvage cost and primary or secondary reserves.  

i. Salvage cost 

One of the easy options is to sell the battery storage system after the project lifetime. Generally, the 

salvage cost is calculated from the replacement cost, the remaining life of the component, and a total 

lifetime of the project/component. However, in case of batteries with remaining cycles, the generic 

method of calculating salvage cost is unable to justify the potential usage of the battery. The salvage 

cost of the battery must include the remaining life in terms of cycles as well. 

It is proposed that in order to take into account the remaining cycles of the battery storage system, the 

capital cost per cycles can be calculated by dividing the total capital cost with the total number of cycles. 

Then the final value of the salvage cost can be as follows. 

𝑆𝑎𝑙𝑣𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 =  (# 𝑢𝑛𝑢𝑡𝑖𝑙𝑖𝑧𝑒𝑑 𝑐𝑦𝑐𝑙𝑒𝑠) ∗ (𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒) ∗ 𝜀 ∗ (1 + 𝑟)−𝑁           (6) 

The 𝜀 represents a cost reduction factor that takes into account the monetary effect of degradation of 

specifications, like efficiency and depth of discharge of the storage system at the end of project lifetime 

N.  

ii. Secondary Reserves: 

Using batteries to provide secondary reserves to the grid can generate an additional revenue stream. In 

Germany, the secondary reserve capacity auctions take place weekly. This offers good flexibility to use 

batteries for reserve services when there is no demand for festivals.  

The secondary reserve market has two prices; capacity price in terms of cost per kW which relates to 

the power and energy price in terms of cost per kWh which relates to total energy provided during 

reserve activation. An analysis is performed to understand the effect of this additional revenue stream 

on the LCOS. The capacity and energy prices are 29.27 €/MW and 65.04 €/MWh, respectively. These 

are the actual prices from the balancing market of secondary reserves on 25th of July 2019 [38].  The 

LCOS formula in equation 4 is updated as follow to include the revenues from reserve service11. 

 

𝐿𝐶𝑂𝑆𝑟𝑒𝑠𝑒𝑟𝑣𝑒 =
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 +  𝑂&𝑀 + ∑

𝐶ℎ𝑎𝑟𝑔𝑖𝑛𝑔 𝑐𝑜𝑠𝑡
(1 + 𝑟)𝑛

𝑁
𝑛=1   +  ∑

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑐𝑜𝑠𝑡
(1 + 𝑟)𝑛

𝑁
𝑛=1  −  ∑

𝑅𝑒𝑠𝑒𝑟𝑣𝑒 𝑟𝑒𝑣𝑒𝑛𝑢𝑒𝑠
(1 + 𝑟)𝑛

𝑁
𝑛=1  

∑
[𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦] ∗ [𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑦𝑐𝑙𝑒𝑠] ∗ [𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦] ∗ [𝐷𝑂𝐷] ∗ (1 − 𝐷𝐸𝐺 ∗ 𝑛)

(1 + 𝑟)𝑛
𝑁
𝑛=1

 

                                         (7) 

It should be noted here that reserve services are uniformly distributed over the project lifetime. 

Furthermore, only TESVOLT battery storage system is considered for this analysis. 

Figure 21 shows the comparison of LCOS, with and without a reserve revenue stream, for TESVOLT 

storage system. 

 

                                                           
11 The detail calculations of revenues from reserve services are shown in Appendix B.4. 



 

 

Figure 21: Comparison of LCOS, with & without reserve revenues, for TESVOLT HV 70 

 

Figure 21 shows that with decreasing the cycles utilization ratio to 40%, the LCOS is increased by 30% 

when reserve revenues are not considered and 11% with reserve revenues. There is a clear positive 

effect of this additional revenue stream on the LCOS of the battery storage system. Thus, it is very 

important to consider other revenue streams for the battery storage system on top of providing energy 

to festivals.  

In the next section comparison of the proposed storage system with diesel generator is discussed. 

 

5.2.3. Comparison with diesel generator 

 

The diesel generators are widely used to fulfill the off-grid power requirements. The Levelized Cost of 

Electricity, LCOE, of diesel generators is comparable with the LCOS shown in Figure 17. The LCOE 

of diesel reciprocating engine is calculated in detail in LAZARD’S LCOE analysis [39]. The LCOE of 

diesel generator is found to be in the range of 0.197 $/kWh to 0.281 $/kWh and the LCOS, from Figure 

17, turns out to be in the rage of 0.150 $/kWh to 0.279 $/kWh. Since the LAZARD LCOE analysis [39] 

does not take into account any kind of transportation cost, the comparison is made with LCOS which 

does not includes transportation cost, in Figure 17, as well. However, LAZARD’S analysis [39]  

assumed the project lifetime of 20 years as compared to 10 years in the case of LCOS.  

The off-grid demand applications – festivals, music concerts, and construction sites- usually fulfill their 

energy demand via generator rentals. It is not straight forward to compare a diesel generator rental 

service and a battery storage system with each other. This is due to the fact, that the generators are 

specified in terms of their power only while the batteries are specified in terms of their power- which is 

quite higher than generator- and capacity or stored energy. For example, a generator of 50 kW will 

deliver energy as long as fuel is available. Thus, it can deliver 50 kWh or 100 kWh if run on full power 

for one or two hours, respectively. While a battery of 100 kWh can only deliver the energy of 100 kWh 

or less. Therefore, it is important to introduce certain constraints to make the comparison between the 

two energy supply methods. 

It is assumed that the total energy requirement of an event or festival is 1500 kWh, which is the capacity 

of the battery storage systems being considered for this study. It is only logical to use these batteries 



where demand is equal to the capacity of batteries or less because otherwise there will be a blackout at 

the event. Thus, the total energy demand is limited to 1500 kWh for the purpose of analysis. The diesel 

generators that are commonly used in theses festivals have power ratings in the range of 100 - 200 kW. 

Mostly, these generators are not run on 100% load but below 50% [23]. Thus, the generators at festivals 

are often oversized and lead to higher CO2 emissions. 

Another important thing, already mentioned earlier in this chapter, is to note that diesel rental firms do 

not cover the transportation costs. The customer is separately charged for the transportation depending 

on the distance of the location of the event from the firm warehouse. This is an important point as the 

transportation cost has the highest contribution to the overall LCOS. By keeping the transport cost equal 

to zero, for the purpose of comparison with the diesel generator, the LCOS of Generic, LG Chem, and 

TESVOTL storage systems, shown in Figure 17, are 0.193, 0.279, and 0.249 $/kWh, respectively.  

Table 9 below shows the total cost that will incur to the customer for renting a generator12.  

 

Table 9: Total cost incurred to customers for renting a generator 

Generator QAS150 

Power (kW) 120 

CO2 emission (kg/liter)[40] 2.6 

Load rating 100 %  75%  

Operating hours 12.5 16.67 

Total energy produced (kWh) 1500 1500 

Fuel consumption (liters/hour) 32 27.7 

Fuel price ($/liter) * 1.3899 1.3899 

Total fuel price ($) 555.96 641.80 

Rent per day ($) ** 173.8 173.8 

Total price ($) 729.76 815.60 

Total CO2 emissions (kg) 1040 1200 

Price per unit ($/kWh) 0.4865 0.5437 

     

*Average price of diesel in Germany [41]. 

**Quotation obtained from Atlas Corpco Rentals 

 

 

It is observed that although the renting price of a generator is quite low, it’s the additional cost of fuel 

that carries the real cost. Thus, renting a generator will cost the customer about 0.5 $/kWh while a 

TESVOLT battery storage system will cost about 0.249 $/kWh. However, this price of the battery 

storage system is the marginal price, or the price at which break-even is achieved at the end of project 

lifetime, and the service price must be higher than this to include the profit margins. It is clear from the 

Table 9 and LCOS calculations that there exists a scope for the profit margins as the marginal price of 

battery storage is almost half than price per unit of renting a diesel generator.  

 

                                                           
12 The datasheet of the generator is in Appendix B.5. 



5.3. Environmental Concerns and CO2 emissions 
 

This use case of battery storage provides clean energy to off-grid events and music festivals that usually 

rely on diesel generators. Burning diesel in generators emits a considerable amount of CO2, as shown 

in Table 9. About 1200 kg CO2 is emitted by a 120 kW diesel generator for 17 hours of operation. It is 

estimated that about 1.2 billion kg of CO2e was emitted in the UK[23] due to the use of diesel generators 

in the festivals. Thus, this use case presents a massive potential in reducing carbon emissions, about 8.4 

million kg of avoided CO2, and providing a clean and sustainable solution to off-grid festivals. 

This use case relies on road transport for the transportation of the battery storage system from the wind 

farm to the location of events and then, back to the wind farm. Such excessive use of road transport can 

increase the carbon footprint of this use case. However, the transport sector in Germany is being pushed 

to decrease its carbon footprints by more adaptation of electric vehicles and using alternative fuels like 

natural gas and biofuels13,14.  

The Federal Government of Germany in its Federal Emission Control Act -BImSchG -has set quotas 

for the biofuels. All the companies in the oil industry were imposed to reduce their emissions by 3.5 % 

in 2016, 4 % in 2017, and 6% by 2019[42]. The government has also introduced green certificates that 

are given to the blenders of biofuels in order to reduce CO2 emissions. These certificates have to be 

bought by the CO2 polluter to avoid a penalty.  

The use of natural gas as fuel in the form of LNG and CNG offers a substantial potential to lower the 

carbon emissions from the transport sector. Germany has exempted natural gas powered heavy vehicles 

from the toll tax starting from January 1, 2019[43]. This is on top of subsidies on the purchase of natural 

gas powered vehicles.  

The transport sector in Germany is making a huge shift to be more environmentally friendly. In addition 

to electrification, alternative fuels like biofuels and natural gas offer huge potential and there is strong 

support at the government level as well. However, due to the lack of infrastructure, especially natural 

gas filling stations, these technologies are not widely available. It is clear that in the near future there 

will be an increasing trend towards biofuel, electric, and natural gas powered heavy trucks that can 

reduce the carbon footprint of the proposed use case.  

 

5.4. Policy Recommendations 

To encourage wind energy development, along with subsidies and market premiums, Germany started 

priority dispatch regime in order to ensure grid access to clean energy [3]. While such a measure has 

provided support to wind farm developers in terms of grid connection, it has also ensured the injection 

of maximum possible variable and unpredictable solar and wind energy into the grid. With an increasing 

share of renewable energy, the variability and unpredictability increase in the grid which ultimately 

leads to congestion and curtailment of renewable energy plants [5] despite priority dispatch. There are 

two ways to solve the problem of congestions to stop the curtailment is by either grid investment to 

strengthen the transmission and distribution networks or to invest in energy storage technologies  

The energy storage can be used along with solar and wind to make the output more stable by charging 

at the times when renewable generation is more than the predicted and discharging when generation is 

less than prediction. The electric storage or batteries are of particular importance due to their ability to 

quickly ramp up and down their output. A number of economic cases have been developed in favors of 

                                                           
13 EU Renewable Energy Directive 2009/28/EG 
14 EU Fuel Quality Directive 2009/30/EC 



battery storage especially for the rapid and short-term storage applications [14]. Thus, it is important to 

have a balance market where battery storage assets are facilitated to bid for primary and secondary 

reveres. The requirements for the power plants providing frequency regulation reserves can be relaxed 

or adopted to ensure that battery storage assets are able to fully benefit from such balance markets. 

Furthermore, it is proposed that carbon tax collected from peak coal and gas power plants, widely used 

to provide frequency reserves, can be used to give subsidy to battery storage assets providing frequency 

reserves. Similarly, since battery storage is considered to defer the transmission and distribution 

network up-gradation investment [44], such assets can be exempted from the network fee. The wind 

farm operators should be given incentives to find the solution of wind curtailment on their own by 

deploying electric storage or partnering up with energy storage services like the one proposed in this 

study. The updated EEG legislation of 2014 [8] made it compulsory for the wind farm operators to 

directly sell their produced energy in the market in order to get the market premium, such legislation 

can be adapted to also include the energy that is produced by wind farms but cannot be sold in the 

market due to grid limitation, curtailment and thus utilized by mean of proposed use case.  

On the other hand, the off-grid festivals and events are not monitored for their carbon emissions and 

this industry does not have any carbon tax imposed on it even though they widely rely on diesel 

generators. Even the diesel generators used in such events are not fully optimized but rather oversized, 

and it was reported that in the UK diesel generators ran on average of 10 – 20 % of the load while the 

optimal range is 50 – 70% [23]. Such inefficient use of diesel generator contributes to even higher 

carbon emissions. Thus, there exists a huge room for the event industry to improve their carbon 

emissions and a carbon tax on this industry will drive the innovation in this sector. A carbon tax will 

not only ensure that diesel generators are optimized to reduce carbon emissions but also promote other 

solutions like using natural gas powered generators that has lower emissions, and the types of innovative 

solutions as proposed in this thesis.  

  

6. Conclusion 
 

The wind curtailment is a serious problem with some wind farm facing curtailment as much as 32% of 

the time in the year 2017 in Germany. This curtailed energy can be utilized to charge large batteries of 

size up to 1.13 GWh within 22 hours without any technical complication. The standard 40 ft container 

can easily accommodate battery storage of up to 1.5 MWh along with power converters. Such a compact 

storage system can be transported easily to the location of festivals. The levelized cost of this storage 

system is within the range of 0.150 to 0.279 $/kWh which is comparable to levelized cost of diesel 

generators that are commonly used at festivals. A single storage system has an ability save up to 8.4 

million kg of CO2 emissions.  

Such a use case can lead to a significant CO2 emission reduction at the events and festivals, on one 

hand. While on the other, it could help in renewable energy integration by providing different auxiliary 

services to wind farm operators. In addition to the event industry, the proposed storage system can be 

used to provide backup power in case of local grid maintenance or some natural disaster and to provide 

power to construction sites. Similarly, many other niches can be identified that presently rely on diesel 

generators and thus, offers an interesting opportunity for the proposed used case.  
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8. Appendix 
 

8.1.  Appendix A: 
A.1: Explanation of EEG plant code 

The EEG plant code consists of 33 digits starting with “E”, which means Renewable source. 

The rest of digits represents following information: 

 Digits 2: TSO region; 1 = TransnetBW, 2= TENNET, 3= Amprion, and 4 = 50Herts. 

 Digits 3-6: The last four digits of eight number Federal Network Agency (bundesnetzagentur) 

 Digits 7-8: Network number. 

 Digits 9-28: Network operator specific designation of the system. 

 Digits 29-33 : Serial number. 

 

A.2: EEG plant codes of interesting cluster of wind turbines.  

  

Cluster EEG Plant codes 

1 

E4186001EA01000000000082494200001 - 03 

E4186001EA01000000000078641000001-03 

E4186001SZP0000000000078543200001-03 

E4186001SZP0000000000082595700001 - 05 

E4186001EA01000000000078641300001 - 03 

2 

E2026001HRA00FLENSBURGE0000100001 – 

12 

3 

E2026001HRA000NIEBUELLE0000900001 - 

30 

4 E2079301EA01000000KLXBE0000100001 - 23 

 

 

A.3: Useful data of the selected wind farm 

The data from MaStR portal consisting of MaStR number, latitudes and longitudes, along with the 

model number of each turbine. 

 

EEG Plant codes MaStR number WGS84 Model 

number Latitude Longitu

de 

E2079301EA01000000KLXBE000010

0001 

SME917686740

994 

54.790589 

° N 

8.88389 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0002 

SME910966739

534 

54.788661 

° N 

8.888281 

° E 

SWT-3.0-

113 

SIEMENS 



E2079301EA01000000KLXBE000010

0003 

SME975023133

809 

54.787138 

° N 

8.893604 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0004 

SME997840371

745 

54.784229 

° N 

8.896301 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0005 

SME974122168

583 

54.784873 

° N 

8.903266 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0006 

SME970725324

098 

54.781917 

° N 

8.904719 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0007 

SME975172787

984 

54.784555 

° N 

8.910108 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0008 

SME952557521

210 

54.785269 

° N 

8.917011 

° E 

SWT-3.0-

113 

SIEMENS 

E2079301EA01000000KLXBE000010

0009 

SME914702965

553 

54.766802 

° N 

8.884285 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0010 

SME938740893

975 

54.778676 

° N 

8.908784 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0011 

SME942409797

139 

54.781826 

° N 

8.91453 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0012 

SME984759270

207 

54.774908 

° N 

8.894133 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0013 

SME936742897

106 

54.776964 

° N 

8.902352 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0014 

SME983940449

934 

54.773087 

° N 

8.898662 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0015 

SME948572369

524 

54.77445 

° N 

8.905265 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0016 

SME936835613

149 

54.775938 

° N 

8.912257 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0017 

SME975752693

551 

54.771179 

° N 

8.905739 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0018 

SME921512273

075 

54.772802 

° N 

8.912699 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0019 

SME986754730

007 

54.769538 

° N 

8.91053 

° E 

V112-3.0 

MW Vestas 

E2079301EA01000000KLXBE000010

0020* 

- - - - 

E2079301EA01000000KLXBE000010

0021* 

- - - - 

E2079301EA01000000KLXBE000010

0022* 

- - - - 

E2079301EA01000000KLXBE000010

0023* 

- - - - 

*Data found to be corrupted in the MaStR data portal 

 

 



 

A.4: R code 

 

 

 

A.5: Wind speed at weather station- 10 meters- and hub height- 94 meters. 

The plot of average wind speed of each day in the year 2017 at weather station and hub height. 

 

 

 

 



A.6: Technical specifications of various components of wind turbine for SIMULINK 

simulation 

The specifications of drive train and gearbox are the default parameters from the model [30]. 

 

Generator 

Type Synchronous Permeant magnet 

Rated power 3.3 MW 

Rated apparent power 3880 kVA(COSFI = 0.85) 

Frequency 60 Hz 

Stator Voltage 710V 

number of poles 12 

Reactances [Xd Xd' Xd'' Xq Xq'' Xl] pu [ 1.305, 0.296, 0.252, 0.474, 0.243, 0.18 ] 

Time constants [Tdo' Tdo'' Tq''] [ 4.49  0.0681  0.0513  ] (s) 

Inertia constant, friction factor: [ H(s) 

F(p.u.)] [0.62 0.01] 

HV Transformer 

Primary voltage 25 kV 

Secondary voltage 650 V 

Rated apparent voltage 3450 kV 

Vector group Dyn5 

Frequency 60 Hz 

Magnetization resistance Rm (pu) 500 

Magnetization inductance Lm (pu) inf 

winding 1 parameters [R1(pu)  L1(pu)] [0.025/30  0.025] 

winding 2 parameters [R2(pu)  L2(pu)]  [0.025/30  0.025] 

Converter 

Rated apparent power 3800 kVA 

Rated Grid voltage 650 V 

Rated Generator voltage 710 V 

Rated current 3440 A 

Grid side coupling inductor [ L(pu) R(pu)] [0.15 0.15/50] 

line filter capacitor 150e3 var 

Nominal DC bus voltage 1100 V 

Boost converter inductance [L(H) R(ohm)] [0.0012 5e-3] 

  

  

Parameters extracted from the data sheet of 

wind turbine (vestas v112-3.0) 

  Default parameters from the model  

 

 

 

 

 



A.7: Festivals locations in Germany and their distances form the selected wind farm. 

 

Name of Festival Location 
Distance form 

Wind farm (Km) 
Month Type 

Time Warp Mannheim 753 April 

Music 

Festivals* 

MAYDAY Dortmund 521 April 

Rock am Ring Nuremberg 800 June 

World club Dome Frankfurt 681 June 

New Horizons Nurburg 694 August 

Maifeld Derby Mannheim 753 June 

Hurricane  Neuhausen ob eck 975 June 

Airbeat one festival Neustadt Glewe 295 July 

Melt festival Grafenhainichen 566 july 

Sea you festival Freiburg 164 july 

Parookaville Weeze 591 july 

Wacken open air Wacken 121 august 

Nature one Kastellaun 742 August 

MS Dockville Hamburg 190 August 

Haldern pop festival Rees 567 August 

Echelon open air and 

indoor festival 
Bad Aibing 1000 August 

lollapalooza berlin berlin 468 September 

Syndicate festival Dortmund 521 October 

Stuttgart electronic music 

festival 
Stuttgart 843 December 

love family park 
russelsheim and 

main 
701 July 

oktoberfest Munich 970 Sept-oct 

Festivals & 

Carnivals** 

Reeperbahn Hamburg 190 September 

Karneval  Cologne 602 February 

Cannstatter Volksfest  Stuttgart 843 Sept-oct 

Wurstmarkt Bad Durkheim 779 Sept 

Weihnachtsmarkt Berlin 468 Nov-dec 

Festival Mediaval Selb 745 Sept 

 Average distance 

(km) 
568.3   

 

*Source : https://www.festicket.com/magazine/features/top-20-music-festivals-germany/ 

**Source : https://sv.hotels.com/go/germany/best-festivals-germany 

 

 

 

 



A.8: Official product poster of LG Chem RESU10 

The snapshot from the official description of the product. 

 

 

A.9: Official product poster of TESVOLT TP HV 70 

The snapshot the product from company website. 

 

 

 



8.2. Appendix B: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX B.5: Datasheet of QAS150 – diesel generator available for renting 

 

 



 


