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ABSTRACT 

 

In this paper, a new algorithm for utilizing energy storage is proposed and applied on 

floating wind turbine economics. The proposed algorithm’s decision making on storing energy 

or selling electricity onto the grid is based on the electricity price, which makes it unique and 

different from similar algorithms. From the literature review, it was concluded Ocean Renewable 

Energy Storage to be most suitable with the Spar-Type and Semi-Submersible floating wind 

turbine to which the paper is based upon. The objective of this paper is to find the suitable ratio 

of energy storage versus wind farm, find the product of increase in wholesale, and evaluate 

whether the proposed method makes the hybrid economically sound. The algorithm was applied 

on spot-price data from Denmark due to its large share of wind energy with wind data from off 

the coast of Morro Bay in California, USA. Additionally, a sensitivity analysis is applied to 

evaluate to energy storage cost impact as well as evaluate the algorithm by lowering the required 

energy storage size. 

 

Using the algorithm, the wind farm must account for nine days’ worth of energy 

production with a product of energy storage versus wind farm ratio of 1.42. The wholesale price 

increased with 11.9-21.5% for the four years studied, however, all financial results favored not 

utilizing energy storage. By the results derived from the sensitivity analysis, it was concluded 

that with future cost reductions, the algorithm will still favor no energy storage. However, by 

fine tuning the algorithm to reduce the need for storage, positive financial result might be 

achievable. The key to achieve a profitable result seems to rely on minimizing the need for 

energy storage, to which the proposed algorithm fail to achieve. Conclusively, spot-price 

decision-based energy storing is not economically sound. 
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NOMENCLATURE 

 

BESS Batter Energy Storage System 

CAES Compressed Air Energy Storage 

CAPEX Capital Expenditures 

IRR Internal Rate of Return 

NPV Net Present Value 

OPEX Operational Expenditure 

LCOE Levelized Cost of Electricity 

OPEX Operating Expenses 

PHES Pumped Hydro Energy Storage 

TLP Tension-Legged Platform 

ORES Ocean Renewable Energy Storage 

WACC Weighted Average Cost of Capital 
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1. INTRODUCTION  
1.1 Background 

Wind power is becoming an ever increasingly important part of many countries energy mix. As 

for 2016, the global market for wind power comprises over 90 countries with a cumulated 

capacity of 486.8 GW and the cumulated wind capacity has been increasing every year since 

2000. Nonetheless, the amount of annual installed wind capacity does not increase every year 

and most recently, in 2016, the newly installed capacity of wind power was less than the 

previous year 2015 (Fried, 2017). This may be explained by a number of factors - low wholesale 

price, crowded areas, conflict of interest, and many more. One solution, which could plausibly 

solve a few of the challenges related to wind power, is to move offshore which is getting 

increasingly more popular as the technology matures. Offshore wind is not only increasing in 

cumulated installed capacity, but also on a yearly basis. It is still more expensive to build wind 

power offshore; however, cost reductions are achieved annually. According to Sawyer: 

 

“Offshore wind has had a major price breakthrough in the past year, and looks set to live up to 

the enormous potential that many have believed in for years. We see the technology continuing 

to improve and spread beyond its home base in Europe in the next 5-10 years” 

(Fried, 2017) 

 

Moreover, energy storage is expected to be of great importance in the future. Due to the 

variability of wind energy the wind energy production is sometimes lacking when demand is 

high and sometimes curtailed when vice versa occurs. According to Brid et. al. (2016) wind- and 

solar energy in Europe is curtailed by 1-3%, however it is expected to rise as we move away 

from conventional energy production. 

1.2 Floating Wind Power 

There is one major obstacle with offshore wind power - the water depth. Bottom fixed offshore 

wind turbine are restricted, depending on the technology, to a maximum depth of 50-70 meters 

and most of the close shore waters exceed this limit. In Europe and the U.S.A, the share of water 

depths exceeding 60 meters is 80% and 60% respectively which accounts for 4000 GW and 2450 

GW (Dickson, 2017). On the other hand, the Floating Wind Turbine technology is approaching 
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commercial maturity and with a few pilot single floating turbines in operation and some already 

decommissioned, the project developers claiming results beyond expectation (WindFloat, 2017 

& Holm, 2016).  

 

The cost of floating wind turbines, however, is yet to become competitive to both onshore- and 

bottom fixed offshore wind turbines, as well as to other sources of electricity production. Some 

mention the floating wind turbine technology to be more cost efficient than bottom fixed turbine 

once it reaches commercial maturity, pointing out the onshore assembly, and easy commission 

and decommission as the key factors (Myhr et al. 2014).  

1.3 Energy Storage 

Wind power and other renewable technologies is intermittent which is getting increasing 

attention as renewables get a larger share of a nation’s total energy mix due to challenges with 

the stability of the grid. It is also a common argument against renewables, together with the cost. 

As the cost of renewables keeps getting lower and thereby being more commercially used, 

solving the intermittency is the last piece of puzzle to make the grid fossil fuel independent. 

 

There are a few energy storage options, some commercially available, and some under 

development. Below is the list of storage options this paper focuses on. 

 

•   Battery Energy System Storage 

•   Pumped Hydro Energy Storage 

•   Compressed Air Energy Storage 

•   Ocean Renewable Energy Storage 

 

1.4 Research questions 

After conducting an extensive overview of the available literature, it can be concluded that 

energy storage in combination with intermittent technologies, such as renewables, is not only 

profitable but also necessary. However, it is not yet clear which way of utilizing energy storage 

with renewables is the most profitable. Moreover, for floating wind turbines, the literature lacks 

research regarding energy storage and this thesis aims to contribute to this by the following 

research questions. 
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•   Which type of energy storage is most suitable for floating wind turbines? 

•   What is suitable ratio of installed energy storage capacity versus installed wind farm 

capacity? 

•   How much does the wholesale increase using proposed way of utilizing the energy 

storage? 

•   Is the proposed method of utilizing energy storage economically sound? 

 

1.5 Methodology 

The literature review in chapter 2 will be used to answer the first research question, which is 

necessary to move on to the next three questions. Furthermore, the literature review also serves 

to find the current cost of both floating wind turbines and energy storage. In chapter 3, 

Methodology, a new way of utilizing energy storage is described and where the data is collected. 

Lastly, the last part of the methodology describes the economic tools used to evaluate the 

profitability.  

1.6 Outline of the report 

The report starts with an introduction to the report in chapter 1. In chapter 2 the available 

literature is overviewed where findings will be concluded and used in following chapters. In 

chapter 3 the methodology is explained and necessary data is sited. In chapter 4 the results are 

displayed according to the methodology. Chapter 5 discusses and analyzes the results and the 

proposed way of utilizing energy storage with floating wind turbines. And finally, in chapter 6, 

the report’s findings will be summarized in a conclusion. 

1.7 Limitations 

The proposed method of utilizing energy storage with floating wind turbines is a self-made 

program written in Matlab. Ideally, the script would be designed to sell stored energy onto the 

grid with specific day’s spot-price, however, for the script to be manageable this is simplified by 

one value: the yearly mean of above average. The script is simplified by selling the stored energy 

at the mean of above moving average price. 

 

The method discards any grid codes that could potentially prohibit the electricity production to 

double at peak production nor does it take into consideration that the capacity of the grid might 

be limited. Furthermore, this paper focuses on floating wind turbine economics for several 
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reasons. Offshore wind energy investments increase much faster than onshore wind energy. 

Between the years 2015 to 2016 offshore wind saw an increase of 39% compared to onshore’s 

5% and offshore now accounts for roughly 2/3 of all new investments. Floating wind turbines are 

expected to increase this trend further as they are now on the breaking point of becoming 

commercialized and 80% of Europe’s offshore wind potential is located at sites with water 

depths exceeding 60 meters (Nghiem & Tardiey, 2016). 
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2. LITERATURE REVIEW 
2.1 Floating Wind Turbine 

The existing wind turbines of today, in operation, projected, or designed are typically divided 

into three major categories. The three categories are; semi-submersed floating platform, Spar-

Type, and Tension-Legged Platform. In the following three chapters, an overview of the three 

technologies will be explained with an emphasis on how they differ from one another.  

2.2 Semi-submerged floating platform 

Introduction 

The semi-submersed floating platform is typically designed with a three-legged structure where 

one half is submerged under water and the other half, where the turbine is mounted, is above 

wave height. The submerged half is weighted by a ballasted structure with a total weight 

typically around 2500 tons and suitable for water depths ranging between 50-300 meters 

(Bradley, 2015). There are several design options with Semi-Submersibles. In Liu et al. (2016) 

the most popular Semi-Submersibles are highlighted, with a description of the designs and 

solutions to tackle the hydrodynamic loads. Starting with the Three-legged Semi-Submersible, 

consisting of three columns where the turbine is mounted on either one of the columns or in the 

middle of the structure. Secondly, the Ring-shaped floating foundation, is designed as a frame 

with the turbine mounted in the middle of one edge. The flat surface platform has a major 

advantage with operation and maintenance as it provides sufficient work space resulting in a 

lesser need for maintenance vessels. Lastly, the V-shaped platform is designed with two v-

shaped legs orthogonally from the turbine counterweighted with two columns on the edge of 

each leg. Testing of the platform has demonstrated the possibility of attaching the pontoons 

directly on the columns without braces, resulting in less fatigue on the welded joints. 

 

Research and Development on Economic feasibility 

Whether the semi-submerged platform will be the best solution to floating wind turbines once it 

reaches large scale utilization is still unclear and more analyses and testing are needed. In Liu et 

al. (2016) the Semi-Submersibles are mentioned as one of the most feasible floating platform. 

This is backed up by the Principle Power who recently decommissioned a five-year testing of the 

WindFloat project, as well as, the Fukushima Forward who are now in the second testing phase 

about to commission a second larger turbine. Both claiming the first phase being very successful 
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(Principle Power, 2017 & Shumkov, 2016) On the contrary, in Myhr et al. (2014) the semi-

submerged platform used by WindFloat is both the heaviest and the one using the most mooring 

cables, resulting in it being the costliest platform of the six floating platforms researched.  

2.3 Spar-Type 

Introduction 

The Spar-Type floating platform is a cylindrical shaped module, ballasted with gravels and water 

keeping the center of gravity well below the center of buoyancy (Wang, et al., 2010). As of 

today, one Spar-Type floating platform is in operation; the Hywind pilot project in Norway 

consisting of one 2.3MW turbine and the first floating wind farm will be built in 2017 off the 

coast of Peterhead in Scotland, using the Spar-Type platforms (4Offshore, 2016 & 4Offshore 

2017). 

 

Research and Development on Economic Feasibility 

Even though the first Spar-Type wind farm is about to be constructed, research and development 

is still ongoing with interesting modifications to the original Hywind OC3 demo. Karimirad & 

Moan (2012) researched the feasibility and performance of Spar-Type wind turbine for moderate 

water depth named “ShortSpar”. The shorter length of such design resulted in 35% reduction of 

the weight while keeping the statistical characteristics of generated power almost the same as the 

original. Shin et al. (2013) improved the Hywind Spar-Type’s damping of the heave movements 

by changing the design, keeping the same weight, to an unsymmetrical structure using ring 

elements at the bottom of the structure and the upper half of the submerged part. Additionally, 

the roll and pitch inertia doubled while the motion period increased and motion height decreased. 

 

As for the feasibility of the Spar-Type floating platform, it is still too early to determine. The 

empirical data available for this technology is limited with only the Hywind demo currently in 

operation. Nonetheless, according to the vice president of Statoil’s Wind and CCS, Stephen Bull, 

the first years of testing the Hywind concept has verified the turbine to perform beyond 

expectation (Holm, 2016). However, the competence to other floating platforms is according to 

Myhr (2014) depth dependent. The electricity production cost was compared by using Levelized 

Cost of Electricity (LCOE) showing the Spar-Type’s in comparison to other floating structure, is 

the second greatest at water depths 100-300 meters and the second lowest LCOE at water depths 

300-500 meters. 
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2.4 Tension-Legged Platform 

Introduction 

The Tension-Legged Platform is designed typically with three or four legs symmetrically 

attached 90 degrees from the main body at the bottom of the structure. The stabilizing part of the 

platform is completely submerged and it is desirable for the tendons to have near zero weight in 

water (Bachynski & Moan, 2012). Furthermore, this technology differs from the Spar-Type and 

Semi-Submersibles in that it is not submerged by weight. Instead, the mooring keeps the 

platform submerged by tension, making it a very stable platform. However, it is more difficult to 

deploy as it has no static stability by itself (Beiter, et al., 2016). 

 

Research and Development on Economic Feasibility 

The Tension-Legged Platform for wind turbines are still under research and the technology is yet 

to be operationally tested and no consensus regarding the optimum design has been achieved. 

Bachynski & Moan (2012) analyzed five designs, varying in weight and number of legs, 

concluding there is a trade-off between performance in storm conditions and cost. The 

performance increases with larger displacement, however, the cost followed with a linearly 

increase as well. Ren (2012) concluded additional mooring lines effectively reduced the force 

level of the Tension-Legs, as well as, reduction of the motion response. Howbeit, the 

investigation did not take cost into consideration. 

 

When it comes to feasibility of the Tension-Legged Platform wind turbine, there seems to be a 

consensus regarding the suitable depth. In Myhr et al. (2014) the Tension-Legged Platform is the 

cheapest option of the floating platforms at water depths ranging between 100-250 meters, 

cheaper than the bottom-fixed jacket foundation. Deeper than 250 meters, the Tension-Legged 

Platform cost increases exponentially due to the mooring length required. Bachynski & Moan 

(2012) also claims the Tension-Legged Platform wind turbines to be the most promising for 

intermediate water depths, 100-150 meters, due to the light weighted structure and great stability.  
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2.5 Energy Storage 

Introduction 

With the variability of the energy wind power must deal with, storing energy locally to level the 

fluctuations is more and more relevant as wind power increases its share in the national grid. The 

following chapters will describe and evaluate the storage solutions related to wind power. 

2.6 Battery Energy Storage System (BESS) 

Introduction 

Battery Energy Storage System is a collective name for electronic-based devices with fast 

response used to level the energy fluctuations related to wind power and other renewable energy 

sources (Deng, et al., 2017). The technology is fuel neutral, meaning; it is independent of energy 

source as it works with any type of electricity production. Moreover, the technology itself is 

environmental friendly as it has no direct CO2 emissions. Therefore, its environmental impact 

depends on the energy source it is both produced- and used together with.  

 

Research and Development 

Even though the technology is still relative expensive, there is a consensus that Battery Energy 

Storage System lowers the cost of electricity by storing excess electricity production and later 

use it on demand. Nonetheless, the research and improvement of the technology is ongoing. 

Jannati et al. (2016) reduced the required Battery Energy Storage System capacity and thereby 

the investment cost by using the Adaptive Linear Neuron (ADALINE) algorithm which 

minimized the amount of Smart Parking Lots (SPL). In Yuan et al. (2012) it was concluded that 

the size of the Battery Energy Storage System matters for two reasons. Firstly, the larger storage 

outperformed the smaller sized storage, however, only the smaller Battery Energy Storage 

System was able to be economically justified. In Cai et al. (2015) an increase in profit was 

proven by forecasting the day-ahead spot market price of electricity while balancing the wind 

power production errors with Battery Energy Storage Systems. Furthermore, three types of 

batteries were compared; Lead-acid battery, Sodium Sulfur battery, and Lithium Battery, 

resulting in all batteries showing a profit gain and the Sodium Sulfur battery being the most 

profitable.  
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2.7 Pumped Hydro Energy Storage (PHES) 

Introduction 
When it comes to large bulk storage of energy, Pumped Hydro Energy Storage is the 

overwhelmingly established storage technology with a global installed capacity of 130 GW as of 

2016. Moreover, Pumped Hydro Energy Storage has an operational history reaching back to the 

1960s and Europe is the leading continent with the majority of the worlds installed capacity 

(Barbour, et al., 2016).  

Pumped hydro energy storage is designed as an artificial lake located on a mountain where 

excess electricity is used to pump water. Later, when needed, the water is released downhill 

through a turbine generating electricity to compensate for the lack of e.g. wind. Ideally, the 

artificial lake should be placed with an altitude difference, to the turbine, of 500-700 meters 

(Slocum, et al., 2016). 

 

Research and Development 

When it comes to ongoing research of Pumped Hydro Energy Storage there is not much to 

improve of the technology itself. The efficiency depends on how much it is utilized, nonetheless, 

a typical value is between 70% and 80% with some claiming as much as 87% (Rehman, et al., 

2015). Instead, the ongoing research is more related to how to best integrate it with renewable 

energy sources. Pumped hydro is used to store excess electricity from renewable energy 

production which otherwise would have to be curtailed, however, if it is economically the best 

option is not clear. In Canales et al. (2015) pumped hydro hybrid wind was concluded to lower 

the cost of electricity more than a wind power hybrid with conventional hydropower even though 

pumped hydro has a greater initial cost. In Foley et al. (2015) the research focused on the 

economic long term generation expansion of pumped hydro energy storage. The conclusion 

included pumped hydro to be too capital intensive to be massively utilized in liberated markets. 

The payback time is too long to attract investors which will continue unless the price of fossil 

fuels and carbon dioxide emissions increases.  

  



 10 

2.8 Compressed Air Energy Storage (CAES) 

Introduction 

Compressed air energy storage is a rather uncomplicated technology. The basic idea is to convert 

excess electricity into potential energy stored in underwater domes, caverns, aquifers, or other 

suitable containers. With the excess electricity, pressurized gas, typically air, fills the container 

which is later released through a turbine when needed (Budt, et al., 2016). 

 

Research and Development 

As of today, few operational compressed air energy storages are in use, nonetheless, this is 

forecasted to change as this technology is prospected to be the most promising to abide the 

intermittency of renewable energy sources (Budt, et al., 2016). The research and development 

regarding compressed air energy storage is related to the profitability, efficiency rate, and 

renewable energy integration. In Venkataramani et al. (2016) an extensive review of compressed 

air energy storage was conducted showing a consensus of the increased profitability this 

technology has on wind power. Mainly, large scale was reviewed; however, small scale storage 

was concluded to reduce blackouts in developing countries where micro grids are more common. 

Hasan et al. (2016) compared compressed air energy storage, series- and parallel connected to a 

wind turbine. The publication concluded parallel connection to improve the efficiency, lower the 

charging time, and lower power consumption during the compression process. Long-term 

storage in caverns, however, raises the question of leakage. In Kim, et al. (2016) leakage 

monitoring is highlighted to be necessary as compressed air may leak through any defect such as 

imperfect welds and construction joints. Therefore leakage monitoring is always necessary with 

compressed air energy storage.  

 

The ratio of efficiency rate of large scale compressed air energy storage integrated with wind 

power reviewed in the literature is close to identical. In Mohammadi et al. (2017) the resulting 

efficiency rate is 53.94% of a combined cooling, heating, and power system integrated with wind 

turbine and compressed air energy storage. Similar result was found in Wang et al. (2016) where 

the real condition exergy efficiency for a 2 MW underwater compressed air energy storage was 

studied using both conventional and advanced analyses. The theoretical maximum for such 

system is 84.3%, however, the result of the analyses only reached 53.6% showing big potential 

for improvement. Furthermore, the paper concluded the heat losses to be the biggest source of 
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efficiency losses. The exact same system efficiency 53.6% was the result of Mazloum et al. 

(2017) dynamic modeling and simulation of an isobaric adiabatic compressed air energy storage 

system. Further conclusion suggests the flexibility of the storage system and thereby the 

efficiency could be optimized by operate the compressor at 54% and the turbine at 72%. 

Additionally, the heat losses can be used to improve the efficiency of such system however strict 

measures must be taken to avoid fire and explosions. In Long-Xiang, et al. (2017) the efficiency 

of a pre-cooler compressed air energy storage was concluded to have a round-trip efficiency of 

3% higher than one without. 

 

With a comparison of the different investigations it becomes clear how the efficiency rate is 

greater the smaller the unit is. In Alami et al. (2017) small low-pressure compressed air energy 

storage was studied concluding an efficiency rate of 97.6%. Small, in this case, is 0.6 m3 with a 

pressure level not exceeding 5 bar. Moreover, the high efficiency rate is related to the non-

existing heat rise larger units are abiding to. With medium sized compressed air energy storage 

of 15 bar, as studied in Liv et al. (2017), a typical day analysis shows an efficiency rate of 

62.8%. In summer time, the efficiency reaches 76.3% due to the need for cooling. 

2.9 Ocean Renewable Energy Storage (ORES) 

Introduction 

The most recent energy storage, currently under development is the Ocean Renewable Energy 

Storage. The future of this technology is uncertain with disadvantages versus other storage 

technologies of being underdeveloped. Nonetheless, in combination with floating wind turbines, 

it could plausibly be the obvious choice of future floating wind turbine farms and this chapter 

explains why that is. 

 

The Ocean Renewable Energy Storage is somewhat a tested technology with a new approach. 

Just like the compressed air energy storage, the Ocean Renewable Energy Storage is constructed 

with a container and a turbine with the difference of using water instead of air as the driver for 

the turbine. The container is submerged at a significant depth and water is pumped out of the 

container with excess electricity, from the energy source it is connected to, and released back 

into the container through the turbine at demand (Slocum, et al., 2013). 
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Research and Development 

As of today, the first operational Ocean Renewable Energy Storage is yet to be developed and 

the research and development is very limited (ESE, 2016) Regardless, in Slocum et at. (2013) the 

technology studied is showing Ocean Renewable Energy Storage to be a promising solution in 

combination with floating wind turbines. The idea is to not only use the containers for energy 

storage, but also as mooring anchors. The duo could potentially compensate each other in terms 

of cost related to water depths. As floating wind turbine increases in cost with water depth, 

analysis of Ocean Renewable Energy Storage shows economic feasibility at 200-meter depth 

with decreasing LCOE up to 1500 meters. The round-trip efficiency rate is estimated to be 

around 70%, making it compatible with other storage technologies.  

 

2.10 Comparison of energy storage technologies 

The most suitable energy storage is dependent on a number of factors and research and 

development continuously aim to reduce the impact on given technology. In Klumpp (2016) the 

levelized cost of electricity was compared between pumped hydro, compressed air energy 

storage, and hydrogen storage for the three scenarios short-term, medium-term, and long-term. 

For this paper, the difference between pumped hydro and compressed air is of interest to which 

the research paper concluded pumped hydro to outperform the other technologies if designed for 

short or medium-term storage. Looking at the long-term, however, compressed air energy 

storage results in the lowest LCOE. In Ma et al. (2014) an economic analysis of renewable 

energy storage was conducted for a remote island operating off-grid, concluding pumped hydro 

well outperformed battery storage.  

 

In Guo et al. (2016) compressed air energy storage in aquifers was compared to compressed air 

energy storage in caverns. Unlike cavern storage, aquifer storage only exists on the design table 

and this research paper simulated the thermodynamic behaviors between the two technologies. 

Conclusively, the aquifer storage can achieve the same level of flow rate and the smooth 

temperature change indicates plausible optimization of compressed air energy storage combined 

with geothermal systems. 

In Slocum et al. (2013) the Ocean Renewable Energy Storage was analyzed and concluded to be 

efficiency- and cost competitive to both pumped hydro energy storage and compressed air 
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energy storage at 70% and 0.10-0.15 USD/kWh respectively. However, these are preliminary 

studies and further studies are required to confirm these numbers.   

 

2.11 The Cost of Energy Storage 

The cost of the energy storages described in chapter 2.6 to 2.9 is difficult to estimate for one 

main reasons. With exception of Pumped Hydro Energy Storage, the technologies are still in 

their infant stages and the cost today will most certainly not be the cost once the technology 

reaches commercial maturity. Nonetheless, this chapter aims to quantify available cost. To put 

the cost of energy storage in perspective to wind turbine; Deloitte (2014) is used as a standard 

candle. The total onshore cost ranges between 1000-1900 EUR/kW and offshore ranges between 

1900-4500 EUR/kW. The cost of floating wind turbines used in this paper is 3500 EUR/kW for 

installation plus an annual operation and maintenance cost of 131 EUR/kW which is elaborated 

on in chapter 3.11-3.12. 

 

The cost of Battery Energy Storage System is estimated similarly between different 

investigations. Akter et al. (2017) made a comprehensive economic evaluation of solar 

photovoltaic and battery energy storage using an estimated cost of the battery to be 700 

AUD/kW (473 EUR). Hemmati (2017) performed a technical and economic analysis of home 

energy management system incorporating small-scale wind turbine and battery energy storage 

using an estimated cost of the battery to be 365 EUR/kW with an additional operation cost of 

0.0035 EUR/kW.  

 

Deane, et al. (2010) performed a techno-economic analysis of existing and new pumped hydro 

energy storage plant. The research work concluded the capital cost to be within the range of 470 

EUR/kW and 2170 EUR/kW. The rather steep variance of cost was concluded to be highly site 

and project specific, making it difficult to generalize. However, the result is on par with Klumpp 

(2015) who instead of looking at real-life cases looked at the potential of energy storage. This 

investigation concluded the cost of capital for Pumped Hydro Energy Storage to be 487 

EUR/kW with an additional operation and maintenance cost of 0.8% of the Capital Expenditures 

(CAPEX). 
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The cost of Ocean Renewable Energy Storage is of great uncertainty as it is still a technology 

under development. As for now, there is no empirical data regarding the cost, however, the 

Germany-based Fraunhofer institute has analyzed the cost and efficiency of the technology 

concluding a price range of 1500-2000 EUR/kW claiming it to be cost competitive to Pumped 

Hydro Energy Storage (Steel, 2016). 

 

The cost of Compressed Air Energy Storage differs by roughly 20% depending on the different 

sources. Klumpp (2015) concluded the capital cost of Compressed Air Energy Storage to be 910 

EUR/kW with an additional operation and maintenance cost equivalent to 1.8% of the CAPEX. 

Comodi et al. (2017) conducted a techno-economic comparison between different energy storage 

technologies using an estimated price for Compressed Air Energy Storage to be 1171-1264 

EUR/kW 
Table 1 Cost Summary 

Technology CAPEX [EUR/kW] OPEX [EUR/kW] 

Onshore Wind Turbines 1000-1900  

Offshore Wind Turbines 1900-4500  

Floating Wind Turbines 3500 131 

BAES 365-473 0.0035 

PHES 470-2170  

ORES 1500-2000  

CAES 910-1264  

 

2.12 Utilizing energy storage with Intermittent Technologies 

From previous chapters, it is obvious that energy storage improves the efficiency of intermittent 

technologies as well as improves the stability of the grid. As we are replacing more conventional 

energy production with renewables, energy storage will play an ever-increasing role and the 

question is no longer if it will be used, but rather how to best implement it and utilize the 

technology in the most efficient way. In this chapter, the research and development regarding the 

economic feasibility and profitability is highlighted of a combined energy production with 

energy storage. 
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Denhol & Sishani (2009) performed an economic analysis of the transmission related issues of 

distance between wind farm and energy storage. The conclusion included, firstly, that there is a 

trade-off in the distance between the two. Co-locating wind and energy storage has a positive 

economic effect on transmission cost, but at the same time, it decreases the economic value of 

energy storage. Maximum economic value of energy storage is instead achieved by co-locating it 

with the load where it can take advantage of high-value ancillary of capacity services. 

Furthermore, the research work concluded the suitable ratio of energy storage versus wind 

energy to be less than 25%. In Madlerner & Latz (2013) compressed air energy storage systems 

in combination with wind power was economically analyzed by comparing two scenarios: 

centralized and decentralized grid integration for enhanced grid integration of wind power. A 

profit-maximizing algorithm was used and the publication concluded both scenarios to only be 

feasible in a spot-price market with hourly contracts where minute reserves can be utilized.  

 

Succar et al. (2012) modelled the wind energy and energy storage combination by using excess 

wind production to power the compressed air energy storage. The result was compared to a 

stand-alone wind farm, showing a lower LCOE of 1.0-5.4 USD/MWh which represents 0.84-

5.6%. Abbaspour et al. (2013) optimized the use of wind energy and energy storage using a 

mixed integer non-linear programming (MINLP). The research paper aims at optimizing the 

system in regards to both maximizing profit and lower production cost, concluding it is 

beneficial in both objectives with 43% greater profit and 6.7% cost reduction. 

 

Yucekaya (2013) developed a mixed integer programming method for maximizing the profit of a 

natural gas and compressed air energy storage combination. In the model, energy is stored while 

gas prices are low and sold onto the grid while prices are high and the Markov-based 

probabilistic model was used for forecasting the electricity price. Moreover, the system was 

modelled with a 360 MW turbine and a compressor capacity of 216 MW with the ability to store 

68 hours of generating capacity. The investigation concluded the model to be economically 

viable and could be implemented for the given market price estimated in the report. Manchester 

& Swan (2013) modelled a wind energy and compressed air energy storage combination to shift 

the peak wind production to peak demand. The system was designed with 0.8 MW wind turbine 

and 4 MWh of energy storage, resulting in a 30% increase in gross revenue.  
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2.13 Wind Energy’s effect on the wholesale electricity spot-price  

All kinds of electricity production have an impact on the wholesale electricity spot-price, 

however, there are significant differences. Mainly, conventional electricity production prices 

change with the fuel price and renewables differ with the scale of production and the 

intermittency of energy; meaning the more conventional used the higher the fuel price and the 

opposite occurs for renewables. 

According to the literature reviewed, there is a consensus on wind energy’s contribution to lower 

the spot-price, independent on country. In Morthost et al. (2010) the merit order effect on the 

electricity wholesale price was studied through a literature review. The conclusion included that 

an increase of wind power in a country’s energy mix reduces the average wholesale spot-price. 

Also, even with a renewable energy support scheme paid by the tax payers, the net cost for the 

consumer is still lower compared to no integration of renewable energy. Silva & Cerqueira 

(2017) investigated the effect of the liberalization of the electricity market and integration of 

renewable energy sources has on the wholesale spot-price. The conclusion was both the free 

market as well as renewable energy has a decreasing effect of the electricity price. Moreover, 

ending subsidies for renewables showed no effect on the spot-price. Cutler et al (2011) studied 

how a high wind generation may impact the spot-price in Australia concluding wind energy to be 

the second largest impactor, second only to the electricity demand. 

 

In contrast to wind energy’s impact on the average electricity price, the volatility does not show 

a consensus among the literature reviewed in this paper. The data is limited due to few countries 

with large enough portion of wind energy; however, the volatility seems to be country specific. 

Rintamäki et al. (2017) studied the renewable energy impact on spot-prices and volatility, 

comparing the result between Denmark and Germany. The result shows a decrease in spot-prices 

because of renewables in both countries, however, the volatility differs. In Denmark, the high 

amount of wind power flattens the price fluctuations while in Germany renewables has the 

opposite effect due to stronger impact on off-peak prices. The result is backed up by Ketterer 

(2014) also concluding the German electricity price on average decreases but the volatility 

increases. Nonetheless, as a result of regulatory changes in the renewable electricity marketing 

mechanism, the volatility decreased. 
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2.14 Models for storing energy 

The models available and researched for energy storage has a wide range of purpose making it a 

struggle to find relevant algorithms matching your specific need. The following paragraphs are 

from papers regarding energy storage proposing methods of end user cost reduction, storage 

sizing, and backup power reduction. 

 

Yoon & Kim (2014) investigated the end users cost savings of using an energy storage system 

with a renewable energy supply of electricity. The end user is subject to a time-of-use pricing 

and the storage algorithm is based on generation and load profiles of a typical residential user. 

The algorithm was concluded to work well as it reduced the end user’s cost by 17% compared to 

a system without energy storage. 

 

Shokrzadeh, et al. (2015) proposes a statistical algorithm for sizing energy storage required for 

delivering baseload electricity for a selected confidence for a wind farm. The result shows a 

steep increase in required storage size with increasing capacity factor. For example the required 

storage size roughly doubles as the capacity factor changes from 70% to 90%. 

 

Tan, et al. (2014) examines the advantage of utilizing energy storage systems to reduce the need 

for backup power produced by fossil fuel. In the paper, a demand and response system is 

introduced while solving scheduling optimization problems of system with wind power. It 

concludes proposed algorithm works well, however, the results are only displayed in unused 

equivalents of coal reduction and no real economic values where taken into concern. 

 

2.15 Conclusion 

Evaluate which type of energy storage is suitable for which type of floating wind turbine 

By the information found in the literature review, the main conclusion is that the suitability of 

storage and floating wind turbine combination is site specific. If the location is close to shore, 

relatively shallow, and the onshore area is nearby a mountain, the Tension-Leg platform with 

pumped hydro energy storage is the most suitable choice. However, for a non-site dependent 

solution, suitable for deep water, Ocean Renewable Energy Storage shows great potential with 

the Spar-Type- and Semi-Submersible floating platform. These two floating platforms are 
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minimally affected by the water depth and the Ocean Renewable Energy Storage has an 

increasing efficiency with deeper water. Thereby, the cost related to deeper oceans may be 

compensated by the higher efficiency of the energy storage. Furthermore, Ocean Renewable 

Energy Storage can be used as anchors for the mooring of the floating wind turbines and thereby 

have multiple usage. Lastly, the Ocean Renewable Energy Storage is the only storage option 

which can be co-located with the wind farm, which as described in chapter 12, decreases the 

need for transmission capacity. 

 

The literature review has covered the first research question. Thereby, this paper will conduct a 

study on Ocean Renewable Energy Storage using floating wind turbine economics of the Spar-

Type and the Semi-Submersible platform. 
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3 Methodology and data 
3.1 Introduction 

In this thesis, a methodology is proposed with the purpose of increasing the profit of offshore 

floating wind farms by using energy storage suitable for underwater placement. The literature 

review conducted in this paper gives a clear picture of the usefulness of energy storage in 

combination with renewable energy, especially wind energy. There is a consensus of storing 

energy’s ability to increase efficiency and profit of intermittent technologies and the question is 

no longer if, but how to best apply the technology. Therefore, a new algorithm has been 

developed for this research, aiming to increase the profit, as well as to find a suitable ratio of 

installed capacity wind farm versus capacity energy storage. 

3.2 Data input 

For the purpose of this thesis, primarily two sets of data are needed. Firstly, electricity spot-price 

data, preferably from a country where the spot-price is heavily influenced by wind power. From 

the literature review, Denmark was evaluated to be the most suitable due to it having the world’s 

greatest percentage of wind power in its energy mix. The historic spot-price data has been 

collected from the website of NordPool between the years 2013 – 2016. Secondly, wind data is 

needed in order to calculate the energy production and this data has been collected from offshore 

historic buoy data. Preferably this should be collected from the same country as the spot-price; 

unfortunately, historic buoy data is only available from the US. Therefore, the wind data used in 

this paper is only figurative and its purpose is only used to verify the method. 

 

The buoy used in this paper has the number 46028 collected from National Data Buoy Center. 

The location is 55 nautical miles north-west of Morro Bay in California and is chosen for its 

suitability for both floating wind turbines and Ocean Renewable Energy Storage. Between the 

years of 2013-2015, the site has an average wind speed varying between 9.3-9.8 m/s. The water 

depth is 1036 meters, which is rather deep even for floating turbines, however, it suits the energy 

storage well (NDBC, 2017). Additionally, the location is already being considered for a 765 MW 

floating wind farm by the company Trident Winds who recently requested a lease for the site 

(4Offshore, 2017). 
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3.3 Data Processing 

All data processing and calculations for wind data and spot-price in this project has been done 

using Matlab. The electricity spot-price data contains a daily price with flawless data, meaning, 

no days are missing. The wind data from the buoy contains an eight-minute average wind speed 

every 10 minutes throughout the year of 2013. Although, some data is missing, scattered 

throughout the year leading to a total amount of 8656 hours. The economical calculations, 

however, has been conducted using Microsoft Excel. 

3.4 Proposed method to increase the wholesale 

In the following chapters 3.5-3.19 the proposed methodology for increasing the wholesale, and 

plausibly the profitability of floating wind turbines, is explained step by step. In figure 1 below is 

a flow chart of the outline of the algorithm. 

 
Figure 1 Flow Chart of the Algorithm 
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3.5 Buoy Data 

The wind speed data from the buoy is at a height above the sea far too low for a wind turbine and 

it is thereby necessary to extrapolate to desired hub height. The hub height chosen is 100 meters, 

which is based on, so far, the only planned floating wind farm, the Hywind Scotland Pilot Park 

which will have a hub height of 101 meters. In equation 1 below is the power law formula used 

to extrapolate wind the speeds where Z is the hub height in meters, Zr is the reference height in 

meters, and Z0 is the roughness length. The roughness length is a measurement of surface 

roughness and the value for an open ocean is 5 millimeters. 
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3.6 Turbine model 

The turbine model selected for this study is the Siemens SWT-6.0-154. It is the model which will 

be used for the Hywind Scotland wind farm. The turbine has a rated power of 6 MW at 12 m/s, a 

cut-in wind speed at 4 m/s, and a cut-out wind speed at 25 m/s. In table 1 below is the technical 

specifications for this turbine. 

 

Table 2 Turbine Description 

IEC-class Nominal Power Rotor Diameter Swept Area Power Regulation 

1A 6000 kW 154 m 18 600 m2 Pitch Regulated, 

Variable Speed 

 

3.7 Spot-price 

The idea is to sell electricity while the spot-price is above average and store it while the spot-

price is below. The idea is not to store energy seasonably, which is why the average will be set to 

a weekly average to which the decision of storing or selling will be decided upon. The spot-price 

is divided into three values; the 7-day moving average, below average, and a yearly average of 

the above 7-day moving average. The below average values’ is, in the algorithm, replaced by the 
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higher value. This is a small simplification necessary for the algorithm to work. Below is a list of 

the steps necessary for the spot-price calculations. 

 

•   Import daily spot-price data 

•   Calculate the spot-price 7-day moving average 

•   Mean of above moving average 

•   Replacing below moving average with mean above average 

 

3.8 Storage Size 

The storage size is based on the maximum consecutive days of the spot-price being below the 

moving average. The capacity of the energy storage is set to be equivalent to the amount of 

consecutive days below average at rated power. Below are the steps necessary for the 

calculations.  

 

 

•   Count consecutive days below average 

•   Consecutive days below average times rated power 

 

In equation 2 below is the energy storage formula used to find the power capacity where E is the 

energy in kWh and t is the time in hours. 

 

 𝑃	   = 	  
𝐸
𝑡
 (2) 

 

Once the power necessary to account for the energy storage is found, the second research 

question can be answered: “What is a suitable ratio of installed storage capacity versus installed 

wind farm capacity?” The storage capacity is compared with the rated power of the wind turbine 

described in chapter 3.6. 

 

In equation 3 below is the formula for ratio where Pstorage is the Ocean Renewable Energy Storage 

capacity and Pwind farm is wind farm capacity, both in kW. 
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3.9 Wind Energy Production 

Normally, to estimate the wind energy production, the wind energy is sorted by the wind speeds, 

using e.g. the Weibull distribution, and the sum of corresponding hours. However, in order to 

test the proposed method of utilizing the energy storage with floating wind turbines, the wind 

data needs to be sorted into daily average. This is necessary due to the spot-price data being 

available on a daily basis. It is important to point out that this methodology cannot be used to 

verify the method for a specific location but rather gaining results which can be used to evaluate 

the methodology. The annual wholesale of the electricity is summed up by the daily wind energy 

production and its corresponding daily spot-price, both with and without the use of energy 

storage. The two results are then compared to quantify the difference. Below is the order of steps 

through the calculations. 

 

•   Calculate daily average wind speed 

•   Calculate daily energy production 

•   Calculate the sum of annual wholesale with daily spot-prices 

•   Calculate the sum of annual wholesale with replaced spot-price 

•   Compare the wholesale 

 

In equation 5 below is the formula for wind energy production measured in kilowatt hours 

[kWh] where ρ is the air density [kg/m3]; A is the swept area [m2]; v is the wind speed [m/s]; Cp 

is the power coefficient here set to 0.48 at below rated power. All wind speeds above rated 

power is replaced by the exact wind speed of rated power. For current turbine 12 m/s. This 

makes the power coefficient obsolete and set to the value of 1 in the algorithm. Cf is the turbine 

efficiency, here set to the typical value 0.85. Both the power coefficient and turbine efficiency 

are turbine specific and varies with the wind speed. However, these are obliged to secrecy and 

the simplifications will not have an impact on the objective of comparing wind energy 

production with- and without energy storage. 
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𝑊𝑝 =

𝜌×𝐴×𝑣C×𝐶E×𝐶𝑓
2

 
(4) 

 

In equation 5 below is the formula for wholesale where Wp is the wind energy production in 

kWh and SP is the spot-price in EUR/kWh of the corresponding day. 

 

 𝑊𝑆 = 𝑊𝑝	  ×𝑆𝑃 (5) 

3.10. Economic analysis 

The economic estimation in this thesis will be based on a rather simple cost estimation for two 

reasons. Firstly, both technologies are in its infancy which means that the cost is difficult to 

estimate and further cost reduction will most certainly be achieved prior to the technologies 

reaches full commercial maturity. Secondly, the main objective of this thesis is not to find the 

precise installation and operation cost (CAPEX and OPEX), instead, the objective is to find the 

economic difference between combining floating wind farms with energy storage and the 

standalone floating wind farms using the proposed method. Additionally, the hypothetical wind 

farm is based on a projected lifespan of 25 years. 

3.11 CAPEX Floating Wind Turbine 

From the literature review, Myhr et al. (2013) has provided the most extensive and detailed study 

regarding the CAPEX and production cost of floating wind turbines. The result by these authors 

can also be verified by similar investigations whose results are within the same range. The 

estimated CAPEX varies between platforms, however, the platforms suitable in combination 

with Ocean Renewable Energy Storage is the Spar-Type and the Semi-Submersible, both with a 

cost of approximately 3 500 000 EUR/MW.  

3.12 OPEX Floating Wind Turbine 

The OPEX is taken from the same investigation as the CAPEX Myhr et al. (2013) who estimated 

the operation and maintenance cost, including installation, to be 131 000 EUR/MW. 

3.13 CAPEX Ocean Renewable Energy Storage 

The cost of Ocean Renewable Energy Storage is of great uncertainty as it is still a technology 

under development. As for now, there is no empirical data regarding the cost, however, the 

Germany based Fraunhofer institute has analyzed the cost and efficiency of the technology 

concluding a price range of 1500 000 – 2000 000 EUR/MW which is competitive to Pumped 
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Hydro Energy Storage (Steel, 2016). Even though the cost cannot be verified at this point, it is 

safe to claim the technology will not be realized on a commercial scale unless it is cost 

competitive with other forms of energy storage. Thereby, to be on the conservative side, 2000 

000 EUR/MW will be the base cost of Ocean Renewable Energy Storage for the profit 

estimation. 

3.14 OPEX Ocean Renewable Energy Storage 

Just as the CAPEX of Ocean Renewable Energy Storage, the OPEX comes with great 

uncertainty for the same reason. However, Slocum et al. (2013) estimated the operation and 

maintenance cost to be 1% of the capital cost, arguing the complexity of deep water maintenance 

will most likely lead to an over dimensioned construction. 

 
3.15 Net Present Value 

The Net Present Value is a financial tool to estimate today’s value of an investment over a period 

of time at a discounted rate. The discounted rate is used to account for inflation and comparable 

interest rate in which the investment needs to be greater than, in order to be profitable. It is the 

result of the initial negative cash flow and the annual positive and negative cash flow. In 

equation 6 below is the formula for Net Present Value where Rt is the net annual cash flow, i is 

the discount rate, and t is the time in years. 
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3.16 Internal Rate of Return 

The Internal Rate of Return is the compounded annualized rate of return on an investment used 

to measure the quality of an investment. If two projects have the same initial cost, the project 

with the greatest Internal Rate of Return is more desirable. The rate is compared to the minimal 

accepted rate of return which is typically the Weighted Average Cost of Capital. In equation 7 

below is the formula for Internal Rate of Return where CFt is the net cash flow, r is the interest 

rate, and t is the time in years. 
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3.17 Weighted Average Cost of Capital 

The Weighted Average Cost of Capital is the nation- and technology specific interest rate in 

which the risk of investment is included. It is the measurement of the annual cost of an 

investment. It is necessary for the Net Present Value as it is included in the formula as well as 

the Internal Rate of Return in which the results are compared. Additionally, for utilities in 

Denmark, the Weighted Average Cost of Capital is 5.47% (WaccExpert, 2017). 

3.18 Payback Time 

One of the simpler financial tools to evaluate a plausible investment is the Payback Time. It is 

simply the quotient of all positive- and negative cash flows. The dispense of the time-value of 

money makes it simple and not all accurate. The tool’s usefulness, however, relies in its ability 

to easily compare similar projects and thus applies well to this study. In equation 8 below is the 

formula for Payback Time where CFout is the sum all expenses, both installation cost and annual 

maintenance cost. CFin is the sum of all income over the wind farm’s projected time. 

 

 𝑃𝑇	   = 	  
𝐶𝐹3T2
𝐶𝐹89

 (8) 

 
3.19 Sensitivity Analysis 

The sensitivity analysis aims to find out how, and to what extent, chosen parameters affect the 

financial results. The objective of the analysis is related to the research question “is the proposed 

method of utilizing energy storage with floating wind turbines economically sound” and “what is 

a suitable ratio of installed capacity energy storage versus wind farm capacity”. Since the 

proposed method of utilizing energy storage with floating wind turbine aims to answer if, and to 

what extent, the proposed method is profitable, the sensitivity analysis will keep the cost of the 

turbines fixed while the energy storage will be lowered in two steps. For the same reason, the 

wind turbine capacity will be fixed as well. Below are the two parameters which will be changed 

in three steps. 
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CAPEX of Ocean Renewable Energy Storage 

This will be lowered in two steps; 1500 EUR/kW and 1000 EUR/kW. The first value is the lower 

range of the estimated price described in chapter 3.13 and the second is an unreasonably low 

cost. The latter is tested to ultimately test the method’s chance of being profitable or if the 

storage size is unreasonable. 

 

Lower the Energy Storage Capacity 

The storage capacity will be lowered in two steps; 4000 kW and 2000 kW nominal power. This 

will also lower the wholesale which is considered by linearly lower the increased spot-price 

described in chapter 3.7. 
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4.  RESULTS  
4.1 Introduction 

Chapter 4 will demonstrate how the proposed algorithm described in chapter 3 is performing. 

The result from this chapter will ultimately determinate whether the proposed method of spot-

price based storage decision is a sound way of utilizing energy storage with wind power. 

4.2 Correlated Wind Data 

The wind speed correlations factor is a measurement of the ratio in wind speed between the 

measured wind speed and the wind speed at desired height above ground. The wind speed data 

are correlated from the buoy height of 5 meters up to the wind turbine hub height of 100 meters 

according equation 1 described in chapter 3.5. The product of correlating wind speed is used to 

multiply the wind speeds from the buoy data and the value is:  

 

𝑈"
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= 1.4337 

 

4.3 Spot-price 

The spot-price data and how it is handled is described in chapter 3.7 and in figure 2 to figure 5 

are the spot-price data from Denmark between the years 2013-2016, here displayed in blue. The 

spot-price data is the base to which the 7-day moving average has been calculated, here 

displayed in orange. Each day is the average spot-price of the previous seven days’ values and 

thus each day has a unique average value. Later, in the storage calculations, the decision on 

storing energy or selling electricity will be based on the results displayed in these figures where 

the lower values below average is replaced by the higher 1-year average of the upper values 

above the moving average. While the spot-price is below the 7-day moving average, energy will 

be stored instead of sold onto the grid. 

 

While the method was developed, a few ways of averaging was tested including yearly average 

and a 1-day moving average. The first resulted in a need for seasonal storing and the latter did 

not differ from the 7-day moving average. Furthermore, the averaging is not all complete as it 

fails to calculate the first seven days which must later be compensated for the algorithm to work.  
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With an ocular evaluation of the figures it can be concluded that the averaging works well, 

although not flawless. One example, in figure 2, the spot-price skyrocketed one day in early June 

leading to an overestimation of the following 7-day average. In this section, there is a peak 

which is likely to have been above average price had the spot-price not skyrocketed a couple of 

days earlier. Events like these may lead to an overestimation of the storage size as well as 

missing out on spot-price which would normally appear as high. 
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Figure 2 DK 2013 Spot-price 

 
Figure 3 DK 2014 Spot-price 
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Figure 4 DK 2015 Spot-price 

 
Figure 5 DK 2016 Spot-price 
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4.4 Consecutive Days 

In table 2 below is a summary of the filtering of Denmark’s spot-price data between the years 

2013-2016. To find a suitable size of storage, the data is filtered with a 7-day moving average 

was used to find the consecutive days above and below average.   

 
Table 3 Consecutive Days 

Year Max Consecutive 
Days Below 
Average 

Max Consecutive 
Days Above 
Average 

Number of 
Days Below 
Average 

Number of 
Days 
Above 
Average 

2013 9 8 174 185 
2014 9 11 180 179 
2015 9 11 170 189 
2016 11 9 175 184 
 

From the result of the consecutive days a few things can be concluded. The number of days 

above and below average is roughly the same over the years considered. The consecutive days, 

however, differs with a maximum of 2 days out of 11 which represents 22%. Nevertheless, due 

to limitation in the model, the charge and discharge time must be assumed with no complete 

discharge or charge sequences. Since the majority of years have 9 days of consecutive days 

below average the following calculations will be based on this. 

4.5 Storage 

The amount of storage proposed in this method is estimated according to the method described 

in chapter 3.8. The storage is set to be equivalent to 9 days of energy production at the wind 

turbine’s rated power. In table 3 below is the necessary data and the product of energy equivalent 

to the nine days of energy storage it is required to account for. The nominal Power is the wind 

turbine’s rated power; the hours is the time required for maximum energy storage; efficiency rate 

accounts for the Ocean Renewable Energy Storage roundtrip efficiency e.g. losses. 

 
Table 4 Energy Production of Consecutive Days 

Nominal Power Hours (9 days) Efficiency rate Energy [kWh] 

6 000 kW 216 70% 1 296 000 
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With the results in table 3, the required capacity can be calculated according to the method 

described in chapter 3.8 as well as the ratio of energy storage versus wind farm size. In table 4 

below is the result from which the ratio of Energy Storage versus Wind Farm is obtained 

 
Table 5 Required Capacity 

Storage Capacity Ratio Energy Storage / Wind Farm 

8 571 kW 1.42 

 

4.6 Compare electricity sale with and without storage 

In this chapter, the result of the replaced spot-price is displayed in figure 6 to figure 9 and the 

annual wholesales are compared with- and without energy storage in table 5. The spot-price is 

replaced by the method described in chapter 3.7. The below average spot-price is replaced with 

the mean of above average price and above average is kept the same. The actual spot-prices are 

displayed in with blue while the replacing spot-prices and the average spot-price are displayed in 

orange in the figures. 

 

The algorithm was simplified, in order to make the algorithm manageable, by using the mean of 

above average which does not make it completely accurate. In real-life operation, the stored 

energy would instead be sold with following day’s spot-price. This is most obvious in figure 9 

where the spot-price is over estimated from February to May. Although, this is compensated for 

later the same year when the algorithm chooses a lower price than the actual spot-price. As 

described in chapter 4.3, the first seven days of each year does not have an average. This has 

been replaced by the actual spot-price, however, it is not a big enough flaw that it will have an 

impact on the conclusion. 
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Figure 6 DK 2013 Spot-price with Moving Average 

 

 
Figure 7 DK 2014 Spot-price with Moving Average 
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Figure 8 DK 2015 Spot-price with Moving Average 

 

 
Figure 9 DK 2016 Spot-price with Moving Average 
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In table 5 below is a summary of the wholesale with- and without storage. The 

difference represents the ratio of increased wholesale with storage and without storage.  
Table 6 Annual Wholesale 

Years Sum Wholesale 

without storage 

Sum Wholesale 

with storage 

Difference 

2013 € 2 947 400 € 3 497 400 17.4% 

2014 € 2 372 100 € 2 747 300 15.8% 

2015 € 1 797 100 € 2 183 700 21.5% 

2016 € 2 086 400 € 2 334 000 11.9% 

 

4.7 Economic Results 

The economic results are derived from the methodology described in chapter 3.15 to chapter 

3.18 with the cost values described in chapter 3.11 to chapter 3.14. In table 6 below is the result 

of Net Present Value, Internal Rate of Return, and Payback Time. The table is structured in 

colors, each color representing the same year with two sets of results: one without energy storage 

and one with energy storage. For the objective of this paper, only the comparison of results from 

the same year is of value. Importantly, whether with storage in table 6 is less or more than 

without storage is the objective of value while the magnitude of the difference is less of value. 

The direction of the Net Present Value and Internal Rate of Return aims to be maximized, and 

Payback Time aims to be minimized. Lastly, all scenarios are calculated with an estimated 

operational length of 25 years and a discount rate of 5.47%. 
Table 7 Net Present Value, Internal Rate of Return, and Payback Time 

 NPV IRR Payback Time [Years] 

2013 Without Storage € 8 081 211 9,33% 10 

2013 With Storage -€ 3 752 204 4,38% 12 

2014 Without Storage € 333 481 5,64% 14 

2014 With Storage -€ 13 320 153 1,27% 22 

2015 Without Storage -€ 7 000 968 1,49% 21 

2015 With Storage -€ 20 509 189 -1,61% >25 
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2016 Without Storage -€ 3 310 784 3,70% 17 

2016 With Storage - € 22 044 959 - 2.33% >25 

 

4.8 Sensitivity Analysis 

In this chapter, the results of the sensitivity are displayed according to the method described in 

chapter 3.19. The study begins with the lower estimated cost of Ocean Renewable Energy 

Storage, 1500 EUR/kW and 1000 EUR/kW, here called ORES1500 and ORES1000 respectively. 

The latter part of this chapter displays the results of lowering the capacity in two steps, from the 

nominal power of 6000 kW down to 4000 kW and 2000 kW. For the capacity results, see table 

9-12 
Table 8 ORES1500 

 NPV IRR Payback Time [Years] 

2013 Without Storage € 8 081 211 9,33% 10 

2013 With Storage € 857 676 5,74% 16 

2014 Without Storage € 333 481 5,64% 14 

2014 With Storage -€ 8 710 273 2,48% 23 

2015 Without Storage -€ 7 000 968 1,49% 21 

2015 With Storage -€ 15 899 309 -0,49% >25 

2016 Without Storage -€ 3 310 784 3,70% 17 

2016 With Storage -€ 13 982 147 0,37% >25 

 
Table 9 ORES1000 

 NPV IRR Payback Time [Years] 

2013 Without Storage € 8 081 211 9,33% 10 

2013 With Storage € 5 467 557 5.72% 12 

2014 Without Storage € 333 481 5,64% 14 

2014 With Storage -€ 4 100 392 2.31% 19 

2015 Without Storage -€ 7 000 968 1,49% 21 

2015 With Storage -€ 11 289 428 - 0.79% >25 

2016 Without Storage -€ 3 310 784 3,70% 17 

2016 With Storage -€ 9 372 267 0.06% 25 



 38 

In table 9 below, the new capacity is calculated to correspond with the lower nominal power. 

Just as the results in chapter 4.5, these numbers are derived from using the same method 

described in chapter 3.8. 
Table 10 Indata Lower Capacity 

Nominal 
Capacity 

Hours Energy Efficiency Capacity Ratio 

4000 216 864 000 70% 5 713 0.95 

2000 216 432 000 70% 2 857 0.48 

 

With a lower energy storage capacity, the increased wholesale will be lower as well. This is 

linearly compensated for and the results are displayed in table 10 below. 
Table 11 Wholesale Lower Capacity 

Years Previous Difference 

in Wholesale 

Energy Capacity 

5713 kW 

Energy Capacity 

2857 kW 

2013 18.4% 12.3% 6.1% 

2014 17.1% 11.4% 5.7% 

2015 23.0% 15.3% 7.7% 

2016 12.9% 8.6% 4.3% 

 

With the results from table 10, the corresponding Net Present Value, Internal Rate of Return, and 

Payback Time are calculated. The results are displayed below in table 11 and table 12 and the 

new capacities 5712 kW and 2857 kW are named ORES5713 and ORES2857 respectively. 
Table 12 ORES5713 

 NPV IRR Payback Time [Years] 

2013 With Storage € 464 988 5,62% 16 

2014 With Storage -€ 8 508 030 2,42% 23 

2015 With Storage -€ 15 784 609 -0,76% >25 

2016 With Storage -€ 13 312 911 0,41% >25 
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Table 13 ORES2857 

 NPV IRR Payback Time [Years] 

2013 With Storage € 4 253 021 7,13% 14 

2014 With Storage -€ 4 088 350 3,75% 20 

2015 With Storage -€ 11 382 403 0,18% >25 

2016 With Storage -€ 8 312 923 1,78% >25 

 

In figure 10 to figure 12, a summary of all financial results is displayed starting with Net Present 

Value in figure 10, Internal Rate of Return in figure 11, and Payback time in figure 12. Here it 

becomes clear that the algorithm fails to improve floating wind turbine economics by utilizing 

Ocean Renewable Energy Storage. From 2013 to 2016, none of the economic tools are in favor 

of utilizing energy storage and the worst-case scenario is the original version of energy storage. 

Reducing the storage size improves the outcome, however, the profit is still greater without 

energy storage. Moreover, even with the lower estimated cost of energy storage in ORES1500 

and ORES1000, the economic results are still in favor of no energy storage. 

 

 
Figure 10 Net Present Value 
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Figure 11 Internal Rate of Return 

 

 
Figure 12 Payback Time 
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5. DISCUSSION AND ANALYSIS 
In chapter 5, the results are discussed, starting with the conclusions derived from the literature 

review which is also a basis for comparison to this papers results.  

 

From the literature review, it is evident that energy storage can successfully improve the 

performance of intermittent technologies such as wind power. The performance improvements 

include higher efficiency, leveling the supply and demand, lowering the amount of grid fault 

fees, product of increase in profit. Moreover, with intermittent renewable energy increasing its 

share of nations energy mix worldwide, it is not only profitable, but necessary to utilize energy 

storage. Conclusively, it is no longer a question if, but rather how to best utilize energy storage. 

Additionally, it was concluded a hybrid of floating wind turbines and Ocean Renewable Energy 

Storage is the most site independent combination, however not the cheapest. However, this 

combination was used to study the proposed algorithm for utilizing energy storage. 

 

The proposed method of utilizing energy storage with floating wind turbines in this paper differs 

on a few points compared to methods found in the literature review. The greatest difference 

relies on the algorithm’s approach to store energy or sell electricity onto the grid. Whereas the 

majority of available algorithms use excess electricity production to fill the energy storage, this 

algorithms approach is based on the electricity spot-price.  

 

The size of the energy storage, required to account for the energy of the nine consecutive days 

with electricity price below average, is 42% greater than the capacity of the wind turbine itself. 

From the position of the grid, using this algorithm would thereby mean the energy storage is the 

main source of electricity. Nine days of energy storage is huge compared to related research 

studied in the literature which is likely to be the key factor in why the obtained results came out 

negative. 

 

The increase in wholesale price, for the years 2013-2016, varied between 11.9% and 21.5%, 

however, the financial results were all in favor of no energy storage. With an energy storage 

versus wind farm ratio of 1.42, this is a rather disappointing result given the storage is, although 

cheaper than the floating wind turbines, not cheap enough to compensate for the difference.  
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The sensitivity analysis provided some interesting conclusions to be made. Obviously, by 

lowering the cost of Ocean Renewable Energy Storage, the financial results improved. However, 

the cost was lowered in two steps with the latter far lower than analysist expect to achieve and 

the financial results was still in favor of no energy storage. Lastly, the capacity of the energy 

storage was decreased to which the wholesale was lowered equally for as well. As a result, the 

profitability increased with lesser capacity, nonetheless, the financial results were in favor of no 

energy storage. 
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6. CONCLUSIONS 
6.1 Introduction 

In this paper, a new algorithm for utilizing energy storage is proposed, tested, and applied to 

floating wind turbine economics. The algorithm in this paper differs from related algorithms in 

its approach to store energy or to sell electricity onto the grid, it is based on the electricity spot-

price; whereas others are based on excess electricity production. 

6.2 Concluding remarks 

Using the algorithm, the wind farm must account for nine days’ worth of energy production with 

a result in energy storage versus wind farm ratio of 1.42. This is far more than comparable 

models found in the literature review where energy storage accounts for a maximum of below 

25% up to 90% of rated power of the wind turbine. The wholesale price increased between 11.9-

21.5% for the four years studied, however, all financial results favored with no energy storage 

which, again, differs from algorithms based on excess electricity production. According to the 

results derived from the sensitivity analysis, it was concluded that future cost reductions will not 

save the algorithm’s approach of utilizing energy storage due to the large size of energy storage 

required. By lowering the energy storage capacity, the profit increased however not enough to 

overcome the result of no energy storage. Conclusively, energy storage with wind power should 

be utilized in a way that minimizes the need for storage and algorithms based on excess 

electricity production seems to better achieve this goal.  

6.3 Limitations 

A few simplifications of the algorithm had to be made which inevitably affected the magnitude 

of the results. Nonetheless, the objective of this paper was to find the difference which was 

achieved successfully. 

6.4 Future Research 

The current algorithm, however not profitable, uses the electricity spot-price in its approach to 

store energy or sell electricity might possibly be a winning concept if it is modified to minimize 

the size of the energy storage. It is advised to focus on minimizing the need for storage capacity 

as this seems to be key to achieve profitable results. Although minimizing the storage size is the 

number one priority more sensitivity analyzes is necessary. The current researched is limited to 
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one location with a high average wind speed and future research is recommended to expand on 

parameters such as wind speed and shear profiles 
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APPENDIX A. Matlab Code of Spot-price Filtering  
 
% Filtering wind data 
% Wind Power thesis 
  
clear all 
close all 
clc 
  
readfile = dataset('File','elspot2013-2016.txt','Delimiter',' '); 
  
% Price vectors 
sp2013 = readfile.x2013; 
sp2014 = readfile.x2014; 
sp2015 = readfile.x2015; 
sp2016 = readfile.x2016; 
  
% Moving Average, 1 week. 
aver2013 = tsmovavg(sp2013,'s',7,1); 
aver2014 = tsmovavg(sp2014,'s',7,1); 
aver2015 = tsmovavg(sp2015,'s',7,1); 
aver2016 = tsmovavg(sp2016,'s',7,1); 
  
% Count elements below and above moving average 
countbel2013 = sum(sp2013<aver2013); 



 50 

countabo2013 = sum(sp2013>aver2013); 
counteq2013 = sum(sp2013==aver2013); 
  
countbel2014 = sum(sp2014<aver2014); 
countabo2014 = sum(sp2014>aver2014); 
counteq2014 = sum(sp2014==aver2014); 
  
countbel2015 = sum(sp2015<aver2015); 
countabo2015 = sum(sp2015>aver2015); 
counteq2015 = sum(sp2015==aver2015); 
  
countbel2016 = sum(sp2016<aver2016); 
countabo2016 = sum(sp2016>aver2016); 
counteq2016 = sum(sp2016==aver2016); 
  
% Count length of consecutive elements below moving average 
consec2013b = diff(find(~(sp2013<aver2013)) )-1;                             % Finds all consecutives 
numconsec2013b = numel(find(consec2013b>0.5));                               % Counts number of 
consecutives 
maxconsec2013b = max(consec2013b);                                           % Max number of consecutive 
days 
  
consec2014b = diff(find(~(sp2014<aver2014)) )-1; 
numconsec2014b = numel(find(consec2014b>0.5)); 
maxconsec2014b = max(consec2014b); 
  
consec2015b = diff(find(~(sp2015<aver2015)) )-1; 
numconsec2015b = numel(find(consec2015b>0.5)); 
maxconsec2015b = max(consec2015b); 
  
consec2016b = diff(find(~(sp2016<aver2016)) )-1; 
numconsec2016b = numel(find(consec2016b>0.5)); 
maxconsec2016b = max(consec2016b); 
  
% Count length of consecutive elements above average 
consec2013a = diff(find(~(sp2013>aver2013)) )-1; 
numconsec2013a = numel(find(consec2013a>0.5)); 
maxconsec2013a = max(consec2013a); 
  
consec2014a = diff(find(~(sp2014>aver2014)) )-1; 
numconsec2014a = numel(find(consec2014a>0.5)); 
maxconsec2014a = max(consec2014a); 
  
consec2015a = diff(find(~(sp2015>aver2015)) )-1; 
numconsec2015a = numel(find(consec2015a>0.5)); 
maxconsec2015a = max(consec2015a); 
  
consec2016a = diff(find(~(sp2016>aver2016)) )-1; 
numconsec2016a = numel(find(consec2016a>0.5)); 
maxconsec2016a = max(consec2016a); 
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% Collection of consecutive data 
  
% Below average 
Consecb = [consec2013b; consec2014b; consec2015b; consec2016b]; 
Numconsecb = [numconsec2013b; numconsec2014b; numconsec2015b; numconsec2016b]; 
Maxconsecb = [maxconsec2013b; maxconsec2014b; maxconsec2015b; maxconsec2016b]; 
Daysbel = [countbel2013; countbel2014; countbel2015; countbel2016]; 
  
  
% Above Average 
Conseca = [consec2013a; consec2014a; consec2015a; consec2016a]; 
Numconseca = [numconsec2013a; numconsec2014a; numconsec2015a; numconsec2016a]; 
Maxconseca = [maxconsec2013a; maxconsec2014a; maxconsec2015a; maxconsec2016a]; 
Daysabo = [countabo2013; countabo2014; countabo2015; countabo2016]; 
  
Years = {'2013'; '2014'; '2015'; '2016'}; 
Tbl = table(Maxconsecb,Numconsecb,Maxconseca,Numconseca,Daysabo,Daysbel, 'Rownames', 
Years); 
  
  
% Plots of electricity price with moving average 
  
% 2013 
figure(2013) 
startdate = datenum(2013,01,01); 
enddate = datenum(2013,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(xdata,sp2013) 
hold on 
plot(xdata,aver2013) 
title('2013 DK Spotprice with 1 Week Moving Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
axis('auto') 
  
% 2014 
figure(2014) 
startdate = datenum(2014,01,01); 
enddate = datenum(2014,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(sp2014) 
hold on 
plot(aver2014) 
title('2014 DK Spotprice with 1 Week Moving Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
axis('auto') 
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% 2015 
figure(2015) 
startdate = datenum(2015,01,01); 
enddate = datenum(2015,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(sp2015) 
hold on 
plot(aver2015) 
title('2015 DK Spotprice with 1 Week Moving Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
axis('auto') 
  
% 2016 
figure(2016) 
startdate = datenum(2016,01,01); 
enddate = datenum(2016,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(sp2016) 
hold on 
plot(aver2016) 
title('2016 DK Spotprice with 1 Week Moving Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
axis('auto') 
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APPENDIX B. Matlab Code of Wind Data Filtering 
 
% Wind data 
  
clear all 
close all 
clc 
  
readfile = dataset('file','WindData2013.txt','Delimiter',' '); 
  
WindData = readfile.WSPD; 
  
% Extrapolate 
href = 5; 
h100 = 100; 
z = 0.005; 
  
corrf = log(h100/z)/log(href/z); 
Wind100 = WindData*corrf; 
  
MeanWind = mean(Wind100); 
  
% Turbine data 
A = 18600; 
Efc = 0.85; 
Cp = 0.48; 
  
% Sort wind data into 10 min average 
n = 35; 
Wind = cell(n, 1); 
Hour = cell(n, 1); 
Powerw = cell(n, 1); 
Energyw = cell(n, 1); 
Powert = cell(n, 1); 
Energyt = cell(n, 1); 
Windday = cell(n, 1); 
  
for i = 1:1:n 
    Wind{i} = Wind100(Wind100 >i-0.5 & Wind100 <i+0.5);                     % Sorts data into bins of 
wind speed 
    Hour{i} = length(Wind{i})/6;                                            % Converts bins to hourly data 
    Powerw{i} = 0.5*1.25*(i)^3*0.001;                                       % The wind power by wind speed 
    Energyw{i} = Hour{i}.*Powerw{i};                                        % The energy in the wind by hour 
    Powert{i} = A*Efc*Cp*Powerw{i};                                         % The power per turbine 
    if i < 4                                                                % Cut-in, Cut-out, and rated power 
        Powert{i} = 0; 
    elseif i > 12 && i <= 25 
        Powert{i} = Powert{13}; 
    elseif i > 25 
        Powert{i} = 0; 



 54 

    end 
    Energyt{i} = Hour{i}.*Powert{i}.*0.001;                                 % Annual electricity produced 
end 
  
% Total Energy out in a year 
EnSum =sum(cell2mat(Energyt)); 
CumSum = cumsum(cell2mat(Energyw)); 
  
Cutin = sum(cell2mat(Energyw))*0.01; 
Cutout = sum(cell2mat(Energyw))*0.9; 
PRated = sum(cell2mat(Energyw))/3; 
  
  
Headlines = ['Cut-In Speed', 'Cut-Out Speed', 'Rated Power']; 
TableTurbine = table(Cutin,Cutout,PRated); 
  
% Plots 
% Power cure 
P = cell2mat(Powert); 
figure(1) 
plot(P) 
ylabel('kW') 
xlabel('Wind Speed [m/s]') 
  
% Yearly energy 
E = cell2mat(Energyt); 
figure(2) 
bar(E) 
ylabel('MWh') 
xlabel('Wind Speed [m/s]') 
xlim([0 25]) 
  
% Annual wholesale 
% Daily average of wind data 
T = readtable('WindData2013.txt'); 
x = num2cell(T{:,1:5},1); 
Time = datetime(x{:},0); 
tt = [timetable(Time),T(:,6:end)]; 
T_daily = retime(tt,'daily','mean'); 
T_dailyCorr = T_daily.WSPD.*corrf; 
T_hourly = retime(tt,'hourly','mean'); 
T_hourlyCorr = T_hourly.WSPD.*corrf; 
  
% Replace above rated wind speeds with rated wind speed 
T_dailyCorr(T_dailyCorr >12) = 12; 
  
% Storage need calculated using the average wind speed 
WindMean = nanmean(T_hourlyCorr); 
WindProdMean = 0.5*1.25*A*WindMean^3*24*0.5; 
StoreDay = 9; 



 55 

WindStoreNeed = WindProdMean * StoreDay; 
  
% Daily electricity price 
spotprice = dataset('File','elspot2013-2016.txt','Delimiter',' '); 
  
% Price vectors 
sp2013 = spotprice.x2013; 
sp2014 = spotprice.x2014; 
sp2015 = spotprice.x2015; 
sp2016 = spotprice.x2016; 
  
% Wholesale using daily average 
Cp1 = 0.48; 
Cp2 = 1; 
for i=1:365 
     
    if T_dailyCorr < 12 
        ws2013 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*sp2013./1e6; 
        ws2014 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*sp2014./1e6;  
        ws2015 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*sp2015./1e6;  
        ws2016 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*sp2016./1e6; 
    else 
        ws2013 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*sp2013./1e6; 
        ws2014 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*sp2014./1e6;  
        ws2015 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*sp2015./1e6;  
        ws2016 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*sp2016./1e6; 
    end 
end 
  
  
% Annual income using daily average 
sum2013 = nansum(ws2013); 
sum2014 = nansum(ws2014); 
sum2015 = nansum(ws2015); 
sum2016 = nansum(ws2016); 
  
% Wholesale using storage 
  
% Moving Average, 1 week. 
aver2013 = tsmovavg(sp2013,'s',7,1); 
aver2014 = tsmovavg(sp2014,'s',7,1); 
aver2015 = tsmovavg(sp2015,'s',7,1); 
aver2016 = tsmovavg(sp2016,'s',7,1); 
  
% Filtering above and below average 
% Calculate the average of above average 
aver13cell = num2cell(aver2013); 
sp13cell = num2cell(sp2013); 
above13 = cell(365,1); 
below13 = cell(365,1); 
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aver14cell = num2cell(aver2014); 
sp14cell = num2cell(sp2014); 
above14 = cell(365,1); 
below14 = cell(365,1); 
  
aver15cell = num2cell(aver2015); 
sp15cell = num2cell(sp2015); 
above15 = cell(365,1); 
below15 = cell(365,1); 
  
aver16cell = num2cell(aver2016); 
sp16cell = num2cell(sp2016); 
above16 = cell(365,1); 
below16 = cell(365,1); 
  
for i = 1:365 
    if aver13cell{i} < sp13cell{i} 
        above13{i} = sp13cell{i}; 
    elseif aver13cell{i} > sp13cell{i} 
        below13{i} = sp13cell{i}; 
    end 
end 
  
for i = 1:365 
    if aver14cell{i} < sp14cell{i} 
        above14{i} = sp14cell{i}; 
    elseif aver14cell{i} > sp14cell{i} 
        below14{i} = sp14cell{i}; 
    end 
end 
  
for i = 1:365 
    if aver15cell{i} < sp15cell{i} 
        above15{i} = sp15cell{i}; 
    elseif aver15cell{i} > sp15cell{i} 
        below15{i} = sp15cell{i}; 
    end 
end 
  
for i = 1:365 
    if aver16cell{i} < sp16cell{i} 
        above16{i} = sp16cell{i}; 
    elseif aver16cell{i} > sp16cell{i} 
        below16{i} = sp16cell{i}; 
    end 
end 
  
above13mean = mean(cell2mat(above13)); 
below13mean = mean(cell2mat(below13)); 



 57 

above14mean = mean(cell2mat(above14)); 
below14mean = mean(cell2mat(below14)); 
above15mean = mean(cell2mat(above15)); 
below15mean = mean(cell2mat(below15)); 
above16mean = mean(cell2mat(above16)); 
below16mean = mean(cell2mat(below16)); 
  
abovemean = [above13mean,above14mean,above15mean,above16mean]; 
belowmean = [below13mean,below14mean,below15mean,below16mean]; 
dfc = abovemean-belowmean; 
  
% Electricity only sold when spot-price above average 
% Simplified by selling below average for the mean above average price 
  
wsstore13 = cell(365,1);                                                    % WholeSale storage 
wsstore14 = cell(365,1); 
wsstore15 = cell(365,1); 
wsstore16 = cell(365,1); 
  
for i = 1:6 
    wsstore13{i} = sp13cell{i}; 
    wsstore14{i} = sp14cell{i}; 
    wsstore15{i} = sp15cell{i}; 
    wsstore16{i} = sp16cell{i}; 
end 
  
for i = 7:365 
    if aver13cell{i} < sp13cell{i} 
        wsstore13{i} = sp13cell{i}; 
    elseif aver13cell{i} > sp13cell{i} 
        wsstore13{i} = above13mean; 
    elseif aver13cell{i} < sp13cell{i} 
        wsstore13{i} = sp13cell{i}; 
    end 
end 
  
for i = 7:365 
    if aver14cell{i} < sp14cell{i} 
        wsstore14{i} = sp14cell{i}; 
    elseif aver14cell{i} > sp14cell{i} 
        wsstore14{i} = above14mean; 
    elseif aver14cell{i} < sp14cell{i} 
        wsstore14{i} = sp14cell{i}; 
    end 
end 
  
for i = 7:365 
    if aver15cell{i} < sp15cell{i} 
        wsstore15{i} = sp15cell{i}; 
    elseif aver15cell{i} > sp15cell{i} 



 58 

        wsstore15{i} = above15mean; 
    elseif aver15cell{i} < sp15cell{i} 
        wsstore15{i} = sp15cell{i}; 
    end 
end 
  
for i = 7:365 
    if aver16cell{i} < sp16cell{i} 
        wsstore16{i} = sp16cell{i}; 
    elseif aver16cell{i} > sp16cell{i} 
        wsstore16{i} = above16mean; 
    elseif aver16cell{i} < sp16cell{i} 
        wsstore16{i} = sp16cell{i}; 
    end 
end 
  
  
% Comparison of the different whole sale 
ws13 = cell2mat(wsstore13); 
ws14 = cell2mat(wsstore14); 
ws15 = cell2mat(wsstore15); 
ws16 = cell2mat(wsstore16); 
  
for i = 1:365 
    if T_dailyCorr < 12 
        wss2013 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*ws13./1e6; 
        wss2014 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*ws14./1e6; 
        wss2015 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*ws15./1e6; 
        wss2016 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp1.*Efc.*ws16./1e6; 
    else 
        wss2013 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*ws13./1e6; 
        wss2014 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*ws14./1e6; 
        wss2015 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*ws15./1e6; 
        wss2016 = T_dailyCorr.^3.*24.*0.5.*1.25.*A.*Cp2.*Efc.*ws16./1e6; 
    end 
end 
  
wssum13 = nansum(wss2013); 
wscom13 = wssum13/sum2013; 
  
wssum14 = nansum(wss2014); 
wscom14 = wssum14/sum2014; 
  
wssum15 = nansum(wss2015); 
wscom15 = wssum15/sum2015; 
  
wssum16 = nansum(wss2016); 
wscom16 = wssum16/sum2016; 
  
% Table of results 
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wssum = [wssum13;wssum14;wssum15;wssum16]; 
sums = [sum2013;sum2014;sum2015;sum2016]; 
wscom = [wscom13;wscom14;wscom15;wscom16]; 
  
Years = {'2013', '2014', '2015', '2016'}; 
TblResult = table(wssum,sums,wscom,'RowNames',Years); 
  
% Plots of spotprice, moving average, and mean above average 
strabove13 = ones(365,1)*above13mean; 
strabove14 = ones(365,1)*above14mean; 
strabove15 = ones(365,1)*above15mean; 
strabove16 = ones(365,1)*above16mean; 
  
  
figure(2013) 
startdate = datenum(2013,01,01); 
enddate = datenum(2013,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(xdata,sp2013) 
hold on 
plot(xdata,ws13) 
hold on 
plot(xdata,strabove13) 
  
title('2013 DK Spotprice, Moving Average, and Mean Above Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
  
figure(2014) 
startdate = datenum(2014,01,01); 
enddate = datenum(2014,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(xdata,sp2014) 
hold on 
plot(xdata,ws14) 
hold on 
plot(xdata,strabove14) 
  
title('2014 DK Spotprice, Moving Average, and Mean Above Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
  
figure(2015) 
startdate = datenum(2015,01,01); 
enddate = datenum(2015,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(xdata,sp2015) 
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hold on 
plot(xdata,ws15) 
hold on 
plot(xdata,strabove15) 
  
title('2015 DK Spotprice, Moving Average, and Mean Above Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
  
figure(2016) 
startdate = datenum(2016,01,01); 
enddate = datenum(2016,12,31); 
xdata = linspace(startdate,enddate,365); 
  
plot(xdata,sp2016) 
hold on 
plot(xdata,ws16) 
hold on 
plot(xdata,strabove16) 
  
title('2016 DK Spotprice, Moving Average, and Mean Above Average') 
ylabel('EUR/MWh') 
datetick('x','mmm','keeplimits') 
  
 
APPENDIX C Spot-Price Data 
 
Date 2013 2014 2015 2016 
01/01 26.22 21.87 16.31 16.62 
02/01 33.17 23.08 4.97 14.33 
03/01 30.93 27.09 15.29 11.77 
04/01 30.20 22.27 21.06 16.92 

05/01 35.36 26.79 38.00 19.77 
06/01 34.68 22.11 29.26 25.76 
07/01 49.10 22.95 29.20 23.98 
08/01 46.39 26.60 24.95 25.62 
09/01 39.76 28.29 23.26 24.42 
10/01 41.06 25.43 14.93 21.19 
11/01 43.02 28.06 3.74 32.48 
12/01 41.60 19.40 11.22 29.54 
13/01 39.52 38.71 23.38 29.24 
14/01 51.31 47.49 24.58 30.16 
15/01 50.44 40.60 23.18 33.84 

16/01 51.90 31.07 20.31 27.80 
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17/01 53.56 31.55 27.26 26.39 
18/01 47.91 29.27 27.10 37.81 
19/01 38.60 18.77 34.37 43.83 
20/01 36.48 30.43 40.44 48.65 
21/01 37.23 42.24 41.35 51.86 
22/01 47.75 41.81 41.84 27.80 
23/01 57.40 36.85 39.49 23.86 
24/01 58.46 38.83 27.62 22.27 
25/01 50.90 31.27 28.13 24.19 
26/01 36.06 24.23 28.31 18.20 
27/01 31.12 25.81 27.33 14.62 
28/01 36.01 32.98 26.24 16.50 
29/01 31.42 33.19 26.75 16.13 
30/01 28.44 34.03 30.32 11.38 
31/01 27.80 35.07 28.04 11.24 
01/02 37.01 28.29 27.75 18.18 
02/02 36.20 25.72 32.44 13.31 
03/02 32.87 33.38 38.06 16.53 
04/02 31.13 32.94 43.68 18.20 
05/02 30.81 31.45 39.23 20.78 
06/02 39.15 30.24 32.46 15.35 
07/02 40.92 27.44 23.83 9.52 
08/02 39.73 27.05 14.54 13.12 
09/02 38.50 17.48 24.30 13.39 
10/02 37.56 31.84 27.99 19.66 
11/02 41.83 33.42 40.11 20.68 
12/02 43.00 30.56 41.62 24.01 
13/02 49.75 26.64 32.78 18.64 
14/02 39.93 30.54 27.39 17.26 
15/02 40.14 14.30 26.37 21.17 
16/02 38.63 13.17 27.55 26.17 
17/02 38.01 29.66 33.14 18.48 
18/02 39.48 32.32 27.01 23.10 
19/02 38.27 38.36 25.96 20.70 
20/02 39.34 32.69 25.67 13.15 
21/02 51.14 28.52 25.90 9.36 
22/02 47.99 25.71 25.60 14.90 
23/02 37.03 20.06 23.71 19.64 
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24/02 33.52 25.37 25.91 20.02 
25/02 38.92 28.02 29.72 25.61 
26/02 41.75 39.20 26.25 22.03 
27/02 42.52 30.80 25.72 19.52 
28/02 38.11 39.56 24.97 18.94 
01/03 42.88 31.49 13.17 19.98 
02/03 37.68 27.73 25.18 21.43 
03/03 35.10 27.90 25.58 22.33 
04/03 45.63 38.57 26.39 22.19 
05/03 40.43 39.24 30.78 19.40 
06/03 42.97 28.50 27.11 19.79 
07/03 39.74 26.21 22.59 23.49 
08/03 35.43 25.41 20.63 25.65 
09/03 30.27 18.59 30.85 22.87 
10/03 18.57 29.08 24.40 23.78 
11/03 37.86 33.12 30.40 26.80 
12/03 46.93 31.98 33.91 23.10 
13/03 49.42 29.06 26.34 21.88 
14/03 53.22 26.87 24.26 22.91 
15/03 47.33 13.57 24.06 22.47 
16/03 27.67 -4.13 24.38 22.16 
17/03 10.83 18.10 25.16 22.17 
18/03 27.95 26.79 35.04 21.75 
19/03 39.50 22.14 33.75 21.46 
20/03 46.46 21.24 30.73 20.14 
21/03 54.81 20.62 24.13 21.46 
22/03 43.46 23.26 24.38 21.89 
23/03 33.91 23.59 24.80 21.59 
24/03 43.08 30.36 41.20 21.17 
25/03 44.69 27.45 27.04 20.52 
26/03 45.47 27.11 27.96 19.19 
27/03 47.17 28.15 27.72 12.75 
28/03 48.14 28.98 23.72 3.68 
29/03 42.98 27.52 21.81 18.38 
30/03 46.22 27.83 21.50 21.40 
31/03 44.50 31.27 22.47 21.91 
01/04 46.29 35.76 18.36 23.27 
02/04 56.17 35.37 24.73 20.46 
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03/04 49.56 33.18 24.51 19.72 
04/04 50.11 28.65 25.57 22.83 
05/04 52.99 28.42 25.23 24.93 
06/04 48.83 25.86 25.39 20.93 
07/04 43.76 28.25 25.81 20.15 
08/04 57.87 25.31 30.91 21.64 
09/04 52.72 24.17 38.79 21.49 
10/04 49.88 36.85 31.65 20.51 
11/04 53.38 30.46 24.29 22.31 
12/04 52.60 25.80 6.77 22.16 
13/04 50.10 12.97 20.02 24.42 
14/04 35.33 20.71 25.87 24.95 
15/04 43.40 24.82 23.18 22.32 
16/04 48.84 34.84 25.19 20.63 
17/04 42.52 17.63 25.69 17.22 
18/04 26.92 23.59 24.40 20.68 
19/04 30.50 25.47 23.51 18.79 
20/04 35.73 21.67 25.46 21.42 
21/04 36.29 20.37 24.64 21.42 
22/04 42.66 27.55 28.19 21.44 
23/04 29.65 26.88 21.71 21.75 
24/04 35.59 31.69 28.35 21.25 
25/04 36.57 29.92 23.07 24.38 
26/04 36.27 27.60 23.78 24.08 
27/04 35.40 24.44 33.95 24.09 
28/04 32.85 39.50 31.91 25.69 
29/04 35.10 40.19 26.41 22.18 
30/04 36.71 36.11 28.31 22.65 
01/05 35.30 26.64 24.62 21.62 
02/05 39.70 31.19 23.48 24.89 
03/05 38.00 30.05 21.08 24.42 
04/05 33.84 29.95 25.05 25.87 
05/05 35.56 41.21 25.54 21.29 
06/05 43.49 32.81 23.77 21.77 
07/05 40.38 37.71 21.99 18.55 
08/05 37.46 37.48 27.23 15.91 
09/05 34.75 40.56 19.01 21.15 
10/05 34.80 28.08 15.17 23.48 
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11/05 33.24 23.56 22.13 24.39 
12/05 34.11 32.31 26.44 24.72 
13/05 39.36 35.95 19.72 25.92 
14/05 39.45 31.07 18.11 19.73 
15/05 37.81 37.78 22.10 20.03 
16/05 36.42 32.32 19.74 21.74 
17/05 34.24 29.20 10.93 23.79 
18/05 29.29 27.54 26.54 28.10 
19/05 30.50 39.70 23.25 32.62 
20/05 31.36 40.16 31.01 24.82 
21/05 40.79 39.35 31.41 22.85 
22/05 32.79 33.19 23.15 21.86 
23/05 44.48 38.73 18.23 24.16 
24/05 46.56 29.25 19.78 23.84 
25/05 33.09 27.37 22.00 23.59 
26/05 24.63 51.66 23.60 25.21 
27/05 46.50 33.57 24.68 26.50 
28/05 40.91 28.32 22.21 23.25 
29/05 39.52 28.92 20.79 20.84 
30/05 37.42 35.01 16.72 21.66 
31/05 35.51 23.04 13.51 26.38 
01/06 32.83 26.18 20.79 30.35 
02/06 30.51 38.93 16.13 28.78 
03/06 35.25 42.76 15.31 28.88 
04/06 38.64 40.03 22.30 25.12 
05/06 40.84 32.30 17.69 22.83 
06/06 61.42 31.08 10.05 30.53 
07/06 436.33 28.91 8.36 29.12 
08/06 35.48 25.16 19.72 28.39 
09/06 35.28 28.72 26.82 29.02 
10/06 40.64 33.42 21.12 25.47 
11/06 43.15 40.65 26.11 26.68 
12/06 42.20 36.33 29.23 24.94 
13/06 35.79 28.65 13.19 28.56 
14/06 31.53 24.26 8.01 30.32 
15/06 32.13 24.03 16.73 30.80 
16/06 28.14 32.39 24.70 36.31 
17/06 38.45 40.41 17.15 33.83 
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18/06 37.92 34.52 11.08 24.54 
19/06 35.80 19.92 10.50 22.82 
20/06 37.72 24.74 9.31 26.09 
21/06 29.17 22.31 17.75 33.15 
22/06 17.17 21.00 29.92 33.20 
23/06 19.18 31.13 24.50 29.74 
24/06 33.97 39.84 11.15 30.01 
25/06 35.40 38.19 16.78 28.01 
26/06 29.09 39.44 29.87 23.34 
27/06 32.09 36.90 23.13 27.16 
28/06 32.56 31.27 17.58 33.16 
29/06 29.01 28.26 27.61 27.43 
30/06 24.56 34.62 31.28 26.51 
01/07 31.96 34.06 23.43 24.20 
02/07 37.15 33.22 11.47 21.05 
03/07 30.88 31.04 30.56 19.56 
04/07 40.47 31.90 33.38 30.83 
05/07 33.67 28.13 19.78 26.98 
06/07 29.03 25.54 10.28 18.89 
07/07 28.75 33.62 25.16 22.73 
08/07 33.16 29.21 8.08 28.55 
09/07 32.65 27.43 5.67 23.29 
10/07 30.67 31.51 5.42 23.50 
11/07 36.08 31.46 21.83 23.46 
12/07 35.97 29.84 10.06 28.00 
13/07 32.46 25.62 19.38 31.99 
14/07 27.48 28.79 17.82 25.36 
15/07 33.44 32.78 9.94 24.20 
16/07 35.70 35.59 31.42 23.22 
17/07 40.86 36.27 10.03 23.46 
18/07 38.18 35.70 6.43 28.80 
19/07 34.58 28.87 8.92 31.50 
20/07 34.42 24.28 12.22 29.16 
21/07 34.19 28.49 8.73 30.10 
22/07 40.70 30.33 12.51 31.31 
23/07 41.17 30.52 8.25 29.36 
24/07 50.41 30.80 20.45 26.88 
25/07 50.86 32.70 6.48 31.61 



 66 

26/07 41.56 31.60 2.73 31.02 
27/07 35.69 30.10 10.55 29.49 
28/07 33.25 33.89 10.52 29.60 
29/07 46.12 34.20 7.64 28.95 
30/07 36.41 32.56 7.58 26.91 
31/07 35.43 31.56 6.34 25.22 
01/08 40.32 31.25 14.01 26.52 
02/08 36.64 28.99 12.82 31.55 
03/08 32.11 29.42 13.04 24.08 
04/08 35.09 35.88 13.47 21.56 
05/08 36.64 36.30 23.52 29.33 
06/08 36.51 37.91 15.06 21.09 
07/08 40.28 36.87 25.57 19.07 
08/08 39.80 52.77 8.74 18.64 
09/08 40.42 28.18 12.94 19.93 
10/08 34.26 27.26 42.64 21.33 
11/08 32.46 22.51 37.10 28.29 
12/08 39.20 28.57 36.19 26.39 
13/08 37.53 31.91 37.55 18.71 
14/08 33.55 33.80 9.76 21.56 
15/08 37.15 34.90 23.92 31.84 
16/08 35.72 29.61 14.00 30.80 
17/08 34.47 8.57 11.43 32.71 
18/08 29.53 31.34 12.08 31.66 
19/08 56.14 28.09 30.57 35.78 
20/08 43.52 27.07 34.22 25.52 
21/08 45.53 32.56 25.71 22.22 
22/08 52.62 31.47 20.10 35.42 
23/08 46.31 30.60 15.44 35.40 
24/08 33.79 27.51 22.60 35.51 
25/08 30.55 36.30 20.55 31.25 
26/08 48.99 40.93 24.04 29.55 
27/08 50.88 37.92 17.59 26.52 
28/08 53.07 36.36 26.20 23.26 
29/08 53.94 35.80 21.35 25.16 
30/08 45.93 32.03 25.61 34.71 
31/08 32.38 32.74 31.40 32.35 
01/09 28.91 37.36 27.33 30.54 
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02/09 30.06 37.93 11.36 29.98 
03/09 49.11 36.45 22.21 29.07 
04/09 53.24 35.39 27.89 24.59 
05/09 46.68 37.37 10.85 36.78 
06/09 38.05 33.52 5.23 30.25 
07/09 37.47 33.70 27.83 29.21 
08/09 34.36 35.49 30.55 31.59 
09/09 48.86 34.10 32.28 31.46 
10/09 48.44 37.25 30.57 26.89 
11/09 49.69 40.49 18.97 26.92 
12/09 54.26 39.02 14.78 30.28 
13/09 50.03 35.02 19.11 29.67 
14/09 37.94 34.05 18.82 27.52 
15/09 35.31 36.36 15.46 27.56 
16/09 41.22 40.03 20.05 24.88 
17/09 36.65 39.19 15.17 25.82 
18/09 49.78 39.34 15.03 24.72 
19/09 52.71 42.34 16.63 34.79 
20/09 55.86 38.57 16.28 34.68 
21/09 38.83 30.98 32.69 35.02 
22/09 28.30 28.95 21.63 32.59 
23/09 40.24 41.69 36.48 29.01 
24/09 52.37 36.81 18.06 27.69 
25/09 55.64 32.92 15.30 22.70 
26/09 54.95 32.23 14.23 36.44 
27/09 52.58 32.16 17.12 29.48 
28/09 39.09 31.98 29.27 20.95 
29/09 31.27 41.23 28.86 19.62 
30/09 38.27 45.50 27.12 22.54 
01/10 47.80 48.19 21.12 29.76 
02/10 37.29 45.00 22.43 30.02 
03/10 24.21 35.40 22.36 27.11 
04/10 22.62 30.95 25.00 29.74 
05/10 36.04 31.93 31.06 26.53 
06/10 37.98 30.40 13.25 24.99 
07/10 40.08 27.59 14.47 28.01 
08/10 38.19 29.46 20.09 28.73 
09/10 40.12 32.10 32.68 29.12 
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10/10 41.30 31.38 20.64 41.99 
11/10 35.57 33.80 20.13 29.71 
12/10 30.87 32.98 24.86 34.55 
13/10 31.78 36.02 26.25 31.21 
14/10 44.16 35.83 23.87 27.84 
15/10 48.35 34.14 23.54 25.92 
16/10 54.15 36.09 23.84 31.38 
17/10 37.87 33.48 23.37 31.54 
18/10 34.88 30.94 24.54 36.09 
19/10 38.10 26.34 39.36 35.21 
20/10 38.71 23.76 41.37 36.14 
21/10 47.69 31.31 27.54 33.13 
22/10 35.34 30.30 23.80 33.57 
23/10 31.94 30.11 23.47 34.68 
24/10 34.91 25.08 23.94 40.42 
25/10 39.33 22.63 23.04 52.05 
26/10 28.12 17.20 35.11 39.74 
27/10 11.97 16.59 31.07 36.00 
28/10 27.77 6.11 27.07 32.30 
29/10 28.73 27.39 44.09 32.37 
30/10 33.43 34.25 35.61 36.21 
31/10 33.68 27.18 24.91 42.99 
01/11 32.29 20.98 25.56 35.02 
02/11 34.59 15.04 32.41 37.93 
03/11 10.18 18.36 32.80 45.28 
04/11 27.92 28.55 30.10 41.40 
05/11 33.93 29.27 27.02 38.84 
06/11 39.02 34.38 25.82 35.57 
07/11 37.28 28.89 22.74 41.11 
08/11 37.80 24.04 15.93 53.90 
09/11 34.49 21.76 21.84 47.81 
10/11 32.29 29.93 21.61 52.29 
11/11 40.53 30.31 24.35 47.70 
12/11 34.77 27.63 24.33 37.75 
13/11 35.91 42.84 23.28 37.15 
14/11 38.03 29.84 20.62 36.41 
15/11 42.34 25.83 22.82 36.08 
16/11 32.74 23.79 23.80 37.08 
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17/11 33.42 32.75 24.98 31.78 
18/11 43.54 32.83 24.18 24.17 
19/11 38.89 46.72 22.06 29.89 
20/11 40.41 46.60 27.33 14.75 
21/11 39.40 43.37 24.88 32.18 
22/11 40.90 31.87 24.30 35.46 
23/11 34.56 28.20 47.29 36.64 
24/11 31.42 28.03 25.39 37.39 
25/11 43.43 45.83 32.54 36.68 
26/11 46.82 40.38 33.25 32.15 
27/11 34.91 31.30 22.57 30.77 
28/11 31.15 29.39 20.32 40.43 
29/11 34.18 26.98 12.71 34.35 
30/11 31.00 27.73 18.52 31.95 
01/12 23.88 29.55 23.69 26.90 
02/12 46.93 50.82 23.99 30.84 
03/12 36.74 54.30 25.60 35.03 
04/12 35.00 50.97 20.53 34.51 
05/12 31.27 39.62 15.23 34.69 
06/12 26.64 34.63 11.29 52.61 
07/12 29.90 22.06 23.41 31.44 
08/12 30.60 30.36 21.36 26.97 
09/12 43.45 40.06 19.33 29.39 
10/12 38.96 22.47 18.05 28.05 
11/12 47.57 26.57 19.71 28.76 
12/12 33.98 27.25 19.68 40.81 
13/12 34.51 28.13 23.26 34.88 
14/12 30.64 28.41 38.43 40.51 
15/12 23.50 27.16 37.77 33.59 
16/12 29.34 30.91 33.95 40.24 
17/12 40.91 30.82 28.74 33.16 
18/12 35.19 26.76 18.19 32.07 
19/12 30.25 21.89 15.16 33.97 
20/12 31.18 6.78 12.82 32.45 
21/12 23.07 11.28 13.01 29.74 
22/12 3.64 7.68 10.68 29.16 
23/12 21.84 17.26 11.44 26.18 
24/12 -6.28 19.81 9.74 6.61 
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25/12 20.89 20.41 8.26 -2.48 
26/12 28.87 30.93 11.07 -6.28 
27/12 23.33 31.36 10.05 4.78 
28/12 19.60 32.99 17.71 29.76 
29/12 25.29 37.94 14.91 30.05 
30/12 27.22 30.55 15.66 28.78 
31/12 24.97 29.01 13.68 23.37 
 
 


