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Abstract. The offshore wind energy industry has witnessed rapid growth in the past decade. Still, there is a lack of commercial floating wind projects due to the relatively high development costs and other factors. To facilitate the holistic evaluation of floating wind farms in Norway, this article investigates the levelized cost of energy of a floating offshore wind farm and its economic feasibility. The Troll field west of Bergen, Norway, is assumed to be the target offshore site, and a farm size of 50 wind turbines with a lifespan of 25 years are considered. Each floating wind turbine has a 15-megawatt turbine mounted on a semi-submersible floater. Based on detailed analysis, the levelized cost of energy of the wind farm is estimated to be approximately 100.7 $/MWh. The capital expenditure is the most prominent cost and constitutes 63.1% of the total cost, and the operational expenditure constitutes the remaining 36.9%. Further, sensitivity analyses show the influence of the lifespan, capacity factor, and project discount rate on the levelized cost of energy. The present study contributes to techno-economic evaluation of floating wind projects at an early phase.
Introduction
The primary benefit of offshore wind farms is to enhance the capacity of renewable energy sources in mitigating the impact of global warming [1]. With extensive maritime resources, industrial competence, and technical know-how from the petroleum sector, Norway is well-positioned for a leading role in floating offshore wind production [2].
Levelized Cost of Energy (LCOE) is a term used to describe the average cost of producing electricity from a particular energy source throughout its lifetime [3]. For floating wind farms (FWFs), the generated electricity price depends on many factors including the design of the support structure, grid connection, installation methods [4], and operations and maintenance. LCOE can be utilized to evaluate the cost-effectiveness of various electricity-producing methods, e.g., different types of wind farms.
The primary hurdle to making floating wind power commercially viable is the substantial capital investment required, which is notably higher than that for bottom-fixed turbines [5]. This represents the critical challenge of high costs that must be addressed to enable the widespread deployment of floating wind energy systems. Figure 1 illustrates a comparison of the estimated LCOE among different energy sources. Here,  the global data are derived from [6-9] and the Norwegian data from [10]. As shown, the [image: Chart, box and whisker chart

Description automatically generated]expenses associated with offshore floating wind power are perceived as higher than other energy sources. Compared to the bottom-fixed offshore wind energy, the floating offshore wind energy has higher uncertainty in the LCOE estimated by either the Norwegian Water Resources and Energy Directorate (NVE) or by the global one. To reduce the uncertainties in the LCOE estimation, it is necessary to consider site-specific offshore conditions and turbine-specific technologies of the target offshore wind farm. To facilitate economic feasibility analysis of FWFs, we focus on a Norwegian offshore site and carry out a detailed LCOE analysis of an FWF consisting of 15-megawatt (MW) wind turbines for this site. The results of this paper contribute to an improved understanding of the cost elements for an offshore FWF and the key cost drivers of the LCOE. Figure 1. Levelized cost of energy for different energy sources

The rest of the paper is structured as follows. Section 2 describes the approach for calculating the LCOE. Section 3 defines the floating wind turbine (FWT) system. Sections 4-5 specify the site conditions and the reference wind farm, and Section 6 present the results.  Section 7 draws the concluding remarks. 
Approach 

2.1 Components of LCOE
The LCOE is a quantitative representation of the cost-effectiveness of an energy project. LCOE can be calculated as the quotient of the total project cost and the cumulative electricity generation over the project's lifespan [3]. Equation (1) shows how the LCOE of an offshore wind farm is computed:

	
	
	(1)



where  is the investment expenditures,  is the operations and maintenance costs,  is the fixed charge rate, and  is the annual energy generation. After calculating the LCOE, the generated number is given in dollars per MW hour [$/MWh]. 

2.2 Estimation of CapEx and OpEx
The CapEx is calculated with ORBIT for all cost components of a wind farm except the wind turbine. As the ORBIT tool was released in 2017, advancements have been made in the field after its release. To ensure accuracy in estimation, it is necessary to retrieve information regarding the wind turbine cost from an up-to-date source. Thus, the wind turbine cost is retrieved from an analysis conducted by Rystad [11]. From ORBIT, the costs are given in $ from 2017; thus, it is necessary to adjust for inflation until 2023. 
Two different inflation factors are utilized for calculating the adjusted CapEx, namely the Producer Price Index (PPI), and the steel price. PPI is applied to all general costs, such as production and installation, while the steel prices are applied to adjust the costs related to steel components, such as the material price of the substructure of an FWT. Table 1 displays the calculation of the factors applied for adjusting the CapEx. All values are retrieved from the Organization for Economic Co-operation and Development [12].


Table 1. Calculation of CapEx Inflation Adjustment Factors
	Description
	Reference Value
	2023 Value
	Adjustment Factor

	PPI (general)
	108.9 (2017)
	147.8
	1.35

	PPI (wind turbine)
	128.5 (2020)
	147.8
	1.15

	Steel Price Index
	1060.7 (2017)
	1845.7
	1.74



2.3 Calculation of FCR
FCR is the percentage of capital costs that need to be allocated to cover the cost of capital [13]. The equation used to calculate the FCR encompasses both the interest paid on debt and the return on equity, so  results in the constant yearly annuity payment. FCR is presented in the following equation:

	
	
	(2)



where  is the weighted average cost of capital and  the economic lifetime of the system. As the WACC is calculated to be 4.73 %, and the economic lifetime of the system is set to 25 years, the FCR for yields:
	
	
	(3)



Description of the floating wind turbine 
The properties of the semi-submersible FWT are determined based on the models developed by Jonkman et al. [14] and Gaertner et al. [15]. These reference wind turbine models were developed to support conceptual studies of offshore wind technology.
[image: Diagram

Description automatically generated]The selected semi-submersible substructure is modeled based on the Offshore Code Comparison Collaboration Continuation (OC4) system developed by the National Renewable Energy Laboratory (NREL) [16]. This semi-submersible floater involves three side columns and one main column in the center [14]. All of these columns are connected through a set of diagonal steel members and pontoons. Figure 2 displays a top and side view of the semi-submersible substructure and Figure 3 shows the full system with a mooring system. As the original semi-submersible floater was designed to support a 5-MW wind turbine, the steel costs of the floater [image: A diagram of a wind turbine

Description automatically generated]are scaled up by considering the power rating (15 MW) of the target wind turbine. The wind turbine characteristics are selected based on the NREL 15-MW wind turbine model proposed by Gaertner et al. [15]. This is a conventional three-bladed turbine with active blade pitch control. Table 2 lists main parameters of the wind turbine.Figure 2. Top and side view of the semi-submersible floater
Figure 3. Illustration of the semi-submersible FWT with moorings

[bookmark: _Toc133508210][bookmark: _Toc134085994][bookmark: _Toc134644733]Table 2. Specifications of the wind turbine
	Description
	Unit
	Value

	General information
	
	

	Power rating
	MW
	15

	Number of blades
	-
	3

	Rated wind speed
	m/s
	10.59

	Cut-in speed
	m/s
	3

	Cut-out speed
	m/s
	25

	Tower
	
	

	Length
	m
	150

	Mass
	ton
	480

	Nacelle
	
	

	Mass
	ton
	797

	Hub height
	m
	150

	Blade
	
	

	Length
	m
	120

	Mass
	ton
	72

	Rotor diameter
	m
	240









Description of site conditions

4.1 Geographical conditions
[image: Et bilde som inneholder diagram, kart

Automatisk generert beskrivelse]The target wind farm is in the northern North Sea, along the Norwegian coast, with a water depth of approximately 325 m [17]. The area has not previously been explored for offshore wind, as the only FWF in Norway, Hywind Tampen, is located 128 km northwest of the site. The entire Troll field has an area of 750 km2 in total and has three existing oil platforms. So, the target wind farm can be used to power the existing oil field. Figure 4 displays the geographical location of the Troll field.Figure 4. Geographical location of the Troll field


4.2 Metocean conditions
To describe the long-term wind speed distribution at the Troll field, a two-parameter Weibull probability distribution model is used to fit the mean wind speed over 29 years. The fitted curve (blue) along with the scatter of mean wind speed is illustrated in Figure 5 where α and β are respectively the shape and scale parameters of the Weibull distribution. Figure 6 illustrates the intensity and direction of the wind conditions in a wind rose. The wind rose data are obtained from the Norwegian Centre for Climate Services [18]. As shown, the southeast wind direction is dominant for this site.

       Figure 6. Wind rose at Troll 
Figure 5. Long-term distribution of mean wind speed at Troll

Case study of a reference wind farm

5.1 Wind farm layout
The baseline wind farm is assumed to have a lifespan of 25 years and consists of 50 turbines, each with 15 MW rated power. Thus, the FWF has a theoretical capacity of 750 MW. Figure 7 displays the layout of the reference wind farm. 
Figure 7. Layout of the studied FWF


As shown, the wind turbines are arranged in a 10 by 5 array. There are 10 cables connected to the offshore substation (OSS), where the cables increase in voltage and radius closer to the OSS to sufficiently transport the electricity with minimal loss in transportation. To reduce the aerodynamic wake loss, the spacing between the turbines is set to 8 times the rotor diameter in the dominant wind direction and 4 times the rotor diameter perpendicular to the dominant wind direction. As FWTs are in motion, these spacings are expected to be larger than those of bottom-fixed wind turbines. This layout is chosen for the sake of simplicity and no layout optimization is carried out in this work.
5.2 Capacity factor of the reference wind farm
To calculate the capacity factor for the reference wind farm, statistical methods are used. The method used is based on the Weibull distribution of the wind speed and combining this with the specific wind turbine power curve of the 15MW turbine. Figure 8 shows the idealized power curve, which is derived from [15], and the probability distribution plotted together.
 Figure 8. Power output curve and probability distribution of the wind speed


By integrating the Weibull distribution while using the power curve as the upper limit, the capacity factor can be found. This will provide an approximated capacity factor of the 15 MW wind turbine at the Troll site. The integration is performed in Python and shows that the calculated capacity factor is 57.75% To account for grid or array losses, as well as potential downtime, 5% has been subtracted from the calculated capacity factor; thus, the capacity factor used for the reference wind farm is set to 52.75%. In reality, larger fluctuations are expected in the wind speed and power output in turbulent wind, and FWF control will play an important role in the power quality.

5.3 Cost categories for the wind farm
To evaluate the cost distribution,  in this thesis some sub-sections have been developed. For both the design and installation phases, the sub-sections contain the electrical components, turbine, and substructure. In the installation phase, the turbine and substructure are combined because of the onshore assembly and the towing process. The mooring design and installation have also been combined under one section since the costs are a small part of the total CapEx. Other sub-costs include all soft costs, project costs, and OpEx. An overview of the cost sub-sections and an outline of what segments each of the sub-cost sections includes has been specified in Table 3.

[bookmark: _Toc134087660][bookmark: _Toc134644741]Table 3. Cost elements included in the different cost categories
	Cost Category
	Cost elements

	Electrical grid
	Inter-array cables
	Export cable
	Offshore substation
	Substation foundation

	Turbine
	Tower
	Nacelle
	Rotor blades
	Hub

	Substructure
	Stiffened column
	Truss
	Heave plate
	Secondary steel 

	Mooring line
	Steel chain
	Anchor
	
	

	Soft
	Insurance
	Financing
	Commissioning 
	Decommissioning

	Project
	Site auction
	Site assessment
	Construction plan
	Installation plan

	OpEx
	Operation
	Maintenance
	
	







Results and discussion

6.1 Initial calculation for the LCOE
Based on the approach presented in Section 2, some components that are not evaluated in ORBIT but are needed in the calculation of the LCOE. These components are calculated as follows:

	
	
	(4)

	
	
	(5)



6.2 Total LCOE estimation and cost description for the reference wind farm
Table 4 shows the CapEx distribution for the reference FWF. The cost categories and detailed cost elements are defined in Table 3. According to Table 4, the total investment for manufacturing and installing the reference wind farm of 50 wind turbines is $ 3 772 572 000, which implies a cost for each installed turbine including all components of $ 75 451 440.


[bookmark: _Toc134091755][bookmark: _Toc134644747]Table 4. Cost breakdown of CapEx
	    Cost Category
	              Cost
	Percentage of CapEx

	
	Electrical Grid
	$ 384 363 000
	
	10.2 % 
	

	
	Electrical Grid Installation
	$ 221 400 000
	
	5.9 %
	

	
	Turbine
	$ 759 000 000
	
	20.1 %
	

	
	Substructure
	$ 1 275 740 000
	
	33.8 %
	

	
	Substructure Installation
	$ 56 700 000
	
	1.5 %
	

	
	Mooring Line (Inc. Installation)
	$ 218 120 000
	
	5.8 %
	

	
	Soft
	$ 653 400 000
	
	17.3 %
	

	
	Project
	$ 203 850 000
	
	5.4 %
	

	
	Total
	$ 3 772 572 000
	
	100 %
	



Table 5 displays the key parameters applied for the LCOE calculations, along with the computed LCOE for the reference wind farm. The table shows that the LCOE of the reference wind farm is 100.69 $/MWh.
[bookmark: _Toc134644748]Table 5. Parameters for LCOE Calculations
	Description
	Reference Wind Farm

	CapEx
	$ 3 772 572 000

	OpEx (annual)
	$ 88 500 000

	AEP
	3 465 575 MWh

	FCR
	6.9 %

	Lifespan
	25 years

	LCOE
	100.69 $/MWh











To evaluate which components contribute most to the LCOE, all costs related to energy production are displayed in Figure 9.
[image: ]In Figure 9, the costs of installation have been included in the total cost of components. The mooring line is the smallest cost with a total of 3.67 $/MWh, while the largest LCOE contributor is OpEx, with a cost of 37.22 $/MWh. The cost related to operation and maintenance accounts to approximately 37% of the LCOE over the 25 years of production. Hence, this cost component is the most significant individual cost driver, although the combined costs of CapEx are greater than the OpEx.Figure 9. Total LCOE and its cost distribution


6.3 Sensitivity analysis of the reference wind farm 
To analyze how LCOE varies with different input parameters, several sensitivity analyses have been performed. This will provide insights into factors that impact the LCOE for the reference FWF.

6.3.1 Key cost drivers of LCOE
[image: ]The key cost drivers of LCOE are presented in Figure 10, and it shows which factors are the most prominent on the LCOE, and how they change when the cost drivers fluctuate. The baseline LCOE, which is 100.69 $/MWh, is set to zero. From this baseline, the diagram shows how much the LCOE is affected by different cost drivers. The diagram shows that the lifespan, capacity factor, and project discount rate have the highest impact on the LCOE. From the baseline, all have the potential to substantially influence the LCOE by . Figure 10. Key parameters affecting LCOE




6.3.2 Effect of project lifespan and capacity factor 
As the project lifespan and the capacity factor are two important factors in the cost of the LCOE, their influences are highlighted in Figure 11 and Figure 12. 
[image: Et bilde som inneholder stridsvogn

Automatisk generert beskrivelse]










Figure 11. Variation of LCOE with project lifespan.


Figure 11 shows that the LCOE is reduced as the project's lifespan increases. 275.1 $/MWh is the LCOE at a five-year lifespan, and it is reduced to 89.8 $/MWh for a 35-year lifespan, which is a reduction of 67.3%. It further shows that the LCOE is not reduced linearly, but more significantly at the start of the lifespan. Although the longer life spans provide a lower LCOE, the CapEx has not been adjusted according to the different lifespans. Materials for an FWF with longer life spans may be more time-consuming and expensive to install, which the model has not taken into consideration.
[image: Et bilde som inneholder stridsvogn

Automatisk generert beskrivelse]Figure 12 illustrates that higher capacity factor leads to a reduced LCOE. Thus, it is of high importance to choose wind farm sites with the best wind resources to achieve a capacity factor. On the other hand, as most waves are wind-driven, such sites are often associated with large waves and higher material costs for mooring systems and substructures are expected.Figure 12. Variation of LCOE with capacity factor


6.4 Financial modeling
For evaluating the economic potential of the wind farm, selected financial calculations have been conducted. Thus, net present value, (NPV), internal rate of return (IRR), and payback period (PP) are calculated and used as basis for evaluation. These are calculated based on a discounted cash flow analysis, where the project discount rate equals the pre-tax WACC, which is 5.46%. Table 6 displays the cash flow in the five first years and the five last years of the project, along with the resultant NPV, IRR, and PP.
[image: ]Table 6. Calculation of NPV, IRR, and PP

As the reference FWF has a negative NPV of over $ 500 000 000, the project is not a profitable investment without government subsidies, and various measures need to be considered. The cost of manufacturing and installing an FWF is quite significant, which results in a large initial cost, and considerable debt. An IRR of 4.0% is not necessarily an unacceptable yield, but as this level is lower than the WACC, which implies that the investment may be reassessed. An IRR lower than the WACC implies that the cost of opportunity may be higher than the considered alternative, thus other investments might be more profitable.
Concluding remarks

This paper presents a comprehensive analysis of an offshore floating wind farm located in the Norwegian Sea. In the research model, each floating wind turbine has a semi-submersible floater with a 15 MW turbine, and the investigated wind farm consists of 50 turbines with a life span of 25 years. The calculated levelized cost of energy is 100.69 $/MWh, where capital expenditure constitutes 63.1% of the total cost. This indicates that one of the primary challenges with floating offshore wind is the substantial capital investment required. A sensitivity analysis show that the primary cost influencers on the levelized cost of energy are the lifespan, capacity factor, and project discount rate. Financial analyses show that the reference wind farm is not economically feasible due to a negative net present value, and an internal rate of return lower than the weighted average cost of capital.
As this study is limited to a wind farm layout, idealized power curve for the wind turbines and simplified OPEX estimates, future work can address the motion characteristics of floating wind turbines, wind farm with multiple-rated wind turbines, and advanced operation and maintenance strategies. All these elements will influencein the economic analysiss.  
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USDm 2024 2025 2026 2027 2028 2029 2046 2047 2048 2049 2050

Total Revenue -            333.2 333.2 333.2 333.2 333.2 333.2 333.2 333.2 333.2 -           

(-) CapEx 3 571.0    -            -            -            -            -            -            -            -            -            -           

(-) OpEx -            88.5         88.5         88.5         88.5         88.5         88.5         88.5         88.5         88.5         -           

(-) Decommisioning -            -            -            -            -            -            -            -            -            -            36.0        

(+) Depreciation -            142.8       142.8       142.8       142.8       142.8       142.8       142.8       142.8       142.8      

(-) Principal Payment -            166.6       166.6       166.6       166.6       166.6       -            -            -            -           

(-) Interest Payment -            118.0       110.1       102.3       94.4         86.5         -            -            -            -            -           

(+) Interest Tax Deduction -            26.0         24.2         22.5         20.8         19.0         -            -            -            -            -           

Cash Flow 3 571.0 -   128.9       135.0       141.2       147.3       153.4       387.6       387.6       387.6       387.6       36.0 -       

Cumulative Cash Flow 3 571.0 -   3 442.1 -   3 307.1    3 165.9 -   3 018.6 -   2 865.1 -   1 719.8    2 107.4    2 494.9    2 882.5    2 846.5   

Disc. Rate 5.46 % NPV -561.9 USDm IRR 4.0 % PP 18 years, 30 weeks


