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Abstract: Offshore wind farms are great options for addressing the world’s energy and climate change
challenges, as well as meeting rising energy demand while taking environmental and economic
impacts into account. Floating wind turbines, in specific, depict the next horizon in the sustainable
renewable energy industry. In this study, a life-cycle cost analysis for floating offshore wind turbines
is developed by combining the most recent data and parametric formulas from databases and relevant
papers. The cost analysis models focused on cost minimization with special emphasis on Operation
and Maintenance Cost (OPEX), Decommissioning Cost (DECOM), and Levelized Cost of Energy
(LCOE), which are important factors in wind power economy. Given that floating wind energy is
still developing, the presented scenarios should be beneficial in making future decisions. The cost
analysis scenarios include on-site and off-site maintenance scenarios for OPEX. In addition, four
alternative scenarios for DECOM have been examined: mechanical recycling, mechanical-incineration,
incineration processes, and landfill. According to the findings of these scenarios, OPEX varies from
16.89 to 19.93 £/MWh and DECOM between 3.47 and 3.65 £/MWh, whilst the total LCOE varied
from 50.67 to 66.73 £/MWh.

Keywords: barge-type floating wind turbine; decommissioning cost (DECOM); end of life; floating
wind turbine; levelized cost of energy (LCOE); life cycle cost analysis (LCC); offshore wind energy;
operation and maintenance cost (OPEX); renewable energy

1. Introduction

The electricity-generating industry is considered to be one of the primary producers
of greenhouse gas emissions, accounting for 25% of total global emissions [1,2]. To address
this problem, countries should focus on renewable energy sources [3]. Today, wind power
is a rapidly expanding renewable energy resource, most notably in the United Kingdom,
Germany, the United States of America (USA), and China [4]. Its capacity has increased
significantly in recent decades, reaching 622 GW in 2019 and anticipated to rise to 903 GW
by 2023, with a 12% annual growth rate [5]. Offshore and floating wind energy are deemed
to have a high development potential and are likely to become one of the primary renewable
energy sources [6-9].

Fixed foundations are the dominant type of offshore wind farms, installed in shallow
water. However, research and development (R&D) works have risen dramatically in the
last several years, with various models being developed for deep water operations. When
wind turbines are installed in deep water, the supporting structures are of the floating type.
Different floating platforms have been proposed, with the Semi-Submersible, Tension Leg
Platform, Barge-Type, and Spar Buoy being the four most common forms [10-13]. Given the
rapid advancement of floating wind turbine technology, research into economic feasibility
and investment profitability is presently a high priority. Hence, life-cycle cost factors
are becoming more important for operators, developers, and investors when evaluating
floating wind turbine platforms [6].
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A life-cycle cost analysis (LCC) is a cost analysis technique that was initially presented
by the United States Department of Defense (DoD) in the 1970s. When it was first intro-
duced, it was widely used in a broad range of industries involving construction, energy,
manufacturing, and healthcare [14]. LCC analysis is a method of assessing a system or
project’s long-term economic viability. The potential of LCC analysis tools to identify,
analyse, assess, and minimise the total cost of important activities makes it a useful tool in
the conceptual phase of any project. Using the findings of an LCC analysis, managers may
gain more detailed information about the financial life of assets while also assisting other
stakeholders in making appropriate investment choices [15].

When conducting a Life Cycle Cost (LCC) assessment of offshore and floating wind
farms, it is imperative to consider the key elements of wind power economics. Specifically,
these entail the Capital Cost (CAPEX), Operation and Maintenance Cost (OPEX), and
Decommissioning Cost (DECOM) [16]. CAPEX represents the largest portion of the LCC
for wind power plants, encompassing all investment expenditures incurred before the
start-up date. OPEX includes all expenses accrued after the commencement of commercial
operations but before decommissioning, necessary for maintaining the project’s operation
and ensuring turbine efficiency [17,18]. CAPEX may constitute up to 80% of the overall
cost of a wind power project over its lifetime and includes expenses related to turbines,
substructures (platforms, mooring systems, and anchoring), and transmission systems
(onshore and offshore substations, and cables) [17]. DECOM covers all the costs associated
with cleaning up the land. Usually, following the deconstruction of offshore infrastructure,
some elements, such as the steel of floating platforms or the aluminium, copper materials
of electrical lines, may be sold for scrap, generating some income. Consequently, this
operation generates a profit that could be deducted from the expenses [19]. Furthermore,
DECOM handles the expenses of the end stage of a wind farm’s life cycle, which amounts
to approximately 1-3% of the total cost [20].

Literature Review of Life Cycle Cost Analysis for Offshore and Floating Wind Energy

As a consequence of the increased investment in new wind power projects over the
past ten years, life cycle cost analysis modelling, and analysis of wind power systems
have gained a great deal of interest. Madariaga et al. [21] indicated that developing a
realistic and accurate technique for LCC analysis of large offshore wind farms that takes
into consideration all relevant features of the associated project is an extremely difficult
challenge. Mekhilef et al. [22] carried out an investigation to assess offshore wind farms
in Malaysia. According to their reports, the locations bordering the South China Sea
are financially efficient, with energy prices estimated based on a 2 MW of wind turbine
assessment. Ibrahim and Albani [23] performed another investigation to assess the potential
of wind energy in Kudat. They noted that with a payback time of fewer than 10 years, wind
energy-generating capacity is 10 to 11% on average and found that the most favourable
prices for wind projects with committed capital were in the range of MYR (Malaysian
ringgit) 0.46 to 0.80 per kWh.

Nian et al. [24] indicated that cost reduction and performance improvement may help
lower the LCOE of offshore wind generation. More crucially, their research showed that
even under the worst-case climate scenarios, offshore wind can compete with solar PV
on LCOE. Mytilinous and Kolios [25] concentrated on life cycle cost parameters that are
directly related to the physical elements of each site, where three alternative offshore wind
farm layouts and four kinds of wind turbines are taken into account. These have total costs
ranging between £1.6 million and £1.8 billion.

In cost-cutting investigations [26-28], LCOE is used to calculate future costs based
on technological learning curves or projections. These may be constrained by the small
cumulative capacity of offshore wind farms against which to forecast cost reductions, as
well as the limited number of site options, which specify the distance to transmission
network and sea depth. While various wind turbine’s component costs may decrease in
price with time, real project costs may rise as projects advance into deeper waters and
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further from shore. Moreover, while evaluations from international organisations [9,29]
provide a worldwide view of cost comparisons, most studies do not explicitly address
the cost of financing, which has a considerable influence on LCOE due to the capital-
intensive nature of the wind energy sector. This is reported by Ebenhoch et al. [30], who
found that a tiny percentage change in the weighted average cost of capital (WACC) had
the greatest influence on the overall cost of a project, behind only generating capacity.
Rinne et al. [31] indicated that when operational lifespan was expected to be 20 years
and simulated expenses were less than 50 €/MWh, a change in interest rate produced the
second-biggest loss in wind energy potential.

Some studies expressly address geographical factors. Cavazzi and Dutton [32], and
Hdidouan and Staffel [33] undertook spatially detailed studies of the United Kingdom's
LCOE of wind energy. Cavazzi and Dutton [32] evaluated the economics of the UK’s
offshore energy potential, while Hdidouan and Staffel [33] investigated the impact of
weather and climatic variability on LCOE. The foundation and transmission expenditures
of wind farms are determined by distance and depth-based functions in both studies.

Kaiser and Snyder [34] considered all elements of offshore wind facility installation
and decommissioning and then established a methodological approach to quantify the
associated costs. Nilsson and Bertling [35], and Judge et al. [36] also evaluated the LCC of
wind farms, although, these studies primarily concentrate on analysing the expenditures
during the operation and maintenance (O&M) stage.

With regard to floating wind turbine cost analysis, there has recently been considerable
interest in the LCC analysis of floating wind turbines. Laura and Vicente [19] developed
a thorough framework for cost analysis of floating wind turbines. They suggested a cost
breakdown structure (CBS) to highlight the cost elements involved in the six stages of
development of floating wind turbine technologies being conceptualization, development,
manufacture, installation, usage, and disposal. Myhr et al. [37] developed an analytical
model to analyse the levelized cost of energy of five different floating wind turbine plat-
forms, including the Spar-Buoy, Tension-Leg-Spar, Semi-Submersible, Tension-Leg, and
Tension-Leg-Buoy platforms. Moreover, they highlighted that floating turbine for rising
depths may have a lower levelized cost of energy (LCOE) than bottom-fixed turbines. Baita-
Saavedra et al. [38] concentrated on the economics of an offshore concrete floating wind
platform, a 10 MW wind turbine in Europe’s Atlantic Arc. As a consequence, their results
indicated that the Canary Islands in Spain and Flores in Portugal are the most effective
areas in a financial sense at which to erect a floating offshore wind farm constructed of
concrete platforms in Europe’s South Atlantic region. It is possible that these locations will
contribute future advancements in the offshore wind sector. Maienza et al. [39] investigated
the economics of Semi-Submersible, Spar-Buoy, and Tension Leg platforms in Southern
Italy, taking into account their CAPEX, OPEX, and DECOM costs. Their research revealed
that semi-submersible platforms are more cost-effective than other types of floating wind
platforms, according to their observations.

In the light of the literature review, Laura and Vicente [19], Myhr et al. [37] and
Maienza et al. [39] investigated the levelized cost of energy (LCOE) for various floating
turbine platforms including Spar-Buoy, Tension-Leg-Spar, Semi-Submersible, Tension-Leg,
and Tension-Leg-Buoy designs. Baita-Saavedra et al. [38] focused specifically on the LCOE
of concrete Spar-Buoy platforms in certain European regions. Notably, the LCOE analysis
of barge-type floating wind turbine models, another significant design, was not addressed
in these studies. The present study considers the cost analysis of a barge-type floating wind
turbine, evaluating the costs of various operating and maintenance scenarios as well as end-
of-life scenarios. The aim of this study is to propose a method for the minimization of the
levelized cost of energy for operation, maintenance, and decommissioning for barge-type
floating wind turbines.
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2. Methods

The cost analysis approach is structured around a breakdown of Life Cycle Cost (LCC)
and utilizes the Levelized Cost of Energy (LCOE) methodology. LCC analysis encompasses
three main components: Capital Expenditure (CAPEX), Operational Expenditure (OPEX),
and Decommissioning Costs (DECOM) [40]. These components are further divided into five
categories to represent the entirety of a floating wind project, spanning conceptualization
to decommissioning [41]. Figure 1 illustrates the various stages of LCC, including prede-
velopment and consenting, production and acquisition, installation and commissioning,
operation and maintenance, and decommissioning and disposal, while Table 1 summarizes
the equations for those that. Equation (1) provides a standardized definition for the floating
wind turbine’s life cycle costs or economic viability cost (ECy):

ECy =) (Ccapex + Corex + Cpecom) 1)

C, = The total cost over a lifetime.

Capital Cost (CAPEX)

Operation and

. Decommissionin
Maintenance Cost g

Cost (DECOM)

(OPEX)
T A A A
Predevelopment Production and Installation and Operation and Decommissioning
and Consenting Acquisition Commissioning Maintenance and Disposal
. . Operation tecinnt
Project Management Wind Turbine Port Rental Decommissioning

Insurance

+ + f Transmission Charges
Legal Authorization i
8 Support Structures Installation of the Y Waste Management
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*  Wind Turbine Maintenance
Surveys Power Transmission System = Offshore Electrical System * Direct Maintenance Cost
v +  Cables *  Onshore Electrical System Corrective Maintenance Site Clearance
* Offshore Substation Proactive Maintenance
f *  Onshore Substation T * Indirect Maintenance Cost
Port
Engineering f Commissioning Vessels
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* SCADA f

Contingencies
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Figure 1. Life cycle cost analysis for offshore and floating wind farms.

The major characteristics of wind power economics are considered while calculating
the LCC of offshore and floating wind farms. These are the Capital Cost (CAPEX), Opera-
tion and Maintenance Cost (OPEX), and Decommissioning Cost (DECOM) [18,39]. Wind
farm capital expenditures (CAPEX) are the major contributor to the life cycle cost of wind
farms and are defined as the initial investment costs incurred during the development and
construction stages of a wind farm [16]. OPEX includes all expenses made after the start of
commercial operations but before the end of the project’s operational life, such as mainte-
nance activities, which are required to keep the project running and its turbines operating at
optimal efficiency [16]. DECOM is comprised of the costs associated with decommissioning
and site clearing. Following the decommissioning stage, the site must be cleaned up in
accordance with established rules. As a result, site clearing entails the removal of all assets
associated with the offshore and floating wind farms from the construction site [39].
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Table 1. Summarize of CAPEX, OPEX and DECOM.

Costs

Formulation

The total cost over a lifetime
Predevelopment and consenting
Project management
Legal authorization
Surveys
Engineering
Contingencies
Production and acquisition
Wind turbines
Support structures
Power transmission system

Monitoring system

Installation and commissioning
Port cost
Installation of the components
Operation and maintenance (O&M)
Operational expenditures
Maintenance
Indirect maintenance
Decommissioning and disposal
Decommissioning
Waste management
Levelized cost of energy

ECy = Y(Ccarex + Coprex + Cpecom)

Cpec = CprojM + Clegtzl + Csurveys + Ceng + Ccontingency

Cprojm = 0.03 x CAPEX
Ciegal = 0.0013 x CAPEX

Csurveys = Csurv—EN + Csurv—cpP + Csurv—sB + Csuro—mo

Ceng = Cpase + Ceng—verif + Ceng—unit X IC
Ccontingency =0.1 x CAPEX
Cpga = Cwr + Css + Cprs + Cmonitoring
Cwr = (CWT—mnt + CWT—tmns) X Nwr
Css = (CSS—mat + CSS—trans) X Nwrt
Cprs = Ceaples + Coffsubs + Con—subs

Cmonitoring = (CSCADA + CCMS) X NWT

Crac = CI&Cfcamp + Cport + Ceomm + CrecCc—ins

Cport = Cportfuse + Cport—lnbour

CI&Cfcomp = CI&Cffoundation + Clrac—windturbine + CI&Cfofsubs + CleC—onsubs

Coem = Co + Cu
CO = Crent + CO & M—ins T Ctransmission
Cm = Crm—direct + CM—indirect

CM-—indirect = Cindfport + Cind—vessel + Cind—labour

Cp&p = Cpecom + Cwm + Csc + CpostM
Cpecom = CD&D—port + Cremoo

Cwm = waproc + Cw—trans + Clandfill 14

CAPEX+OPEX+DECOM
AEP

2.1. CAPEX

Predevelopment and consenting (P&C), production and acquisition (P&A), and instal-

lation and commissioning (I&C) are the three main phases of CAPEX [2]. In this section,
details of each phase are given.

2.1.1. Predevelopment and Consenting

The cost of predevelopment and consenting (Cpgc) phase of a wind farm project is its

initial stage cost. This stage begins with a concept and ends with the start of the project’s
implementation. In addition, five subcategories are included: cost of project management
(Cprojm), cost of legal authorization (Ciegq), cost of surveys (Csurveys), cost of engineering
activities (Ceng), and cost of contingency planning (Ceontingency) [15]-

Cpec = CprojM + Clegal + Csurveys + Ceng + Ccontingency 2)

Project management: All administrative services, prefeasibility studies, funding, ten-
ders, internal control systems, and agreements with subcontractors are included in
the project management activities. It is common to express the overall cost of project
management during CAPEX. Project management costs approximately 3% of the
CAPEX, according to a study by Shafiee et al. [15].

Cprojm = 0.03 x CAPEX 3)

Legal authorization: The government or a regulatory authority must approve the
establishment of a wind farm. The legal authorisation procedure is included in certain
research as an element of project management. The cost of legal authorisation is
expected to be around 0.13% of the CAPEX [15]. Thus,

Ciegar = 0.0013 x CAPEX (4)
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e Surveys: In evaluating the viability of offshore wind projects, several site-specific sur-
veys should be performed. The sort of survey completed normally changes depending
to the amount of information requested. Environmental (Cs,,,—EN), coastal process
(Csurv—cp), seabed (Cgyry—sp), and metocean conditions (Cgyypp—p10) SUTVEYS are now
applied for offshore and floating wind farm projects [15]. The cost of surveying is
determined by the following formulation:

Csurveys = Csuro—EN + Csuro—cP + Csuro—sB + Csuro—mo (5)

e Engineering: Once a project is accepted and the final investment decision has been
made, a multidisciplinary and experienced team is formed to design the offshore and
floating wind farms. Many of the operations that are conducted throughout this phase
encompass the aspects of structural design and selection of substructure, design of
wind farm planning, and design of electrical system and grid connection [15,42]. Thus,
the cost of engineering is given by the following formulation:

Ceng = Cpase + Cengfverif + Ceng—zmit x IC (6)

where Cyase, Ceng—verifs Ceng—unit, and IC present the sum of a fixed base cost, design
verification process, the cost of a unit term, and the installation capacity [19].

e Contingencies: The contingency cost compensates for uncertain annual costs and
provides for the replacement of the most expensive components prone to catastrophic
failure. It is projected to constitute 10% of CAPEX costs [2].

Ccontinggncy =0.1 x CAPEX (7)

2.1.2. Production and Acquisition

Production and acquisition (P&A) are the second phase and contributes the highest
share of lifecycle costs. This cost encompasses all costs related to the acquisition of wind
turbines (Cwr), the support structure or foundation (Cgs), the power transmission system
(Cprs), and the monitoring system (Cyonitoring) [2]- Thus,

Cpga = Cwr + Css + Cprs + Cmonitoring 8)

e  Wind Turbines: The cost of wind turbine procurements is stated as a function of the
total number of wind turbines (Nyr) erected in the farm and can be obtained by the
following equation:

Cwr = (C WT—mat + CWT—tmns) X Nwr (9)

In Equation (9), Cyy1—mar depicts the material costs for a wind turbine, including all of
its component subsystems, and Cyy1_tqns accounts for the transportation expenses incurred
during the transfer of the wind turbine from the manufacturing place to the installation
site [15]. The material costs of wind turbines are contingent upon the nominal power rating
(PR). Shafiee et al. [15] utilised a logarithmic regression model applied to a comprehensive
database containing the cost of various turbines to estimate the material cost (£) using
Equation (10).

CWT—mat = 3,000,000 x In(PR) — 662,400 (10)

e  Support structures: The cost of a support structure is split into two parts: the material
cost (C gg_ ) and the transportation and assembly costs (Css_trans)- Thus,

CSS = (Cssfmgt + Cssftmns) X Nwrt (11)

The cost of support structures is mostly dependent on the type of platform (Semi-
Submersible, Tension Leg, Spar Buoy, etc.) and the mooring and anchoring systems for
floating wind turbines [39,41].
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e Power transmission system: The electricity transmission system is made up of many
cables that link wind turbines to the grid as well as onshore/offshore substations
(Con—subs/ Cof—subs) [15]. As a result, the cost of the power transmission system is
provided by

Cprs = Ceables + Coffsuhs + Con—subs (12)

e  Monitoring system: To record condition data, a vast number of sensors and control
devices are installed across offshore wind farms (sea-state, deterioration data, etc.).
The information gathered is often sent to a supervisory control and data acquisition
(SCADA) system and saved in databases. These condition data can be used by system
analysts to arrange maintenance and inspection activities. The cost of offshore and
floating wind farms” SCADA and condition monitoring systems (Ccpss) is determined
by the number of wind turbines deployed [43]. Hence,

Cmonitoring = (Cgcapa + CCMS) X Nwrt (13)

2.1.3. Installation and Commissioning

This consists of the expenses connected to the activities of construction and installation
of offshore wind turbines, support structures, and electrical systems (Cigc-comp), port
charges (Cport), commissioning cost (Ccomm), and insurance cost (Crgc.ins)- Hence,

Crec = CI&C—comp + Cport + Ceomm + Crac—ins (14)

e  Port cost: The port is critical to the management of the supply chain for offshore and
floating wind projects. Yearly fees must be paid to local governments for the use of
port facilities, quayside docking, and crane usage authorization [44]. Furthermore,
the annual fee to wind farm labourers who conduct project tasks (for example, pre-
assembling the components) must be considered.

Cport = Cport—use + Cportflabour (15)

Cport—labour = Np_4 x Lr (16)

N_g4 = Average labour-day
Lr = Daily labour rate

e Installation of the components: Some procedures must be carried out throughout the
erection of offshore wind farm projects. The expenditure of any such installation is
split into four categories based on the kind of components installed: foundation, wind
turbine, and offshore and onshore electrical systems [15,34]. The costs associated with
hiring chartered ships and technicians are included in all of the aforementioned cost
categories. Hence,

CI&C—comp = CI&Cffaundation + Creec —windturbine + CI&Cfofsubs + Crac—onsubs (17)

e  Commissioning: In order to discover early faults and enhance dependability, offshore
wind farms must undergo extensive testing before to being put into operation. This
includes testing the wind turbines, electrical systems, SCADA, and CMSs. In most
cases, the expenses involved with renting vessels and staff personnel make up the
bulk of the cost of commissioning [45].

e Insurance: Insurance is necessary at this stage to mitigate the effects of any unexpected
occurrences. The insurance cost (Cigc.ins) is included in the capital cost. Insurance
costs are calculated using the average worldwide cost for installation insurance of
wind turbines, foundations, and electrical systems (including offshore and onshore
electrical substations) [34,45,46].
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2.2. OPEX

There are two aspects to the wind farm operation and maintenance (O&M) costs Cogp,
namely operational expenditures (Cp) and maintenance expenditures (Cy) [15]. These are
calculated by,

Coem = Co +Cm (18)

2.2.1. Operational Expenditures

The rental/lease fees (Cyept), the insurance cost (Cogpring), and the transmission
charges (Cyansmission) @ssociated with a wind farm are all included in the associated project’s
operating costs (Cp) [15].

CO = Crent + C'O & M—ins T+ Ctmnsmission (19)

e Rental (lease): The wind farm contractors must pay fees to the local government and
residents in exchange for the use of the seabed. Depending on the country, the amount
of these fees might vary, but they are often expressed as a percentage of the wind
farm’s profits [2,15].

e Insurance: It is necessary to contract operational insurance coverage in order to protect
offshore wind facilities from design flaws, collision accidents, and substation outages.
When it comes to insurance packages, the cost is determined by the size of the wind
farm in question [15].

e Transmission charges: A yearly fee must be paid to the authorities in control of the
national electricity grid. Transmission costs are typically determined by the capacity
of the wind farm [2,15].

2.2.2. Maintenance

Wind turbine maintenance aims to increase availability while reducing the expenses
associated with unplanned breakdowns. There are two kinds of maintenance costs: direct
(Ch-direct) and indirect (Caingirect) [39]- Thus,

CM = CM—direct + CM—indirect (20)

e  Direct maintenance cost: Direct maintenance expenses include the costs of transporting
malfunctioning components, maintenance specialists who conduct repair/replacement
procedures, and all consumables and spare parts necessary for wind farm maintenance.
Corrective maintenance (Cy;) and proactive maintenance (Py) are the two primary
types of the wind farm maintenance process (Pyp) [47,48]. These are described
as corrective maintenance, which occurs when a component fails, and proactive
maintenance, which occurs before the component fails [48].

e Indirect maintenance: The cost of actions required to maintain the direct effort involved
in delivering repair services is known as indirect maintenance cost. Port costs for
replacement parts storage and quayside amenities must be paid regardless of the
number of maintenance jobs to be accomplished. Aside from this, different procedures
(such as weather forecasts and repair work scheduling) should need to be carried out
onshore to coordinate maintenance tasks [47,48]. Thus, the cost of indirect maintenance
can be expressed by,

CM—indirect = Cindfport + Cind—vessel + Cind—1abour (21)
Cind-portr Cind-vesset, A Ciygd_1ap0ur are the port fees, vessel recruitment expenses, and mainte-

nance labour costs, respectively.

2.3. DECOM

The final step in a wind project’s life cycle is decommissioning and disposal, which
follows a protocol that is effectively the inverse of the installation and commissioning (I&C)
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phase. In addition to decommissioning, wind farm equipment is removed or repurposed
depending on the waste management method used. In addition, some materials may be
sold, which results in a decrease in overall expenses. Following decommissioning, the site
must be cleaned up in accordance with established rules. As a result, site clearing entails
the dismantling of all assets associated with the offshore wind farm from the construction
site [6,19,39]. Hence, the cost of decommissioning and disposal (Cpgp) of the wind turbine
can be expressed by,

Cp&p = Cpecom + Cwm + Csc + CpostM (22)

Cpecoms Cwm, Csc and Cpps¢m are the costs of decommissioning, waste management, site
clearing, and post-monitoring, respectively.

2.3.1. Decommissioning

The decommissioning cost (Cpecor) includes the expenditures of port preparation
(CpeD-port) and removal activities (Cremon) [19]. Hence, the cost of decommissioning can be
expressed by,

Cbecom = CD&D—port + Cremoov (23)

2.3.2. Waste Management

Wind farm materials are disposed of according to the waste management (Cyyp) plan.
There are four basic alternatives for disposing of waste: reuse, recycling, incineration
with energy recovery, and landfilling [49]. Waste processing (Cw-proc) and waste transport
(Cw-trans) expenses will be incurred regardless of the waste treatment method selected, since
the materials must be first processed into smaller pieces and afterwards transported to pre-
defined destinations. When the waste is transferred to a landfill (Cjgy451), a predetermined
charge must also be paid [6,19]. Hence, waste management cost is given by,

Cwm = waproc + Cw—trans + Clandfill - SV (24)

SV: The decommissioned assets’ salvage (residual) value (£).

e  Waste processing: Wind turbine waste should be handled under strict quality con-
trols after decommissioning. The cost of waste processing varies according to the
complexity and size and weight of the components [2,39].

e  Waste transport: Following processing, waste materials undergo either landfill disposal
or recycling. The transportation cost is calculated by multiplying the anticipated
number of trucks required for waste transportation by the fixed fee for each truck [2,19].

e Landfill: Materials that cannot be recycled are disposed of in landfills, with the disposal
cost determined by multiplying the predetermined landfill fee per tonne by the total
weight of non-recyclable materials disposed of [2,19,39].

e Salvage value: The salvage value represents the anticipated value of a property at
the end of its operational life. A considerable volume of the materials used in wind
turbines, such as stainless steel and aluminium, can be recycled. The salvage value
of materials recovered from a wind farm depends on the type, quantity (weight or
volume), and quality (condition) of recyclable materials [2,39,50].

2.3.3. Site Clearing

After the wind farm has been decommissioned, the whole site should be removed in
compliance with the authorised rules. Site clearance entails the elimination of all assets
associated with the wind project [2,39].

2.3.4. Post Monitoring

Some offshore and floating wind components (for example, cables and anchors)
may not be removed completely during the decommissioning process. As a result, a
post-decommissioning monitoring and management strategy is necessary to detect and
reduce the dangers caused by leftover materials on the seafloor. The cost of a post-
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decommissioning monitoring programme (Cpostur) is influenced by various parameters,
including the size, type, and condition of the remains [15,51].

3. Levelized Cost of Energy Calculation

The Levelized Cost of Energy (LCOE) is a value used to evaluate the costs of energy
from various sources (e.g., wind, solar, natural gas). The LCOE is the proportion of the
average cost at which the energy generated during the whole life of the wind project must
be sold to perfectly meet all expenditures paid for a farm’s construct, administration, and
dismantling. It is computed as the ratio of the levelized cost of the wind project (CAPEX,
OPEX, and DECOM) to the Annual Energy Production (AEP), which correspond to the
total electricity generation during the wind project’s lifespan [30]. It was assumed that the
barge-type platform would operate for 3000 h per year.

LCOE — CAPEX + Ojgl))( + DECOM (25)

4. Case Study

The suggested entire life cost methodology is applied to a 2 MW barge-type floating
wind turbine in this study, and the costs of various maintenance and end-of-life scenarios
are examined. A barge-type floating wind tower consists of two sections: the lower section,
which is 25 m long, and the upper section, which is 35 m long. The tower and the transition
piece weigh a total of 133 tonnes (t) and 50 tonnes (t), respectively. The turbine in this
instance is a Vestas 80 V 2 MW (40 m blade length). The floating foundation is a barge-type
platform built of concrete and steel reinforcement that is 36 m wide, 9.5 m high, and 7.5 m
draft with square-ring shape. The square-ring shape is known as a damping pool, and its
dimensions are 20 X 20 m. Semi taut moorings are used. The floating platform is attached
to the seabed by synthetic fibre-nylon ropes in this mooring technique. The rope’s major
advantage is that it does not corrode [13].

The system’s mass distribution is shown in Table 2. It is demonstrated that the platform
housing the mooring system exhibits the highest mass. The construction of the floating wind
turbine platform primarily involves concrete and steel, while the mooring system is composed
of steel, cast iron, polyurethane foam, and nylon fibres to ensure platform stability. The nacelle
structure incorporates materials such as steel, aluminium, cast iron, glass fibre-reinforced
plastic, and copper. Additionally, the rotor’s blades are constructed using a combination
of glass fibre-reinforced plastic and cast iron [13,52,53]. Moreover, the study also considers
the recycling rates of various materials within the wind turbine components. Specifically,
steel and cast iron are assumed to have a recycling rate of 85%, while copper and aluminium
are expected to be recycled at a rate of 90%. Polyurethane foam, utilized in certain parts, is
assumed to have a recycling rate of 80%, and nylon fibre, another constituent material, is
assumed to be entirely recyclable, with a recycling rate of 100% [13].

Table 2. The barge-type floating wind turbine’s mass distribution [13,54].

Components Unit Value
Rotor ton 28.5
Nacelle ton 64
Tower ton 183
Platform ton 5472.5

The purpose of this study is to examine the economic performance of various main-
tenance and end-of-life scenarios for the barge-type floating wind turbine. According to
maintenance cost scenarios, there are two different ways of taking notice of these scenarios:
on-site and off-site. Depending on the maintenance scenario, it is also planned to extend
the life of the barge-type floating wind turbine to between 25 and 30 years through using
strict maintenance strategies. In some of these scenarios, the replacement of parts like the
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turbine’s gearbox and blades is also taken into consideration. In the replacement of parts,
in the field maintenance, the wind turbine is maintained and parts are replaced on-site
where the wind turbine is working. In off-site replacement, the wind turbine is transported
to the repair area on the shore with the help of tugboats, and after the parts replacement
and maintenance performed there, it is taken back to the old working location. Each of
the OPEX scenarios in Table 3 includes specifics on the types of maintenance areas, the
number of prevention and unscheduled maintenance visits, the type of vehicle, and the
replacement components. With regard to the decommissioning scenario, examining the
decommissioning and recycling of wind turbines properly is another crucial component
from an environmental and economic aspect [55,56]. A wind turbine will be taken out
of service when it has reached its designated life expectancy (20-30 years), can no longer
carry out its intended function owing to failure or material fatigue, or no longer satisfies
the needs or expectations of the user [53,57]. To lessen their impact on the environment,
materials from decommissioned wind turbines must be managed in accordance with the
European Waste Framework Directive [49]. The Directive lists five fundamental principles
for disposal: waste reduction, reuse (of components, etc.), recycling, incineration, and
landfill. This study applied four different recycling scenarios in accordance with the dis-
posal principle, and the useable materials recovered from the scenarios are turned into
a financial benefit. In the most basic scenario, DECOM 1, all waste material is shipped
to a landfill. In the case of glass fibre, it is first transported to the cutting process to be
sliced into little pieces. Because turbine blades are large in size, they could be chopped
to ease transit and minimise storage space. The DECOM 2 scenario is that glass fibre is
employed in a mechanical recycling process as an end-of-life scenario. The leftover waste
from the mechanical process is disposed of at a landfill. In the DECOM 3 scenario, after
implementing cutting and mechanical procedures to treat the glass fibre, the waste from
all these processes is burned. As a result of this scenario, ash is conveyed to a landfill for
safekeeping. After cutting the glass fibre, the incineration procedure is carried out in the
DECOM 4 scenario. This combustion process produces a considerable quantity of heat and
ash. The ash produced by the incineration process is disposed of in a landfill. Furthermore,
Table 4 summarizes all DECOM scenarios in each process. The LCOE has been calculated
for each scenario, taking into account the costs calculated by considering the maintenance
and disposal scenarios, the materials used in both scenarios, labour, the usage of new
components, the scrapping of materials, and the equipment used in these scenarios.

Table 3. Details of OPEX scenarios.

Place of Ma?rfte:::rtlc(::m d Unscheduled Lifetime of the Components
Scenario Name Maintenance . Maintenance Wind Turbine Vehicles Used p
. Inspections Replaced
Scenarios (Year) (Year)
(Year)
OPEX 1 On-site 12 1 20 Workboat -
OPEX 2 On-site 12 1 25 Workboat and Gearbox
mother vessel
OPEX 3 On-site 12 1 25 Workboat and Gearbox and
mother vessel blades
OPEX 4 On-site 12 1 30 Workboat and Gearbox and
mother vessel blades
OPEX 5 Off-site 12 1 25 Workboat, crane, Gearbox
and tugboats
OPEX 6 Off-site 12 1 30 Workboat, crane, Gearbox and

and tugboats blades
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Table 4. Details of DECOM scenarios.

Scenario Name First Process Second Process Third Process Last Process
DECOM 1 Cutting - - Landfill
DECOM 2 Cutting Mechanical recycling - Landfill
DECOM 3 Cutting Mechanical recycling Incineration Landfill
DECOM 4 Cutting Incineration - Landfill

5. Results and Discussion

In this paper, a life cycle cost analysis method for barge-type floating wind turbines
was proposed, and then, the high-costs components of the barge-type floating wind turbine
development were identified and analysed in detail. The cost components can be catego-
rized into three groups: capital expenditure (CAPEX), operation and maintenance (OPEX),
and decommissioning and disposal (DECOM).

The cost distribution of cost elements, as well as their contribution to the total CAPEX
cost of the barge-type floating wind turbine, is reported in Table 5. The capital expenditure
is composed of the P&C, P&A, and 1&C project phases, with a total cost of around £5.402
m. It has been determined that the production and acquisition (P&A) phase accounted
for about 62.67% of the total CAPEX cost, which was expended via the purchase of wind
turbines, foundations, and electrical equipment. According to the findings, the wind
turbine and support structures made the largest contributions, accounting for 26.23% and
24.67%, respectively, of the total CAPEX. The predevelopment and consenting cost were
relatively less than other cost elements. Moreover, 15.02% of costs covered contingencies,
project management, engineering work, surveys, and other elements. The highest cost
among them was incurred by contingencies, i.e., 9.23% of total CAPEX costs.

Table 5. CAPEX of the barge-type floating wind turbine.

Cost Element Cost (£) Contribution of Phase (%)  Contribution of CAPEX (%)
Project Management (Cpyojp1) 166,896 20.57% 3.09%
Legal Authorizing (Cjegqr) 65,842 8.12% 1.22%
Surveys (Csurveys) 75,556 9.31% 1.40%
Engineering Activities (Ceng) 4510 0.56% 0.08%
Contingencies (Ceontingency) 498,472 61.44% 9.23%
Predevelopment and Consenting (P&C) 811,276 100% 15.02%
Support Structures (Cgg) 1,332,662 39.36% 24.67%
Wind Turbines (Ciyr) 1,417,041 41.85% 26.23%
Power Transmission Systems (Cprs) 625,914 18.48% 11.59%
Monitoring Systems (Cpionitoring) 9888 0.29% 0.18%
Production and Acquisition (P&A) 3,385,505 100% 62.67%
Support Structures and Electrical Systems 58,756 4.87% 1.09%
(CI&C—comp)
Ports Charges (Cport) 1,063,076 88.15% 19.68%
Commissioning Cost (Ceormm) 960 0.08% 0.02%
Insurance Cost (Cigcins) 83,200 6.90% 1.54%
Installation and Commissioning (I&C) 1,205,992 100% 22.33%
CAPEX 5,402,773

In the OPEX analysis, the costs of the various maintenance scenarios in Table 2 were
computed, and their LCOE values for both the OPEX and the total cost phases were
also calculated. Table 6 gives a full breakdown of the expenditures incurred throughout
the operation and maintenance scenario phase, as well as their distribution. Following
the analysis, it was indicated that transmission charge costs, which are paid to the local
authority responsible for the national electrical grid, accounted for about 35 to 42% of the
total operating expenses (OPEX). When the cost of operating expense (OPEX) scenarios are
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taken into consideration, the OPEX 6 scenario has the highest overall cost, whilst the OPEX
1 scenario has the lowest. When the LCOE for OPEX scenarios is calculated, it is observed
that OPEX 5 has the lowest value and OPEX 3 has the highest, at 16.89 £/MWh and 19.93
£/MWHN, respectively, being the lowest and highest values in Figure 2. When the levelized
cost of energy (LCOE) of the barge-type floating wind turbine is assessed, OPEX 6 has the
lowest value. The most significant reason for this is the extension of the lifetime of the wind
turbine to 30 years in maintenance scenario 6, which results in an increase in annual energy
production and, as a consequence, a decrease in the cost per megawatt-hour generated.

Table 6. OPEX of the barge-type floating wind turbine.

: 1
Scegll rllli)el;lta ;I;f g;:]lg)? ost Cost (£) % Contribution LCO(];:/{\(/)[%I;EX Total LCOE (£/MWh)
Crent 46,740 2.15% 0.388
CosMins 174,610 8.04% 1452
Chransmission 860,700 39.67% 7.168
Chteindirect 390,000 17.97% 3.247
CproM 376,200 17.34% 3.133
Cem 321,100 14.80% 2.674
Total OPEX 1 2,169,350 100% 18.07 66.73
Crent 58,425 2.17% 0.389
CosMins 218,262.5 8.11% 1.454
Chransmission 1,075,875 40.00% 7.172
ChLindirect 487,500 18.12% 3.248
ChroM 448,100 16.66% 2.987
Cem 401,375 14.92% 2.675
Total OPEX 2 2,689,537.5 100% 17.93 56.85
Crent 58,425 1.95% 0.388
CosMins 218,262.5 7.30% 1.454
Crransmission 1,075,875 35.98% 7.170
Chindirect 487,500 16.30% 3.248
Cprom 748,100 25.02% 4.986
Cem 401,375 13.42% 2.674
Total OPEX 3 2,989,537.5 100% 19.93 58.85
Crent 70,110 2.03% 0.387
CosM-ins 261,915 7.61% 1.452
Chransmission 1,291,050 37.55% 7.168
Ch-indirect 58,5000 17.01% 3.247
CproMm 748,100 21.76% 4.153
Cem 481,650 14.01% 2.674
Total OPEX 4 3,437,825 100% 19.09 51.54
Crent 58,425 2.30% 0.388
CosMins 218,262.5 8.61% 1.454
Chransmission 1,075,875 42.46% 7171
CoLindirect 487,500 19.24% 3.249
ChroM 292,100 11.52% 1.945
Cem 401,375 15.84% 2.675
Total OPEX 5 2,533,537.5 100% 16.89 55.81
Crent 70,110 2.13% 0.388
CosMLins 261,915 7.98% 1.454
Crransmission 1,291,050 39.33% 7.169
Chindirect 585,000 17.82% 3.248
Cprom 592,100 18.04% 3.288
Cem 481,650 14.67% 2.674
Total OPEX 6 3,281,825 100% 18.23 50.67

! Weighted-average cost of capital is assumed to be 2.72%.
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This study handled four different end-of-life scenarios for barge-type floating wind
turbine materials and determined their DECOM and LCOE. Table 7 reports all of the
expenditures incurred throughout the end-of-life scenarios phase, as well as the LCOE
contribution of each scenario. When considering the cost of the decommissioning and
disposal (DECOM) scenarios, the DECOM 3 scenario has the greatest overall cost, whereas
the DECOM 4 scenario has the lowest. In addition, in the incineration scenario (DECOM
4), which has the lowest cost, the cost of the equipment used is lower than in mechanical
recycling, and in the mechanical process, more cutting is used to send the parts to mechan-
ical recycling. But in the incineration process, there are fewer cutting processes than in
mechanical recycling, resulting in lower costs. The high cost of the DECOM 3 scenario is
due to the fact that two different processes are used in this end-of-life scenario, namely
mechanical and incineration, and the transfer of waste material between these processes
incurs additional transportation costs. In comparison to incineration, mechanical recycling
is more expensive. Mechanical recycling is only practicable with composite materials,
and the amount of material used for mechanical processing represents only a very small
percentage when compared to other components of the wind turbine. When comparing
the LCOE values of the decommissioning and disposal (DECOM) scenarios, the difference
between the largest and smallest LCOEs was reported to be quite small, at 3.693 £/MWh
and 3.647 £/ MWh, respectively, in Figure 3.
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Figure 2. OPEX results for the barge-type floating wind turbine.
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Figure 3. DECOM results for the barge-type floating wind turbine.
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Table 7. DECOM of the barge-type floating wind turbine.

Scenario Names and Cost o o LCOE for DECOM !
Element for DECOM Cost (£) % Contribution (&/MWh)
Cp&D-port 99,278 22.63% 0.827
Cremove 729,190.8 166.23% 6.075
Cwm —407,008 —92.78% —3.391
Cpostm 17,178 3.91% 0.142
Total DECOM 1 438,638.8 100% 3.655
CpeD-port 99,278 22.40% 0.827
Cremove 729,190.8 164.53% 6.076
Cwm —402,462.775 —90.81% —3.353
Cpostm 17,178 3.87% 0.142
Total DECOM 2 443,184.025 100% 3.693
Cp&D-port 99,278 22.37% 0.827
Cremove 729,190.8 164.31% 6.076
Cwm —401,870.05 —90.55% —3.348
Cpostm 17,178 3.87% 0.143
Total DECOM 3 443,776.75 100% 3.698
CpeD-port 99,278 22.68% 0.8271
Cremove 729,190.8 166.58% 6.075
Cwm —407,917 .4 —93.18% —3.398
Cpostm 17,178 3.92% 0.142
Total DECOM 4 437,729.4 100% 3.647

! Weighted-average cost of capital is assumed to be 2.72%.

6. Conclusions

In this study, LCC, LCOE, OPEX, and DECOM have been analysed to evaluate the
economic performance of a barge-type floating wind turbine. These analyses include a
detailed examination of the costs and energy generation costs over the project’s lifetime.
Different scenarios involving operation and maintenance (OPEX) and end-of-life and
disposal (DECOM) phases of the wind turbine have been investigated, and the results
of these scenarios have been compared. The OPEX scenarios include on-site and off-site
maintenance requirements at different durations (20 to 30 years) over the lifetime of the
wind turbine. The DECOM scenarios examined the processes to be followed at the end of
the lifetime of the wind turbine, including landfill, mechanical, mechanical and incineration
and incineration processes. In light of the results of this study, the following conclusions
were reached:

e Based on the findings of the total operating expenses scenarios and whole LCOE
results, the OPEX scenario that includes off-site maintenance and a wind turbine
lifetime of 30 years, is the most cost-effective (E/MWh). The main reasons for this result
are that the rental costs of the equipment used for on-site maintenance (motherships,
etc.) are higher than those used for onshore maintenance, and sea conditions (wind,
weather, etc.) increase the duration of on-site maintenance.

e In terms of decommissioning and disposal scenarios, the incineration scenario was
found to contribute the least to DECOM’s LCOE compared to the other scenarios.
However, increasing the recycling rate in the mechanical process and reducing the
cost per tonne of the process could lead to a scenario with a lower LCOE.

e  The lowest cost alternatives are OPEX 6 for maintenance and DECOM 4 for end-of-life,
according to the total cost analysis. The total LCOE of these two scenarios is calculated
at £50.66/MWh. Compared to the baseline scenario, a cost re-duction of approximately
24.08% was achieved with these two scenarios.

This study has made a substantial contribution to determining the best cost-effective
offshore wind energy generation strategies. This study contributes significantly to the
identification of economically efficient ways for offshore wind power generation. These
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studies provide ideas for providing energy that is both inexpensive and sustainable in the
energy business.
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