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Abstract

:

Wave energy is one of the most promising renewable energies available with its very large resource. The waves generated by the wind field are steadier than the wind field itself, rendering wave energy more consistent than wind energy. It is also more predictable than wind and solar. Wave energy is making continuous progress towards commercialisation, and thanks to an increasing number of deployments at sea, the sector is increasing the understanding of the costs and economies of these projects. No wave energy converter has been demonstrated to be commercially viable, and it is yet to be proven that wave energy can contribute to the renewable energy mix. In this context, and in order to find an economically viable solution for exploiting wave energy, it is important to assess the economic potential of a particular concept throughout the entire technological development process. At early development stages, this assessment can be challenging and present large uncertainties. Notwithstanding, it is important to perform the economic assessment already at the early stages in order to identify possible bottlenecks or potential improvements or modifications of a concept. This work presents guidance for the economic evaluation of a wave energy concept at an early development stage by setting up the economic frame based on a target LCoE. It involves the understanding of the entry cost to be achieved for a specific target market and evaluating the breakdown of costs based on a detailed technology agnostic database of costs. The guidance is then applied to a new type of wave energy converter, in which the primary coupling with the waves is through hydrodynamic lift forces.
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1. Introduction


As it is detailed in the Offshore Renewable Energy Strategy released by the European Commission in November 2020 [1], the European Union (EU) is raising its climate targets for 2030 and is committed to becoming climate-neutral by 2050. To achieve this, the EU is setting ambitious targets, including the generation of more energy at sea and from the sea. The goals for 2030 include an EU offshore wind energy capacity of 60 GW and an ocean energy capacity (including wave and tidal energy) of 1 GW. The targets are even more ambitious for 2050, where the aim is at installing 300 GW of offshore wind and 40 GW of wave and tidal energy.



The European strategic energy technology plan (SET-Plan) declaration of intent for ocean energy [2] has also set ambitious economic targets for wave and tidal energy technologies. Wave energy technologies are expected to reach a levelised cost of energy (LCoE) of 200 EUR/MWh in 2025, of 150 EUR/MWh in 2030 and of 100 EUR/MWh in 2035 (export infrastructure costs or the costs for delivering the electricity to onshore substations are taken into account within the LCoE). These numbers show that the economic and market potential of wave energy in Europe is large and reaching the SET-Plan target numbers is an ambitious goal.



When a new type of wave energy converter starts its development path (the point in time when the initial idea or its working principle is conceived), it is a challenge to estimate its potential economic value when reaching the commercialisation stage. It is also commonly agreed that the primary metric for judging the economic potential of energy technologies is the LCoE. However, it is also commonly agreed that estimates of the LCoE for wave energy technologies are affected by the lack of a dominating technology as well as uncertainties caused by unproven technologies in terms of electricity generation [3,4,5,6]. In an attempt to answer these limitations, other metrics have been introduced to compare technologies at low Technology Readiness Levels (TRL) [7,8,9]. For example, the ACE metric, which is the ratio of the average climate capture width to the Characteristic Capital Expenditure (ACE), was introduced in [8] to assess the economic capabilities of wave energy concepts at early stages of technology development. In [10], the ACE is calculated as an optional cost metric for assessing technologies at early stages when not sufficient or reliable data for calculating the LCoE is available. Together with the Hydrodynamic Quality Factor (HQF), the ACE can be useful to compare different WEC concepts. This method is convenient when comparing concepts at low TRLs. However, when setting up the development pathway for a wave energy project, the target market indicator is the LCoE. When looking solely at one technology throughout its development lifetime, choosing a single metric, such as the LCoE, can therefore facilitate tracking the economic performances of the technology so that it follows the preferred pathway for development [11].



Assessing the LCoE of a technology at the early stages of technology development is associated with some uncertainties. Instead of a bottom-up approach, a top-down approach can be used, where the LCoE of a technology is defined by the entry LCoE value for the target market. There will still be some uncertainties in the costs found using this approach, but it will give a range of target costs for a technology to reach in order to achieve the end goal of commercialisation in the specific market.



In this context, guidance for the economic assessment of a wave energy technology at an early development stage or TRL (TRL1 to TRL4) [12] is proposed in this work with a focus on a target market while considering the uncertainties associated with the calculations. A methodology that can be applied to any project deployed at any location around the globe is presented in the following section, and this methodology is afterwards applied to a specific wave energy technology at an early stage of development. Limitations of the methodology and uncertainties on the calculations are also discussed. The methodology can eventually enable the identification of possible improvements for the particular concept studied.




2. Proposed Methodology


The proposed methodology to assess the economic potential of a wave energy converter at early development stages is presented in this section. The first step is to define the target market for the commercialisation of a specific technology. Afterwards, all assumptions and relevant relations are introduced to enable the reverse calculation of costs associated with a particular project. Then, a detailed breakdown of costs is presented, which can enable identifying bottlenecks and possibilities for the improvement of the technology. Finally, a review of estimates for economic indicators, such as Capital Expenditures (CAPEX), Operational Expenditures (OPEX), capacity factors (  C f  ) and availability, is presented in order to aid the economic evaluation.



2.1. Target Market for Commercialisation


In order to setup the right frame for the economic assessment of a wave energy concept, it is important to identify the target market for commercialisation. For a wave energy technology aiming at the utility-scale market, the SET-Plan has defined an LCoE target in the range of 100 to 200 EUR/MWh [2]. These numbers can be compared to the target LCoE for offshore wind energy for 2030 of 65 EUR/MWh, including grid connection [13]. An exemption to this could be islands that are not connected to the mainland grid and have their own power supply based on traditional diesel generators. In this case, a competitive LCoE to the diesel alternative depends on oil prices. These are variable and will fluctuate throughout the project lifetime, but something in the range of 300 to 400 EUR/MWh, as reported for Kiritimati Island, in the Pacific Ocean [14], seems reasonable. Similar values were reported in [15] for a diesel engine farm in the United Kingdom. As a comparison, in 2018, a value for diesel generation in the range of 560 to 730 EUR/MWh was reported for Christmas Island, Australia [16]. Overall, identifying the target market has a significant impact in the boundary conditions for the economic assessment. (Even though this work focuses on the target market, existing frameworks for accelerating the development of wave energy is not to be neglected when developing a new concept. See for example [17] for existing European frameworks.)




2.2. Assumptions and Economic Computations


In order to perform an economic assessment at the early stages of the concept development (TRLs 1–4), some assumptions are made. Through reverse calculations, the initial estimates on the CAPEX and OPEX of the project can be obtained. The goal is to get an indication of the values that would allow achieving a given target LCoE. To perform the reverse calculation, some values need to be assumed for the following parameters:




	
Discount rate, r, which is usually assumed constant over the project lifetime. The discount rate is the rate used in the discounted cash flow analysis to calculate the present value of future cash flows [18].



	
Project lifetime, n. The project lifetime is the life expectancy for the deployed project. Typical values for ocean renewable energy projects are 20–25 years [19].



	
Capacity factor,   C f  . The capacity factor is defined as the power output of a plant divided by its maximal power capability. As an example, for offshore wind energy, this can go above   45 %  ; a life capacity factor of   49 %   has been reported for the Anholt offshore wind farm in Denmark [20].



	
Availability factor,   a %  . The availability factor is the fraction of time for which a plant is producing electricity over the project lifetime. It is often expressed in percentage.








Based on the project interest rate and the project lifetime, it is possible to extend the discount rate on an annual basis by calculating the annualisation factor (   A f   ( n , r )   ):


   A f   ( n , r )  =  r  1 −   ( 1 + r )   n + 1     .  



(1)







The Normalised Annual Energy Production (NAEP), in MWh per installed kW per year, can be calculated using the following relation:


  NAEP = 8765 ·  C f  ·  a %   



(2)




where 8765 corresponds to the number of hours in a year.



The LCoE (in EUR/MWh) relates the parameters, CAPEX, OPEX, NAEP, and the annualisation factor through the following simplified equation:


  LCoE =    A f  · CAPEX + OPEX  NAEP  .  



(3)







By assuming a given LCoE, NAEP and annualisation factor, a relation between the CAPEX (in EUR per kW of installed power) and the OPEX (in EUR per kW of installed power per year) can be obtained. Because the OPEX is typically expressed as a percentage of the CAPEX (this relation is further described in Section 2.3.2) by choosing a given percentage, the CAPEX can be estimated; and from that, the OPEX can also be derived.




2.3. Breakdown of Costs


The costs related to a wave energy project are usually divided into CAPEX and OPEX. These two categories are further divided into cost centres. This categorisation is performed in order to quantify the influence of the different cost centres on the overall cost of a project. For wave energy projects, this exercise was performed in [4,21,22,23,24,25], but in all cases, either a single technology was considered or a limited number of technologies were considered.



A literature review was performed by Têtu and Fernandez Chozas in [26] to build a cost database for wave energy projects [27]. This database is the baseline for the technology agnostic breakdown of costs presented in this section, which can be used to assign ranges of cost for the different cost centres when target values for the CAPEX and OPEX are known.



2.3.1. CAPEX


CAPEX for a wave energy project can be summarised as all the expenditures associated with the project development, its deployment and commissioning until the operation of the WEC farm starts. It also includes decommissioning at the end of the project life. A thorough literature review of costs related to the CAPEX can be found in [26]. Costs found in this category include costs related to the multifaceted process of developing a WEC farm from inception through to the handing over of the farm to the customer. A cost breakdown for the CAPEX is presented in Figure 1 based on the work compiled in [26]. The different costs centres are explained further in the following subsections.



Development and Consenting


The development and consenting services account for the following costs: project management, design engineering, planning and consenting. These costs are normally reported as percentage of CAPEX and this percentage is expected to decrease proportionally as the installed power capacity increases and standard procedures are developed [28]. Percentage values range from 2% up to 12% of the CAPEX [21,29,30,31], and this may well be due to the fact that these cost are very project (i.e., single prototype or wave energy farm) and site-specific. From a general point of view and by taking the experience gathered in the wind energy sector [32], development and consenting can be estimated at 6% of the CAPEX.




Wave Energy Converter (Structure and Prime Mover)


The wave energy converter, including its structure and prime mover, has been reported many times to have the most significant impact on CAPEX. The structure cost includes the detailed infrastructure design and supply of all components from the mooring attachment point, excluding the power take-off system. This also includes delivery to a port. Again, the costs reported in the literature are very project-specific, as they depend on the structure’s main materials and volumes [21,24,25,33]. A value of 38% of the CAPEX is reasonable according to [26], where a range of 27% to 38% of the CAPEX has been found for this category.




Balance of Plant


The Balance of plant costs include costs related to the power take-off (PTO) system [34,35,36], the supply of all its constituting components and its delivery to the port. Mooring [24,25,33,37,38] and foundation [30,39] costs are also included in this cost centre together with the electrical installation necessary to render the farm grid-connected [30,33,40,41,42,43,44]. All in all, this cost centre has the second most significant impact on the CAPEX. From the costs gathered in [26], this cost centre can be estimated at 33% of the CAPEX.




Installation and Commissioning


Installation costs [21,24,33] include the installation of the WECs on site and the commissioning of these to a fully operational state, up to the point of issue of any takeover certificate. Those costs are to a great extent driven by vessel-chartering costs. Installation methods that require small and, thus, cheaper vessels lead to a lower cost, and the installation in port followed by towing can provide significant cost-reduction opportunities. According to the review of costs presented in [26], installation and commissioning costs include the costs of installing the foundation or moorings, the offshore substation, the WEC and the cables; they typically fall in the range of 8% to 17% of the CAPEX. In this particular exercise, they are estimated at 13% of the CAPEX.




Decommissioning


Decommissioning costs [24,41] include all costs related to the removal of the WECs, the foundation or mooring system and the electrical cables according to the legally binding contract. The decommissioning of an offshore project is often seen at the reverse operation of the installation and commissioning process. Experience from the wind sector [45,46,47] helps estimating costs for decommissioning of a wave energy farm project, and according to [26], 10% of the CAPEX is a reasonable estimate for this cost centre.





2.3.2. OPEX


The OPEX relates to all expenditures associated with the operation of a WEC farm from the moment a takeover certificate is issued, including the cost of all operation and maintenance (O&M) activities as well as the cost associated to site leasing and insurance. Table 1 summarises the cost breakdown for the OPEX obtained from the literature review presented in [26]. The main two cost centres are the site lease and insurance, accounting for 6% of the OPEX, and the O&M, accounting for the remaining part of OPEX.



For a wave energy farm for which data is scarce, the annual OPEX can be estimated as a percentage of the CAPEX. As shown in the literature, estimates of the total OPEX per year roughly range from 1.5% to 9% of the CAPEX [29,33,48,49]. This is due to different factors (e.g., single prototype or utility-scale project, distance to shore, floating or submerged WEC, innovative or traditional O&M techniques applied, etc). For example, the OPERA project [25] has shown that when specific innovative O&M techniques are applied, the OPEX can be as low as 1.8% to 2.2% of the CAPEX, depending on the deployment location and size of the array. If a utility-scale project is considered, then the experience from the offshore wind energy sector (with the annual OPEX as 4.5% of the CAPEX [6] and the annual OPEX as 3% of the CAPEX [50] ) can be used.





2.4. Estimates for CAPEX, OPEX and Other Relevant Economic Indicators


It is very pertinent to provide different references that may assist in the application of the proposed guidance to a particular WEC. The purpose of this subsection is to present estimated relations between the CAPEX and OPEX as well as targeted values of the CAPEX, OPEX, capacity factors, availability and interest rates provided by different technology developers in the wave energy sector. The references have been selected according to their relevance. All of them aim to take into account the views and state of the art of several wave energy developments.



Ocean Energy System [4] reviewed current and projected costs (CAPEX, OPEX and LCoE) for wave energy converters at a TRL 6 and above by engaging with a large number of international stakeholders globally involved in wave energy developments. Three different development stages were considered: i) first array deployed, ii) second array deployed and iii) first commercial-scale project (first project that is constructed with a view to generate commercial return without the need for capital or public sector support outside of an authorised feed-in-tariff). The costs of a generic WEC were derived by considering the different TRLs of the concepts being consulted and the uncertainty behind the data. A summary of the main findings is provided in Table 2, and the reader is referred to [4] for the detailed methodology employed.



In 2018–2019, a second study [51] had the main goal of updating the previous findings. With the aim of targeting a higher number of respondents, all active wave energy developers around the world were invited to participate in the study. Based on the respondents, the typical features and costs of a generic, utility-scale floating wave energy farm were obtained and are provided in Table 3. These costs represent only the start of the learning curve, and the values are expected to decrease as more farms are deployed.



To complement the previous figures, the estimates of future costs for wave power included in the Technology Catalogue of Denmark [15] are shown in Table 4. The costs presented aim to provide an estimate for what capital and operational costs of wave power converters might be in the future assuming most of the research and development challenges have been overcome, economics of scale have been realised and efficiencies in production and operation due to the learning curve effect have been achieved.





3. Example and Discussion


The methodology presented in the previous section is applied in this section to the LiftWEC concept. The LiftWEC project [52] aims to develop a new type of wave energy converter (the LiftWEC concept) that couples with the waves through lift forces generated by one or more hydrofoils that rotate in a single direction. LiftWEC is currently at TRL 2, and it is expected to reach TRL 4 [52] by the end of the project (late 2022). The concept is ultimately designed to work in wave energy farms and supply electricity at grid-scale. Unlike other projects, the concept is yet to be defined during the LiftWEC project. No developer is involved, and the resulting concept will be the fruit of the unique development process detailed in [52].



The target deployment location for the LiftWEC concept is off the North Atlantic coast of France, close to Quimper, where the water depth at the deployment location is 50 m and the wave resource is estimated at 40 kW/m. The targeted rated power is still an unknown for the final concept but it should be in the range [0.75, 2] MW, while the lifetime of the project is set at 25 years.



The project has set two reasonable economic goals to its technology development. The first goal is to prove an LCoE of 200 EUR/MWh by mid-project, coinciding with TRL 2. The second goal is proving an LCoE of 120 EUR/MWh by project end, i.e., when reaching TRL 4. The latter LCoE is aligned with target values to be achieved for a utility-scale project, and both target values will be used in the following section to perform the reverse calculation and obtain ranges for the CAPEX and OPEX for the concept using the technology agnostic breakdown of costs presented in Section 2.3.



3.1. LCoE Calculation


The goal behind the LCoE calculation is to get an indication of the values that would allow achieving the LiftWEC project mid-term target (TRL 2) LCoE of 200 EUR/MWh and end-of-project (TRL 4) target LCoE of 120 EUR/MWh. In Section 2.2, the assumptions and equations leading to the calculation of the LCoE were introduced. The values for the parameters affecting the LCoE calculation, i.e., the capacity factor, the discount rate, the project lifetime and the availability, are presented in the top four rows of Table 5.



From the discount rate and the lifetime, according to Equation (1), the annualisation factor becomes    A f   ( 25 , 0.05 )  = 0.0696   for both cases. The normalised annual energy production is then obtained from Equation (2), providing the value of NAEP   = 2.50   MWh/kW/year for the mid-term target and NAEP   = 2.98   MWh/kW/year for the end-of-project target.



As also presented in Section 2, a relation can be established between the CAPEX and OPEX. An estimate of the OPEX accounting for 5% the CAPEX seems reasonable for the mid-term project (TRL 2), where no O&M optimisation has been done. For the end-of-project (TRL 4), where O&M optimisation techniques shall be considered, a reduction of the OPEX is expected, and hence, it seems reasonable to estimate an OPEX value of about 2.5% CAPEX.



Isolating the CAPEX and OPEX in Equation (3) and considering the OPEX as x% of the CAPEX gives:


  CAPEX =   LCoE · NAEP    A f  + x    



(4)




resulting in a CAPEX value of 4181 EUR/kW for the mid-term project, assuming the OPEX accounts for 5% the CAPEX; and a CAPEX value of 3780 EUR/kW for the end-project, assuming the OPEX accounts for 2.5% the CAPEX. For clarity purposes, the two estimates of the CAPEX are rounded to 4200 EUR/kW and 3800 EUR/kW, respectively. OPEX values are consecutively calculated and obtained at 210 EUR/kW/year and 95 EUR/kW/year, respectively, providing the two target LCoEs to be achieved by mid-project and end-of-project of 200 EUR/MWh and 120 EUR/MWh, respectively.



Table 5 summarises the values for the different parameters and the results to be achieved in order to reach the two target LCoEs of 200 EUR/MWh and 120 EUR/Mwh.



By comparing the numbers shown in Table 2 to the estimates presented in this work, it can be seen that the present estimates of CAPEX (4200 EUR/kW and 3800 EUR/kW) and OPEX (210 EUR/kW/year and 95 EUR/kW/year) are in the same order of magnitude that the minimum values expected in the three deployment stages addressed by the OES study (first array, second array and first-commercial scale project). From this, we could argue that the calculations and targets presented in this paper—and also worked throughout the LiftWEC project—are aligned to the sector’s targets. However, it is also important to notice that there are still considerable R&D efforts to go from the LCoE of 200 EUR/MWh to the 120 EUR/MWh, especially in terms of increasing the ability of the LiftWEC concept to capture more energy (and hence, increasing the AEP without compromising costs) and to lower the OPEX by applying innovative O&M techniques. Two aspects that have proven to be of the utmost importance to the sector [53]. It is also important to note that the presented values (i.e., LCoE, CAPEX, OPEX, capacity factors and availability) are estimates with a relevant degree of uncertainty (the LifWTEC Concept is currently in TRL 2), as indicated in Section 3.3.




3.2. Estimates of the CAPEX Breakdown for the Mid-Term Project (TRL 2)


As presented in Section 2 and shown in Figure 1, the expected breakdown of the CAPEX for a generic wave energy converter has been suggested, which gives a reasonable starting point for a low-TRL project where detailed information of all costs is not yet available. Based on the assumption at the mid-term project and TRL 2 of CAPEX at 4200 EUR/kW, the estimates for the different CAPEX cost centres can be inferred too. They are presented in Table 6.



To exemplify the meaning of these numbers, Table 7 and Figure 2 provides a deeper insight into the cost centre labeled Balance of plant. With an allocated percentage contribution to CAPEX of 38%, the following estimates can be inferred for the different parts that compose it. These are the power take-off system, the foundation or support structure, the offshore electrical cables, the offshore substation and the onshore transmission and connection [26].



By looking into each of the categories depicted in Table 7, it is relevant to compare how the suggested numbers coming from the reverse calculation fall into the costs experienced by the wave energy sector. Ricci et al. [36] suggest that 600 EUR/kW for a linear generator PTO-type or 800 EUR/kW for a hydraulic PTO-type are reasonable estimates. Other studies [34,35] suggest that a unit cost of 340 EUR/kW can be used for the different PTO systems (mechanical, air, water and hydraulic) if series production is considered. Therefore, assuming a value around 600 EUR/kW seems to be reasonable.



The estimated costs for the foundation (590 EUR/kW) are also comparable with the costs presented in [30] for a monopile structure at 30 m water depth.



With regards to the costs of the electrical connections, they are in the same range as the ones presented in [32] for the inter-array electric cable, in [30,42] for the offshore substation and in [40] for the onshore transmission and connection.



It is important to note that the costs of an offshore electrical connection are very much project-specific and site-dependent. Denmark has traditionally financed the electrical connections for offshore wind energy projects. This fact has had an important impact on the final LCoE for offshore wind energy in Denmark compared to the one obtained in other countries, i.e., Great Britain, where developers shall self-finance the export infrastructure, and the difference of these on the final LCoE is estimated at 25% [54].



Overall, the example presented in this section has allowed drawing some estimates of the values and costs that will allow the LiftWEC concept to be competitive in the energy market. It is the primary goal that this economic exercise is done in combination and in collaboration with technological development, so every advancement in the concept’s design decision is considering all the technological and economic aspects together. It is also important to note that the presented values may be read as orders of magnitudes rather than absolute figures, and therefore, the overall exercise is also found to be useful in helping to identify expected costs ranges for the different categories, elements or cost-centres that compose a WEC. Those values and the breakdown of costs are likely to change as the project evolves to higher TRL.




3.3. Uncertainties and Improvement Possibilities


It is important to be aware that there are uncertainties in all the data handled throughout the calculations. Therefore, there will be uncertainties in the output results.



A quantification of the uncertainties that accompanied the cost assessment of wave energy technologies was proposed in [55]. The quantification depends on the technology’s development stage (TRL) and the type of assessment (preliminary, baseline, detailed, etc.) that is carried out. This quantification has been used in [4,29,51], among others, and has allowed us to provide a sensitive evaluation of uncertainties. Table 8 summarises the uncertainties associated to a preliminary cost evaluation.



Accordingly, the associated uncertainty to the estimated values at the present development stage of the LiftWEC concept (at TRL 2) is about   ( − 30 / % , 50 )  %. This is an important fact to take into account, as it reflects that there are also lot of uncertainties on the technological side. The end-of-project target LCoE of 120 EUR/MWh (expected at TRL 4) has an associated uncertainty of   ( − 25 , 30 )  . This reduction in uncertainty is associated to the advancements of technology development. The first results form tank testing, and refined numerical modeling will be available. Furthermore, annual energy production estimates will include the contribution of a specific-designed control strategy. The inclusion of such a control strategy will also affect the OPEX (to a large extent) and CAPEX, which will be evaluated and examined in detail. At this stage, a more specific description of costs will be drawn.





4. Conclusions


The economic assessment of wave energy projects is highly recommended at any stage of development. Setting target LCoE goals for a specific market is paramount to understand the key values that shall be achieved in order to be competitive in that specific market. The concepts to be evaluated in the LiftWEC project are at a very early stage of development. Nevertheless, as the target is to deliver electricity to the grid at a competitive price, some key economic indicators can be used to facilitate achieving the end goal. The present work has defined estimate values for overall project interest rate, capacity factor, WEC availability, CAPEX and OPEX when a specific LCoE is set as a target. The estimates have shown to be aligned with the targets of the wave energy sector and provide reasonable orders of magnitude for the different elements that constitute a wave energy converter. The uncertainty associated with these estimates has also been discussed. With an extensive database of costs, the estimated values enable to define ranges of costs for all cost centres of a WEC project. By keeping these in mind throughout the design process, it is the aim to ensure that the development of a WEC concept is following a competitive pathway to commercialisation.
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The following abbreviations are used in this manuscript:



	ACE
	Ratio of the Average climate capture width to the Characteristic capital Expenditure



	NAEP
	Normalised Annual Energy Production



	EU
	European Union



	WEC
	Wave energy converter



	LCoE
	Levelised cost of energy



	CAPEX
	Capital expenditure



	OPEX
	Operating expenditure



	O&M
	Operation and maintenance



	TRL
	Technology readiness level



	LiftWEC
	lift-based WEC



	PTO
	Power Take-Off
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Figure 1. CAPEX breakdown of costs for the different cost centres. 
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Figure 2. A breakdown of costs for the Balance of plant cost centre. The dark grey part represents the rest of the CAPEX. 
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Table 1. OPEX breakdown of costs.
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	Cost Center
	Fraction of OPEX





	Operation and Maintenance (O&M)
	94%



	Site lease and Insurance
	6%
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Table 2. An example of estimated CAPEX and OPEX values for different deployment stages [4]. The maximum value is either that from the responses of consulted developers or from any of the reference studies analysed. This is particularly true for the OPEX, where developers were presenting costs significantly more optimistic than past studies have suggested. An exchange rate of USD 1.11 to EUR has been applied. Data adapted from [4].
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	Deployment Stage
	
	Minimum Value
	Maximum Value





	First array
	CAPEX (EUR/kW)
	3600
	16,300



	
	OPEX (EUR/kW/year)
	125
	1350



	Second array
	CAPEX (EUR/kW)
	3240
	13,800



	
	OPEX (EUR/kW/year)
	90
	450



	
	Availability (%)
	85%
	98%



	
	Capacity factor (%)
	30%
	35%



	First commercial scale project
	CAPEX (EUR/kW)
	2400
	8200



	
	OPEX (EUR/kW/year)
	65
	340



	
	Discount rate (%)
	10%
	10%



	
	Availability (%)
	95%
	98%



	
	Capacity factor (%)
	35%
	40%
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Table 3. Typical features and costs of a generic, utility-scale floating wave energy farm gathered from a survey sent to many developers around the world [51]. Data adapted from [51].
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	Project Characteristics
	





	Project capacity (MW)
	160 MW



	Project lifetime
	22 years



	Discount rate
	7%



	Overall CAPEX
	3100 EUR/kW



	Overall annual OPEX
	4% of CAPEX



	Capacity factor
	36%
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Table 4. Wave power data sheet from the Technology Data Catalogue [15]. Data adapted from [15].
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	Technical and Financial Data
	Units
	2030
	2050





	Generating capacity for one power plant
	MW
	10–100
	50–500



	Length of installation of one power plant
	km
	1–20
	5–100



	Annual generated electricity production
	MWh/MW
	3500
	4500



	Availability
	%
	97
	98



	Technical lifetime
	years
	25
	30



	Capital Investment
	MEUR/MW
	2.2–4.5
	1.6



	OPEX
	EUR/kW/year
	60
	47










[image: Table] 





Table 5. A summary of the parameters of the two LCoE targets along the project.
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	Parameter
	Symbol
	Value in Mid-Term Project
	Value in End-of-Project
	Unit





	Capacity factor
	   C f   
	30
	35
	%



	Availability
	   a %   
	95
	98
	%



	Discount rate
	r
	5
	5
	%



	Lifetime
	n
	25
	25
	year



	Annualisation factor
	   A f   
	0.0696
	0.06968
	-



	Annual energy production
	AEP
	2.50
	2.98
	MWh/kW/year



	Capital expenditures
	CAPEX
	4200
	3800
	EUR/kW



	Operational expenditures
	OPEX
	210
	95
	EUR/kW/year



	Levelised cost of energy
	LCoE
	200
	120
	EUR/MWh
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Table 6. Breakdown of costs for the mid-term project (TRL 2), assuming a CAPEX value of 4200 EUR/kW targetting the LCOE of 200 EUR/MWh.
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	CAPEX Cost Centres
	% of CAPEX
	Cost in EUR/kW





	Development costs
	6
	250



	WEC structure & prime mover
	33
	1340



	Balance of plant
	38
	1600



	Installation & commissioning
	13
	590



	Decommissioning
	10
	420



	Total
	100
	4200
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Table 7. A breakdown of costs for the Balance of plant costs based on [26] at the mid-term project (TRL 2).
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	Cost Centres
	% of CAPEX
	Cost in EUR/kW





	Balance of plant
	38
	1600



	Power take-off
	14
	590



	Foundation
	14
	590



	Offshore electrical cables
	3.5
	150



	Offshore substation
	5
	210



	Onshore transmission and connection
	1.5
	60
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Table 8. The uncertainty of the LCoE estimates as a function of the development stage [55]. Data adapted from [55].
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	Deployment Stage
	Uncertainty Range





	Phase 1/TRL 1, 2 and 3
	  [ − 30 , 50 ]  %



	Phase 2/TRL 4
	  [ − 25 , 30 ]  %



	Phase 3/TRL 5 and 6
	  [ − 20 , 20 ]  %



	Phase 4/TRL 7 and 8
	  [ − 15 , 15 ]  %



	Phase 5/TRL 9
	  [ − 10 , 10 ]  %
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