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Abstract

:

This paper investigates how the implementation of Structural Health Monitoring Systems (SHMS) in the support structure (SS) of offshore wind turbines (OWT) affects capital expenditure (CAPEX) and operational expenditure (OPEX) of offshore wind farms (WF). In order to determine the added value of Structural Health Monitoring (SHM), the balance between the reduction in OPEX and the increase in CAPEX is evaluated. In this paper, guidelines for SHM implementation in offshore WF are developed and applied to a baseline scenario. The application of these guidelines consist of a review of present regulations in the United Kingdom and Germany, the development of SHM strategy, where the first stage of the Statistical Pattern Recognition (SPR) paradigm is explored, failure modes that can be monitored are identified, and SHM technologies and sensor distributions within the turbines are described for a baseline scenario. Furthermore, an inspection strategy where the different structural inspections to be carried out above and below water is also developed, together with an inspection plan for the lifetime of the structures, for the aforementioned baseline scenario. Once the guidelines have been followed and the SHM and inspection strategies developed, a cost-benefit analysis is performed on the baseline case (10% instrumented assets) and three other scenarios with 20%, 30% and 50% of instrumented assets. Finally, a sensitivity analysis is conducted to evaluate the effects of SHM hardware cost and the time spent in completing the inspections on OPEX and CAPEX of the WF. The results show that SHM hardware cost increases CAPEX significantly, however this increase is much lower than the reduction in OPEX caused by SHM. The results also show that an increase in the percentage of instrumented assets will reduce OPEX and this reduction is considerably higher than the cost of SHM implementation.
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1. Introduction


Over the past 15 years, wind energy has experienced a remarkable growth in Europe. This is partially due to the long-term goal set by the European Commission (EC) to lower greenhouse gas emissions by 80–95% by 2050, compared to levels in the 1990’s. This target has had significant implications for renewable energy development, which has experienced a rapid growth in the past few years. Wind power technologies (including onshore and offshore) play a crucial role in reaching Europe’s renewable energy targets. The offshore wind industry in Europe is moving fast to being a mainstream supplier of low-carbon electricity [1]. In 2017 alone, about 3150 MW new offshore wind power capacity was connected to the grid. This is twice more than in 2016 and 13% higher than in 2015, which was until now the record year for offshore wind power installation [2]. This rapid development is not only due to the targets set by the EC in 2006 for all Member States [3], but also due to the scalability of wind energy with units of larger capacity been deployed in larger farms, further offshore [4].



The United Kingdom (U.K.) currently has 36 large wind farms (WF), generating 20.8 TWh of electricity, which supplies on average 6.2% of the nation’s electricity demand [5]. Furthermore, by the end of 2017, 2923 turbines were either operational or under construction, reaching a cumulative installed capacity of 5.83 GW, which will soon reach 10.4 GW once turbines being commissioned are energised [5]. Moreover, in February 2018 the 7 GW milestone was reached, which highlights the industry’s progression. With all this growth taking place, areas close to shore and with good wind resource are running out and WF tend to be developed further from shore, which usually implies deeper waters. As was reported by WindEurope [2], the average water depth of offshore wind farms (OWF) with grid connections in 2017 was 27.5 m, whereas the average distance to shore was 41 km.



A key factor in the rapid development of the offshore wind industry is the substantial reduction in the Levelised Cost of Energy (LCoE) experienced in the past few years, which enhanced and stimulated investors’ interest in the industry. In 2013, the LCoE for offshore wind energy was €140/MWh [6], but over the last few years this has cost plummeted, surpassing the 2020 target of €100/MWh. Vattenfall’s offshore wind price bid of €49.9/MWh in 2016 for the Kriegers Flak project set a record LCoE forecast of €40/MWh [7]. In order to achieve and maintain the expected cost reductions and ensure the cost-competitiveness of offshore wind in the energy sector, offshore wind operators are currently investigating ways to optimise CAPEX and OPEX, which will lead to an LCoE reduction. An alternative route to reduce OPEX, and subsequently LCoE, is through the optimisation of the inspection and maintenance strategies. This optimisation is carried out by switching periodic or risk-based inspection regimes to a condition-based regime. In order to do so, periodic inspections can be postponed or directly taken out of the scope of works whenever the condition of the assets is proven to be appropriate. SHMS are currently the best approach to gain confidence in the assets’ integrity without actually deploying offshore. Furthermore, depending on the country, regulations about inspection regimes and monitoring of offshore assets may differ.



Today, a few technical guidelines for SHM exist and these are mainly focused on civil infrastructure, such as bridges [8]. These were developed and published by national or international scientific or technical organizations [9,10,11,12,13]. In the offshore wind field, Germanischer Lloyd—one of the leading certification organizations—published a guideline for the certification of condition monitoring systems for wind turbines [14]. This guideline focusses mainly on the rotating parts of an OWT (CMS), but also includes requirements for SHM of the SS. Nevertheless, guidelines for SHM implementation in a holistic way constitute a research gap in the academic literature. For the sake of clarity, a distinction needs to be made between “guidelines for the implementation of SHM technologies” and “guidelines for SHM implementation”. The former refers to the process of determining how a particular technology would be applied into a given turbine. It will involve different aspects, such as the number of sensors, where these sensors will be located, their distribution, redundancies, number of channels for the data acquisition unit, the data transmission system and data storage, among others. The latter refers to the integration of different SHM technologies to optimise the structural integrity of an asset holistically and the understanding of the environmental and geographic challenges, design weaknesses and the expected failure mechanisms associated with this asset. It involves the development of a SHM strategy that increases confidence in the structural integrity of the assets as a whole, complying with local legislation and aiming for an economic benefit.



This paper aims to deliver guidelines for the correct SHM implementation to the SS of a baseline OWF. An increase in implementation of these systems will enhance operators’ confidence in the structural integrity of OWT SS and reduce the number of inspections they need during their lifetime. An example of the application of these guidelines is also provided for the baseline scenario, which is employed later in Section 3. An economic analysis is performed for the baseline WF to evaluate the benefits of SHM implementation in terms of reduction in OPEX, based on the previously developed guidelines. Furthermore, a comparison is made between the achieved OPEX reduction and the incurred cost of SHM implementation. The organisation of this paper is as follows. Section 2 presents the guidelines for SHM implementation, which when installed from the beginning of the operation on the WF, could be used to adopt a condition-based inspection strategy for reducing OPEX. In Section 3, a cost-benefit analysis of the impact of SHMS implementation in OPEX reduction is carried out based on the applied guidelines developed in Section 2. These results are presented and discussed in Section 4 and followed by general conclusions in Section 5.




2. Guidelines for Structural Health Monitoring Implementation in Offshore Wind Support Structures


This section presents the process to be followed for the implementation of SHMS in OWF’s SS from the design stage. The reason why SHM needs to be considered early during design is to consistently capture the loading conditions of the turbines throughout the life of the structures (not only operational life, but also during the installation-energisation and stop-of production and decommissioning) and to determine whether the structural integrity of the units is as good as expected, or if anything is compromising it. SHM not only provides confidence in the condition-based inspection and maintenance strategy but can also be used in the structural integrity evaluation process of the assets in order to obtain certification and permits from governmental authorities. If SHMS are designed, installed and their data analysed appropriately, OPEX could be reduced, even though their implementation would have a slight increase in CAPEX associated with the commissioning stage. Nevertheless, this increase in CAPEX would be justified by the higher decrease in OPEX experienced throughout the operational life of the units. The proposed guidelines for SHM implementation consist of five stages:

	
To obtain a clear understanding of the legislation regulating the territory where the OWF will be developed.



	
To perform an analysis of the design drivers and challenges (i.e., sand banks that make the structures prone to scour development or a high tidal range that compromises accessibility) and failure mechanisms expected for the preferred design concept.



	
To develop a SHM strategy based on the failure mechanisms that can be monitored.



	
To develop an inspection strategy that takes into consideration points I, II, and III and that becomes an economic justification for SHM implementation.



	
To verify the economic feasibility of the proposed SHM strategy implementation. If the SHM implementation does not achieve a higher OPEX reduction than the associated CAPEX increase, either the SHM and inspection strategies should be reconsidered, or an alternative justification for the aforementioned implementation should be found (ie., an OWF is already in operation and SHMS are being implemented after there is the risk of a failure mechanism occurring).








In the following subsections, the different stages of the SHM implementation guidelines are developed and applied to a baseline. The regulations concerning the inspection and maintenance of offshore wind assets in the United Kingdom and Germany are reviewed (Section 2.1). A methodology for the development of a SHM strategy at a WF level is presented (Section 2.2), and an inspection strategy for a baseline scenario is provided (Section 2.3) for the posterior cost-benefit analysis carried out in Section 3.



2.1. Regulations and Standards


In the offshore industries, operations often take place within the limits of territorial waters and a state’s exclusive economic zone (EEZ). Legislative frameworks that are applicable to offshore wind assets depend on the coastal state in whose waters they are installed. All states regulate the activities on their EEZ, however, international law must also be observed. The United Kingdom and Germany have been chosen as examples of the two European countries with the highest installed wind power capacity in 2017 [2]. The regulations concerning inspection and maintenance of offshore wind assets in these two countries have been reviewed and compared below.



In the United Kingdom, The Department for Energy and Climate Change (DECC) [15] has overall responsibility for offshore energy projects, though some responsibilities in England and Wales are delegated to the Marine Management Organisation (MMO) and powers are devolved to the Scottish Executive for Scottish projects. The Maritime and Coastguard Agency (MCA), as an executive agency of the Department for Transport and the Health and Safety Executives of Great Britain and Northern Ireland (HSE and HSENI), hold the main responsibilities for health and safety regulations in the United Kingdom’s offshore wind industry. While floating structures are regulated by the MCA, fixed-bottom structures on the U.K. continental shelf are regulated by the HSE.



In terms of inspection requirements, there is no entity or regulatory body imposing periodic inspection intervals. It is up to the operator to take care of the integrity of its assets. However, in order to get the appropriate insurance, the assets need to be certified by a certification body (i.e., DNV GL (Det Norske Veritas Germanischer Lloyd), Lloyds Register, etc.). Technical evidence proving that the assets have been designed, inspected and maintained following best practices and regulations (when applicable) must be provided to these certification authorities by the operators.



In contrast to the United Kingdom, Germany has a more complicated process for obtaining the consent for installation and operation of OWF. The Bundesamt für Seeschifffahrt und Hydrographie (BSH) [16] is the regulating authority for offshore wind projects in German waters. All inspection and maintenance performed on the offshore wind assets (WT, substation, array cables, onshore base and port, etc.) must be done in accordance with the requirements set out in the corresponding standards in their current version, as well as current state-of-the-art requirements for certification. BSH standards are listed in Table 1.



One of the key requirements imposed by the BSH for the development of offshore wind projects is that the design of these projects is certified by a certification authority (e.g., DNVGL, Lloyds Register, etc.). In order to acquire this certification some technical codes of practice that shall be taken into account in the design and marine operations of the WF. These are listed in Table 2.



Furthermore, there are two special consent approvals to be obtained. These concern the inspection and maintenance regimes of the grouted connection (GC) in both the offshore substation and wind turbines. Maintenance of the equipment installed on the offshore assets is to be carried out with consideration of the original equipment manufacturer’s recommendations and particular warranty conditions, as well as any applicable statutory requirement related to the certification of the equipment as listed below. Nevertheless, as this paper is focused on offshore wind assets’ SS, inspection and maintenance of this equipment is considered out of scope. Aside from the standards listed above, the Periodic Inspection Concept needs to meet the outstanding conditions from the certification reports (i.e., standards listed above). These conditions are listed in Table 3:



The areas and locations to be subjected to periodical inspections are to be selected based on a risk-based prioritisation. Based on standard recommendations [34], the interval between inspections of critical items should not exceed one year. For less critical items, longer intervals are acceptable. All the structural assets should be inspected at least once every five-year period. This could be taken as one single inspection in that period, or as the inspection of a certain percent of the total number of assets on a regular basis. The latter is considered a more sensible approach, as it enables the operator to have a continuous record of the integrity of the structural assets, e.g., 20% of OWT foundations on an annual basis.



Ultimately, the risk-based SHM of the structural assets shall be used to reduce the scope of structural inspections in some cases, upon demonstration of the appropriate integrity level of the assets. These methods are meant to be employed for the entire operational life of the SS, modifying the scope of inspections and their periodicity, based on the findings and real condition of the assets. These periodic inspections shall provide evidence that the SS continues to comply with the design assumptions and that findings and observations are within the operational limits. If the periodical inspections or continuous SHM on selected locations reveal that degradation mechanisms are not developing as expected, unscheduled inspections or remedial works may be required. Unscheduled activities can be also triggered following an incident or event likely to have affected the structural integrity.




2.2. SHM Strategy


As previously mentioned, the SHM strategy for the through-life of an OWF should, ideally, be built during the design stage. This means that while some design milestones are settled (foundation type, pile depth, stiffness, natural frequency, different welds criticality, etc.), SHMS can be designed to cover risky aspects of the design and to optimise the inspection intervals. The way SHMS are designed and implemented follows the Statistical Pattern Recognition (SPR) paradigm, which is widely used across different industries for the implementation of damage detection strategies [35,36]. This paradigm was initially introduced in the SHM field by Farrar and Sohn [37] and later on adapted to the offshore wind industry by Martinez-Luengo et al. [38,39]. The SPR paradigm consists of four stages, which are intensively described in [38]. These stages are presented in Figure 1.



Operational evaluation is the first stage of the SPR paradigm and the one to be approached first during the design stage, as it sets the boundaries of the damage identification problem. This subsection focuses on the operational evaluation stage in order to give an example of the process and set the basis of the cost-benefit analysis carried out in Section 3. This stage aims to answer four questions concerning the implementation of the damage detection strategies. These questions relate to the following:

	
The motivation and economic justification for implementing the SHMS: while the motivation for the implementation of SHMS is to gain certainty in the structural integrity of the monitored assets, extend the service life and increase the WF revenue, the economic justification is covered in the next Section with the cost-benefit analysis.



	
The different systems’ damage definitions.



	
The Environmental and Operational Conditions (EOC) in which the SHMS are used.








Operational evaluation, which is often disregarded in the literature, is crucial for the development of SHM strategies. It identifies the different failure mechanisms that are potentially worth monitoring and establishes damage thresholds. These damage thresholds are later employed to determine whether something is compromising the structural integrity of the assets, and therefore an unscheduled inspection is required to verify the extent of the damage and potentially carry out repair works, or everything is behaving as expected, and therefore a future scheduled inspection may not be required. The EOC in which the SHMS are operating also needs to be set in the operational evaluation stage (part C), as depending on the technologies employed, issues may arise with the damage sensitive features obtained (i.e., modal analysis).



In order to perform the operational evaluation, the basis for the next section’s cost-benefit analysis needs to be set. For this purpose, a baseline scenario for an OWF is defined. The main characteristics of this baseline case are given in Table 4.



Based on these characteristics, the failure modes of the SS (foundation, GC and transition piece (TP)) are identified. After the failure mode identification, those failure modes that could potentially be monitored are analysed and their condition-based inspection strategy is optimised [40]. Table 5 shows the effect that these failure modes may have on the structural integrity of the assets.



Accelerated fatigue can lead to collapse of the structure before its decommissioning, which is the reason why some OWFwere intentionally overdesigned. However, this overdesign implies a potential loss of revenue due to the decommissioning of an asset that may still be able to operate safely. Maximising return of investment (RoI) while optimising LCoE through the asset’s life extension could be achieved when the structural integrity of the aforementioned asset is well known. This is when continuous SHM becomes necessary. Fatigue and modal property monitoring are among the most important SHM techniques for SS of OWF, as the consequences of structural damage may be catastrophic. Modal properties can be monitored though the variation that modal parameters, such as resonance frequency, damping coefficient and modal curvatures, among others, experience with the change in different physical properties (i.e., reduction in mass or stiffness) [35,37]. In order to carry out modal property monitoring and analyse the structure’s dynamic response, several accelerometers must be installed [38]. Operational modal analysis (OMA) allows modal parameters in operational conditions to be estimated based only on vibration responses, without measuring the excitation forces [41,42].



Corrosion is one of the failure modes that most compromises the integrity of the SS of OWT, as it attacks any unprotected metal surface. This failure mechanism can be avoided by the protection of these surfaces in contact with the sea water [43]. Contact between dissimilar metals must also be avoided to prevent galvanic corrosion. This is achieved by the introduction of isolating elements and washers between the two metals [44]. The corrosion protection system of the SS of OWT comprises corrosion allowance, paint coating and cathodic protection by means of sacrificial anodes (SACP) or impressed currents (ICCP). All primary steelwork surfaces of the monopile and TP, the secondary steelwork and the main access platform elements are coated according to ISO 12944 [45]. The SACP consists of stand-off sacrificial anodes made of Al-Zn-In, cast onto a steel insert, which are welded onto the monopile structure. Corrosion is generally not monitored, although it can be done via ICCP. ICCP is an innovative method where direct current is used to regulate the cathodic protection of a structure based on the potential in the water [46]. Therefore, the use of an external power supply enables the operator (who must be constantly monitoring the voltage requirement) to adapt the current to the voltage requirements at any time. ICCP also generates significantly higher current output with fewer, longer lasting anodes than a conventional SACP system [46]. The main benefit ICCP possess is that anode depletion can be monitored and controlled. Therefore, the chances of failure of the cathodic protection of the asset are minimised [47].



ICCP costs are complicated to estimate. For that reason, ICCP has not been included in the SHM strategy for the baseline scenario of the cost-benefit analysis presented in Section 3. Only SACP, coating and corrosion allowances have been utilised for the corrosion protection of the assets. Typically, monopiles are designed with the intent of preventing internal corrosion, as wall thickness (and therefore CAPEX) would significantly increase if corrosion allowance was to be provided internally as well as externally. A way of preventing internal corrosion would be by sealing the internal compartments to eliminate the influence of oxygen and corrosive substances [48]. However, in the case of monopiles, this sealing strategy is challenged in several areas:

	
The sealing around the cable entry and exit.



	
The edges around the post-mounted airtight platform sealing the upper part of the monopile.



	
The GC between the monopile and TP.








Due to these challenges, corrosion protection inside the monopile for this case study will be carried out by the implementation of SACP as opposed to coating, as SACP systems can be easily designed to last for the whole life of the structure (including decommissioning), whereas the expected lifetime of the coating is usually around 15 years.



One of the main challenges in the design and operation of OWT arises from the uncertainty of maximum scour depth around their foundations. Scour action can lead to excessive excavation of the surrounding seabed and is considered a major risk for OWF developments [49]. However, real-time scour data is currently not being collected by operators due to the lack of available instrumentation and monitoring techniques. New scour monitoring technologies for OWT installations are currently being investigated [50,51,52].



GC displacement is a dangerous failure mechanism as it compromises the overall integrity of the OWT SS but also the ability of the turbine to produce electricity. GC displacement occurs when the axial capacity of the connection between the grout and the TP or the grout and the monopile is insufficient, leading to a relative displacement between these elements and ultimately to the TP sliding down the monopile to the seabed. The cause of the lack of axial capacity potentially stems from a number of possible failure modes, which are described and analysed in [53]. GC displacement can be easily detected by the use of displacement sensors (i.e., linear variable differential transformer (LVDT)), indicating loss of capacity in the GC. The extent of the loss of axial capacity can also be determined by the installation of strain gauges in the stoppers of the TP. These stoppers are used temporarily during the installation of the TP. In the event that there is a loss of axial capacity, the TP would slide down until its stoppers rest on the monopile and carry some, or all, of the axial and bending loads from the wind turbine, which would be captured by the strain gauges.



According to BSH regulations, 10% of the SS in any German WF must be equipped with permanent SHMS or Condition Monitoring Systems (CMS). These systems should be planned in accordance to the risk identification and prioritisation previously carried out. Other aspects to be taken into account in the selection of the locations to be monitored include:

	
Even monitoring of different structures within the OWF. Sometimes in an OWF not all the turbines have the same design or even the same manufacturer. This may occur when there is a high variation of water depths across the OWF, or a very high number or assets to be commissioned. Therefore, enough assets within each group of structures must be monitored in order to be able to ascertain whether SHM data represents a single turbine, a group of assets or the entire WF.



	
Minimisation of the potential loss of production due to failure and consequent turned-off turbines close to the offshore substation, affecting the whole production of the array.



	
Maximum water depth location due to highest seabed stresses produced by wave loading.



	
Critical locations in accordance to manufacturing or installation deviations. Sometimes fabrication and installation do not happen as expected. When deviations occur, a better assessment of the asset’s integrity is recommended. Aside from the requirement specified in BSH standards, a higher number of assets may be equipped with permanent SHMS or CMS if deemed necessary.








Ideally all turbines (or as many as possible) should have the same SHMS or CMS installed so that conclusions and trends can be derived across the WF [39]. These SHMS or CMS must be reliable and have a relatively high service life. They should also be able to collect data for long time periods without the necessity of inspection and maintenance on site. Therefore, sufficient redundancy shall be provided at the hardware, the software and the data storage. For the SHM systems, Table 6 details the necessary hardware to be installed. This SHMS strategy is comprised of acceleration, inclination and temperature sensors. Ten out of the 100 locations have the base case SHMS complemented by strain gauges. This arrangement of sensors serves to evaluate the dynamic and static behaviour of the SS under the actual site conditions, acknowledging temperature effects.




2.3. Inspection Strategy


A structural inspection strategy for the SS service life at the WF level is developed in this subsection, following the requirements of the BSH. BSH legislation has been chosen as it is more restrictive than the one applying in the United Kingdom. This inspection strategy is fundamentally divided into two types of work—above water and below water—which is strongly related to the three different types of periodical inspections described in DNVGL-ST-0126 [34]. This division concerns the different personnel, equipment and logistics needed. The following activities are believed to be necessary in order to have confidence in the structural integrity of the assets.



2.3.1. Above Water


General visual inspection (GVI) of primary and secondary steel: The aim of this inspection is to provide a general overview of the integrity of the part of the SS that is above water. This involves a general inspection passing around the monopile and access systems from a crew transfer vessel (CTV). The objective is to identify any obvious mechanical, fatigue or corrosion damage. These damages could be manifested as cracks, plastic deformation, buckling, denting, generalised galvanic corrosion, pitting, dents in the coatings or excessive marine growth. Once the access systems have been cleared, the personnel must check the main access platform and TP.



Close visual inspection (CVI) of primary and secondary steel: The aim of this inspection is to detect corrosion or fatigue damage in the inspected areas of the TP, main access platform and access systems above water, and determine whether non-destructive testing (NDT) would be necessary to inspect any of the welds. This inspection is carried out closer to the structure (at a meter distance), therefore detecting smaller defects.



Detailed Visual Inspection (DVI) of primary and secondary steel: The aim of this inspection is to determine the extent of fatigue damage when cracks are detected at pre-selected welds. In order to achieve this NDT is employed. This inspection is carried out as a reactive measure when there is either a strong suspicion or evidence of fatigue damage being present at welds.




2.3.2. Below Water


Subsea GVI of primary and secondary steel: The aim of this inspection is to provide a general overview of the integrity of the part of the SS that is below water in the same way it is done above water. This inspection can be carried out by divers or by a remotely operated vehicle (ROV).



Subsea CVI of primary and secondary steel: The aim of this inspection is to identify corrosion or fatigue damage in the inspected areas of the TP and monopile below water, and determine whether NDT would be necessary to inspect any of the welds. This inspection is carried out at a meter distance. For these analyses, marine growth cleaning as well as good visibility and environmental conditions are required. The necessary equipment to carry out this inspection is an ROV, a water jet to clean the marine growth, a length measuring device and a camera to document findings.



Subsea DVI of primary and secondary steel: The aim of this inspection is to determine the extent of fatigue damage when cracks have been detected at pre-selected welds using NDT techniques. This inspection would be carried out as a reactive measure when there is either a strong suspicion or evidence of fatigue damage being present at welds.



CVI of the GC: The aim of this inspection is to assess the integrity of the GC between the TP and the monopile. “Eight o-clock” positions around the circumference of the bottom of the GC will be inspected and measurements will be taken at the level of the grout with regards to the bottom of the TP. Any evidence of grout material loss or surface cracks shall be reported. This inspection will be carried out by divers or an ROV.



Marine growth survey: The aim of this inspection is to estimate the coverage, thickness and type of marine growth colonisation on the monopile and sacrificial anodes and to compare its thickness against the one assumed in the design basis. Loading issues that could potentially arise from a significant deviation between the measurements and the design assumptions must be established [54]. Any marine growth formations on structural parts accessed by personnel, i.e., boat landings and access ladders, must be removed. This activity will be carried out either by divers or an ROV.



Cathodic protection survey: The aim of this inspection is to confirm if there is adequate global cathodic protection from the water table to the seabed. Potential readings are to be performed for every anode. Two methodologies can be followed to perform these readings: proximity readings using a reference electrode, and contact readings. Both of these methods consist of a cathodic protection probe to be mounted on an ROV. No cleaning of marine growth needs to be performed during this task, as this would disturb the measurements to be taken.



Scour survey: The aim of this inspection is to monitor changes in the seabed topology around the monopile foundation to account for both local and global scour. Seafloor objects and debris close to the structure must be identified and removed. Two different methods can be used: Multi Beam Echo Sounder Bathymetry Survey and Side Scan Sonar Survey.






3. Cost-Benefit Analysis


This Section investigates the potential impact that implementation of the SHM strategy presented in Section 2.2 will have on OPEX and the reduction of LCoE. For this reason, the variation in the scope of works of the inspection and maintenance plan throughout the life of the WF is estimated for three different scenarios (optimistic, average and pessimistic). For these scenarios, the reduction in OPEX of the OWF achieved by SHMS is assessed. OPEX accounts for any necessary expense incurred in the inspection, operation and maintenance of the offshore assets. OPEX usually consists of fixed costs that do not depend on the WF uptime and variable costs that depend on the time the WF operates [55]. Operations represent activities associated with high-level management of the plant, whereas inspection and maintenance are the tasks that entitle more effort, cost and risk. Inspection and maintenance can be preventive (carried out proactively before the system or component fails) or corrective (carried out once there has already been a failure that needs repair/replacing or the suspicion this failure is/will be developing). Unscheduled inspections and corrective maintenance take longer time to perform due to planning and logistics, the acquisition of spare parts, complexity of the repair and weather downtime. The longer these take to be performed, the higher the degradation of the system and the loss of production will be. One of the benefits of SHMS is that early onset of failures can potentially be detected, sometimes enabling preventive maintenance to be carried out, and other times enabling the mitigation of the consequences of such failures.



Inspection is the process where the assets are verified to be fit for purpose. For SS of OWT, these inspections check that none of the failure modes described in Table 5 pose a risk to the integrity of the structure. Offshore inspections are costly due to a number of factors, but mainly due to difficulties in the accessibility of the assets. That is the reason why relying on SHMS as an identification and diagnosis tool for failure mechanisms could help operators reduce the number of these inspections, and therefore OPEX. This Section calculates the potential saving in OPEX achieved by implementation of the SHM strategy in SS of OWF.



3.1. Scenarios


The main benefit of SHMS is that these systems, when applied effectively, can detect early stages of failure mechanisms being developed in the assets. The ability to react quickly to SHMS alarms helps mitigate these failure mechanisms and enables operators to have greater confidence in the structural integrity of their assets. This principle is explored in this section, where the added value of the implementation of SHMS in WTs is calculated. For this, the scenario presented in Section 2.2, where according to BSH only 10% of the assets are instrumented, is chosen as the baseline case. Furthermore, three other scenarios, including 20%, 30%, and 50% of instrumented assets, are considered. For all the scenarios, the inspection frequency is estimated depending on the number of instrumented assets, which is related to the operator’s confidence in the structural integrity of their assets. It should be noted that this confidence in the integrity status of the assets can be influenced by a number of factors, such as the global safety factor considered in their design, the operator’s experience in offshore wind O&M activities and the operator’s risk appetite.



The above-mentioned scenarios are presented in Table 7, where the number of inspections performed on each one of the assets during their service life is specified following BSH regulations. This implies that for some of the activities, all the assets must be inspected in the first couple of years, with the interval between inspections able to be increased afterwards. Also, a higher number of instrumented turbines implies an increase in CAPEX due to the extra instrumentation and installation. The aim of this section is to calculate the added value of the implementation of SHMS in SS of OWF. This is achieved by the comparison of the reduction in OPEX versus the increase in CAPEX due to the implementation of higher percentages of SHMS from the three scenarios presented in Table 7.




3.2. CAPEX Increase Due to SHM Implementation


This sub-section evaluates the increase in CAPEX costs (ΔCAPEX) incurred due to implementation of the SHM strategy under three scenarios of 20%, 30%, and 50% of instrumented assets. The cost of implementation of the SHM strategy (φSHM) is given by:


ΔCAPEX=φSHM=φH+φV+φI+φM+φPM



(1)







Hardware costs (φH) are related to the sensors, cabling, and data acquisition units (DAU) required for the implementation of these systems. The cost of the necessary hardware for applying the SHM strategy (developed in Section 2.2) to the Baseline case under the scenarios 1, 2 and 3 is detailed in Table 8.



Installation and calibration cost (φI) is another cost incurred by the implementation of SHMS. This cost accounts for installation and calibration activities that are typically subcontracted to either the hardware supplier or a service provider. Personnel costs are also accounted for by φI. When third parties are involved, there are other costs associated with SHMS, such as the mobilisation and demobilisation costs (φM), vessel cost (φV), and project management costs (φPM); φM is related to the cost incurred by the third party for travelling personnel and transporting goods for the duration of the works. This is highly variable with the duration of the installation, the number of personnel taking part in the works and the geographic location of the WF. Table 9 shows the number of people considered to take part in the installation of the hardware; φI and φM are estimated by using the following equations:


φI=0.3 φH



(2)






φM=350€person∗day



(3)







Depending on the nature of the monitoring campaign, the installation could be carried out either onshore or offshore. Typically, performing the same type of work could be up to ten times more expensive if performed offshore rather than onshore [68]. Therefore, given the fact that these systems are implemented from the commissioning stage, their installation would be carried out onshore. Therefore, no φV is incurred this time.



The φPM is related to all administration and coordination activities to make the installation of the SHMS possible. These costs tend to vary depending on the supplier, and therefore have been estimated from the following formula extracted from [69]:


φPM=0.03∗(φH+φV+φI+φM)



(4)








3.3. OPEX Reduction Due to SHM Implementation


This sub-section investigates the reduction in OPEX achieved by implementation of the SHMS strategy. As the number of instrumented turbines increases, the knowledge and certainty about the structural integrity of the assets also rises. This enables the operators to reduce the number of inspections carried out on the assets throughout their service life. It is believed that the decrease in OPEX due to the reduction in the number of inspections exceeds the increase in CAPEX due to the cost associated with instrumenting the units. In this sub-section, the OPEX reduction due to SHM implementation is calculated. Inspection costs are influenced by the following aspects:

	
Cost of accessibility (φA): how many turbines can be inspected in a day, depending on the type of inspection to be carried out, type of vessel to be used (φV), commuting time to the WF and back, fuel consumption of the vessels, price of fuel, etc.



	
Equipment costs, depending on each activity (φE).



	
Personnel costs (φP): how many people intervene, their daily rate and their shifting patterns.



	
Project management costs (φPM): to account for logistics organization and reporting.








Accessibility has a great influence on the cost of inspections. Depending on where the activity is carried out (above water or below water), a certain type of vessel is employed. Typically, there are two options: CTV and service vessel (SV). CTVs are designed to be efficient and effective. They are specially designed to work in the OW sector. CTVs are generally small aluminum catamarans employed to transfer personnel in and out of offshore sites on a daily basis [70]. Their carrying capacity is usually 12 crew who do 12-hour shifts, meaning that the CTV would come back to port by the end of the day. Transit speeds range between 15 and 30 knots [70]. SVs are boats designed, modified, or equipped to carry out sea mapping. SVs are generally equipped with Sidescan Sonar or Multibeam Echosounder. They are employed for subsea operations, as generally CTVs do not have the capability to launch an ROV or enough dynamic positioning redundancies to keep still during the ROV operation. These vessels have a capacity of around 10 passengers and they perform 24-hour operations, which means that they would only come back to port approximately once every two weeks [71]. They are bigger and slower than CTVs, with cruising speeds around 20 knots when they are half-loaded [72]. Table 10 shows mobilization and demobilisation costs and daily rates for both CTVs and SVs.



Regarding the amount of turbines that can be inspected in a day, the actual number not only depends on the inspection to be carried out, but also on the transit time to the site for above water works and on the transit time between turbines for both above and below water works. These transfers have been estimated and are shown in Table 11. Table 12 shows equipment costs and their daily rates for inspection of SS in OWF.



Table 13 shows the estimation of time that each one of the inspections takes and the number of turbines that can be inspected by the end of the day. It must be noted that this time is subject to variations depending on the details of inspection activities, technicians’ experience, environmental conditions, etc. Table 13 shows the amount of personnel required for each inspection and the necessary equipment to be deployed. It should be noted that “solo working” is not permitted due to H&S considerations. Also, to account for the 24-hour works below water without returning to port for periods of sometimes up to two weeks, the working crew would be on average 10 passengers [76]. Personnel salary highly depends on the project, geographic location and qualifications. In a previous study [73], personnel salary (φP) is reported to be 270 £/day (around 310 €/day), however, from the authors’ point of view, this salary might be up to twice as much.




3.4. Sensitivity Analysis


Inspection costs are subject to uncertainties due to the large number of factors and stakeholders involved in these activities. To this aim, a sensitivity analysis is performed to evaluate the effect of two factors on CAPEX and OPEX. These two factors are: cost of SHM hardware and inspection time. Nowadays, various sensors with a range of prices are available in the offshore wind energy market. Table 14 presents an optimistic, average and pessimistic range of hardware prices. As can be observed, for a sensor with similar specifications, there might be up to a 100% increase in price due to slight modifications in the design. The effect of these fluctuations on the increase of CAPEX due to the instrumentation of a higher percentage of assets is investigated.



Inspection time is another variable aspect that strongly influences the cost of inspection campaigns. Inspection time is susceptible to weather conditions, sea state, technicians’ experience, condition of the asset, etc. An increase in inspection time leads to an increase in the number of offshore days within a campaign. This may not seem crucial, however, this time-increase has other associated costs, such as deployment of a vessel, personnel, and equipment offshore. Furthermore, inspection times may vary depending on the supplier performing the activities. A 30% weather downtime has been considered in these analyses. Table 15 shows the optimistic, average and pessimistic scenarios used for the sensitivity analysis of this case study and how the increase or decrease in time to perform the different inspections influence the number of assets to be inspected in a single working day.





4. Results and Discussion


In this Section, the results of the cost-benefit analysis are reported. The aim is to quantify the added value of SHMS when implemented from the installation of the OWF. The total CAPEX is £1.68 billion (around €1.87 billion), while the annual OPEX was estimated at £56.6 million (around €63 million) [73]. With the implementation of SHM, Table 16 shows the CAPEX increase due to the SHM implementation for the baseline scenario and scenarios 1, 2 and 3. Furthermore, the results of the sensitivity analysis performed with regards to the highly variable hardware prices are given in Table 16. As can be appreciated, the hardware cost variation plays an important role in the overall cost of implementation and subsequent CAPEX increase. It can be observed that CAPEX increase in an “optimistic scenario 3” (SHMS in 30% of the assets) is 25% cheaper than an “average Baseline scenario” (SHMS in 10% of the assets).



These results suggest that hardware selection and acquisition constitutes a very important aspect of SHM implementation. Figure 2, Figure 3 and Figure 4 show the amount of increase in CAPEX due to SHM implementation in Scenario 3 for three cases of optimistic, average and pessimistic hardware costs respectively. As can be seen in the figures, the cost of SHM implementation accounts for a small proportion of the total CAPEX.



Overall, it can be concluded that the percentage of CAPEX increase when SHMS are installed onshore is less than 0.1% of the CAPEX. The quantification of the OPEX percentage dedicated to structural inspections of the assets throughout their lifetime is given in Table 17 and is graphically shown in Figure 5. The results of the sensitivity analysis performed on the effect of inspection time in the cost of inspections and OPEX are also presented in Table 17.



Furthermore, Table 18 shows the OPEX percentage reduction in terms of structural inspection costs for the three cases of optimistic, average and pessimistic inspection time under different SHM implementation scenarios when compared to the baseline case. Even though the percentages are low (below 2%), they represent up to 18.3 M€. It is worth mentioning that these savings took into account scheduled inspection and maintenance but unscheduled activities were ignored, which given their often urgent nature will increase OPEX considerably. The reason why unscheduled inspection and maintenance has not been considered in the study is the lack of available data in the literature.



Table 18 and Figure 6 show the reduction of OPEX due to the implementation of SHMS in the WF. Furthermore, Figure 6 presents graphically how the lifetime cost of each one of the different inspections decreases with the number of times such inspections are performed to all the assets in their lifetime. This is related to the different scenarios presented in Table 7, where a higher percentage of SHM implementation enhanced the confidence in the structural integrity of the assets, enabling a smaller frequency of inspection. Thus, in Figure 7, while average inspection-time scenarios are represented by different symbols in the legend, optimistic and pessimistic scenarios are shown by dashed lines. These optimistic and pessimistic inspection-time scenarios represent the upper and lower bound of the cost interval, respectively. Furthermore, Figure 7 shows the cost reduction when the number of lifetime inspections is reduced due to SHM implementation. Slope change between above/below water inspections can be observed.



Lastly, Table 19 summarizes the increase in CAPEX versus the decrease in OPEX that different SHM implementation scenarios have for the optimistic, average and pessimistic cases of both sensitivity analyses for SHM hardware cost and inspection time. As can be appreciated, SHM implementation makes sense in all of the cases, as the OPEX reduction is much higher than the CAPEX increase due to the implementation of the SHMS. From Table 19 it can be concluded that the added value of SHM implementation ranges from 1.93–18.11 M€ for the presented scenarios and sensitivity analyses. Therefore, it can be concluded that SHM implementation can help WF operators reduce LCoE and maximise RoI.




5. Conclusions


In this paper, guidelines for the implementation of an SHMS were developed and applied to a case study. SHMS, when installed from the beginning of operation of the WF, can be used to adopt a condition-based inspection strategy for reducing OPEX. The regulations to be adhered to for the specific cases of the United Kingdom and Germany were extensively described and then the process to be followed by operators for the development of a SHM strategy together with an inspection strategy was explained and applied to a baseline case study. This baseline case study was used to perform the economic analysis of the benefits of SHMS implementation in the reduction of OPEX based on the developed guidelines.



Results back up the hypothesis that when implemented from the beginning of the service life, SHMS help WF operators reduce the number of necessary inspections required, thereby reducing OPEX. This reduction was found to be much greater than the cost associated with the implementation of these systems. Furthermore, hardware selection and acquisition constitute a very important aspect of SHM implementation, whilst this cost remains significantly lower than the total CAPEX. Thus, the percentage of CAPEX increase due to SHMS implementation remains less than 0.1% of CAPEX, whereas the percentage of OPEX reduction is estimated to be in the 0.2–1.5% range. Finally, the added value of SHM implementation was estimated to be between 1.93–18.11 M€ for the presented scenarios and sensitivity analyses.



An aspect that has not been taken into account due to the high variability and lack of economic data available was the unscheduled inspections and repairs in the structure of the OWT. The main benefit and the reason why inspections are scheduled less often when SHMS are implemented is that these systems are able to detect and sometimes predict failures. Therefore, by the implementation of these systems, unscheduled repairs with a subsequent loss of production are less likely to occur, which would be translated into a further reduction in OPEX. This idea is expected to be researched in further works.
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	BSH
	Bundesamt für Seeschifffahrt und Hydrographie



	CAPEX
	Capital Expenditure



	CMS
	Condition Monitoring Systems



	CTV
	Crew Transfer Vessel
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	Close Visual Inspection
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	DECC
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	DVI
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	EU
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	GC
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	Health and Safety Executive in Northern Ireland



	H&S
	Health and Safety



	ICCP
	Impressed Current Corrosion Protection



	LAT
	Lowest Astronomical Tide



	LCoE
	Levelised Cost of Energy



	LVDT
	Linear Variable Differential Transformer



	MCA
	Maritime and Coastguard Agency



	MMO
	Marine Management Organisation



	NDT
	Non-destructive testing



	OMA
	Operational Modal Analysis



	OPEX
	Operational Expenditure



	OWF
	Offshore Wind Farms



	OWT
	Offshore Wind Turbines



	O&M
	Operation and Maintenance



	RoI
	Return of Investment



	ROV
	Remotely Operated Vehicle



	SACP
	Sacrificial Anodes Cathodic Protection



	SHM
	Structural Health Monitoring



	SHMS
	Structural Health Monitoring Systems



	SPR
	Statistical Pattern Recognition



	SS
	Support Structures



	SV
	Service Vessel



	TP
	Transition Piece



	WF
	Wind Farm
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Figure 1. Statistical Pattern Recognition stages. 
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Figure 2. CAPEX increase due to SHM implementation in Scenario 3, optimistic case of hardware costs. 
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Figure 3. CAPEX increase due to SHM implementation in Scenario 3, average case of hardware costs. 
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Figure 4. CAPEX increase due to SHM implementation in Scenario 3, pessimistic case of hardware costs. 
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Figure 5. Graphical comparison of lifetime cost of structural inspections under different scenarios. 
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Figure 6. Lifetime OPEX reduction from baseline case. 
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Figure 7. Lifetime cost of inspection depending on the lifetime inspection frequency. 
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Table 1. Bundesamt für Seeschifffahrt und Hydrographie (BSH) regulations to be abided for the development and operation of offshore wind farms (OWF) in Germany.






Table 1. Bundesamt für Seeschifffahrt und Hydrographie (BSH) regulations to be abided for the development and operation of offshore wind farms (OWF) in Germany.





	
Regulating Authority

	
Standard Document

	
Ref






	
BSH

	
Minimum requirements concerning the constructive design of offshore structures within the Exclusive Economic Zone (EEZ)

	
[17]




	
Design of offshore wind turbines

	
[18]




	
Minimum requirements for geotechnical surveys and investigations into offshore wind energy structures, offshore stations and power cables.

	
[19]




	
Investigation of the impacts of offshore wind turbines (OWT) on the marine environment (StUK4)

	
[20]
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Table 2. Technical standards for the design and operation of OWF.
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	Standard Document
	Regulated Subject
	Ref





	ISO 19901-6
	Petroleum and natural gas industries. Specific requirements for offshore structures, Part 6: marine operations
	[21]



	ISO 19905-1
	Petroleum and natural gas industries. Site-specific assessment of mobile offshore units, Part 1: Jack-ups
	[22]



	ISO/DIS 29400
	Ships and marine technology. Offshore wind energy—Port and marine operations
	[23]



	EN 1990
	Basis of structural design
	[24]



	EN 1997
	Eurocode 7: Geotechnical design
	[25]



	EN 1993
	Eurocode 3: Design of steel structures
	[26]



	DNV-OS-H101
	DNV offshore standard—marine operations, general
	[27]



	GL-IV-7
	GL rules for the certification and construction, IV industrial services, Part 7: Offshore substations
	[28]



	GL-IV-6
	GL rules for the certification and construction, IV industrial services, Part 6: Offshore technology
	[29]



	API RP-2A-WSD
	American Petroleum Institute, Recommended Practice. Planning, designing and constructing fixed offshore platforms—working stress design
	[30]



	GL-IV-2
	GL rules and guidelines, IV industrial services. Part 2: Guideline for the certification of offshore wind turbines
	[31]



	DNV-OS-J101
	DNV offshore standard. Design of offshore wind turbine structures
	[32]



	DNV-OS-J201
	DNV offshore standard. Offshore substations for wind farms
	[33]
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Table 3. Minimum requirements for the periodic inspection of SS according to the BSH [8].
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	Test Object
	Test Basis and Intervals





	Functionality of the anodes or impressed-current system
	During the first 2 years: annually

After the first 2 years: depending on the condition (recommended every 4 years)



	Substructure: welded seams (subject to cyclic loads), intactness of the surface of the structural elements
	In accordance to the life cycle calculations and inspection plan



	Composition of the seabed surface, scouring
	During the first 2 years: annually

After the first 2 years: depending on the condition (recommended every 4 years)



	Corrosion protection (visual inspection):

	
Underwater area of the structure



	
Alternating load



	
Underwater area of the substructure



	
Operational structure (SS)





	
	
Depending on the condition (recommended every 4 years)



	
Depending on the condition (recommended every 2 years)



	
Depending on the condition (recommended every 4 years)



	
Depending on the condition (recommended every 4 years)








	Operational structure: welded seams (subject to cyclic loads), bolts
	In accordance to the life cycle calculations and inspection plan
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Table 4. WF baseline scenario and Environmental and Operational Conditions (EOCs).
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	Characteristic
	Unit
	Value





	Number of OWTs
	-
	100



	Turbine capacity
	MW
	5



	WF area
	km2
	50



	Average distance to port
	km
	50



	Average water depth
	m
	30



	Foundation type
	-
	Monopile



	Number of offshore substations
	-
	1



	Average wind speed
	m/s
	10.0 m/s (at hub height)



	Tidal conditions
	s
	0.5m (HAT to LAT)



	50 year wave
	m
	6.5



	Current
	m/s
	1.0



	Number of export cables
	-
	1
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Table 5. Failure modes of wind turbine support structures and their effects on structure integrity.
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	Failure Mode
	Impact on Structural Integrity
	Can be Monitored?
	SHMS





	Cracks in welds
	Accelerated fatigue
	YES
	Accelerometers and/or strain gauges



	Corrosion
	Loss of material leading to over-utilisation
	YES
	Impressed currents (ICCP)



	Excessive fouling or marine growth
	Corrosion and modification of modal properties and loading conditions
	NO
	Could be monitored by accelerometers but difficult to estimate the root cause of the modification in natural frequencies. Therefore it deems not worth monitoring



	Scour
	Loss of bearing capacity and modification of modal frequencies
	YES
	Accelerometers (not first mode), cameras or sonar



	Grouted connection (GC) displacement
	Loss of structural integrity
	YES
	Linear variable differential transformer (LVDT)
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Table 6. SHM strategy: number, type and hardware location.
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	Sensor Type
	Sensors/WT
	At Levels
	Sensors/10 WT





	2D accelerometer
	3
	Top of TP, 2/3 of Tower height and Top of Tower
	30



	2D inclinometer
	1
	Top of TP
	10



	Displacement sensor (LVDT)
	3
	Bottom of TP at the stoppers
	30



	Strain gauges
	12
	4 sensors per level: Top of TP (external), bottom TP (stoppers), top of monopile
	120



	Temperature sensor
	3
	Top and Bottom of TP, top of monopile
	30



	Data acquisition unit
	1
	Inside TP
	10
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Table 7. Scenarios of SHM implementation.
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Activity

	
Baseline Scenario

	
Scenario 1

	
Scenario 2

	
Scenario 3




	
SHMS in 10% of WTs

	
Inspection Frequency during Service Life

	
SHMS in 20% of WTs

	
Inspection Frequency during Service Life

	
SHMS in 30% of WTs

	
Inspection Frequency during Service Life

	
SHMS in 50% of WTs

	
Inspection Frequency during Service Life






	
GVI of primary and secondary steelwork

	
100% every year

	
25

	
100% every year

	
25

	
50% every year

	
12.5

	
20% every year

	
5




	
CVI of primary and secondary steelwork

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25




	
DVI of primary and secondary steelwork

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25




	
Seabed scour survey

	
100% the 2 first years and then 25% every year

	
7.75

	
100% the 2 first years and then 20% every year

	
6.6

	
100% the 2 first years and then 15% every year

	
5.45

	
100% the 2 first years and then 5% every year

	
3.15




	
Subsea marine growth survey

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25




	
Cathodic protection potential survey

	
100% the 2 first years and then 25% every year

	
7.75

	
100% the 2 first years and then 20% every year

	
6.6

	
100% the 2 first years and then 15% every year

	
5.45

	
100% the 2 first years and then 5% every year

	
3.15




	
CVI of the GC

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25




	
GVI of primary and secondary steelwork

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25




	
CVI of primary and secondary steelwork

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25




	
DVI of primary and secondary steelwork

	
25% every year

	
6.25

	
20% every year

	
5

	
15% every year

	
3.75

	
5% every year

	
1.25
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Table 8. Hardware costs in Baseline scenario.






Table 8. Hardware costs in Baseline scenario.





	Sensor Type
	Sensors/WT
	Average Unit Rate (€)
	Ref.
	Total Number of Sensors
	Average Cost





	2D Accelerometer
	3
	621.5
	[56,57]
	30
	36,000



	2D Inclinometer
	1
	661.5
	[58,59]
	10
	10,000



	Displacement sensor (LVDT)
	3
	167.5
	[60,61]
	30
	6450



	Strain gauges
	12
	105.25
	[62,63]
	120
	12,000



	Temperature Sensor
	3
	182.25
	[64,65]
	30
	4200



	DAU
	1
	6988.5
	[66,67]
	10
	115,000
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Table 9. Mobilisation and demobilisation costs for the different scenarios.
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	Scenario
	People
	Days
	Cost (k€)





	Baseline
	4
	10
	14



	Scenario 1
	8
	10
	28



	Scenario 2
	12
	10
	42



	Scenario 3
	20
	10
	70
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Table 10. Vessel costs.






Table 10. Vessel costs.





	
Vessel Cost (φV)

	
CTV

	
SV

	
Reference






	
mob/demob (€)

	
0

	
70,000

	
[73]




	
day rate (€/day)

	
3700

	
5000
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Table 11. Average transit times and cost.






Table 11. Average transit times and cost.





	Average transit time to OWF (hr)
	1.5



	Average transit time to turbine (hr)
	0.25



	Average fuel consumption (L/ Nautical Mile)
	25



	Average cost of fuel (€/L)
	0.6
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Table 12. Equipment costs.






Table 12. Equipment costs.





	
Equipment Cost (φE)

	
Day Rates (€/day)

	
Source






	
Mechanical toolkit

	
50

	
[74]




	
ROV

	
2750




	
measuring toolkit

	
500




	
NDT equipment

	
700




	
Water jet

	
0

	
[75]
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Table 13. Activities specifications: vessel type, personnel, working time and equipment.
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	Work Package
	Activity
	Vessel Type
	Personnel
	Shift Type
	hr/WT (Average)
	Equipment
	WT/Day (Average)





	AW
	GVI of primary and secondary steelwork
	CTV
	2
	12
	1.5
	Mechanical toolkit
	5



	AW
	CVI of primary and secondary steelwork
	CTV
	2
	12
	2.5
	Mechanical toolkit
	3



	AW
	DVI of primary and secondary steelwork
	CTV
	2
	12
	4
	NDT equipment
	2



	SB
	Seabed scour survey
	SV
	10
	24
	1.75
	Geophysical survey equipment
	11



	SB
	Subsea marine growth survey
	SV
	10
	24
	1.5
	ROV and measuring toolkit
	12



	SB
	Cathodic protection potential survey
	SV
	10
	24
	3
	ROV and measuring toolkit
	7



	SB
	CVI of the GC
	SV
	10
	24
	2
	ROV and measuring toolkit
	9



	SB
	Subsea GVI of primary and secondary steelwork
	SV
	10
	24
	2
	ROV
	9



	SB
	Subsea CVI of primary and secondary steelwork
	SV
	10
	24
	7
	ROV, measuring toolkit, water jet and NDT equipment
	3



	SB
	Subsea DVI of primary and secondary steelwork
	SV
	10
	24
	6
	ROV, measuring toolkit and water jet
	3
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Table 14. Sensitivity analysis of hardware price.






Table 14. Sensitivity analysis of hardware price.





	Sensor Type
	Unit Price (€) (Optimistic)
	Unit Price (€) (Average)
	Unit Price (€) (Pessimistic)





	2D Accelerometer
	160
	621.5
	1083



	2D Inclinometer
	293
	661.5
	1030



	Displacement sensor (LVDT)
	95
	167.5
	240



	Strain gauges
	43
	105.25
	167.5



	Temperature sensor
	110.5
	182.25
	254



	DAU
	1037
	6988.5
	12,940
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Table 15. Sensitivity analysis of inspection time.
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	Activity
	hrs/WT (Optimistic)
	hrs/WT (Average)
	hrs/WT (Pessimistic)
	WT/Day (Optimistic)
	WT/Day (Average)
	WT/Day (Pessimistic)





	GVI of primary and secondary steelwork
	1
	1.5
	2
	8
	6
	5



	CVI of primary and secondary steelwork
	1.5
	2.5
	3.5
	6
	4
	3



	DVI of primary and secondary steelwork
	3
	4
	5
	3
	3
	2



	Seabed scour survey
	1
	1.75
	2.5
	17
	11
	8



	Subsea marine growth survey
	1
	1.5
	2
	17
	13
	10



	Cathodic protection potential survey
	2
	3
	4
	10
	7
	5



	CVI of the GC
	1
	2
	3
	17
	10
	7



	Subsea GVI of primary and secondary steelwork
	1
	2
	3
	17
	10
	7



	Subsea CVI of primary and secondary steelwork
	6
	7
	8
	4
	3
	3



	Subsea DVI of primary and secondary steelwork
	4
	6
	8
	5
	4
	3
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Table 16. SHMS cost and CAPEX % for hardware sensitivity analysis.
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Scenario

	
SHM Cost and Hardware Cost Sensitivity Analysis




	
Optimistic

	
Average

	
Pessimistic




	
Cost (M€)

	
CAPEX %

	
Cost (M€)

	
CAPEX %

	
Cost (M€)

	
CAPEX %






	
Baseline

	
0.04

	
0.003

	
0.16

	
0.009

	
0.28

	
0.016




	
Scenario 1

	
0.08

	
0.006

	
0.32

	
0.019

	
0.55

	
0.031




	
Scenario 2

	
0.12

	
0.009

	
0.48

	
0.028

	
0.83

	
0.047




	
Scenario 3

	
0.20

	
0.014

	
0.79

	
0.046

	
1.39

	
0.078
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Table 17. Lifetime inspection costs and inspection-time sensitivity analysis for Baseline case, Scenario 1, 2 and 3.
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Scenario

	
Inspection Time Sensitivity Analysis




	
Optimistic

	
Average

	
Pessimistic




	
Cost (M€)

	
OPEX %

	
Cost (M€)

	
OPEX %

	
Cost (M€)

	
OPEX %






	
Baseline

	
15.6

	
1.2

	
19.9

	
1.6

	
24.4

	
1.9




	
Scenario 1

	
13.1

	
1.0

	
16.8

	
1.3

	
20.5

	
1.6




	
Scenario 2

	
9.5

	
0.8

	
12.1

	
1.0

	
14.9

	
1.2




	
Scenario 3

	
3.8

	
0.3

	
4.9

	
0.4

	
6.1

	
0.5
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Table 18. Lifetime OPEX reduction due to SHM implementation and inspection time.
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Scenario

	
OPEX Reduction for Different Inspection-Time Scenarios




	
Optimistic

	
Average

	
Pessimistic




	
M€

	
%

	
M€

	
%

	
M€

	
%






	
Scenario 1

	
2.5

	
0.2

	
3.2

	
0.3

	
3.9

	
0.3




	
Scenario 2

	
6.1

	
0.5

	
7.8

	
0.6

	
9.5

	
0.8




	
Scenario 3

	
11.8

	
0.9

	
15.0

	
1.2

	
18.3

	
1.5
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Table 19. CAPEX increase versus OPEX reduction due to SHMS implementation.






Table 19. CAPEX increase versus OPEX reduction due to SHMS implementation.





	
SHM Implementation Scenario

	
Hardware Cost Sensitivity Analysis

	
Inspection-Time Sensitivity Analysis




	
Optimistic

	
Average

	
Pessimistic




	
CAPEX Increase (M€)

	
OPEX Reduction (M€)

	
CAPEX Increase (M€)

	
OPEX Reduction (M€)

	
CAPEX Increase (M€)

	
OPEX Reduction (M€)






	
Scenario 1

	
Optimistic

	
0.08

	
2.48

	
0.08

	
3.16

	
0.08

	
3.87




	
Average

	
0.32

	
0.32

	
0.32




	
Pessimistic

	
0.55

	
0.55

	
0.55




	
Scenario 2

	
Optimistic

	
0.12

	
6.12

	
0.12

	
7.81

	
0.12

	
9.51




	
Average

	
0.48

	
0.48

	
0.48




	
Pessimistic

	
0.83

	
0.83

	
0.83




	
Scenario 3

	
Optimistic

	
0.20

	
11.78

	
0.20

	
15.03

	
0.20

	
18.31




	
Average

	
0.79

	
0.79

	
0.79




	
Pessimistic

	
1.39

	
1.39

	
1.39












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Cost M)






media/file4.png
Installation Cost - 16.40%
Mob/demob Cost - 26.01%

SHM implementation -

.014% i
0.014% Project Management Cost -

2.91%

CAPEX without SHM

implementation - 99,986% Hardware Cost - 54.67%





nav.xhtml


  energies-12-01176


  
    		
      energies-12-01176
    


  




  





media/file2.png
Data Feature
Operational Acquisition, Extraction and

Statistical
Model

Bvaluation Normalization Information
Development

and Cleansing Condensation






media/file5.jpg
Installation Cost - 20.53%.

Mob/demob Cot-8.10%

project ManagementCost

e ost 6845%

implementation- 99,954%





media/file3.jpg
Caocxithout s
implementaton- 99.986%

Installation Cost - 16.40%

Mob/aemobCost-2601%

project Management ot
o

R





media/file1.jpg
Data Feature
Acquistion, | Bdraction and

Satistical
Model

Normalization Information Development

and Cleansing | Condensation






media/file7.jpg
Instaitation Cost - 21.30%

St implementaton

Gy Project Masgement Cost-

o

aroxwitnout i ardware ot 7099%
Snvlemntaton- S





media/file10.png
Lifetime cost of inspection (M€)

30

25

20

15

10

| I Bascline

|
I Scenario1 [ | Scenario2 [ | Scenario 3

Optimistic

Average
Inspection time scenario

Pessimistic






media/file12.png
Lifetime OPEX reduction (M€)

30

25

N
o

RN
(@) ]

RN
(@]

|
| I Scenario 1 [ Scenario2 [ ]| Scenario 3

Optimistic

Average Pessimistic
Inspection time scenario





media/file9.jpg
Lifetime cost of inspection (M€)

30

2

E

15

10

W 5eseie S Scenario 1 Bl Scenario 2 [ Scenario

Optimistic Average Pessimistc.
Inspection time scenario






media/file0.png





media/file14.png
Cost (M€)

I _
_ (o] GVI above water
_____ h X CVI above water
—————————— O _——
=% - -—---= c- - T 4.
- :—:—-}c{: == _I— _____ I I I + DVI above water
5 10 15 20 25
I - 11 |———
— {  Seabed Scour Survey
________________________ ; O  Marine Growth Survey
_______________ ;&,_— * A e
---------- e o
KT {u o = I S A Y
m} i =EIETE | | | | Y  CP Survey
2 3 4 5 6 7 s L~
| | | | | | -------------
X CVIl of GC
A\v4 CVI below water
l % DVI below water
2 3 4 5 6 7 8 | ...

Lifetime Inspections





media/file8.png
Installation Cost - 21.30%

Mob/demob Cost - 4.80%

SHM implementation -

0,
0.078% Project Management Cost -

2.91%

CAPEX without SHM Hardware Cost - 70.99%
implementation - 99,922%





media/file11.jpg
30

2

Lifetime OPEX reduction (M€)

Optimistic Average Pessimisic
Inspection time scenario





media/file6.png
Installation Cost - 20.53%

Mob/demob Cost - 8.10%

SHM implementation -

0.046 Project Management Cost -

2.91%

CAPEX without SHM Hardware Cost - 68.45%
implementation - 99,954%





