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Abstract
Operation and Maintenance (O&M) of offshore farms have been highlighted as one of the major contributors to the final cost of energy. Therefore, lower the costs related to such aspect is vital in order to speed up their access into the market. Several decision-making tools have been developed in different areas in the last decades. Unfortunately, many of these suffer a degree of approximation due to the lack of either reliable input data or capability to assess specific offshore tasks. In this work the authors address this problem developing a tool for the assessment of the optimal O&M procedures for offshore renewable energy farms. This uses Monte Carlo simulation, which permits to establish probability of exceedance and confidence intervals on the results obtained, to characterize and optimize the management of the farm. The model is expressly orientated towards offshore devices, and aims to reduce the assumptions generally needed in RAM (Reliability, Availability, Maintainability) analysis. Modelling possibilities offered by the implemented tool, as well as suggested practices for the optimisation of the management of offshore farms, are illustrated and discussed through the paper.
nomenclature

O&M – Operation and maintenance.
RAM – Reliability,  Availability,  Maintainability.

LCOE – Levelised Cost Of Energy.

CAPEX – Capital Expenditures.

OPEX – Operational Expenditures.

SCADA – Supervisory Control And Data Acquisition.

1.
Introduction

In order to reduce reliance on imported fuels, increase security of supply and stabilise electricity prices, the number of projects aiming to the exploitation of offshore renewable sources for the production of electric energy has seen a rapid escalation in the last few years. These plans will permit to invest in new areas and create job opportunities, but also raise new challenges in order to make this sector competitive against conventional technologies. Previous and current attempts have demonstrated that the cost of the energy produced by offshore devices, sometimes indicated as Levelised Cost Of Energy (LCOE), is still too high respect to that of other technologies. Key factors affecting this value are the capital (CAPEX) and operational (OPEX) expenditures, with the latter accounting for approximately the 25% of the total [1]. While technological advances in materials and components, as well as in production and manufacturing processes, are likely to decrease the CAPEX, the creation of models and standardised protocols that provide support to the management of an offshore farm is needed to reduce the OPEX. In order to do so, the lifecycle cost analysis must be coupled with a study that takes into account the impact of O&M undertakings on power production and availability of the farm and, most important, on the generated income. Historically, a corrective (or reactive) maintenance strategy has been implemented for the O&M of the early offshore farms due to the novelty of this sector and a relative lack of experience. This strategy has proved to be expensive and often ineffective in increasing the availability of the devices and therefore the produced revenue. As a consequence, a switch towards a wiser and reasoned maintenance plan, that anticipates the major failures and the consequent effects on the power production, indicates the trend for a new and cost effective management of the power plant. However, even a solution that maximizes the availability of the farm may not be the most cost effective if the maintenance efforts, then the expenses related to these, are too high. Under these circumstances, an optimal solution, that increases the availability of the device while lowering the maintenance costs, as exemplified in Figure 1, should be pursued. 

The obtainment of this strategy is not an easy task though, since it is given by a careful combination of instructions and choices weighted on several variables, and that must be able to predict future production and related costs. This translates into the complex challenge of capturing all the different aspects of the offshore farm production and its related O&M activities, but especially the dynamics of the interaction between these two aspects [2]. In order to overcome this barrier and lead the operator’s actions in this demanding and intricate decision-making process, the authors have developed a computational tool that permits to characterize offshore farms and compare different options with the final aim of optimizing design choices, management procedures and, consequently, generated incomes.
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Figure 1. Balance between maintenance costs and availability increase.
2.
MODELLING APPROACH
The best way to obtain the most cost-effective solutions for the running of an offshore farm is the adoption of a pro-active approach. This should foresee possible issues and provide the guidelines to solve them, minimizing the consequences of unintended disruptions. Due to considerations on the strict accessibility of an offshore installation, which depends on weather conditions (waves, currents, visibility, etc.) and capabilities of the access systems (vessels, workboats, helicopters, etc.), a reactive strategy that postpones any action to the breakdown of the system is to exclude. A cyclic policy, that maintains the devices on regular periodic intervals without further considerations or associations to other factors, should be avoided as well to minimize the risks of a too exhaustive (then too expensive) maintenance plan. Similar considerations apply to the adoption of an exclusive condition monitoring approach. This consists in the installation of supervisory control and data acquisition (SCADA) tools that permit to monitor the deterioration status of components and subsystem of the devices, and allows to act on these accordingly. Obviously the installation of external instrumentation has a cost that influences the final LCOE, therefore also this approach may not be the optimal solution. For the reasons above, the tool presented in this paper is widely based on the adoption of a reliability-based approach. This relies on specific databases, filled with data obtained in earlier experiences with the considered systems or analogous ones used in different environments and properly adjusted. In this way, the right schedule for the maintenance measures is determined with an accurate estimation, on the basis of previous know-hows and without additional costs. A summary of these considerations is illustrated in Figure 2, extracted from [3].
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Figure 2. Graphical representation of some maintenance strategies [3].
This approach demands for accurate and detailed information on the taxonomy of the devices that constitute the offshore farm and on the reliability characteristics of its components and subsystems. On the other hand, it permits to link efficiently the productivity, availability and costs in order to deliver effective maintenance measures.
In order to do so, all the information collected is treated using a statistical time-domain approach based on the Monte Carlo simulation technique. This repeatedly compares appositely generated pseudorandom numbers against a set of predefined variables. This permits to recreate the most probable scenario among a series of different possible outcomes and to understand the impact of risk and uncertainty in each simulation.
2.1
INPUTS, MECHANISMS AND CONSTRAINTS
The reliability data of the device are a part of the information needed to simulate the operational lifecycle of the offshore farm. The primary goal of the developed computational tool is in fact of providing all the modelling possibilities necessary to realistically represent the logistical procedures of the power plant without exceeding with the burden of inputs required to the user. Preliminary indications on the effectivity of a maintenance schedule over another can be obtained provided that the metocean data of the offshore location selected for the installation of the farm, the power performance of the devices with related reliability characteristics (failure rates), and the access logistics that will be used for the maintenance operations are given. However, if a complete assessment is sought after, additional information can be introduced to refine the calculations. This includes, but not is limited to:

· the use of failure rates based on the Weibull distribution, permitting to better define the failure behaviour of a component over its lifetime;
· the establishment of maintenance and fault categories that allow a consistent relationship between devices, logistics and maintenance procedures;

· the introduction of procurement and repair times to introduce logistic delays on the downtime caused by each failure;

· sequencing rules on the number of spare parts in stock and on the availability of access systems, to introduce more restrictions on the immediacy of the repair process;
· redundancies and criticalities of the components of the devices, to take into account consequent variations in their reliability characteristics;

· dependencies on components and subsystem, to consider eventual common cause and\or cascading failures with consequent effects on the operability of the devices.

2.2
working principle
Once the data gathering is completed, the practice to obtain useful indications for the pro-active management of the farm is essentially divided into two phases. The first phase involves the complete characterization of the operational aspects of the farm. This is achieved through the identification of the high level cost/yield drivers and the delivery of important early insights, in particular into yield (and thus revenue), availability and reliability of the farm. The focus in this phase is to establish the key O&M costs and drivers amongst the input factors: harbour location, workboats type and numbers, helicopter option, crew size, spares supplies and other restrictions.
The second part of the procedures consists in the optimization of the maintenance procedures of the farm. This is accomplished by adequately varying the specific properties and values of the key cost drivers, identified during the first phase of the modelling. In this way, a number of different options in terms of maintenance possibilities are generated, with associated effects on reliability, availability, energetic production, generated revenues and costs. Consequently, comparing the different options, it is possible to assess what are the variations that generate positive or negative impacts for the management of the farm and select which of those is suggested to keep or discard for future simulations or project decisions.
This whole procedure can then be repeated as many times as needed in a cyclic analysis, until a desired target (e.g. maximization of the annual income) is reached. This concept is summarised in Figure 3.
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Figure 3. Graphical representation of the working principle of the implemented modelling tool.
2.3
ECONOMIC MODEL

Despite the high importance of the reliability and availability levels, the main factor that will be evaluated by the farm operator is (after health & safety) the economy of the plant. The modelling effort will therefore be focused on the maximization of the revenues obtained through the sale of electricity, proportional to the productivity of the devices, and the minimization of the OPEX. In order to characterize these parameters, the prices of spare parts, repairs and replacements, mobilisation and daily rate of the access systems and offshore assets can be included in the economic section of the tool. A breakdown of the total cost into these factors is provided at the end of each simulation for a rapid identification of the main cost drivers.
Furthermore, the indirect costs due to failures and downtimes that generate losses in production and therefore in revenues are included, permitting a quick comparison over different maintenance strategies or logistic vessels. An example of this comparison is illustrated in Figure 4.
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Figure 4. Example of comparison over gross revenue and net income for different options.
3.
OPTIMIZATION METHODS
As mentioned in the previous section, once identified the main key drivers for production and revenue of the farm, a number of optimization possibilities exist and can be investigated in order to improve the efficiency of the farm. These options are generated by varying the assets of the farm, acting either on the setup of the devices, on the logistics of the farm or on the maintenance strategy. Some examples, explored and discussed in [4], consist in: change the maintenance vessel, introduce a regular maintenance schedule, vary the failure rates of specific components, improve the redundancy of the subsystem. These variations can be introduced one at a time, to check the effects of every alteration respect to the previous configuration, or all at the same time, to directly evaluate the final result. Other options may involve acting on: the number of spare parts in stock, the number of access systems available in the farm, the use of helicopters, the use of a combination of access systems, the adoption of a preventive maintenance plan (in order to test its validity), port or offshore farm locations, relationship and criticalities between components and subsystems, size of the crew and so on. More options can be further considered and implemented depending on the specific kind of offshore farm (offshore wind turbines, wave energy converters, tidal stream devices, marine current turbines) and on the specific needs of the farm project manager.
4.
Conclusions
The success of offshore renewables toughly depends on lowering the final cost of the energy produced. The reduction of the expenses related to the O&M of these systems and other management choices will play a paramount role in this process. In this paper, the authors present a computational tool that can be used to characterize reliability, availability and maintainability aspects of an offshore farm, with the final aim of reducing the costs and optimize the assets. This tool presents a series of innovative features respect to similar models and preceding frameworks. First of all its specificity for marine renewables. While other risk prediction models provide support in the decision-making process of a generic project and can eventually be adapted with some assumption to offshore renewables, this tool has been created with the sole objective of increasing the viability of offshore energy farms, and therefore exclusively built for this environment. Secondly, its adaptability among different technologies. Comparable forecast models exist for offshore wind turbines, but, to the best of the authors’ knowledge, this is the first able to range over several kind of offshore technologies, including those that exploit waves, tides and marine currents. Finally, its reduced recurrence to assumptions and approximations. Being specifically built for offshore renewables, the need for adaptations has been replaced with the establishment of conventions. Moreover, the support and back-up provided by the coupled use with Mojo Maritime’s proprietary offshore operations planning software Mermaid (http://mojomermaid.com/) has permitted to radically reduce the assumptions concerning the accessibility of the devices. These play a fundamental role in the risk models for offshore assets.
Future work will consist in further extending the modelling possibilities offered by the tool, increasing the number of elements provided for a complete economic assessment and adapting the various interface to the possible requirements of any stakeholder (device developer, project manager, farm owners, operator, etc.). At the same time the graphical user interface of the toolbox, currently running on MATLAB environment, will be further improved. Finally the tool will be tested for validation. This will be done comparing the results for a specific case study against those provided by a farm operator and based on a real experience, or against those provided by an analogous software. This last method is better known as code-to-code or intercode comparison.
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