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Abstract

:

An anticipated challenge for the offshore wind industry is the legally standardized decommissioning of offshore wind infrastructure after the expiration of the respective approval period. To meet the energy and climate targets set by, e.g., the German Federal Government, this challenge must be mastered in the context of sustainability. Potential concepts are (i) the deconstruction of offshore infrastructure without replacement, (ii) the continued operation of the plants, (iii) partially or even completely replacing them with newer, modernized plants (re-powering). Re-powering could also be a combination of existing infrastructures with other innovative technologies, such as hydrogen. In this work, the three concepts are analyzed along with their risks and additional factors, such as feasibility, cost-effectiveness, predictability of technological progress, and, planning security, are discussed. A quantitative risk and resilience analysis is conceptually demonstrated for the specific risk of extreme weather and wave conditions caused by climate change. Synthetic wave height data are generated and the corresponding load changes are applied to example offshore wind farms. The three end-of-life options are compared using resilience indicators that serve as exemplary measures for the energy output, which serves as the key performance indicator.
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1. Introduction


Most offshore wind turbines are bound by regulations to undergo dismantling and deconstruction at the end of their service life. Dismantling typically involves the removal of turbines, foundations, cabling, and other equipment. Deconstruction procedures can vary from turbine to turbine and depend on a number of factors, including the type of foundation, the depth of water, and local environmental conditions. Furthermore, deconstruction procedures must comply with local regulations and environmental requirements. Some of the deconstruction methods include cutting the turbines and foundations into pieces and removing the parts using ships and cranes. The SeeOff-project [1] has developed a potential approach that supports the development of deconstruction strategies. The pieces can then be transported to the shore and recycled or disposed of. Waste management is especially important for a sustainable offshore industry (see, e.g., [2,3]).



It is important to note that the cost of dismantling is included in the overall cost of an offshore wind turbine to ensure that the turbine can be decommissioned at the end of its life and not cause unnecessary environmental impacts. Nevertheless, decommissioning wind turbines is not the only option. Often, end-of-life (EOL) options, along with their respective conditions, are already described in offshore wind farm (OWF) permits.



For instance, the permit for the DolWin alpha converter platform, which was commissioned in 2015, contains the following conditions [4]: “The permit shall expire 25 years after commissioning of the converter platform and complete connection of the offshore wind farms to the converter platform. An extension is possible in accordance with the law in force at the time of the requested entry into force of the extension, provided that this is applied for in good time, but at least two years before the expiry date, enclosing the necessary documents”. Consequently, the question arises as to which option would be the most beneficial, taking into account several key performance indicators.



The quantitative comparison of EOL options is based on the resilience assessment of structures under various loads and extreme conditions. In the literature, extreme load conditions on steel structures for offshore wind, as well as, e.g., transmission towers [5], have been quantitatively analyzed, with a focus on fragility curves.



In [6], fragility curves for offshore jacket structures were derived using Monte Carlo simulations for randomly sampled winds and waves. Wind loads on offshore wind turbine towers caused by cyclones were assessed via fragility curves in [7] to support probabilistic risk assessments. In [8], the behaviors of monopile foundations for turbines were predicted under extreme storm conditions using finite element simulations. Fragility curves were also suggested, considering the geotechnical aspects of the foundation.



Multi-hazard approaches, such as those discussed in [9,10], consider wind, wave, and earthquake loads on offshore wind structures. Finite element methods enable the construction of fragility curves for single and combined loads. In [5], the impacts of extreme wind loads on the steel structures of transmission towers were analyzed for different corrosion levels. Fragility curves were suggested, which predict the failure probability based on the wind speed. Thus, for discrete levels of corrosion, specific failure curves were derived.



Most research studies address the vulnerability and fragility of infrastructures concerning specific hazards, their intensities, and return periods. Fewer research results are available that also address post-recovery and fragility. In [11], a quantitative approach is used to evaluate the rapidity of community recovery, and the effects that dynamic policies can have on the recovery. The study focused on residential buildings affected by wind perils and introduced typical delay variables and repair fragility as factors influencing the recovery.



In this work, a methodology is presented to quantify the resilience of different EOL options. To this end, synthetic wave data were generated by a suggested approach over long periods of time under varying conditions, such as climate change. Instead of fragility curves, cyclic structural resistance curves were constructed, which enable a continuous assessment of the cumulative load conditions. This approach enables the consideration of fatigue effects over years and decades and the employment of new structures over time, as changes and accumulations of loads only manifest after several years of operation.



The remainder of this work is structured as follows: First, in Section 2, three EOL options are presented and discussed. In Section 3, a risk assessment (RA) is presented for an illustrative impact. Section 4 compares the resilience of the three EOL options. Finally, in Section 5, the work is concluded and an outlook is provided.




2. End-of-Life Options


The three main EOL options for OWF have been discussed in the literature, i.e., life extension, re-powering, and decommissioning (see, e.g., [12]). Here, the expiration of the permit period after 25 years is regarded as a disruptive event that needs to be addressed with appropriate measures, i.e., EOL options. In Figure 1, a short overview of the different measures/options is given. In this work, we analyze the energy outputs of these EOL options under synthetic weather conditions. The results are presented in Section 4.2.



2.1. Decommissioning


To enable the continuous modernization of capacities, complete decommissioning is one obvious option to achieve this. The problem with this scenario stems from the increased economic expenditure and the extended time period for the energetic non-use of areas to be built on. If necessary, the newly available area is put out to tender again, thus further extending the period of non-use. Thus, two sub-options are distinguished, i.e., no further usage of the area, and more realistically, the erection of new modern structures. Decommissioning is assumed in this work to take around 2 years and re-erection another 4 years [13], with a break of several years in between.




2.2. Extended Operation


From an economic standpoint, the extended operation is advantageous in terms of time expenditure and resource balance, as it only requires the status quo to be maintained; only the safety of the facilities must be ensured according to factors such as wear, corrosion, fatigue, and strength. If the analysis is extended to include technical progress, the result is a heterogeneous resource balance. Assuming that the available area suitable for the construction of wind turbines is regarded as a finite resource, the use of the available area must be designed as efficiently as possible. Continuous technical progress serves as the benchmark for achieving efficient design. Thus, the modernization of existing capacity is a consistent core element in the expansion of offshore wind energy. No new technology is employed, but there is technical progress; thus, the OWFs under this EOL option may not remain competitive in the long term compared to new or re-powered OWFs.




2.3. Re-Powering


A compromise between the two strategies mentioned above can be achieved through partial decommissioning, also known as re-powering. In the context of partial dismantling, this development poses a challenge. Individual elements of OWFs are not suitable to support, e.g., higher dimensioned turbines or nacelles. For further consideration, a hypothetical assumption is made that technical progress is proportional to energy production, assuming that the dimensions of the turbines remain the same. Provided that this assumption is realistic, the modernization of individual elements can be justified from an energy perspective. The use of new technologies in partial dismantling must be examined in the context of re-powering.



Another possibility for re-powering involves the potential utilization of old foundations and supporting structures to establish hydrogen production sites. Due to the fluctuating availability of offshore wind power, hydrogen serves as a good candidate for energy storage during periods of over-production. Green hydrogen might be used in several ways and contribute to overcoming electrical transmission losses [14]. The production of hydrogen via electrolysis is a well-studied process; however, electrolysis using seawater poses challenges, such as corrosion. A recent study by [15] proposed a promising approach to address the issues of offshore hydrogen production with seawater. Technical feasibility and economic aspects are important factors for this EOL option. In [16], a methodology is presented to assess the economic viability of offshore hydrogen projects, considering aspects such as the operational expenditure (OPEX) and capital expenditure (CAPEX). For an offshore wind farm example with integrated hydrogen production, the study derived conditions under which the production became profitable.





3. Risk Assessment


To assess the different strategies aimed at increasing the resilience of an offshore wind farm (OWF) after the regular operation phase, the assets involved need to be considered in detail. Thus, the OWF is divided into the following core elements:




	
Wind turbines (foundation, tower, hub, nacelle, equipment/devices, such as a generator, gearbox, brake, and grid connection).



	
Converter platform (foundation, topside, equipment/devices, such as generators, gas-insulated switchgear (GIS) systems, and auxiliary transformers).



	
Submarine cable systems (inter-array cables, export cables).



	
Substation.








All elements must be tested to assess their suitability for use beyond the operational phase or their expected trouble-free service life, within the limits of their conditions and functionalities. Based on a scorecard approach (see [17]), modernization efforts are assessed and can be justified. The decisive factor for this consideration is, thus, technical progress, which is largely based on the needs of the market. In the decision-making process, wind farm operators are mainly guided by the current legal and economic conditions (minimum requirements) in order to use the areas they have acquired (usually through tendering procedures) as economically as possible.



Unfortunately, this behavior has resulted in a continuous increase in the size of installed turbines. For example, there is an effort to design SF6-free GIS plants [18]. According to the current state of the art, this is possible but results in a larger plant volume. Here, it should be checked whether there is compatibility with the already existing and installed systems when replacing a GIS system with newer types. The assumption here is that this will lead to challenges in terms of steel construction, accessibility (hatches), and available space.



The RA forms the basis for any decision-making process regarding EOL options. Here, it is generally understood that the OWFs being considered are located in the German exclusive economic zone (EEZ), and that German national and international laws apply (e.g., SOLAS/MARPOL). Note, the RA is performed without any additional assessment or studies, as only the methodology is demonstrated. The RA is divided into four categories: person, environment, asset, and organization. Here, the focus is on the asset category, with a particular focus on safety. The offshore substation (OSS), which includes a converter platform, plays a very central and vulnerable role within an OWF [17] and, thus, is the focus of the following RA.



An example threat is considered to examine the three EOL options, specifically the increased wave heights caused by climate change. Figure 2 presents an example OSS with heights indicated by the different levels, such as cable and helicopter decks, for reference.



The derived RAs are provided in Table 1 for current OWFs under the impact of climate change, following the procedures explained in detail in [17]. The severity level S and probability level P range between 1 (low) and 5 (high), respectively. The risk R is given as the product of S and P.



With a risk of ’12’, increased wave heights are threats that need to be addressed when deciding on EOL options. The probability is relatively high because the effects of climate change can be measured (see, e.g., [19]) and extreme weather conditions are more likely. The severity of the threat is average, especially assuming structural damage to unmanned OSS and turbines, without considering any major or catastrophic damage.



Table 2 presents an assessment of the risks for the three EOL options under the assumption that several measures were taken to address the source of the ’climate change’ threat. In the following, an approach is presented to assess the impacts of severe weather conditions on the three EOL options. Such quantitative studies improve the quality of the RA (see, e.g., [17]) and, thus, support decision-making.




4. Impact Simulation on Synthetic Wave Data


To model the impact of climate change on offshore structures, the load changes resulting from waves on the structures need to be understood. To this end, a methodology is first presented to generate synthetic wave data.



4.1. Wave Height Model


Significant wave heights   H  s i g    can be approximately predicted using a Rayleigh distribution (see, e.g., [20]). The corresponding probability density function for wave heights H is given as follows:


     f  ( H , σ )  =  H  σ 2    e  −  H 2  /  ( 2  σ 2  )    , H ≥ 0     



(1)







The scale of the Rayleigh distribution varies between   σ = 0.7   and   σ = 1.5  , depending on the season. November, December, January, February, and March are assumed to be severe weather months with large  σ . The maximum wave heights   H  m a x    are modeled using a uniform distribution, where the lower boundary is   l =  H  s i g    . The methodology is based on data presented in [21]. The upper boundary u of the uniform distribution to estimate   H  m a x    is defined as follows:


     u =  H  s i g   +  H  s i g   · 0.07 ·  ( y −  y  b a s e   + 3 )      



(2)




with y being the year of the prediction and   y  b a s e    the year when the prediction starts, to represent the increase in extreme weather caused by climate change. Here, the difficulty lies in predicting wave heights over a large time span of 60 years. Further, in [19], it is observed that the significant wave height does not show a global increase over time, but rather the extremes do. Thus, the significant wave height was modeled by a Rayleigh distribution, and the maximum wave height had to be constructed on top of it, incorporating increasing values attributed to climate change. This is why no Weibull distribution was used to predict the extremes, which has been shown to outperform Rayleigh distributions in modeling extreme events (see, e.g., [22]).



The wave frequency is assumed to be   ν = 1 / 10   s, similar to what is given in [23]. Using time discretization in months leads to a total amount of load changes due to the waves of    N  t o t a l   = 2.592 ·  10 5    per month. However, not every wave contributes to the cumulative sum of significant load changes that impact the steel structures. To derive the load changes for specific wave heights that a structure is designed to withstand, a cyclic structural resistance curve is constructed based on the guidelines provided in [24]. The wave heights H, as functions of the number of load changes   N  l c   , are given as follows:


     H =      − 0.5 · l o g  (  N  l c   )  +  H  r e l       if   N  l c   < 5 ·  10 7        H  m i n      otherwise           



(3)




with    H  m i n   = 8   m and    H  r e l   = 17   m representing the 100-year wave height that the structure is designed to withstand once. The latter assumption is based on [25]. There, it is described that the FINO1 platform is designed to withstand waves of    H  r e l   = 17   m.



In the following, only waves with   H >  H  m i n     are considered. The number of occurrences of specific wave heights represents the corresponding load changes per month. The cumulative load, i.e., the number of occurrences   N H   per discrete wave height H, is approximated by


      N H  = f  ( H , σ )  ·  N  t o t a l       



(4)







Based on the cumulative loads for each discrete wave height, the failure probability for the structure can be obtained from the cyclic structural resistance curve. Assuming that all the steel structures that are considered follow the same curve, it becomes possible to determine the year when the number of load changes exceeds the design threshold for the structures. For a variety of steel structures, different cyclic structural resistance curves would apply. Here, two types of steel structures are considered, i.e., old structures and new structures erected after decommissioning the old ones. If the load changes exceed the design specifications, larger failure probabilities p apply.



Figure 3a presents the Rayleigh distribution to model   H  s i g    and   H  m a x   . The synthetic wave data for a period of 60 years, starting in 2015, are given in Figure 3b. The cyclic structural resistance curve, based on Equation (3), is presented in Figure 3c and the resulting discrete cumulative load changes per wave height are presented in Figure 3d, considering the resistance curve for existing structures. Based on the synthetic wave height data presented in Figure 3b, a rough prediction indicates that wave heights will begin to exceed the design specifications around the year 2050.




4.2. Infrastructure Impact Model


The wave model and the cumulative load changes are now applied to example OWFs presented in Figure 4. In the considered model, the number of turbines is limited to 10 in Figure 4 for visualization purposes. However, in the simulations, 60 turbines are employed per OWF.



For the 60 turbines per OWF, we assume an energy output between 4 and 6 MW per turbine. Based on the failure probabilities derived from the cumulative load changes and the cyclic structural resistance curve, a Monte Carlo simulation predicts potential failures of components of the OWF network. Thus, the failure probability after EOL remains low, with   p = 0.1  , while the cumulative loads gradually increase based on the synthetic wave data. Only once is the structural resistance exceeded, i.e., when the failure probability increased to   p = 0.5   (see Figure 3c).



The failures resulting from the synthetic weather conditions given in Figure 3b are presented in Figure 5a. The status indicates the normalized number of operational nodes in the network. This can be correlated with the energy output of the network of OWFs (see Figure 5b). The duration of all needed repairs is set to two months, based on the time discretization used for all simulations in this work, measured in months. This assumption may not hold, as repairs, particularly on an offshore OSS, might be expedited to reduce losses; still, replacing parts are often missing, and the weather impacts repairs. Figure 5 presents the results if all three OWFs considered in this work were to extend their operations.



In Figure 6, simulated cumulative load changes are presented, along with the energy output for the ’Re-powering’ EOL option applied to one of the three OWFs considered here. The existing steel structures are employed to host larger turbines with increased energy output, i.e., 7.5 MW per turbine, on average. The disadvantage here is that the cumulative loads still impact the structures in the same way as the ’Extension’ case.



Finally, in Figure 7a, the load changes are presented for the ’Decommissioning’ EOL option when the old structures are removed entirely and new foundations, steel structures, OSS, and turbines are erected for one of the OWFs, with an output of 8.5 MW per turbine, on average. Thus, the load changes are set to zero again when the new structures start operating. For these new structures, a specific cyclic structural resistance curve is applied, which takes into account new designs and steel classes (see Figure 3c). Figure 7b presents the expected energy output for this EOL option.



To compare the simulations of the three EOL options, a resilience indicator can be used, i.e., the area   A E   below the energy output curve:




	
Re-powering:    A E  = 686 , 344.43   MW · months.



	
Decommissioning:    A E  = 638 , 268.83   MW · months.



	
Extension:    A E  = 631 , 140.50   MW · months.








These numbers represent   A E  , corresponding to Figure 5b, Figure 6b and Figure 7b. As these numbers refer to only one simulation, the randomness in the weather is a contributing factor. Repeated simulations can improve the results and the interpretation.



For the   A E   given here, the ’Re-powering’ EOL option leads to the largest energy output, which is based on the assumption that the latest technology will be utilized for the re-powering process, i.e., moving from an average of 5 MW to 7.5 MW per turbine. Still, the cyclic structural resistance curve is for existing structures.



Under the assumption that decommissioning and rebuilding take a certain amount of time, the simulations for the ’Decommissioning’ option reveal the second-largest energy output. The newly erected structures follow the latest designs to cope with larger wave heights caused by climate change; thus, they have a longer lifespan than the structures used for the ’Re-powering’ option.



The ’Extension’ option has the smallest energy output. The old structures have collected a large number of cumulative loads, resulting in a lower energy output compared to the other two options.



Finally, we should note that the presented results are highly dependent on the predicted wave heights and cyclic structural resistance parameters. Hence, the results should not be understood as the determined results for a specific real-life scenario, but rather as exemplary results that showcase the capabilities of the concept.





5. Conclusions


Designing a resilient approach to address the challenges arising when the licensed operating life of an offshore wind farm expires after 25 years involves evaluating three options: extended operation, decommissioning, or re-powering. Therefore, a fundamental resilience assessment methodology is proposed and discussed in this paper. In order to achieve the largest possible resilience, an adaptive RA procedure is suitable, which involves dynamically and continuously redetermining and reevaluating the situation. In this exemplary study, the risk of climate change is investigated, and there are many other threats that impact the three options after EOL.



For the specific threat of increased wave heights caused by climate change, an RA was presented. Based on these findings, a conceptional simulation approach is suggested to quantitatively assess the impacts of threats on OWFs under the three EOL options. Based on synthetically generated wave data, and considering increasing extremes caused by climate change, failure probabilities for the three EOL options were derived. To this end, cyclic structural resistance curves were constructed to map load changes caused by waves and failure probabilities. Based on the characteristics of each EOL option and the random synthetic waves, the energy outputs differ and vary as functions of time.



The overall energy output was compared by estimating the area below each energy curve. It was found that the largest energy output was estimated for the ’Re-powering’ option when new turbines were placed on old structures. This depended on the turbines and nacelles suitable for the old structures. The ’Decommissioning’ option had a lower energy output, as a certain downtime was considered between the decommissioning of the old structure and the erection of the new ones. For ’Extension’, which entailed extending the usage of older turbines, was not competitive with the other options that benefited from technological development.



The simulations were based on various assumptions, which will need verification in the future. The generation of synthetic wave data could be improved by employing Weibull distributions, as presented in [11]. The suitability needs to be assessed for increased extremes caused by climate change. The energy output per turbine for the three EOL options was selected for demonstration purposes; it needs to be further investigated, as it will also depend on the conditions of the old foundations and structures. The cyclic structural resistance curves for old and new structures were also based on several assumptions, which need verification. Further, more simulations are needed to assess the overall energy output, as the uncertainty due to randomly generated synthetic wave data needs to be considered.



However, the approach is very flexible and can consider verified user input. This could include structure specifics, adaptive cyclic structural resistance curves, maintenance cycles, the definition of other output functions, and the energy output to cover economic aspects of the three EOL options. A future step based on this work could involve conducting an economic comparison of the three EOL options, considering wind data, energy output, and operation and maintenance costs, similar to the approach described in [16].



Finally, the adaptive RA process used to determine the best option for an offshore wind farm at the end of its operational life must also consider factors other than risk. These include the state and development of technology, the political situation, the market economy, and many other factors. These factors can influence decision-making and, therefore, must be included in the evaluation to make a comprehensive decision.
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Figure 1. EOL options and sub-options for ’Decommissioning’ and ’Re-powering’. 
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Figure 2. OSS schematic with heights of different levels indicated, adopted from [17]. 
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Figure 3. Rayleigh distribution with average   σ = 1.1   (black dashed line) compared to the probability density functions for the significant wave height (black solid line) and the maximum wave height (gray solid line) (a) to generate synthetic significant and maximum wave heights (b). Wave heights are mapped on the cyclic structural resistance curve for two structure types (c) to estimate the cumulative load changes and the probability of failure p (d). The EOL (black dashed line) and the date when the number of acceptable load changes is exceeded (black solid line) are given. 
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Figure 4. Network model for 3 OWFs and 10 turbines each (blue from 1 to 10, green from 11 to 20, and red from 21 to 30, respectively), OSS (grey from 31 to 33), and the land connection (black, 34). 
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Figure 5. Extension: Based on the synthetic wave heights of Figure 3, the working components (a) and the produced energy (b) are estimated. 
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Figure 6. Re-powering: Cumulative load changes (a) and produced energy (b). The EOL (black dashed line) and the date when the number of acceptable load changes is exceeded (black solid line) are given. 
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Figure 7. Decommissioning: Cumulative load changes (a) and produced energy (b). The EOL (black dashed line) and the date when the number of acceptable load changes is exceeded (black solid line) are given. 
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Table 1. Risk assessment for the OSS.
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	Source of Threat
	Threat Identification
	Risk
	System
	Consequence
	P
	S
	R





	Climate change
	Rising sea levels, increased wave heights
	stress on infrastructure
	OSS
	damage
	4
	3
	12
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Table 2. Risk assessment for the three EOL options.
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	Measure
	Implementation
	P
	S
	R





	Re-powering
	Consider climate change in the design
	2
	3
	6



	Extension
	Increased inspection and maintenance
	2
	3
	6



	Decommissioning
	Consider more severe weather caused by climate change
	2
	2
	4
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