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Purpose: The production costs of offshore wind energy are currently very high com-
pared to other means of energy production. During the operational phase of an off-
shore wind park 17% of the operational costs are logistics cost. To reduce the costs, 
innovative strategies have to be implemented, like improved spare part strategies. 
 
Methodology: In this paper, an agent-based model for the Operation and Mainte-
nance (O&M) supply chain of offshore wind farms is developed analyzing if the stor-
age of spare parts of different offshore wind parts at a central shared warehouse is 
beneficial.  
 
Findings: Shared storage units for two offshore wind farms serviced from different 
harbours only yield larger profits for large spare parts transported by a crane vessel. 
For all other components, rapid access and the resulting higher availability of the 
wind turbines outweigh the cost savings realized by a central warehouse. 
 
Originality: The developed model is unique as it comprises two storage levels, two 
wind parks, and different means of transportation for small, medium, and large spare 
parts on water and land. Until now, no comparable research exists determining 
the optimal storage level for spare parts in shared storage infrastructure. 
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1 Introduction  

The recent trend for decarbonisation is growing steadily, and the shift from 

conventional production of energy to renewable production of energy 

plays an essential role in this transition to cleaner energy production (Kost 

et al., 2018). Especially offshore wind, with its steady and little fluctuating 

supply of energy, can play a crucial role in this shift (Reimers and Kalt-

schmitt, 2014).   

The costs of offshore wind energy, however, are currently very high com-

pared to other means of energy generation. Using Levelized Cost of Energy 

(LCOE), it is possible to compare the costs of different means of energy pro-

duction by calculating the quotient of average total cost of construction 

and operation of the power plant over its lifetime divided by the total en-

ergy output over the lifetime based on weighted average costs (Astariz, 

Vazquez and Iglesias, 2015).  

For the LCOE of German offshore wind projects, Fraunhofer ISE gives a 

range from 74,9 to 137,9 EUR/MWh in 2018 (Kost et al., 2018). In compari-

son, the LCOE of lignite are 45,9 to 79,8 EUR/MWh, of hard coal 62,7 to 98,6 

EUR/MWh, of onshore wind 39,9 to 82,3 EUR/MWh and for photovoltaics 

37,1 to 115,4 EUR/MWh (Kost et al., 2018). This makes offshore wind the 

most expensive form of energy production compared to fossil as well as 

other renewable energy sources. In the long run, the success of offshore 

wind projects is based on their economic feasibility and thus, a significant 

reduction in LCOE (Reimers and Kaltschmitt, 2014).  

The Operation & Maintenance (O&M) phase is with 20 years the longest and 

also the only phase during the lifetime of an offshore wind park (OWP) in 

which revenues are generated. Therefore efficient O&M processes are 
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highly relevant since the availability, and thus the generated power of an 

offshore wind turbine (OWT) depend on them (Shafiee, 2015). During the 

O&M phase, logistics costs account for 17% of operational expenditure 

(Poulsen, Hasager and Jensen, 2017).  

Even though the overall number of OWT is globally increasing, the number 

of manufacturers has declined. Consolidation on the market for OWT has 

taken place; several smaller companies have merged with Siemens Gamesa 

which had in 2017 a market share of 44% in Europe where Vestas MHI had 

29% (Wind Europe, 2018). Therefore, many OWP share large amounts of 

spare parts, which allows for the consolidation of spare part inventories to 

reduce O&M costs. 

In this paper, an agent-based model for the O&M supply chain of offshore 

wind farms is developed to analyse if the storage of spare parts of different 

offshore wind parts at a central shared warehouse is beneficial compared 

to the decentral storage at the service harbours of the OWP. 

The structure of the paper will be outlined by a literature review of offshore 

O&M with a particular emphasis on papers for the use of simulation in the 

O&M phase of offshore wind farms. Then the structure of the agent-based 

simulation will be developed with an explanation of the input factors lead-

ing to the results, and in the last part, the paper will be closed with a dis-

cussion of the results.  

2 Literature Review  

This literature review gives a short overview over the most important liter-

ature in the field of O&M of Offshore Wind Turbines (OWT) related to spare 
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parts and inventory management as well as resource sharing and the meth-

ods used in this context. 

The literature regarding the O&M phase of offshore wind is extensive. Most 

of these publications are concerned with strategic maintenance decisions 

like wind farm design, location of service personnel, or outsourcing deci-

sions (Shafiee, 2015). The literature on pooling of resources and spare part 

management during the O&M phase, however, is very scarce. Three master 

thesis are looking at inventory policies in combination with maintenance 

strategies: Dewan (2014) develops a logistics and service model to compare 

different policies and strategies; Nnadili (2009) focuses floating OWT and 

Jin et al. (2015) focus on third-party logistics providers. Lindqvist and Ludin 

(2010) did their Master Thesis about spare part logistics investigating meth-

ods for storage and supply of spare parts focusing on stock levels and reor-

der sizes. Lütjen and Karimi (2012) investigate inventory management dur-

ing the installation phase. Gallo, Ponta and Cincotti (2012) develop a model 

which helps to find the right combination of maintenance strategy and 

warehouse location. Tracht, Westerholt and Schuh (2013) describe an ap-

proach for the spare parts management under consideration of the restric-

tive factors of limited availability of service vessels and changing weather 

conditions. Rauer, Jahn and Münsterberg (2013) develop a forecasting 

model to predict the number and type of spare parts required for an Off-

shore Wind Park (OWP) considering the O&M strategy used.  

Rinne (2014) did his dissertation on the topic of spare parts strategies for 

offshore wind farms during after-sales services. Ferdinand, Monti and La-

busch (2018) propose an algorithm to determine the optimized spare part 

inventory. Zhang et al. (2018) develop an optimization scheme to deter-

mine the right update cycle and the number of spare parts necessary. Of all 
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these publications, only the student paper by Lindqvist and Lundin (2010) 

encompasses the aspect of collaboration by looking at joined warehouses.  

In the whole literature on the O&M phase of offshore wind, the aspect of 

resource sharing is only regarded scarcely (Shafiee, 2015). This can be at-

tributed to the infancy of the industry and the competitive nature of the 

Original Equipment Manufacturers (OEM), there is not much sharing of re-

sources/spare parts done like it is done in other industries. 

Most papers which are about sharing or optimizing resource use in the O&M 

phase are dealing with installation vessels and/or Crew Transfer Vessels 

(CTVs). Halvorsen-Weare et al. (2017) develop a metaheuristic solution 

method to do an optimisation for vessel fleets during the O&M phase or 

Stålhane et al. (2017) who propose a two-stage mathematical model for the 

optimal use of jack-up vessels for the O&M of offshore wind farms or 

Stålhane et al. (2016) who use a two-stage stochastic programming model 

to determine the optimal fleet size for maintenance activities. 

Schrotenboer et al. (2018) propose the sharing of personnel for the O&M of 

different offshore wind farms.  

The methods applied in the O&M literature are very diverse; most of it based 

on quantitative modelling using analytical as well as simulation ap-

proaches. The most common simulation approach is Monte-Carlo-Simula-

tion (Shafiee, 2015). There are therefore few approaches by authors to use 

simulation to optimize the O&M logistics, and when done, these authors do 

not use agent-based models.  

Beinke, Ait Alla and Freitag (2017) did a simulation study on sharing of re-

sources during the installation phase. Münsterberg, Jahn and Kersten 

(2017) as well as, Münsterberg and Jahn (2015) did event-based simulation 

for the O&M phase of offshore wind farms. Karyotakis (2011) did a model 
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based on Monte-Carlo simulation based on the parameters affecting the 

O&M phase. Besnard (2013) used a Markov chain model for the O&M pro-

cesses. Nielsen and Sørensen (2010) wrote a paper about risk-based O&M 

using Bayesian networks. Dalgic (2015) developed an expenditure model 

using a Monte-Carlo simulation approach for an optimized fleet of vessels 

for O&M. Dinwoodie (2014) did a multivariate auto-regressive model in 

combination with a Markov Chain Monte-Carlo simulation model for O&M. 

Sahnoun et al. (2015) propose a simulation model using a multi-agent sys-

tem.  

In summary, it can be concluded that no research on spare part strategies 

considering shared inventory has been done yet. Furthermore, even though 

the use of simulation is not new to the field, agent-based modelling has to 

the knowledge of the authors not been applied in the context of O&M of off-

shore wind logistics. 

3 Methodology 

In this paper, we develop a model of an Offshore Wind spare parts supply 

chain for two offshore wind parks using agent-based modelling. Agent-

based modelling is a bottom-up methodology which allows a close repre-

sentation of the of real-world phenomenon like a supply chain with a de-

tailed representation of different actors in the form of agents (Datta and 

Christopher, 2011; Macal and North, 2014). The behaviour of the overall sys-

tem is mapped by the interaction of individual agents. An agent is an active 

unit of the simulation, which is placed in an environment and can make au-

tonomous decisions, underlying a specific set of rules, in order to achieve 
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the goals assigned to it. For this purpose, an agent can perceive the envi-

ronment and communicate with other agents in it (Wooldridge, 2009).  

Borshchev and Filippov (2004) compare agent-based modelling (ABM) with 

the two other most common modelling approaches system dynamics and 

discrete event modelling. They find that the main difference is the bottom-

up approach of ABM. Therefore the resulting system is decentral, and the 

global system behaviour is the result of the interaction of the different 

agents. This has some significant advantages. First, it allows the model to 

be built without knowledge about the interdependencies of the global sys-

tem. Especially large and complex systems like supply chains can be easier 

modelled using ABM. Second, ABM is more general and powerful because it 

enables the representation of more complex structures and behaviours. 

Third, ABM allows the modelling of very heterogeneous entities like ware-

houses, trucks, or OWT. Due to these reasons, ABM is well suited to model 

an offshore wind spare parts supply chain, which is very complex and in-

volves many different actors.  

4 Model 

The model aims to enable a comparison of two different spare part storage 

strategies. The first using a shared central warehouse for supplying two 

OWP, the other one using decentral warehouses at the service harbour of 

each OWP. Resulting in two storage levels: central and decentral. For this 

purpose, a model is developed, which includes the most important actors 

and interactions of a supply chain for offshore wind spare parts for two 

OWP. The model is developed using the guideline developed by Law (2007) 

using the software AnyLogic. 
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4.1 Model derivation 

Following standard supply chain frameworks, the model includes material 

as well as information flow. The material flow is made up of different spare 

parts. The information flow is opposite to the material flow and includes 

spare part demands and mission planning. In total, the model (see Figure 

1) includes eight different types of agents which will be shortly introduced 

hereafter.  

The structure of the modelled supply chain is based on the best practice for 

shore based maintenance of OWP (GL Garrad Hassan, 2013). This enables a 

transfer of the results into practice. The two modelled OWP and the corre-

sponding service ports match two OWP situated in the German North Sea. 

Furthermore, the central warehouse is situated at a feasible location be-

tween the two harbors. The OWT is composed of 17 different parts. The oc-

currence of a failure is modelled using a Poisson-distribution. If one of the 

parts fails, a failure notice is sent to the control centre, and the OWT is out 

of order until the required spare part is delivered. It is assumed that with 

the help of condition monitoring, the required spare part needed is always 

identified correctly and that only one spare part is needed per failure. 

The model includes 17 different types of spare parts matching the compo-

nents of the OWT. The spare parts are divided into three categories. Cate-

gory A encompasses small and light spare parts which can be transported 

with the helicopter as well as the CTV. Category B includes all components 

that can be lifted with the board crane of the OWT; they are transported 

with the CTV. All the components which can only be transported with a 

crane vessel makeup category C. The different spare parts are implemented 

as variables which can be exchanged between the different agents and 

transported by them.  
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The material flow starts at the warehouse agent. Here all the spare parts 

are stored. The model allows for all the spare parts to be either stored in 

one central warehouse which is supplying both OWF or in two decentral 

warehouses situated directly at the service harbours. The warehouse oper-

ates using a reorder point (r, q)-policy. 

The next agent in the model is the control centre. It is central for the infor-

mation flow because all information comes together here. The control cen-

tre is receiving the failure notice from the OWT and then forwarding the or-

der to the warehouse where the required spare part is stored. Additionally, 

it receives the weather forecast and determines which means of transport 

can leave the harbour to execute repairs on the OWT each day. 
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Figure 1: Overview of the Agent-Based Model including Material and 
Information Flow   
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For the transportation of the spare parts four different means of land and 

sea transport a modeled. At land daily pick-ups of spare parts from the cen-

tral warehouse are assumed e.g. by logistic service providers and modeled 

by one agent. At sea the means of transport are based on those used by the 

offshore wind industry in practice for shore-based maintenance (e.g. GL 

Garrad Hassan, 2013; Münsterberg and Jahn, 2015). They are represented 

by three different agents (Endrerud, Liyanage and Keseric, 2014). The CTV 

is the standard mean of sea transportation, and it is assumed that it can 

carry enough spare parts and personnel to repair on average, three OWT 

per day. If the CTV cannot operate due to bad weather, but the weather is 

suited for the helicopter, it shuttles repair crews and spares to two OWT per 

day. It is assumed that both vehicles are available daily and operate if a win-

dow of operation larger than 6 hours is available. The crane vessel, how-

ever, has a waiting period of three months after the failure of the wind tur-

bine and leaves the harbour if an operation window of 24h is available (Dal-

gic et al., 2015).  

4.2 Data collection 

In total, 16 parameters are needed for the model. Twelve of these are con-

stants since they have no central influence on the land supply chain, which 

is the central focus of the analysis, and their values can be taken from the 

literature. Nine of these parameter are listed in Table 1, which define the 

operation of sea transport.  
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Table 1: A Key Figures Sea Transport (Münsterberg and Jahn, 2015) 

Sea 

Transport 
Weather Restriction Value Spare Parts 

CTV Significant wave height 1,5 m A,B 

Crane vessel Significant wave height 2 m C 

Helicopter Wind speed 17 m/s A 

The other three concern the different spare parts (see Table 2). The data for 

these are merged from different sources (Gayo, 2011; Dewan, 2014; Lind-

qvist and Lundin, 2010). The components with the highest failure rates are 

identified and chosen for the model. They are assigned a failure rate, which 

is calculated proportionately of the overall failure rate. The other parame-

ters are the replenishment time and the price which are taken from Dewan 

(2014) as well as Lindqvist and Lundin (2010). 

Table 2: Overview Spare Part Categories 

Spare Part 

Category 

Num-

ber of 

Parts 

Share of Over-

all Failure 

Rate 

Replenish-

ment Time 

Spare Part  

Price [€] 

A 8 0.465 1 or 2 weeks 200 - 1,500 

B 7 0.501 1 or 2 weeks 500 - 10,530 

C 2 0.034 10 weeks 
100,000 - 

113,000 



    Modelling of Spare Parts Storage Strategies for Offshore Wind  95 
 

 
 

The remaining four input parameters are variables which are assigned dif-

ferent values using scenario analysis (see Figure 2). The storage level for the 

different spare part categories is alternated to enable a comparison of cen-

tral and decentral storage. Scenarios with a helicopter and without helicop-

ters are run because both supply chain setups are typical in practice. The 

other two variables: overall failure rate and delivery time from the central 

warehouse are varied in the different scenarios to verify the assumptions 

made. The values for failure rates of OWT vary significantly between the dif-

ferent publications, and it depends on the average wind speed, drive train as 

well as the climatic conditions (Faulstich, Hahn and Tavner, 2011; Carroll, 

McDonald and McMillan, 2016). So for the base scenario, overall failure rate 

per OWT per year is assumed to be 4, and delivery time from the central ware-

house to the service harbour with 48h. To be able to determine the influence 

of this assumption on the results for both variables, high and low scenarios 

are run increasing or rather decreasing the values by 50 percent.  

A two-stage experiment (see Table 3) is designed, which includes all rele-

vant scenarios but excludes irrelevant scenarios to reduce the number of 

overall simulation runs. In stage I, the optimal storage level for the heavy-

duty (category C) components is determined and set to this value for all the 

simulation runs of stage II. This is possible since the supply chain of cate-

gory C spare parts is independent of the supply chain of the other two spare 

part categories. In the following section, the results of these simulation 

runs will be discussed. 
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Table 3: Input Variables of Different Scenarios 

Stage   Storage Level  

 
Overall Fail-

ure Rate  

Delivery 

Time 
A B C 

Helicop-

ter 

I 
2, 4, 6 

[/OWT/y] 
48 [h] 

Central/  

Decen-

tral 

Central/  

Decen-

tral 

Central/ 

Decen-

tral 

Yes  

II 
2, 4, 6 

[/OWT/y] 

24/48/72 

[h] 

Central/  

Decen-

tral 

Central/  

Decen-

tral 

Central  Yes /No 

5 Results 

In order to enable a comparison of central and decentral storage strategy 

for spare parts for offshore wind turbines, the profit margins for the two al-

ternatives are first calculated and then compared in this section. Also, the 

Mean Time to Repair (MTTR) is calculated, which is an essential measure of 

the efficiency of the offshore wind supply chain and helps to explain the re-

sults.  
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Figure 2: Input Variables and Output of the Simulation 

Figure 3 shows the detailed calculation of the profit margin. It is calculated 

as the difference in revenues during the OWP lifetime minus the land logis-

tics costs. The calculation only takes into account the land logistics costs, 

since only here are changes made to the supply chain setup. It is assumed 

that the water-side costs do not change, as the number of OWT failures and, 

accordingly, the number of repairs do not change. The revenues are calcu-

lated as the product of the total energy produced during the lifetime multi-

plied by the electricity price. The electricity price is set at 10.4 ct/kWh and 

assumed to be composed of a mixture of subsidized and non-subsidised 

purchase (Balks and Breloh, 2014). The power generated depends on the 

wind strength and the power curve of the Siemens SWT 3.6-120. The short-

est term forecasts provided from the German Meteorological Service (DWD) 

for the locations of the two OWPs from 2013-2017 are used (four times dur-

ing the 20 years of OWP lifetime) as the basis for determining the produced 

power. Thus, the number of functioning OWTs and the prevailing wind 
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speed per OWP can be queried hourly in the simulation and the power gen-

erated can be determined. 

The land logistics costs are calculated as the product of storage costs plus 

transport costs plus order costs. The transport and order costs are calculated 

using a fixed cost rate per order. The order cost rate is 400€ for both central 

and decentral storage. The transport cost rate varies for the different spare 

part categories: A: 23,11€, B: 42,09€, C: 811€ and is charged individually for 

every delivery of a spare part to the service harbor (Bundesverband Materi-

alwirtschaft, Einkauf und Logistik, 2015). The storage costs are calculated 

as the product of the storage cost rate multiplied with the price of the spare 

part, the average stock level of the spare part and the duration of the simu-

lation. In this case, the storage cost rate is assumed to be 28.7%, which is 

the usual rate for service providers (Bogaschewsky et al., 2012). All costs are 

individually determined per simulation run for each spare part category. 

Figure 3: Calculation of Profit Margin 

 

Revenue

Profit Margin

Land Logistics Costs

‐

Generated Revenue

෍ 𝑮𝒆𝒏𝒆𝒓𝒂𝒕𝒆𝒅 𝑬𝒏𝒆𝒓𝒈𝒚 ⋅ 𝑬𝒏𝒆𝒓𝒈𝒚 𝑷𝒓𝒊𝒄𝒆

𝟏𝟕𝟓 𝟐𝟎𝟎

𝒉ୀ𝟏

Ordering Costs

෍ 𝑶𝒓𝒅𝒆𝒓𝒔 𝑺 ⋅ 𝑶𝒓𝒅𝒆𝒓𝒊𝒏𝒈 𝑹𝒂𝒕𝒆𝑺

𝟏𝟕

𝑺ୀ𝟏

+

Transportation  Costs:

෍ 𝑻𝒓𝒂𝒏𝒔𝒑𝒐𝒓𝒕𝒔 𝑪 ⋅ 𝑻𝒓𝒂𝒏𝒔𝒑𝒐𝒓𝒕 𝑹𝒂𝒕𝒆𝑺

𝟑

𝑪ୀ𝟏

+

Storage Costs:

෍ 𝑺𝒕𝒐𝒓𝒂𝒈𝒆 𝑹𝒂𝒕𝒆 ⋅ 𝑺𝒑𝒂𝒓𝒆  𝑷𝒓𝒊𝒄𝒆𝑺

𝟏𝟕

𝑺ୀ𝟏
⋅  ∅ 𝑰𝒏𝒗𝒆𝒏𝒕𝒐𝒓𝒚 𝑳𝒆𝒗𝒆𝒍𝑺⋅ 𝑹𝒖𝒏 𝑻𝒊𝒎𝒆

=
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The MTTR is also determined for each spare parts category. It is calculated 

as the ratio of the sum of the downtime caused by a spare part category 

over the lifetime divided by the number of faults in this category during the 

lifetime: 
              𝑀𝑇𝑇𝑅௜  ൌ

ஊ ௗ௢௪௡௧௜௠௘೔

ஊ ௙௔௜௟௨௥௘௦೔
         (1) 

In the following, the results from the two staged experiment are presented. 

In total, 24 simulation runs were executed during stage I using the input pa-

rameters shown in Table 3. 

A comparison of the central and decentral storage strategy for the spare 

parts of category C shows that central storage yields a higher profit margin 

(see Figure 4). This can be attributed to two effects. First, the land logistics 

costs are about half as high in the case of central storage compared to de-

central storage. A closer look at the costs reveals that this difference can be 

primarily ascribed to a reduction in inventory. In comparison, the transpor-

tation costs that accrue in case of central storage are rather small. The pri-

mary effect, however, which explains most of the increased profit margin is 

the increase in revenue, which is generated by the OWP in case the heavy 

duty spare parts are stored in a central warehouse. These higher revenues 

can be attributed to reduced MTTR and higher availability in case of central 

storage.  

For stage II, the storage level for category C spare parts is now set as central 

for all simulation runs. The other input parameters: Overall failure rate, de-

livery time, stock levels A and B, as well as helicopter deployment, are var-

ied in the different scenarios (Table 3). This means that a total of 72 further 

simulation runs are carried out. 
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The results of stage II show that a higher profit margin can be achieved with 

decentral storage of the small and medium spare parts (Category A&B). 

Again, the land logistics costs are higher for decentral storage due to in-

creased total inventory levels (see Figure 5). For the spare parts of category 

A and B, however, the revenue is increased, and the MTTR decreases in case 

of decentral storage. This increase in revenues is significantly higher than 

the increase in logistics costs, and therefore, the profit margin increases in 

the case of decentral storage. A more detailed analysis of the results shows 

that the profit margin is higher for decentral storage irrespective of the sce-

nario. 

 

Figure 4: Comparison of Land Logistics Cost and Profit Margin of Decentral 
Storage compared to Central Storage 

The MTTR has a significant impact on the availability of the OWT and there-

fore, on the profit margin during the O&M phase. Figure 5 shows how the 

profit margin decreases with increasing MTTR. The MTTR mainly depends 
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on the waiting time for the spare part and the waiting time for a weather 

window for sea transport.  

Figure 5: Profit Margin and MTTR for Spare Parts of Category A&B depend-
ing on Storage Level and Overall Failure Rate (averaged from 12 
simulation runs) 

In the model, the waiting time for sea transports does not change, but the 

waiting time for a spare part varies between the different scenarios. The 

analysis of the results shows that all the four input variables influence the 

MTTR. First, the MTTR increases if the spare parts are stored in a central 

warehouse as the spare parts have to be delivered to the service harbour. 

Second, the MTTR increases with the failure rate. This can be explained with 

longer waiting periods for sea transport as its capacity is limited. Addition-

ally, the Figure shows that the MTTR of category A components is always 

shorter than that of category B, as these spare part can be transported by 

helicopter in addition to the CTV. Third, the deployment of the helicopter 
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does influence the overall MTTR because it allows for additional repair mis-

sions in the OWP compared to only using a CTV. Fourth, increased delivery 

time from the central warehouse leads to an increased MTTR. 

In order to verify the assumptions made about logistics and spare parts 

costs, a sensitivity analysis is carried out. This shows that the results are 

stable as even a doubling of costs does not influence them. The evaluation 

of the different scenarios also shows that an increase and decrease of the 

delivery time from the central warehouse and the overall failure rate by ± 

50% does not influence the result.  

6 Discussion of results 

The results show that the MTTR is a moderator between the spare part 

strategy used and the revenue of the OWP. If the MTTR increases, the avail-

ability of the OWT decreases, and so does the revenue from the OWP. Other 

authors have also stressed the relevance of this parameter in the past, for 

example, in connection with the accessibility of the OWT (e.g. Dalgic et al., 

2015). The results show that the causes of the MTTR changes vary depend-

ing on the characteristics of the spare parts.  

For spare parts transported with the helicopter or CTV, the MTTR decreases 

in the case of decentral storage, since in this case the spare parts are di-

rectly available at the service port and the availability is not delayed by a 

delivery from a central warehouse. Spare parts transported with a crane 

vessel, on the other hand, are subject to an increase in MTTR due to in-

creased stock shortages in decentral warehouse scenarios. Due to the 

higher storage costs and lower failure rates, inventories for of the heavy-
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duty components are only minimal, and the central storage allows for bet-

ter absorption of peak demands while at the same time reducing storage 

costs. Since these components have a long replenishment time, shortages 

have a particularly drastic effect on MTTR. Also, the waiting time for a crane 

vessel is longer than the delivery time from the central warehouse, so the 

extension of the delivery time if stored at a central warehouse does not af-

fect the MTTR.  

For spare parts transported by CTV or helicopter, it can be seen that the in-

crease in profits due to higher availability outweighs the higher logistics 

costs. This trend becomes particularly apparent with an increasing number 

of turbine failures, as the MTTR gains significance with a larger number of 

failures. In the future, this effect will gain even more relevance by increasing 

the power of the individual WTGs, since a more significant power potential 

remains unused in the event of a WTG failure. This shows that it is essential 

for the operators to ensure the high availability of spare parts because re-

sulting in additional costs are outweighed by the increase in revenues. 

The developed model assumes a local separation of service ports of the two 

OWPs. If, however, several OWPs are supplied from one service port, cost 

savings can be achieved by merging the warehouses without negative in-

fluences due to a longer delivery period. 

The results are limited due to the characteristics of the model and the poor 

availability of data. The model includes only a reduced number of spare 

parts without reducing the number of defects per WTG. This means on the 

one hand that the failure rate per component is increased, on the other 

hand, that the number of spare parts in stock is reduced. The reduction in 

the number of components also means a reduction in the total stock. An 

increased number of components with the respective safety stock in the 
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warehouse also means an increase of the total stock and thus of the storage 

costs. The average land logistics costs calculated are only about half as high 

as values from the literature. However, doubling these costs does not alter 

the results presented. 

The reduction in the number of spare parts in the model also means that no 

components with a lower error rate than the C components and high stor-

age costs are included in the model. After evaluation of the results, this type 

of spare parts appears to be suited for central storage.  

Future research on spare part management for OWP could use other crite-

ria for the division of the spare parts. The most fitting seems to be failure 

rate and storage cost of the spare parts. Nevertheless, the model showed 

that it was suitable to answer the research question.  

7 Conclusions 

In this paper, the influence of the spare parts strategy on the LCOE of Off-

shore Wind Parks is investigated. For this purpose, an agent-based model 

of a supply chain for spare parts for two offshore wind parks is developed 

including three spare part categories and the possibility of central and de-

central storage. The results show that the correct spare parts strategy can 

help to reduce the LCOE of Offshore Wind. The main effect of the right spare 

part management, however, lies in the maximization of revenues through 

an increase of the Mean Time to Repair rather than in the reduction of costs. 

This increase in revenues leads to higher economic feasibility of offshore 

wind projects. The study highlights again how essential the O&M phase of 

the OWP is since it is the only phase during the lifetime of an OWP where 

revenues are generated. 
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