
Probabilistic Modelling of O&M
Activities and Strategies

in Wind Energy
by

Álvaro Cano

to obtain the degree of Master of Science in Aerospace Engineering
at Delft University of Technology and to obtain the degree of

Master of Science in Wind Energy at Technical University of Denmark.
To be defended publicly on Thursday 20th August, 2026 at 15:00.

Research carried out at:

Faculty of Aerospace Engineering, Delft University of Technology

Department of Wind and Energy Systems, Technical University of Denmark

Thesis committee:
Chair: Prof.dr. Simon Jonathan Watson

Supervisors: Dr. Donatella Zappalá, TU Delft
Prof. Nikolay Dimitrov, DTU
Dr. Moritz Johann Gräfe, DTU
Dr. Vasilis Pettas, DTU

Place: Faculty of Aerospace Engineering, Delft
Project Duration: November 2025 - July 2026
Student numbers: 6292763 (TU Delft), s244068 (DTU)

An electronic version of this thesis is available at https://repository.tudelft.nl/.





MSc Thesis

Abstract

Offshore wind operation and maintenance is modelled by two families of tools that do
not meet. Discrete-event simulation carries the mechanisms that drive offshore downtime
but costs many runs per converged answer, whereas the published analytical models answer
for a fraction of the computational cost yet are exponential, steady-state, and window-based,
and the effects of these assumptions have not been benchmarked against a modern simulator.

This thesis develops a hierarchy of analytical availability models that occupies that
gap, establishing what each member can be trusted to estimate, at what accuracy, and at
what cost. The family pairs steady-state and time-marching solvers under Continuous Time
Markov Chain and a Semi-Markov Process frameworks, plus two simulator twins, all consum-
ing one shared input pipeline. The reference case is a bottom-fixed 12MW turbine with 22
corrective failure modes over twenty years of hourly ERA5 weather, and the discrete-event
reference, NREL’s WOMBAT (0.13.3), is audited, minimally patched, and characterised
through a pre-registered mechanism-accretion ladder.

Under aligned conditions the steady-state semi-Markov model reproduces the reference
raw, at z = +0.20 over 200 seeds and z = −1.02 against the thousand-seed population,
certifying 97.9903% time-based availability, 97.8243% production-based availability, and an
annual direct cost of 576,393.60USD for the selected case study turbine. The memoryless
simplification is evaluated and proves adequate for mean-determined steady-state quantities,
although it cannot express production-based availability accurately, overstates the cold-start
boundary credit by 46%, and is blind to the replacement waves that make a twenty-year life
at β = 2 one long transient, missing 1.47 percentage points of year-one availability. Process
interruptibility treatment is also evaluated, with results indicating a second-order convention
worth 0.167 percentage points for the short repairs, and the enabling assumption for heavy
replacement modelling, whose contiguous execution diverges at the reference site.

Finally, the 13ms solve enables rapid scenario screening and sensitivity analysis, being
used to propagate forty thousand joint uncertainty samples, price vessel capability, lifting en-
velopes, mobilisation lead time, and component reliability with break-evens attached, there-
fore turning the validated hierarchy into a decision instrument at a cost measured in seconds.
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MSc Thesis

1 Introduction

This introductory chapter provides the motivation behind the thesis and defines the
problem it addresses. It first places offshore wind within the energy transition and locates
its central weakness, a cost of energy that remains roughly twice that of its onshore coun-
terpart. It then shows where operation and maintenance (O&M) sits within that cost, and
describes how offshore maintenance is executed in practice, since those operational mecha-
nisms are precisely what a credible O&M model must reproduce. Currently, the simulation
models trusted for offshore O&M assessment are computationally too demanding for design-
scale applications, whereas the analytical models suitable for such studies are constrained by
several modelling assumptions and have not yet been validated against these higher-fidelity
tools. Readers already familiar with the offshore O&M context may proceed directly to
Section 1.2, from where the remainder of the chapter states the research problem formally
before closing with the outline of the thesis.

1.1 Background and motivation

1.1.1 Offshore wind in the energy transition

Climate change has moved from an emerging international concern to a defining con-
straint on energy system development, with successive IPCC assessments stating that it is
unequivocal that human influence has warmed the atmosphere, ocean and land [9]. This
consensus underpins the objective of rapid decarbonisation formalised in the Paris Agree-
ment, which aims to hold the increase in global average temperature "well below" 2◦C and
to pursue efforts to limit it to 1.5◦C above pre-industrial levels [10]. Following this objec-
tive, the Renewable Energy Directive of the European Council has set a target of at least
42.5% renewable energy by 2030, as energy use and production account for 75% of total EU
greenhouse gas emissions [11].

However, the transition is not driven by climate policy and decarbonisation alone. In-
creasing wind and solar capacity has been empirically shown to measurably reduce reliance
on imported fossil fuels [12], and renewable deployment is therefore also framed as a matter
of energy security and strategic autonomy. This security framing has become particularly
prominent in Europe since 2022, with the REPowerEU plan of the European Commission
explicitly aiming to end dependence on Russian fossil fuels by combining supply diversifica-
tion with an accelerated transition to renewable energy [13, 14].

A third driver, arguably as decisive as policy support for deployment, is cost compet-
itiveness. In their 2025 LCOE+ report, analysts from the asset management firm Lazard
conclude that on an unsubsidised basis renewables remain a cost-competitive form of new
generation [1]. The comparison in Figure 1 places onshore wind among the cheapest energy
sources available, yet it also identifies the cost disadvantage motivating this thesis, as offshore
wind remains roughly twice as expensive as its onshore counterpart and utility-scale solar.
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Its continued expansion therefore depends on reducing this cost gap rather than maintaining
an existing competitive advantage.

Figure 1: Illustrative levelised cost of energy (LCoE) ranges for selected generation tech-
nologies. Adapted from [1].

The industry attempting to close that gap has grown steadily. Global installed wind
capacity increased from roughly 417 GW in 2015 to more than 1.1 TW by the end of 2024,
while offshore capacity rose from less than 12 GW to almost 80 GW over the same period
[15]. Industry outlooks anticipate continued strong growth through 2030, with offshore wind
accounting for an increasing share of new capacity. However, the IEA notes that offshore
deployment remains particularly vulnerable to permitting delays, vessel shortages, and grid
constraints, leading to downward revisions of projections in some major markets [16, 17].

This expansion has been enabled by rapid technological scaling. In the United States, no
turbine installed in 2013 had a rotor diameter of 115 m or more, while 98% of those installed
in 2023 met or exceeded this threshold [18]. Offshore turbine ratings have consequently
increased in parallel, with the average capacity of newly ordered offshore turbines reaching
14.8 MW in 2024 [19]. This scaling (illustrated in Figure 2) is central to offshore economics,
as larger machines spread fixed installation and infrastructure costs over a greater energy
output. However, it is also worth noting that this growth also amplifies the consequences
of failures. Major components in turbines of these sizes can usually only be exchanged by
specialised heavy-lift vessels, and a single stopped turbine now removes more than a dozen
megawatts of generating capacity. Therefore, every failure event carries larger production
losses and logistical demands than its onshore and smaller sized counterparts [20, 21]. This
relationship between turbine scale and maintenance burden is examined further in Subsec-
tion 1.1.3.
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Figure 2: Evolution of turbine size with selected buildings and landmarks as reference.
Adapted from [2].

Moving wind energy generation offshore is motivated by resource quality and siting
feasibility, as winds at sea are stronger and steadier, with new projects expected to reach
capacity factors of roughly 40–50% [22], and there is more space for larger turbines and
farms. Furthermore, offshore generation allows production close to the coastal regions that
host much of global demand, including 12 of the 15 largest cities in the world [23]. The
marine environment, on the other hand, introduces new challenges like combined wind and
wave loading, aggressive corrosion, and a complex electrical system of subsea cables and
offshore substations with failure modes of their own [20]. Additionally, projects built farther
from shore face longer transits and harsher met-ocean regimes [21].

Within offshore wind, two main categories can be distinguished based on the support
structure used by the turbine. Bottom-fixed substructures dominate deployment and are ex-
pected to account for roughly 95% of global offshore additions between 2024 and 2033 [21, 24],
while floating turbines accounted for only approximately 278 MW by the end of 2024 [17],
and still carry reference cost estimates of about 181 $/MWh against the 117 $/MWh of
their bottom-fixed counterparts [3]. Given this maturity gap, the specific engineering and
logistics of floating offshore wind, such as mooring systems, dynamic cables, or tow-to-port
heavy maintenance [25], lie beyond the scope of this work.
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1.1.2 The cost of offshore wind and the role of O&M

From a whole-life perspective, offshore project expenditures are commonly grouped into
development and consenting costs, capital expenditures (CapEx), operational expenditures
(OpEx), and end-of-life and decommissioning liabilities (DecEx), with CapEx as the domi-
nant block. A representative breakdown of the CapEx is shown in Figure 3a, obtained from
the 2024 NREL Cost of Wind Energy Review, which prices a reference 600 MW plant built
from 12 MW turbines. Although specific values vary by region and project, the breakdown
highlights a key structural feature of offshore wind: a large fraction of project cost is tied to
marine construction scope and electrical infrastructure rather than to the turbine alone [3].
These same site factors, namely water depth, distance to shore and grid, met-ocean severity,
and supply-chain maturity, propagate not only into installation upfront costs, but also into
the long-run operational and maintenance burden carried across the project life [21].

(a) Capital expenditure distribution.

(b) Levelised cost breakdown.

Figure 3: Cost structure of the NREL 2024 reference fixed-bottom offshore wind farm [3].
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The levelised cost of energy (LCoE) is a standard metric for comparing electricity gen-
eration options on a consistent $/MWh basis. In its commonly used form, it can be written
as [3]

LCoE =
CapEx · FCR +OpEx

AEPnet

, (1)

where FCR is a fixed charge rate reflecting financing and tax assumptions, OpEx represents
annual operating expenditures, and AEPnet is the net annual energy production.

Within this formulation, O&M affects the LCoE through two coupled channels. Firstly,
it contributes directly to OpEx through labour, vessels, spares, logistics, and inspection
or repair campaigns. Secondly, O&M decisions shape the AEPnet via turbine availability,
since failures, access delays and repair durations remove production hours. This joint cost-
production coupling is one of the reasons offshore O&M is repeatedly identified as a central
determinant of economic performance and a priority area for innovation and modelling [20].
Focusing on the direct channel alone, OpEx represents a 26.9% of the levelised cost for the
reference plant, as displayed in Figure 3b.

This weight is likely to grow rather than shrink. As the technology matures and capital
costs decline, the relative importance of the operating phase will increase, and industry anal-
yses argue that O&M will rise to represent a large fraction of life-time costs [26, 27]. The
cost reduction pathway in Figure 4 makes this dependence explicit, as part of the projected
decline to 2035 is attributed to improved O&M strategies. Evaluating such strategies is,
however, a modelling problem, because costs and availability must be assessed jointly and
across many candidate configurations, which motivates the need for O&M models that are
both faithful and computationally affordable [20, 25]. The next subsection discusses the
processes these models intend to capture and represent.

Figure 4: Cost reduction pathway from 2023 to 2035 for fixed-bottom offshore wind [3].

Page 5 of 111



MSc Thesis 1.1 Background and motivation

1.1.3 Offshore maintenance in practice

Offshore O&M can be viewed as a closed operational loop that starts with a failure or
degradation signal and ends with return to service. Failures are detected through SCADA
alarms, condition monitoring systems, or inspections, with operators aiming to maintain
continuous monitoring capability [28]. Although certain events can be resolved remotely
through manual resets, the remainder trigger physical mobilisation [20]. Operations teams
then diagnose and classify each task by criticality, resource needs, and logistics, and a com-
mon planning framework classifies repair work into categories, from manual resets through
minor, medium, and major repairs to major replacements. Each of these is associated with a
typical time to repair and a required vessel and crew configuration [29]. Execution is finally
conditioned by the weather, as limits on tolerable wind speed and significant wave height
are converted into go or no-go decisions for specific vessels and tasks, therefore driving ac-
cessibility, which drives downtime and cost through waiting time [30].

The vessel fleet supporting this loop is organised in a hierarchy of capability and cost,
summarised in Table 7. Routine interventions at short to medium distances are executed
by crew transfer vessels (CTVs) operating from an onshore base, which suit inspections,
resets, and minor repairs but are limited by safe transfer at the turbine interface and by
daily shift patterns that reduce effective working time offshore [28, 29]. As distance to
shore increases, service operation vessels (SOVs) provide accommodation, spares storage,
and motion-compensated access at the price of higher day rates [30, 31]. Heavy mainte-
nance, such as gearbox, generator, main bearing, or blade exchanges, requires heavy-lift
jack-up vessels (HLVs), whose combined limits on wave height and wind speed make them
the most weather-constrained assets in the fleet, and which are scarce, expensive, and char-
tered in discrete campaigns [29]. Mobilisation should consequently be understood as far
more than transit, since it includes charter procurement, crew availability, port readiness
and loading, sailing time, standby due to weather and, for heavy operations, jacking and
lifting preparation, and it can extend from weeks to months depending on regional vessel
supply and competing demand [29, 30]. It is also worth noting the spread of values visible
in Table 7. Published charter rates differ by factors of two or more between the 2015 mod-
elling reference cases and current industry guidance [8, 32]. Recent 15 MW baselines place
heavy-lift day rates several times above the ranges reported a decade earlier [33, 34], and
rates swing further with charter strategy, market cycle, and season [35]. For that reason
O&M models treat vessel characteristics as explicit inputs rather than constants, and the
values adopted for the reference case of this thesis are given in Chapter 3.
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Table 7: Vessel classes supporting offshore corrective maintenance, with representative char-
acteristics and the spread reported across sources. Rates are quoted in the currency of each
source, and values are indicative. The exact parameters adopted for the reference case of
this thesis are given in Chapter 4.

CTV SOV HLV
(crew transfer vessel) (service operation ves-

sel)
(heavy-lift jack-up ves-
sel)

Typical tasks Inspections, manual
resets, minor repairs
[28]

Minor-to-medium re-
pairs at far-from-shore
sites, onboard work-
shop and spares [30, 32]

Major component ex-
changes [29]

Access limits Hs ≈ 1.5–2 m at
crew transfer [28, 29],
with 1.5 m the com-
mon modelling base-
line [8, 34]

Hs ≈ 2.5 m gangway
baseline [34], design en-
velopes extending to-
wards 3 m [31]

Hs ≈ 2 m and wind
≈ 10 m/s for lifting
[29], with Hs = 2.8 m
used in a recent 15 MW
baseline [34]

Shift and en-
durance

Day trips from port,
shifts of ∼12 h [28, 29]

On station for up to ∼4
weeks, 24 h accommo-
dation [32]

Continuous operation
while on site during
campaigns [29]

Mobilisation None, port-based on
continuous charter [8,
34]

Usually none, long-
term charter based at
the wind farm [32, 34]

Weeks to months of
lead time [29, 30],
60 days with an
EUR 2.1M fee in a
recent 15 MW baseline
[34], fees scaling with
turbine rating [36]

Indicative char-
ter rate

∼ £1,750 per day
in the 2015 reference
cases [8], EUR 3,000 in
a recent 15 MW base-
line [34]

∼ £9,500 per day as a
2015 field support ves-
sel [8], ∼30,000 (GBP
or EUR) per day in cur-
rent guidance and base-
lines [32, 34]

US$60,000–300,000 per
day [33], EUR 420,500
in a recent 15 MW
baseline [34], strongly
dependent on strategy
and season [35]

The consequence of these constraints is that offshore downtime is dominated by waiting
rather than by active repair, as turbines stand still while weather windows, vessels, tech-
nicians, and spares are awaited [30, 25]. Long downtimes arise when suitable windows are
sparse, when specialised vessels have long lead times, and when the failed component is crit-
ical, and downtime risk shifts towards the scarcer HLV-dependent events as failure burdens
increase [29]. Subsea cable faults stand on the extreme, with average repair downtimes of
roughly 40 days for array cables and 60 days for export cables [37, 38]. A second conse-
quence is that offshore repairs are rarely completed in one visit, as work begins in a calm
spell, pauses when the weather worsens, and resumes in the next viable window. Addi-
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tionally, shift distributions or, for instance, labour laws that limit work to daytime, have
a similar effect of stretching the calendar span of a task well beyond the working hours it
contains.

An O&M strategy defines the trigger and the decision timing under which such inter-
ventions are planned, and five archetypes dominate the offshore literature: corrective main-
tenance (CM) acting only after failure, time-based preventive maintenance on fixed intervals,
condition-based maintenance triggered by monitoring indicators, opportunistic maintenance
bundling tasks into mobilisations that are already planned or taking place, and risk-based
maintenance weighting failure probability by consequence [30, 39, 40, 41]. Reviews of the field
agree that comparisons between them are only meaningful when weather-window feasibility
and resource constraints are represented explicitly rather than simplified away [30, 42, 25, 43].
All strategies, however, operate on top of the same execution layer, since weather-driven ac-
cess, mobilisation, and interruptible work constrain corrective and preventive interventions
alike. For that reason this thesis is scoped to corrective maintenance, the setting in which
that execution layer appears in its most direct form, and whose conclusions are expected to
be most transferable to any potential future strategy studies built upon it.

1.2 Research problem

The operational picture above fixes what a credible model must represent. Most offshore
downtime accrues while waiting for a weather window, for a vessel to mobilise, or for crew
and spares, rather than during repair itself [30, 25], and repairs fragment across weather
windows with progress retained between visits. Any model intended to support the techno-
economic assessments motivated in Subsection 1.1.2 must therefore represent weather-driven
access, mobilisation, and interruptible repair execution.

Offshore O&M models serve several purposes. Some optimise decisions, selecting ves-
sel fleets or maintenance schedules, and others emulate slower models to accelerate such
searches. All of them, however, rest on the same underlying capability: evaluating the avail-
ability, downtime, and cost of a given configuration [30, 25]. For a probabilistic model of
the kind this thesis develops, that evaluation can be computed in only two ways, either by
simulating the system and averaging over many sampled histories, or by solving the equa-
tions that govern its probabilities [44, 45]. These two routes have grown into two distinct
tool groups, and Chapter 2 reviews both.

The first route is discrete-event simulation (DES), in which a tool recreates the whole
operational history event by event, covering failures, weather, vessels, and repairs [8]. Al-
though simulation is faithful to the real O&M activities, each run realises only one draw of
the underlying random processes, so single runs are inherently subjected to sampling vari-
ability and are therefore not representative of the overall system. The averages of many
repetitions are needed before the numbers settle, and the rare (and often expensive) failures
converge slowest. Wrapping such a simulator inside an optimisation loop or a large sensitiv-
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ity study therefore quickly becomes impractical [30, 25].

The second route is analytical modelling, in which those governing equations are solved
directly, either in closed form or numerically, rather than sampled. Continuous-time Markov
chains (CTMCs) and related stochastic processes compute availability, downtime, event
counts, and cost this way, and consequently can run in fractions of a second. Recent work has
started applying these methods to offshore wind [46]. However, as the review in Chapter 2
shows, the analytical models published so far rely on strong simplifications: they assume ex-
ponential distributions for all durations, they usually give only the long-run answers rather
than time histories, and they often treat weather access as a single uninterrupted window,
which Subsection 1.1.3 showed is not necessarily how offshore repairs are performed in real-
ity. Furthermore, no analytical model in the literature has yet been tested and compared,
mechanism by mechanism, against a modern simulator under carefully aligned inputs and
conditions.

The field is consequently left with two tool groups that do not meet. Simulation is
trusted and complete, but too expensive for studies that need thousands of model evalu-
ations, while analytical models are fast and transparent, but rest on assumptions whose
accuracy for offshore O&M has been asserted or doubted more often than it has been mea-
sured. This directly motivates the following open question: how much of the fidelity of a
modern O&M simulator can an analytical model reproduce, at what fraction of the cost,
and where exactly do the simplifications taken by the analytical model break down?

1.3 Approach and thesis outline

This thesis tackles the open question by developing four analytical availability models,
two following a Markovian and another two a semi-Markov description of the system, with
both approaches being solved in steady state and marched in time, thus obtaining four mod-
els. These are complemented with Monte Carlo sampler twins for cross-verification. The
semi-Markov side exists because the two mechanisms at the centre of the question, ageing
and weather-interrupted repair, produce durations that no exponential description can carry.
The family of developed models is validated, mechanism by mechanism, against an aligned
open-source simulator, and the study runs on a single 12 MW bottom-fixed reference turbine
serviced by a CTV and an HLV under corrective maintenance.

The thesis is organised in six chapters:

• Chapter 2 (Literature Review) reviews the modelling landscape in depth, condenses
the identified limitations into a capability matrix, formalises the research gap, and
derives the research questions and the objectives that answer them.

• Chapter 3 (Methodology and Model Development) builds the four models and their
samplers from a shared system definition, so that they differ by one structural modelling
assumption at a time.
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• Chapter 4 (Model Validation) presents the DES reference (the open-source WOMBAT
simulator [5]), explains what was aligned and under which conditions comparison is
fair, and executes the mechanism-led validation programme.

• Chapter 5 (Results and Discussion) uses the developed models and runs experiments
to answer the research questions, from reference behaviour and the interruptibility
comparison to sensitivity, uncertainty propagation, and application studies.

• Chapter 6 (Conclusions) answers the research questions explicitly, states the contribu-
tions of the thesis and their limits, and lays out suggestions for future work.

Figure 5 maps this argumental pipeline onto the chapters. The research gap is sub-
stantiated by the review before it is formalised, then the research questions derive from the
gap and the objectives from the questions, and the bridge closing Chapter 2 maps the gap
onto the model family that the remaining chapters build, validate, and employ. Table 9 in
Chapter 2 later refines this pipeline to element level, tracing each research question to the
gap elements it derives from and the objectives that answer it.

motivation problem literature
review

research
gap

research
questions objectives

model
family

aligned
reference evidence answers

Chapter 1 Chapter 2

Chapter 3 Chapter 4 Chapter 5 Chapter 6

Figure 5: The argument of the thesis from motivation to conclusions, mapped onto its
chapters, with shaded stages belonging to this chapter.
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2 Literature review

2.1 Introduction and review approach

This chapter reviews how offshore wind O&M has been modelled and identifies the gap
this thesis aims to fill. The review follows the two solution routes introduced in Section 1.2.
The first route simulates the maintenance process event by event and averages over many
sampled histories. The second solves the equations that govern the probabilities of the same
process, mainly through Markov chains and their extensions. Figure 6 maps the modelling
landscape covered in this chapter and shows where the thesis sits within it.

Offshore wind O&M models

Simulation
(recreate the process)

Analytical
(solve for probabilities)

Discrete-event and
time-sequential Monte Carlo

e.g. Strathclyde, NOWIcob, WOMBAT

Petri nets
timed and stochastic nets

Markov chains (CTMC)
constant rates, exponential times

Semi-Markov, renewal,
phase-type

general durations

Decision extensions
MDP, POMDP

Decision and surrogate models
consume these evaluations

Figure 6: Map of the modelling landscape reviewed in this chapter. Simulation recreates
the maintenance process event by event and averages sampled histories, whereas analytical
models solve directly for state probabilities. Decision and surrogate models consume such
evaluations and lie outside the scope of the review. This thesis develops the CTMC and
semi-Markov branches and validates them against a simulation reference.

The review is bounded from two sides. Firstly, models that optimise decisions, such as
vessel fleet selection, scheduling, or routing [47, 48], consume availability and cost evaluations
rather than produce them. The same holds for surrogate models that emulate slower tools
to accelerate such searches. Therefore, these models appear here only where they evidence
the behaviour of the evaluators underneath them. The field itself separates these categories
when it benchmarks, as one comparison exercise ran simulation tools, an optimisation tool,
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and an analytic spreadsheet tool on a single case [44]. Secondly, expected-value calculators
of the spreadsheet kind belong to the solve route with the distributions discarded, and they
are reviewed only in passing for the same reason.

The review proceeds as follows. The operational context comes first in Section 2.2,
which explains what a corrective repair actually involves offshore, how the field defines avail-
ability, and why waiting dominates downtime. Simulation tools and their main weakness,
namely computational cost, are covered in Section 2.3. Analytical Markov models follow in
Section 2.4, first in general reliability theory and then in offshore wind. The models that re-
lax the Markov assumptions, namely semi-Markov processes, renewal theory, and phase-type
distributions, are treated in Section 2.5. The representation of weather, access, and inter-
rupted repairs is reviewed in Section 2.6, the reliability data that parametrise every model in
the field are examined in Section 2.7, and the verification and validation practice of the field
is reviewed in Section 2.8. Finally, Section 2.9 condenses everything into a capability matrix
and a five-element gap statement. From this gap, the research questions (Section 2.10) and
the objectives that answer them (Section 2.11) are then derived, and Section 2.12 closes the
chapter by mapping the gap onto the model family built in Chapter 3.

Regarding source selection, sources were gathered from Google Scholar and general
search engines, using keyword families around offshore wind O&M, availability, Markov,
semi-Markov, weather window, accessibility, and related terms. These searches were comple-
mented by backward and forward citation chasing from the review papers analysed. Applied
offshore work prioritised the use of recent sources, while the theoretical thread was followed
to its classical sources regardless of age, since the mathematical groundwork this thesis uses
dates from the 1950s and 1960s.

2.2 Offshore wind O&M and the role of availability

Chapter 1 established that offshore O&M is expensive and that most of the expense
traces back to access. This section fixes the definitions and the field evidence that any
model must answer to. Reference cost studies attribute a large share of the levelised cost of
offshore energy to operations [49], and reviews of the field agree on the mechanism, as tur-
bines can only be reached in suitable weather and with suitable vessels and both are scarce
[50, 30]. Field data confirms where the time goes. Failure statistics from operating turbines
show that a small number of major failures cause a large share of total downtime, because
these failures require specialised equipment and servicing with long mobilisation lead times
[4, 7, 51]. Figure 7 makes this relation visible.
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Figure 7: Annual failure rate (left), downtime per failure (right), and mean annual downtime
(outer column) per subassembly component, split into minor and major failures, from the
onshore WMEP field programme. Frequently failing subassemblies are repaired in fractions
of a day, while the rarer major failures take several days each, so total downtime concentrates
in the rare heavy events. Although this data is from onshore turbines, the authors claim
that the pattern is expected to strengthen offshore. Extracted from [4].

Figure 8 shows the anatomy of a single corrective repair episode. A component fails
and, if a chartered vessel is needed, mobilisation takes days to weeks. The vessel then sails
to the turbine and must transfer crew, which requires a calm interval, after which work
proceeds only in accessible weather. In this example, when conditions worsen mid-repair,
the technicians do not remain at the turbine. Instead, they transfer back to the vessel, work
pauses with the progress kept, and when conditions improve then a new transfer opens and
the next work fragment is completed. Finally, once the work is complete, the crew transfers
off and the vessel returns to port. Although the figure is for representational purposes only
and block durations are not based on real data, the figure aims to highlight how the hands-on
repair (the dark segments) can be a small part of the total downtime, and the rest is waiting
and logistics.
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weather blocked blocked blocked

mobilise sail wait work pause work pause work sail

failure back in service
downtime

Figure 8: Anatomy of an example corrective repair episode. Work (dark) proceeds only
in accessible weather and pauses when the weather worsens, with progress kept between
fragments. Here, crews do not remain at the turbine through blocked weather, so every
work fragment begins and ends with a crew transfer (medium grey).

Two consequences follow for modelling. Firstly, the metric that matters is availabil-
ity with its full delay structure, not component reliability alone. Secondly, the delays are
strongly non-exponential, since a duration is only memoryless when the distribution of its
remaining time does not depend on how long it has already lasted. This property defines the
exponential distribution and enables constant-rate Markov models. Mobilisation violates it
in one direction, as a lead time quoted at fourteen days has one day remaining after thirteen
days have elapsed, not a fresh fourteen-day draw. Weather-driven waiting violates it in the
other direction, since sea states persist and follow seasons, so the time already spent waiting
carries real information about the time still to come [52].

The outcome of all these delays is expressed through availability, for which two distinct
definitions exist, both standardised in IEC TS 61400-26 [53]. Time-based availability A is the
fraction of calendar time in which the turbine is technically capable of operating. Production-
based availability AE weights that capability by the energy that could be produced, so it
is the fraction of potential energy actually captured. Offshore, the two diverge for a physi-
cal reason that unfolds in three steps. Storms halt maintenance, so downtime accumulates
preferentially in stormy periods. However, stormy hours also carry the strongest winds, and
therefore the largest share of producible energy. By this relation, downtime hours are conse-
quently worth more energy than average hours, which makes production-based availability
AE systematically lower than time-based availability A offshore. Any model that reports
only A or computes energy production from it therefore hides part of the economic picture,
and this thesis aims to compute both parameters and treat their gap as a quantifiable output.

The literature attaches to availability-focused decision-making questions like which ves-
sel fleet to charter and under which strategy [54], which access thresholds and shift rules to
apply, or which O&M cost and downtime consequences follow from siting and technology
choices. Sperstad et al. identify the decision variables to which simulated O&M results
are most sensitive, and weather access limits ranked at the top [55]. A model intended for
these questions must therefore resolve weather-driven waiting well, and it should ideally be
affordable enough to evaluate across many candidate strategies. This pair of requirements
frames everything that follows.
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2.3 Simulation-based O&M modelling

2.3.1 The discrete-event and Monte Carlo approach

The dominant response to this complexity has been to simulate it directly. A discrete-
event simulation (DES) keeps a clock and a list of scheduled future events. It repeatedly
takes the earliest event, advances the clock to it, updates the system state, and schedules
the events that follow, as shown in Figure 9. Event times can come from any distribution,
and activities can be paused and resumed because progress is trackable. Therefore, a DES
model can reproduce an episode like the one in Figure 8 directly.

future event list
(time-ordered)

take earliest event,
advance clock

execute event,
update system state

schedule following events
(sampling their times)

Figure 9: The discrete-event simulation loop. The clock jumps from event to event, and event
times are sampled from arbitrary distributions, so no memoryless assumption is needed.

The offshore wind DES approach began with academic tools, whose first generation
was catalogued in the review of Hofmann [56]. The Strathclyde model from Dinwoodie set
the time-sequential template, combining sampled failures, a metocean time series, repair
classes, and vessel logistics [57], while the model NOWIcob added rich vessel-fleet and logis-
tics options [58]. Petri nets offered an alternative event-driven representation for the same
processes [59, 60]. Around these cores, a large applied literature used simulation to study
specific decisions, such as maintenance-strategy comparison [61], vessel and transport selec-
tion [54], spare-parts logistics [62], technician routing [48], and fleet sizing, often by coupling
the simulator to an optimiser [47]. Furthermore, Sperstad et al. and most recently Huang et
al. showed how strongly the answers to such decision problems depend on modelling choices
inside the tools [55, 63].

The current DES reference point in this thesis is WOMBAT, an open-source tool from
NREL [5], whose handling of a single event is illustrated in Figure 10. Turbines, their sub-
assemblies, and the servicing vessels run as concurrent processes on a shared event calendar.
Failures raise repair requests, and vessels mobilise, sail, transfer crew in weather windows,
and execute repairs with pause-and-resume mechanics. The main output is an event log
from which availability, downtime, and cost can be computed. WOMBAT matters for this
thesis for two reasons. Firstly, it is open-source and can be locally edited, which the audit
of Section 4.2 takes advantage of. Secondly, it implements the full mechanism set that the
analytical models approximate. For these reasons it serves as the code-to-code validation
reference throughout the thesis.
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Figure 10: Conceptual overview of a single event within the simulation architecture of WOM-
BAT. Extracted from [5].

2.3.2 The computational-cost critique

The weakness of the DES approach is not fidelity but cost, and the reviews of the field
say so consistently [30, 64]. The cost has a simple statistical root. One simulation run is one
random sample path, useful numbers are obtained from averages of many runs, and their
statistical error shrinks only with the square root of the number of runs. Therefore, halving
the error may cost four times the computation. Furthermore, the rare and expensive events,
namely the major replacements that dominate cost, converge slowest and consequently set
the budget.

The cost becomes prohibitive exactly where fast models are most wanted, that is, in
the many-query settings that Section 1.2 anticipated. Optimising a maintenance strategy,
sweeping a design parameter, or propagating input uncertainty each require anywhere be-
tween dozens to thousands of scenario evaluations, and each evaluation may already require
hundreds or thousands of individual simulations. Studies that couple a simulator to an
optimiser feel this cost directly [47, 65]. Furthermore, this acts directly against the stated
primary purpose of WOMBAT, which is "to help users compare O&M scenarios" [5]. A
second, quieter weakness is the parameter burden. Detailed simulators need many inputs
while offshore wind data is scarce, so a heavily parametrised model can look realistic while
relying on guesses [8], similarly to the simpler analytical models. Both weaknesses point
in the same direction, towards fast and transparent models that keep the decision-relevant
behaviour, provided such models can be shown to be accurate. That condition is the subject
of the rest of this chapter.

The conclusion this review draws from the DES modelling approach is therefore delib-
erately double-edged. On the one hand, DES is the right reference, because it carries the
relevant mechanisms directly and its remaining error is quantifiable sampling noise. On the
other hand, DES is the wrong screening tool, because the studies that create the most engi-
neering value need evaluation counts it cannot afford [55]. The role as a reference is further
developed in Chapter 4, while the role as a fast screening tool is what the analytical family
developed in this thesis must earn.
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2.4 Analytical reliability and availability modelling

2.4.1 Markov models in reliability theory

The analytical alternative is rooted in reliability engineering. A Markov model describes
a system by a finite set of states (for example: operating, waiting, and under repair), together
with constant rates for jumping between them. Its defining assumption is that the future
depends only on the current state, and is therefore independent from how long the system
has been in it. From this assumption everything of interest follows by linear algebra. State
probabilities over time come from a matrix exponential, and long-run probabilities come
from a small linear system [66, 67], from which availability, expected downtime, event fre-
quencies, and costs then follow directly [68, 69]. In this formulation, the system is described
by a stochastic process whose probability distribution evolves deterministically. Analytical
Markov models solve for that distribution directly, whereas Monte Carlo models approximate
it through repeated sampling. Reliable numerical methods for these computations are long
established [70]. Nevertheless, the price of this convenience is fixed by the mathematics, as
the Markov assumption forces the memoryless property and therefore every duration in the
model to be exponential.

2.4.2 Analytical models of offshore wind availability

Wind energy adopted Markov models early, mostly for maintenance planning and cost-
rate analysis [71, 65]. Huang et al. applied a CTMC to wind-farm reliability at the system
level [72], analytical availability expressions have also been built for the electrical collection
and transmission system [73, 74], and time-window formulations brought maintenance-access
constraints into analytical planning models [75].

However, the closest antecedent to this thesis is the model of Centeno-Telleria et al.
[46], which has later been used for geospatial screening studies [76] and for tow-to-port mod-
elling for floating wind. Their model represents each failure mode by a small chain of the
type shown in Figure 11. The turbine is up, a failure moves it into a waiting state covering
mobilisation and access delay, a repair state follows, and the turbine then returns to ser-
vice. Solving the chain gives availability and O&M cost far faster than simulation, which is
precisely what their geospatial siting studies needed. Their own validation illustrates both
the promise of the route and the open problem. The authors compared the model against
two simulation-based case studies reproduced from the literature, one on floating wind and
one on wave energy, and reported matching their endpoint availability and cost figures at
a computational burden at least five orders of magnitude lower [46]. A comparison of that
kind corroborates the speed claim. However, reproducing published cases cannot align all
the specific input configuration (particularly the metocean data), cannot isolate which as-
sumption causes which residual, and cannot probe the regimes the assumptions exclude.
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Therefore, it validates the model inside its assumption envelope without measuring where
the envelope breaks. Furthermore, while the authors claimed that the models showed "good
agreement", a 10% OpEx difference and a 3% availability gap were measured, the latter
hiding a doubling of the downtime in the FOW case and a sevenfold increase in the wave
converter case [77]. These gaps highlight modelling discrepancies that cannot be ignored,
and that must be attributed to a modelling choice or assumption. Moreover, since all dura-
tions are exponential, only the steady-state or long-run solutions are obtained and there are
no time histories. Additionally, weather enters as a single access delay before the repair, a
single-window treatment in which, once work starts, it is expected to run uninterrupted. The
pause-and-resume behaviour of Figure 8 therefore lies outside the model class. Finally, the
AEP is computed by multiplying the potential power production by the time-based avail-
ability A, rather than the production-based availability, which is not obtained [46].

UP
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W2 R2

fail
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access, α1

repaired
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failure, λ
2

access, α2

repaired, µ2

Figure 11: Typical structure of the Markov chain models in offshore wind literature, here
with two failure modes. Each arrow carries a constant transition rate, so every duration is
exponential.

The overall picture of the analytical wind literature is therefore consistent. The models
are fast and transparent, and they have proven useful for screening and planning. However,
they share three restrictions, anticipated in Section 1.2. Firstly, every stochastic duration is
exponential, covering times to failure, mobilisation and access delays, and repair times alike.
Secondly, only long-run steady-state answers are produced, with no time histories. Thirdly,
weather receives the single-window treatment just described, in which access is one delay
and execution is never interrupted. Whether these restrictions matter, and by how much,
has not been measured against a mechanism-complete reference, and that measurement is
what this thesis provides.
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2.5 Semi-Markov, renewal, and general-distribution approaches

2.5.1 Semi-Markov processes and their reliability applications

Applied probability offers a well-understood way to keep the state-space structure of a
Markov model while dropping the exponential restriction. In a semi-Markov process (SMP),
the sequence of visited states is still a Markov chain, but the time spent in each state can
follow any distribution. The theory goes back to Pyke, to the regenerative processes of
Smith, and to the Markov renewal theory of Çinlar [78, 79, 80]. It is consolidated in the
monographs of Limnios and Oprişan and of Grabski, and in the standard reliability curricu-
lum of Rausand and Høyland [81, 82, 83]. Two results matter most in practice. Firstly, the
long-run state probabilities have a simple closed form, in which the share of time spent in
each state is proportional to how often it is visited, multiplied by how long a visit lasts on
average. This implies that steady-state availability depends on the holding-time distribu-
tions only through their means, which entails that steady-state solutions can never certify
distributional structure. Secondly, the time-dependent probabilities solve a system of inte-
gral equations for which standard numerical schemes exist [84, 85]. The classic treatment
from Howard connects both results to rewards and costs [69].

2.5.2 Semi-Markov and general-distribution models in wind energy

Wind applications of these ideas exist, but they are scattered and partial. D’Amico et
al. used semi-Markov chains to model the wind-speed process itself [86], Dawid et al. applied
a semi-Markov description to offshore access states [87], and Welte et al. advocated phase-
type stage models for deterioration and maintenance durations in wind assets [88]. What is
missing from all of them is the combination this thesis targets: a semi-Markov model of the
full availability cycle, covering failure, logistics, weather, interrupted repair, and restoration,
solved both in time and in steady state, and validated against a simulator. The published
wind SMP work treats isolated pieces of the problem, none of it carrying all the identified
mechanisms or having been benchmarked against a DES reference.

2.6 Modelling weather, accessibility, and interruptibility

2.6.1 Weather and accessibility representations

Weather enters O&M models through accessibility, since an hour is determined as work-
able only when wind and wave conditions are below the limits imposed by the vessel and
task. The classical analytical treatment asks for a full weather window, that is, an uninter-
rupted run of workable hours at least as long as the task. Persistence analyses characterise
how long calm spells last [52], and Feuchtwang and Infield derived closed-form delay dis-
tributions for waiting on a window [6], a formulation whose consequences are illustrated in
Figure 12. Later work refined access modelling with multivariate sea-state criteria and richer
metocean statistics [89, 90, 91], uncertainty-aware window forecasting [92], and stochastic
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weather generators for simulation input [93]. Data-collection practice for these inputs is
documented in the industry literature [94].

Figure 12: Expected access delay against the required contiguous window length (repair
time) at the Barrow offshore wind farm, for a family of significant wave height thresholds,
computed with the closed-form window formulation. Extracted from [6].

2.6.2 The interruptibility phenomenon and its treatment

The window formulation contains a strong hidden assumption, namely that the task
needs one contiguous span of calm weather. Real offshore practice, and the reference DES,
does something different. Work starts as soon as any workable interval opens, pauses when
the weather closes (or the shift ends), and resumes later with the progress kept. Figure 13
contrasts the two readings, and the gap between them widens with task length. For long
tasks in harsh climates, a single window of the required length may be rare, while the same
work content is easily accumulated across several shorter spells. Therefore, the contiguous
assumption overstates waiting and downtime, while fragmentation stretches the calendar
duration of the repair itself.
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weather blocked blocked blocked

(a) contiguous window wait for one long enough calm spell work

(b) interruptible pause pause done

same work content, finished earlier

Figure 13: Two readings of weather-constrained work, on the same weather sequence. (a) The
classical window assumption waits for one uninterrupted calm spell of the full task length,
after which the work runs without interruption. (b) Interruptible execution accumulates
the same work across shorter spells, pausing and resuming with progress kept. Usually,
simulators implement (b), and the analytical literature assumes (a).

The treatment of this mechanism splits the literature quite cleanly. On the simulation
side, pause-and-resume is standard, as the Strathclyde model, NOWIcob, and WOMBAT all
accumulate repair progress through accessible hours [57, 58, 5]. WOMBAT makes the distinc-
tion explicit in its source code, since crew transfer and vessel travel demand an uninterrupted
window while the repair itself accumulates good hours across interruptions (Section 4.2). On
the analytical side, the window-based delay models stop at access [6], and the availability
chains of Subsection 2.4.2 treat repair as an uninterrupted block [46]. Interruptibility also re-
shapes the duration distributions themselves. The calendar duration of an interrupted repair
is the sum of its net work content and the closed-weather gaps that intersect it, producing
a seasonal, weather-dependent relation that no exponential can express and that cannot be
specified independently of the weather record. A model that wants these durations must
therefore construct them from the metocean series itself, an observation that motivates the
weather-walk kernel of Chapter 3.

2.7 Reliability data and failure statistics

Every O&M model, simulated or analytical, stands on a small set of published relia-
bility datasets, and the review must establish both what they provide and what they can
legitimately parametrise. The anchor offshore dataset is that of Carroll, McDonald, and
McMillan [7]. It reports failure rates (Figure 14), repair times, and repair costs per sub-
assembly in three material-cost severity bins, namely minor repair, major repair, and major
replacement, with events lacking cost information kept as a separate category, all from an
offshore sample of roughly 350 turbine years.
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Figure 14: Failure rates per turbine per year by subassembly and severity category. Extracted
from [7].

Two properties of such datasets matter for correct use. Firstly, the rates are reported
per turbine per calendar year, whereas an availability model may consume rates per oper-
ating hour, and the conversion through 8,760 hours per year introduces a calendar-versus-
operational gap that must be handled explicitly (Chapter 3). Secondly, the datasets report
rates and mean durations rather than duration distributions. Therefore, any distributional
assumption placed on top of them is exactly that, an assumption, and the remainder of this
section asks which distributional claims the field evidence can actually support.

The onshore literature supplies the long-horizon statistics. Tavner et al. and Spinato
et al. analyse large European datasets and report subassembly failure intensities, including
the familiar early-life and ageing patterns [95, 96]. Faulstich et al. fit an additive multi-
mechanism hazard and find that it improves on a constant rate only marginally on held-out
data, an underappreciated result that supports the exponential base case [97]. Additionally,
Harzendorf et al. connect drivetrain concepts to failure behaviour and O&M cost conse-
quences [98].

The most recent large-sample evidence spans both environments. Walgern et al. analyse
maintenance reports from more than 1,000 onshore and offshore turbines covering over 4,200
operating years, using Nelson–Aalen plots for failure trends over operating age and Poisson-
process regression for design and technology effects [99]. They find that reliability generally
improves with later commissioning years, that higher rated powers carry higher failure inten-
sities, and that offshore turbines are generally more reliable than onshore ones, with the yaw
system as the exception. They also find that design choices such as the drive-train concept
measurably shift subsystem failure intensities. The rated-power finding sharpens the scale
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argument of Chapter 1, since the largest machines not only lose more per failure but also
fail more often. However, like most of the field statistics above, their fitted quantity is the
failure intensity of a repairable fleet, and whether such intensities can supply renewal kernels
is a question of estimands, addressed next.

Using these sources to justify non-exponential failure clocks requires an estimand check
that the wind literature routinely skips. A shape fitted to the rate of occurrence of failures
against calendar or operating age in a fleet describes a repairable population whose parts
remain, at each failure, essentially as old as before, the classical setting of Ascher and Fein-
gold and of Lindqvist [100, 101]. As it will be shown later in Chapter 3, the semi-Markov
kernel of this thesis needs a different object. It needs the time-to-failure distribution of
one failure mode on its own operational clock, renewed to as-good-as-new at each repair, a
restoration assumption positioned within the virtual-age framework of Kijima [102]. The two
estimands coincide only in the exponential case. Furthermore, fleet heterogeneity alone can
manufacture apparently decreasing intensities, as Slimacek and Lindqvist demonstrate with
explicit frailty modelling, so published shapes below one are largely artefacts of pooling [103].

The only field-fitted shape located by the review that passes this check is the drivetrain
renewal value β = 1.43 of Shrivastava and Baghel, from a small population and a modest
venue [104], while Asgarpour and Sørensen offer directional support for wear-type ageing in
mechanical components without fitted values [105].

The consequence for this thesis is that the baseline build sets β = 1 for all failure modes,
which matches what the data can actually defend and keeps the validated reference intact.
Shape effects are then studied separately as controlled arms, with a wear arm carrying the
one defensible field shape plus conventional wear values on the replacement bins, and an
adversarial arm with mild infant-mortality shapes. The invariance property of the steady-
state solution guarantees that all shape effects appear only in the transient, and Chapter 5
executes both arms.

2.8 Verification, validation, and benchmarking practice

How does this field decide whether a model is right? High-quality field data at the
event level is scarce, so the community has relied on code comparison, that is, running
different tools on the same defined cases and comparing outputs. The most prominent ex-
ercise is the case study of Dinwoodie et al., in which four simulation tools ran identical
scenarios [8], followed by the IEA Wind expert comparison [106]. One related exercise even
reached across categories. It ran four simulation tools, one optimisation tool, and one an-
alytic spreadsheet tool on a common reference farm, and found only partial agreement on
the resulting vessel-fleet rankings [44]. Two findings from these exercises shape the present
work. Firstly, even well-built tools disagree when their internal conventions differ, so input
and accounting alignment is a precondition for any meaningful comparison, and the spread
in Figure 15 shows the size of the effect. Secondly, the largest disagreements trace to exactly
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the servicing-protocol details discussed above, namely shift handling, window logic, and re-
pair execution [44]. Sperstad et al. also showed that such modelling choices can change the
selected decisions and strategies, not just the numbers [55]. The tradition remains active and
remains internal to the simulation route, as its most recent instalment applies a structured
verification framework between two DES models on a harmonised floating reference case [63].

Figure 15: Mean availability estimates from the 2015 Dinwoodie et al. case comparison [8],
with simulation results from WOMBAT. Extracted from [5].

The general simulation literature adds the vocabulary this thesis uses throughout. Ver-
ification asks whether the implementation solves its own equations correctly, validation asks
whether the model answers for the system, and the two must be treated separately [107].

The validation programme of Chapter 4 is built on structuring comparisons as ladders,
in which mechanisms are added one at a time so that each test isolates one cause, similarly
to the process followed by Huang et al. [63]. This section therefore records a gap, as the
benchmarking practice has been applied between simulators but never across the simulation–
analytical divide at mechanism level under aligned conventions.
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2.9 Synthesis and research gap

2.9.1 Synthesis of the reviewed literature

The review can be reduced to a trade-off, sketched in Figure 16. Simulation sits at high
fidelity and high cost. It captures every mechanism that drives offshore downtime, namely
non-exponential durations, logistics, weather, and interrupted repairs, although each con-
verged answer costs many runs, which makes it inefficient for many-query studies. The
analytical models sit at low cost and reduced fidelity. They answer much quicker, but the
published offshore wind models are exponential, steady-state, and contiguous window-based.
Between the two sits unoccupied territory, namely a Markov-based model that keeps ana-
lytical costs while recovering the mechanisms that its peers lack. The semi-Markov theory
of Subsection 2.5.1 indicates towards this territory being reachable in principle, yet nobody
has built and validated a model that occupies it.

computational cost per evaluation
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closed-form MTBF/MTTR

CTMC availability chains
exponential, steady-state, window

phase-type / SMP fragments
partial mechanisms

DES tools
all mechanisms, Monte Carlo cost

open territory:
analytical cost,

simulator mechanisms

aim of this thesis

Figure 16: Positioning of the reviewed model families on the cost–fidelity plane.

2.9.2 The capability matrix

The four thesis rows of the matrix require a brief introduction before the comparison,
since Chapter 3 builds them in full but the matrix uses them now. They arise from the
two-by-two design previewed in Section 1.3: a Markovian description of the availability cycle
solved in steady state (SS-C) and marched in time (TM-C), and a semi-Markov description
solved in steady state (SS-S) and marched in time (TM-S). Two Monte Carlo twins (MC-C,
MC-S) sample the same model content for cross-verification. Moving between rows changes
one named assumption at a time, which is what makes the filled and empty cells attributable
to specific modelling choices.
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Table 8: Capability matrix comparing offshore wind O&M availability models in the liter-
ature with the models developed in this thesis. ✓ = capability present, ✗ = absent, (✓) =
partial (see notes). “Transient” and “Steady state” refer to analytical solutions, simulation
tools produce time-resolved sample paths by construction but not analytical solutions. Com-
putational cost is per model evaluation: high = minutes–days (Monte Carlo over a lifetime),
low = sub-second–seconds (linear algebra / quadrature).

Model / reference Paradigm
Transient
(analyt.)

Steady
state

Non-exp.
durations

Interrupt.
repairs

Weather /
access.

Validated
vs. DES

Comp.
cost

Simulation-based models
WOMBAT [5] DES ✗ ✗ ✓ ✓ ✓ ✓ high
StrathOW-OM [57] MC time-domain ✗ ✗ ✓ ✓ ✓ ✓ high
NOWIcob [58] DES/MC ✗ ✗ ✓ ✓ ✓ ✓ high
UiS model [108] ABM/DES ✗ ✗ ✓ ✓ ✓ ✓ high
Dalgic et al. [54] MC time-domain ✗ ✗ ✓ ✓ ✓ ✗ high
Petri nets [60, 59] SPN (MC-solved) ✗ ✗ ✓ ✓ ✓ ✗ high

Analytical models
Feuchtwang & Infield [6] Closed-form prob. ✗ ✓ (✓)a ✗ ✓ ✗ low
Besnard et al. [71] Markov/queueing ✗ ✓ ✗ ✗ (✓)b ✗ low
Huang et al. [72] CTMC ✗ ✓ ✗ ✗ ✓ ✗ low
Collection-system [94, 73, 74] Markov/UGF ✗ ✓ ✗ ✗ (✓)b ✗ low
Centeno-Telleria et al. [46] CTMC ✗ ✓ ✗ ✗ ✓ (✓)c low

Adjacent semi-Markov applications in wind energy
Wind-speed SMC [86] Semi-Markov ✓ ✓ ✓ n/ad n/ad ✗ low
Weather-aware MDP [65] MDP ✗ ✓ ✗ ✗ ✓ ✗ low
SMDP planning [87] Semi-MDP ✗ ✓ ✓ ✗ ✓ ✗ low

This thesis
Time-marching CTMC (Subsection 3.4.1) CTMC ✓ – ✗ ✗ ✓ ✓ low
Steady-state CTMC (Section 3.4) CTMC – ✓ ✗ ✗ ✓ ✓ low
Time-marching SMP (Section 3.8) Semi-Markov ✓ – ✓ (✓)e ✓ ✓ low
Steady-state SMP (Section 3.7) Semi-Markov – ✓ ✓ (✓)e ✓ ✓ low

a Weibull persistence of weather windows, but exponential failure and repair completion. b Weather appears through
aggregate accessibility factors rather than an explicit weather process. c Compared against two simulation-based case
studies reproduced from the literature, discrepancies in availability and cost without convention alignment or mechanism
isolation (Subsection 2.4.2). d Models the wind resource, not the maintenance process. e Marginal (duration-
distribution) sense of interruptibility: the SMP kernel carries the interruption-inclusive completion-time distributions
derived from the reference model. The measured cost of this marginal approximation is quantified in Chapter 5.

Table 8 condenses the review into a single comparison. Each row is a model or model
group from this chapter, plus the four analytical models developed in this thesis. The
columns record what each model can do: whether it gives time-resolved and long-run an-
swers analytically, whether durations may be non-exponential, whether repairs may be in-
terrupted, whether weather accessibility is built in, whether the model has been validated
against a DES reference under controlled conditions, and the rough cost of one evaluation.
Marks in parentheses mean partial capability, and the table notes explain each.

The matrix makes the gap visible at a glance. The simulation rows are full in every
capability column but expensive in the cost column, while the analytical rows invert the pat-
tern. Three columns, namely transient analytical solution, non-exponential durations, and
interruptible repairs, are empty for every analytical offshore wind model in the literature.
Furthermore, no existing row combines analytical cost with any of those three capabilities
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while also being validated against a DES reference.

The matrix also dictates the methodological choices of the thesis rather than merely
recording the gap. The three empty analytical columns map one-to-one onto the design
just introduced. The semi-Markov axis of the two-by-two exists to fill the non-exponential
and interruption columns, the time-marching axis exists to fill the transient column, and
the Markovian half is retained so that the price of memorylessness can be measured rather
than assumed. The validation column dictates the rest of the thesis, since filling it honestly
requires the aligned, mechanism-accreting campaign of Chapter 4, and Section 2.12 records
which model closes which element of the gap.

2.9.3 Statement of the research gap

The research gap this thesis tackles has five elements:

1. No analytical offshore wind availability model handles non-exponential durations. The
published chains are exponential throughout, although mobilisation is near-deterministic,
failures age, and interrupted repairs are multi-modal (Subsection 2.4.2).

2. No analytical offshore wind availability model represents interruptible repairs. Pause-
and-resume execution exists in every simulator but is absent from analytical formula-
tions (Subsection 2.6.2).

3. Time-resolved analytical solutions are unused. The analytical literature takes only
steady-state answers, although the semi-Markov machinery for transients exists and
matters for horizon-limited questions and degradation (Subsection 2.5.1).

4. Ageing under realistic repair is not solved analytically. When only the failed part
is renewed and the others keep their operating age, the standard closed forms do not
apply, and the wind literature avoids the regime rather than solving it (Subsection 2.4.2
and Subsection 2.5.2).

5. No analytical model has been validated against a modern DES reference at mechanism
level under aligned inputs and conventions. The benchmarking practice of the field
(Section 2.8) has never been applied across the simulation–analytical divide in that
form, and the closest analytical antecedent was compared only against endpoint results
reproduced from published cases (Subsection 2.4.2).

2.10 Research questions

Four research questions follow directly from the gap statement above. Chapter 6 answers
each verbatim, and Table 9 at the close of Section 2.11 maps each question to the gap elements
it derives from, the objectives that answer it, and the chapters that produce the evidence.
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RQ1 (fidelity) Can an analytical availability model, built on strictly aligned inputs, re-
produce the availability and cost estimates of a certified DES reference within the
statistical resolution of the reference itself?

RQ2 (exponential adequacy boundary) For which output parameters and operating
regimes does the memoryless simplification remain adequate, and where does the semi-
Markov description become necessary?

RQ3 (interruptibility) How large is the pause-and-resume effect of weather-interrupted
repairs, and does a semi-Markov model carrying interruption-shaped durations capture
it?

RQ4 (computational reach and model applicability) What can the analytical route
resolve and afford that the simulation route cannot, and what engineering studies does
that reach enable?

2.11 Research aim and objectives

The aim of this thesis is to close this gap: to develop a hierarchy of analytical availability
models for offshore wind O&M, and to establish, by validating against a certified discrete-
event simulator as reference, which output quantities each model in the hierarchy can be
trusted to estimate, at what accuracy, and at what computational cost. Five objectives
structure the work required to answer the research questions:

1. O1: Develop the analytical model family: steady-state and transient solvers for both
the Markovian and the semi-Markov description (SS-C, SS-S, TM-C, TM-S), plus
simulator twins (MC-C, MC-S) that sample the exact processes and state transition
mechanics the solvers integrate. All six consume one shared input pipeline. It is the
foundation on which all four research questions rest.

2. O2: Align and certify the DES reference: a patched WOMBAT build with a decoded
event protocol, verified input parity, and a pooled 1,000-seed benchmark with quanti-
fied convergence. It produces the reference against which RQ1 is judged.

3. O3: Execute a pre-registered validation campaign across the simulation–analytical
divide, structured as a reference-build ladder and a mechanism-accretion ladder with
attributable outputs and deltas. It produces the comparison that answers RQ1.

4. O4: Quantify the mechanisms that the simplifications of the analytical literature dis-
card, namely interruptibility, non-exponential durations, and ageing, in steady state
and in transient. It answers RQ2 and RQ3.

5. O5: Quantify what the analytical route can resolve and afford: runtimes, resolution
relative to the DES noise floor, and the study types the speed unlocks. It answers
RQ4.
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Table 9: Derivation map from the gap statement to the research questions and the objectives
that answer them. Each row traces one research question to the gap elements it derives
from, the objectives that produce its answer, and the chapters where the evidence lands,
with Chapter 6 stating the verbatim answers.

Gap element(s) Research question Objectives Primary evidence

5 RQ1 (fidelity) O1, O2, O3 Chapter 4, Chapter 5
1, 3, 4 RQ2 (adequacy boundary) O1, O4 Chapter 5
2 RQ3 (interruptibility) O1, O4 Chapter 5
cost column of Table 8 RQ4 (computational reach) O1, O5 Chapter 5

2.12 From gap to models

The chapter closes by connecting its findings to the constructive work ahead. Table 10
states, for each model of the family, its purpose in the design, the key assumption that
defines it, the gap elements it exists to close, and where it is built and validated. This table
is the contract the next chapters execute. Chapter 3 builds the four models and their twins
from one shared system definition, and Chapter 4 and Chapter 5 then test them against the
reference in the order that the validation column of Table 8 demands.

Table 10: The four analytical models as answers to the research gap. Each row states the
purpose of the model within the two-by-two design, the assumption that defines it, the gap
elements of Subsection 2.9.3 it addresses, and where it is built and validated.

Model Purpose Key assumption Gap el-
ements

Built in Validated in

SS-C Baseline of the
literature class, prices
the simplifications

Memoryless
durations,
long-run answer

5 Section 3.4 Chapter 4,
Chapter 5

TM-C Adds time resolution
to the Markovian
description

Memoryless
durations,
transient solved

3, 5 Subsection 3.4.1Chapter 5

SS-S Drops
memorylessness,
carries
interruption-shaped
duration means

General durations
through the
empirical kernel

1, 2, 5 Section 3.7 Chapter 4,
Chapter 5

TM-S Full description:
general durations,
transients, ageing
arms

General durations,
Markov-renewal
transient

All 5 Section 3.8 Chapter 5
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3 Methodology and Model Development

3.1 Introduction and framework overview

Table 10 closed the literature review with a proposal, four models answering five gap
elements, and this chapter executes its constructive half. The chapter builds the four analyti-
cal models the thesis runs on: a continuous-time Markov chain (CTMC) and a semi-Markov
process (SMP) description of the same system, each solved in a steady-state and a time-
marching version, plus a Monte Carlo sampler twin for each description. The four are a
nested family. All consume the same inputs through one parameter pipeline, all share one
state space and one metric set, and each differs from its neighbours at exactly one named
place. The CTMC pair replaces every duration law by the exponential of equal mean, and
each time-marching model adds only a transient solution operator to its steady-state part-
ner. Therefore, when two models disagree, the cause is traceable to a named assumption.
Figure 17 draws these relationships. The two columns are the two descriptions, the two rows
are the two solution operators, every edge carries the single assumption that separates its
endpoints, and the dashed twins sample the same model content that the solvers integrate.
Table 11 states the same structure cell by cell, and the reader is encouraged to return to
both throughout the chapter.

shared input pipeline (Section 3.3)
one state space, one metric set

Markovian description semi-Markov description

st
ea

dy
st

at
e

ti
m

e
m

ar
ch

in
g

SS-C
stationary linear solve

SS-S
renewal–reward assembly

TM-C
matrix exponential

TM-S
Markov renewal marching

MC-C
sampler twin

MC-S
sampler twin

drop A-6:
general durations

drop A-6
(kernel adds A-7)

add transient
operator

add transient
operator

same process,
sampled

same process,
sampled

Figure 17: The model family and its single-assumption relationships. Columns are the two
descriptions of the system, rows are the two solution operators, and every edge names the one
assumption that separates its endpoints. The dashed samplers draw realisations of exactly
the process that the solvers of their column integrate. One pipeline feeds all six, so no model
ever sees different data.
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Table 11: The model family at a glance. The state space Equation 2, the input pipeline,
and the metric and cost conventions are shared by all models.

SS-CTMC TM-CTMC SS-SMP TM-SMP

Failure side exponential su-
perposition, rates
λi

as SS-CTMC exact
operational-age
kernel (qi, τUP)

stationary-share
kernel Equa-
tion 17

Restoration
side

exponential at
mean Equation 8

as SS-CTMC span mean
Equation 6

full span law
Equation 7

Solution oper-
ator

stationary linear
solve

matrix exponen-
tial

renewal–reward
Equation 16

Markov renewal
marching

Outputs long-run A, ωi,
costs

trajectories long-run,
ageing- and
interruption-
exact means

trajectories, span-
faithful

Key assump-
tions

A-6 A-6 A-3; exact
means

A-3, A-7

The chapter is structured to present the models in an increasing order of complex-
ity. Section 3.2 defines the overall system, its state space, and the assumptions followed.
Section 3.3 specifies the input pipeline and its two weather operators, which create every du-
ration statistic the models consume. Section 3.4 presents the Markovian pair and its sampler
twin, Section 3.5 argues why a semi-Markov pair is needed, and Section 3.6 to Section 3.8
build it along its own sampler twin. Section 3.9 discusses the expected computational cost
of each model, and Section 3.10 provides a summary and closes the chapter. Throughout,
each section opens with the main idea presented briefly, and states only the equations the
solver actually evaluates. Additionally, the supporting mathematics, the CTMC machinery,
the renewal and Markov renewal theory, the invariance theorem, the competing-risks deriva-
tions, and the exactness proof of the weather operator, lives in Appendix A, behind pointer
sentences where each result is used.

3.2 System definition and modelling framework

3.2.1 System boundary and servicing concept

The system is a single offshore wind turbine, decomposed into subassemblies carrying
corrective failure modes. Each failure mode is treated as the basic modelling unit and is
defined by a failure-time distribution, a repair task specifying the active repair duration,
vessel class and material requirements, and the corresponding logistics. Two vessel classes
are considered: a crew-transfer vessel (CTV) for minor repairs, resident at port and thus
with no mobilisation period, and a heavy-lift vessel (HLV) used for major replacements, char-
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tered on demand with a long mobilisation period. Each maintenance episode includes the
failure event, mobilisation where required, transit to the turbine, a weather-dependent crew
transfer, repair work completed over one or more accessible weather windows, the final crew
transfer and the return journey. All activities are evaluated against an hourly metocean time
series and the operational limits of the assigned vessel. Scheduled maintenance, cable failures
and non-failure curtailments lie outside the scope of the thesis, as it matches the corrective
single-asset setting fixed in Chapter 1, and it is the setting in which the mechanisms under
study, ageing and weather-interrupted repair, appear in their most direct form. Conclusions
therefore transfer most directly to corrective maintenance strategies on comparable assets,
and the composition rules of A-9 state how far beyond a single asset the framework reaches.

3.2.2 Hierarchy and state space

Concept. The state space records what the asset is doing (either up, waiting for mode i, or under
restoration for mode i) and nothing else.

One pipeline feeds four solvers and a sampler into one metric set, so no model ever sees
different data. For n failure modes, the shared state space per asset follows:

S = {UP } ∪
{
Wi, Ri : i = 1, . . . , n

}
, |S| = 1 + 2n, (2)

with the cycle UP → Wi → Ri → UP: a mode-i failure sends the asset into the wait state
Wi (mobilisation plus transit leg), then the restoration state Ri (the weather-gated span
banking transfers and repair), then back up.

UP

W1 R1

W2 R2

W3 R3

q1

q2

q3

mob + leg

mob + leg

mob + leg

span
span

span

failure clocks advance only in UP and pause in every W/R state.
on a mode-i repair only clock i resets: survivors keep their age

Figure 18: Common state-space topology of all four models, shown for n = 3 failure modes.
The annotation states the operational-age partial-reset clock rules of Section 3.6.
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Figure 18 shows the topology and the clock rules. Two composition rules extend it.
Within an asset, the failure kernel is solved exactly and components are coupled by linking
failure modes to a shared UP state, with all failure clocks pausing whenever the asset is
down, as this is the regime the reference implements.

3.2.3 Assumptions

Table 12 collects the assumptions, their justification, and the models they bind, each
probed by the campaign of Chapter 4.

Table 12: Modelling assumptions, their justification, and the models they bind.

ID Assumption Justification Models

A-1 The finite state space Equation 2
summarises the operational condi-
tion

Smallest topology supporting the
metric set and the reference’s span
decomposition

all

A-2 Failure behaviour follows the
operational-age, partial-reset
competing-Weibull regime: clocks
advance only while operating, only
the failed mode renews

Standard virtual-age regime all

A-3 Weather-gated sojourns are sum-
marised by their marginal law un-
der stationary start-hour weight-
ing, uncoupled from the concurrent
weather state

Marginal-interruptibility formula-
tion, exact for means by renewal–
reward

TM/SS-S

A-4 Sojourn allocation: Wi holds mo-
bilisation and the transit leg, Ri

holds the weather-stretched span
banking transfers and repair

Reproduces the reference’s account-
ing split

all

A-5 The trailing crew transfer is
weather-gated symmetrically with
the leading one

Physically sequenced, marginally
conservative against the reference,
which appends it flat

TM/SS-S

A-6 Exponential moment match: the
CTMC pair replaces every sojourn
law by the exponential of equal
mean

Defines the shape-isolation compari-
son, exact at β = 1

TM/SS-C

A-7 The transient semi-Markov kernel
uses stationary mode shares and
conditional first-passage laws

Keeps the transient model on the
physical state space, exact for β = 1
or a single mode

TM-S

continues on next page

Page 33 of 111



MSc Thesis 3.2 System definition and modelling framework

Table 12 (continued)

ID Assumption Justification Models

A-8 Parameters are time-homogeneous,
seasonality enters through the
full-record weather operators, not
time-varying rates

Scoping, long-run metrics unaffected,
sub-annual transients approximate

all

A-9 Farm composition: identical, in-
dependent assets under dedicated
servicing, component coupling by
operational-rate superposition with
shared downtime clock-pausing

Standard series and superposition
structure, boundary exposed by de-
sign

all

A-10 Billing convention: all downtime
billed at the vessel day rate except
mobilisation, which carries a flat
fee, materials flat per task

Matches the reference’s verified
billing identity (Section 4.2)

all

A-11 Energy accounting: net production
equals gross production scaled by
time-based availability

First-order, ignores the weather–
production correlation

all

The structural group, A-1, A-8, and A-9, fixes what the framework can talk about. The
state space is the smallest that supports the metric set, so relaxing A-1 towards finer states
adds cost without adding a reportable quantity. Relaxing A-8 towards time-varying rates
would sharpen sub-annual transients while leaving every long-run metric unchanged, since
seasonality already enters through the full-record weather operators. Relaxing A-9 towards
shared vessels or dependent assets introduces queueing interactions that lie outside the an-
alytical scope of this thesis.

The mechanism group, A-2 to A-5, encodes how failures and weather actually behave.
A-2 is the regime the reference implements and the standard virtual-age description of im-
perfect repair, and relaxing it towards full renewal is the known shortcut that the kernel of
Section 3.6 exists to avoid. A-3 is the deepest modelling choice in the thesis: weather-gated
durations are carried as marginal laws, exact in their means by the renewal–reward argu-
ment of Section A.5, while the coupling between the state of the weather and the instant
of a transition is discarded. Relaxing it would require a weather-state-augmented kernel at
a large increase in state-space size, and Chapter 5 measures what the marginal treatment
leaves behind. A-4 mirrors the accounting split of the reference so that comparisons are like
for like. A-5 keeps the one deliberate asymmetry, discussed with the allocation equations
below.

A-6 and A-7 are the comparison-defining group, and A-6 is what makes the Markovian
pair the priced baseline, since relaxing it is precisely the step from the C family to the S fam-
ily. A-7 keeps the transient semi-Markov solver on the physical state space by averaging the
age dependence of the UP row, and relaxing it would mean marching on an age-augmented
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space at a cost that defeats the purpose of an analytical model. Its error is localised to the
early failure flow of an ageing fleet started fresh, and the falsifiers of Section 3.8 bound it.

A-10 and A-11 align accounting conventions. A-10 reproduces the billing identity ver-
ified inside the reference (Section 4.2), so cost comparisons carry no convention residue.
A-11 is first-order and its bias is one-sided and common to all four models, so it cancels
from every model-to-model comparison. Relaxing it means resolving production jointly
with the state trajectory over the weather record, which the semi-Markov family supports
through Equation 10, and Chapter 5 prices the difference as the gap between time-based
and production-based availability.

3.2.4 Metrics

Every solver reports the same set of KPIs: availability, expected downtime, per-mode
task frequency ωi, state occupancies, and cost by Equation 9, with energy per A-11. The
time-marching models add trajectories A(t), D(t), C(t), and the sampler twin adds distri-
butions over replications. The shared metric set is what makes every later comparison a
comparison of models rather than of reporting conventions.

3.3 Input data and the parameter pipeline

Concept. The pipeline turns three data sources into the duration and cost statistics every model
consumes, and it does so once, so that all six models eat from the same table.

Figure 19 draws the workflow: the failure and task table and the vessel parameters fix
what a repair needs, the metocean record fixes when the weather allows it, the accessibility
mask and the two weather operators convert that record into duration statistics, and the out-
puts split by consumer, means for every solver, full distribution laws for the time-marching
semi-Markov model.
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failure and task table
WOMBAT default reference inputs

hourly metocean record
wind and wave, multi-decade

vessel and cost parameters
limits, day rates, fees

scale rule ηi = 1/λi

bit-identical with the reference

accessibility mask Equation 3

weather operators
contiguous Equation 4 / banked Equation 5

sojourn means τWi , τRi
all four solvers

span laws F span
L

time-marching SMP

Figure 19: The input parameter pipeline. Three data sources enter, the accessibility mask
and the two weather operators convert the metocean record into duration statistics, and the
outputs split by consumer, with means feeding all four solvers, and the full span laws feeding
the time-marching semi-Markov model. Billing and energy conventions (A-10, A-11) apply
downstream of this diagram.

3.3.1 Failure and task data

Failure modes enter as one table, a row per (component, mode) pair: annual rate λi and
Weibull shape βi, active repair time Hi, vessel class, transfer time Ti, mobilisation duration
and fee, transit leg ℓi, weather limits, day rate and materials cost. The values of the table
are the default reference inputs of the WOMBAT library, adopted unchanged, which is the
input-alignment decision recorded in Chapter 2 and audited in Chapter 4. Two conventions
matter: The scale rule ηi = 1/λi is that of the reference tool, not mean-preserving for βi ̸= 1
(the implied MTTF is ηiΓ(1+1/βi)), but it keeps the inputs bit-identical with the reference.
And Hi is active work content, with weather and logistics added by the operators below,
never twice.

3.3.2 Metocean record and accessibility

The environment is an hourly wind and wave record spanning multiple decades, shared
bit-identically with the reference. Per vessel class it induces a binary accessibility mask,

g(s) = 1
{
v(s) ≤ vlim ∧ hs(s) ≤ hlim

s

}
, s = 1, . . . , Srec, (3)

tiled cyclically past the end of the record. Every piece of weather information the models
use is a functional of Equation 3, and no synthetic weather is generated, so the models and
the reference never disagree about the environment in any realisation.
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3.3.3 The weather operators

Concept. Both operators answer the same plain question: starting at hour s, how long until a
job of work content L is finished? They differ only in the reading of the weather.

The contiguous operator waits until one calm spell long enough for the whole job ap-
pears, and then works without interruption, which is the classical assumption of the access
literature. The banked operator starts working in the first accessible hour, pauses whenever
the weather closes, and keeps its progress, which is what vessels and the reference simulator
actually do. Figure 20 shows both readings acting on the same mask segment before the
equations state them.

mask g 1 0 1 0 1 0 1

start s

contiguous wait wcw(s;L) L

banked pause done: L banked

span(s;L) = L+ stretch

Figure 20: The two weather operators on one mask segment (accessible = 1, blocked = 0, in
grey). The contiguous reading waits for the first uninterrupted window of length L and then
works unbroken. The banked reading starts immediately, pauses through blocked hours with
progress kept, and completes once L accessible hours are banked, so its span decomposes as
the work content plus a stretch.

The core of the pipeline converts the mask into duration statistics through two operators.
The contiguous-window operator is the classical reading of the access literature [6, 52]: a
task of work content L waits for one uninterrupted accessible window,

wcw(s;L) = min
{
u ≥ 0 : g(s+ u) = · · · = g(s+ u+ ⌈L⌉ − 1) = 1

}
, (4)

then runs unbroken. It is kept as a configurable variant to measure the assumption of the
analytical precedents.

The interruptible banked-stretch operator is the actual mechanism from the refer-
ence: work proceeds through accessible hours and pauses through inaccessible ones, keeping
progress. The completed span from start hour s is the calendar time to bank L accessible
hours,

span(s;L) = min
{
u ≥ 0 :

∫ u

0
g(s+ x) dx ≥ L

}
, (5)

which decomposes as L plus a stretch, the initial wait plus the interleaved pauses. Its
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start-hour mean under a weighting ρ(s),

D̄(L) =
Srec∑
s=1

ρ(s) span(s;L), (6)

is, for uniform ρ, the exact long-run mean restoration span of a stationary failure stream
over this climate, a renewal–reward statement with no stochastic error, since the walk is
deterministic given the record. The proof is given in Section A.5. Beyond the mean, the
start-hour ensemble is itself the marginal, interruption-inclusive completion-time law

F span
L (t) =

∑
s

ρ(s)1
{
span(s;L) ≤ t

}
, (7)

This is the object A-3 names, consumed whole by the time-marching SMP.

Sojourn allocation follows. The wait state carries the weather-independent logistics,
τWi = τmob

i +ℓi (the contiguous variant adds w̄cw). The restoration state banks both transfers
with the repair, Li = Hi + 2Ti, giving

τRi =

{
D̄
(
Hi + 2Ti

)
interruptible variant,

Hi + 2Ti contiguous variant,
(8)

with the full law Equation 7 at the same Li retained for the transient model. Assumption
A-5 records the one deliberate asymmetry: here the trailing transfer is weather-gated like
the leading one, where the reference appends it flat, a small discrepancy on this side kept
as a deliberate modelling choice. The episode figure of Chapter 2 draws the operational ac-
counting of the reference, in which the turbine returns to service when the repair completes
and the trailing transfer falls outside downtime, whereas the model banks that transfer inside
Ri, the conservative side of the same convention, and Chapter 4 prices the difference.

3.3.4 Energy and cost

Gross energy is computed once from the power curve on the wind record, and net
production is gross times availability (A-11). The known bias, storms that block access
are also high-production hours, is one-sided and common to all four models, so it cancels
from every model-to-model comparison. Costs follow the verified billing convention of the
reference (A-10): every downtime hour billed at the vessel day rate except the mobilisation
period, which carries only its flat fee, and materials flat per task. The annual expected costs
per asset are

Ceq = 8766
n∑

i=1

ωi

[
cdayi

24

(
τWi − τmob

i + τRi

)
+ cmob

i

]
, Cmat = 8766

n∑
i=1

ωi c
mat
i , (9)
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with ωi the per-mode task frequency each solver delivers, evaluated cumulatively as C(t) by
the time-marching models.

Beyond the first-order convention of A-11, the pipeline supports the production-based
reading of availability directly, because the span walks are calendar-anchored. Let e(h)
denote the potential power of record hour h, computed once from the power curve on the wind
record, with long-run mean ē. For a mode-i episode whose restoration starts at record hour
s, the down window is known exactly: the wait interval of length τWi anchored immediately
before s, followed by the restoration interval from s to s+span(s;Li). Summing e(h) over that
window gives its potential-energy content Edown

i (s), and the start-weighted mean Ēdown
i =∑

s ρ(s)E
down
i (s) is the same renewal–reward evaluation as Equation 6, with potential energy

replacing calendar hours as the reward. The production-based availability of then follows as

AE = 1 −

n∑
i=1

ωi Ē
down
i

ē
, (10)

with ωi the task frequencies of the solving model.

This quantity is available to the semi-Markov family only. The Markovian description
carries no calendar anchoring, so its sojourns are memoryless and therefore exchangeable
over the record phase, the expected potential power during its down time equals the record
mean, and the energy weighting collapses onto the time weighting, so AE cannot be distin-
guished from A within the C family. The gap A−AE is consequently itself a shape-sensitive
output, produced by the S family alongside A, and Chapter 5 reports it. A-11 remains the
common first-order convention that every cross-model comparison shares, and Equation 10
is the refinement the S family adds on top of it.

Key outcome. Every duration a solver uses is a functional of one mask on one shared record, every
mean is exact by construction, and the only quantities that differ between models downstream are
the ones each model chooses to keep, means or full laws.

3.4 The CTMC pair

Concept. The Markovian pair forgets everything except which state the asset occupies, so every
duration becomes exponential and the whole model reduces to linear algebra.

This is the priced baseline of the family: it keeps the correct interruption-inclusive
means from the pipeline and discards only shape, which is exactly the simplification the
analytical literature makes.

The Markovian pair replaces every sojourn law by the exponential of equal mean (A-
6). Under memorylessness the reset and pausing rules stop mattering, so the failure rates
are the tabulated λi, the wait rates αi = 1/τWi , and the restoration rates µi = 1/τRi : the
exponential keeps the correct interruption-inclusive mean and discards only shape. On the
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ordering (UP,W1,R1, . . . ) the generator is

qUP,Wi
= λh

i , qWi,Ri
= αi, qRi,UP = µi, (11)

all other off-diagonals zero, diagonals fixed by row sums, and λh
i in per-hour units. A joint-

component variant on the product space exists to price what the composition rules miss.
The stationary solution is closed-form on this topology:

A = πUP =
τUP

τUP +
∑n

i=1 qi
(
τWi + τRi

) , τUP =
1∑
i λ

h
i

, qi =
λh
i∑
j λ

h
j

, (12)

mean up-time over mean cycle, with task frequencies ωi = qi/
(
τUP +

∑
j qj(τ

W
j + τRj )

)
. The

derivation from the balance equations is given in Section A.1. The solve is one small linear
system, effectively instantaneous.

3.4.1 The time-marching CTMC

The transient partner keeps the generator and changes only the operator: p(t) =
p(0) eQt from an all-UP start, evaluated by scaling-and-squaring and cross-checked by uni-
formisation, both summarised in Section A.1. Availability is A(t) = pUP(t), averages and
downtime follow by quadrature, per-mode completion intensity is pRi

(t)µi, and cost applies
Equation 9 along the trajectory. Runtime is a handful of matrix operations per output time,
the computational floor of the hierarchy.

3.4.2 The Markovian sampler twin

Alongside the deterministic solvers runs an exact stochastic sampler of the same chain,
the first dashed twin of Figure 17, in the manner of [109]: an exponential sojourn at the
current exit rate, then a categorical draw of the next state. By construction it describes the
identical process, so agreement verifies both implementations with no reference in the loop,
and its replication ensemble supplies what deterministic solvers cannot, like inter-annual
spread and exceedance levels such as P90.

Key outcome. The complete Markovian half of the family: a closed-form steady state, a matrix-
exponential transient, and a sampler of the identical process, all consuming the pipeline means
unchanged. Whatever these three get wrong later must be attributable to the exponential shape
assumption, not to inputs, states, or conventions.

3.5 Why a semi-Markov pair

The exponential assumption fails the physics twice. On the failure side, mechanical
modes age (β ̸= 1), and under partial reset the violation is structural: survivors keep their
ages, up-times become dependent, no constant-rate superposition matches the aged fleet,
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and the full-reset shortcut misestimates task frequency for β > 1. On the restoration side,
the span law Equation 7 is multi-modal, and the moment match preserves its mean, hence
long-run availability, but nothing that sees shape: transients, per-event span distributions,
tail-driven dispersion.
Hence the following hypothesis pair.

• H1 : mean-determined quantities are reproduced by the mean-matched CTMC when-
ever the failure side is near-exponential.

• H2 : shape-sensitive quantities require the semi-Markov pair, with CTMC error growing
in |β − 1| and weather severity.

The design brief follows: keep state space, pipeline, metrics and costs, replace the failure
superposition by the exact operational-age kernel and the restoration sojourns by the full
span law, within the marginal-interruptibility scope of A-3.

3.6 The semi-Markov failure kernel

Concept. Each failure mode carries an odometer that runs only while the turbine runs, a repair
resets one odometer and leaves the others where they stand, and the kernel computes exactly what
this bookkeeping implies for which mode fails next and when.

Figure 21 shows the process: the age vector determines the competing-risks law of the
next failure, the renewal update resets the failed clock, the loop is an embedded Markov
chain on the age space, and solving that chain to stationarity yields the three quantities the
downstream solvers consume.

age vector a = (a1, . . . , an)
operational hours since each renewal

competing-risks law Equation 14
next failure time U and mode J

renewal update
clock J resets, survivors keep their ageembedded chain on the age space

binned age space
M bins per mode, quadrature of Equation 14

power iteration
stationary age distribution

outputs
qi, τUP → SS-S

FUP
i → TM-S

discretise

Figure 21: The failure kernel as a computation.

Both semi-Markov models rest on the exact treatment of n competing Weibull modes
under the operational-age, partial-reset regime. Each mode carries an operational age ai,
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the cumulative operating time since its last renewal. While the asset is up all ages advance
together, with Weibull hazard

hi(a) =
βi

ηi

(
a

ηi

)βi−1

, Ri(a) = exp
[
−(a/ηi)

βi
]
. (13)

When any mode fires, all clocks pause, the failed mode resets to zero, and the survivors
keep their ages: the partial-repair regime of [110], a virtual-age special case [102, 101], and
the regime the reference implements. Figure 22 sketched the resulting clock behaviour.
Consequently the post-repair age vector depends on the whole history, and no single-cycle
closed form is exact. At βi ≡ 1 everything collapses to the exponential superposition, the
nesting point. Conditional on the age vector a, the up-time U and failing mode J follow the
standard competing-risks law

Pr
(
U > u | a

)
=

n∏
j=1

Rj(aj + u)

Rj(aj)
, Pr

(
J = i, U ∈ du | a

)
= hi(ai+u) Pr

(
U > u | a

)
du,

(14)
after which ages update and the next up period begins: an embedded Markov chain on the
age-vector space. The derivation of Equation 14 from the hazards, and the positioning of
the regime within the virtual-age families, are given in Section A.4.

asset down:
both clocks pause

calendar time

op
er

at
io

na
l
ag

e
a
i

mode 1 fails:
clock 1 resets, clock 2 holds

mode 2 fails:
clock 2 resets, clock 1 holds

a1
a2

Figure 22: Sketch of the operational-age clock rules with two modes.

The kernel solves this chain to stationarity: the age space is binned (M bins per mode),
Equation 14 is integrated by quadrature onto the binned space, and the stationary distribu-
tion is found by power iteration. Averaging over it delivers the three outputs downstream
solvers consume: the stationary mode shares qi = Pr(J = i), the mean operational up-time
τUP = E[U ], and the conditional first-passage laws

FUP
i (u) = Pr

(
U ≤ u | J = i

)
, (15)

retained for the time-marching model. The construction is exact in the grid limit, with
discretisation as its only error, the convergence argument is given in Section A.4, and it has
been cross-checked against the independent operational-age sampler. For non-homogeneous
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Weibull shapes in the failure modes, components are instead coupled at asset level by
operational-rate superposition (A-9), sketched in Figure 23: each kernel yields rates ri =
qi/τUP per operating hour, the natural invariant of a clocks-pause regime, and the asset to-
tals follow from Rtot =

∑
i ri. Within a component the competing-risk ageing is exact, and

across components the age interaction is summarised by rates, exact when the interaction
is memoryless or only one component ages, and it is the one approximation the failure side
carries.

component 1 kernel
exact competing ageing

component 2 kernel
exact competing ageing

...

∑ asset
shared UP state

shared downtime clock-pausing

ri = qi/τUP

ri =
qi/τUP

Rtot =
∑

i ri

Figure 23: Component coupling under A-9. Note that within a component the ageing
interaction is exact, and across components it is carried by rates.

Key outcome. The failure side of the semi-Markov family, delivered as three quantities: exact
stationary mode shares, an exact mean operational up-time, and the per-mode first-passage laws.
The first two feed the steady-state model, the third feeds the transient one, and the exponential
case is recovered identically at βi ≡ 1.

3.7 The steady-state SMP model

Concept. Long-run availability is bookkeeping how long an average cycle lasts and how much of
it is spent up.

The kernel supplies the exact failure-side ingredients, the pipeline supplies the exact
weather-side means, and the renewal–reward assembly divides one by the other.

The principal artefact of the thesis solves in two stages: the kernel above, then a renewal–
reward assembly. The kernel delivers (qi, τUP), the pipeline delivers (τWi , τRi ), and with mean
cycle length D = τUP +

∑
i qi(τ

W
i + τRi ) the limiting occupancies read

PUP =
τUP

D
, PWi

=
qi τ

W
i

D
, PRi

=
qi τ

R
i

D
, ωi =

qi
D
, (16)

with A = PUP. The structure is identical to Equation 12, only the ingredients differ: ageing
enters through the exact (qi, τUP), interruptibility through τRi . The whole solve is one kernel
iteration plus arithmetic, so computation still remains at milliseconds.

As a consequence of Equation 16, the invariance theorem appears. The steady-state
occupancies of a semi-Markov process depend on its holding-time laws only through their
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means, so any two duration models with identical means produce identical long-run availabil-
ity, occupancies, and task frequencies, whatever their shapes. This is the invariance property
of the steady-state solution referred to in the review, its proof is given in Section A.3, and its
consequences cut both ways: the steady state depends on the weather operator only through
the mean Equation 6, so span shape influences only the time-marching extension, and no
steady-state agreement can ever certify distributional structure, which is why the validation
campaign of Chapter 4 needs transient and distributional probes at all.

Key outcome. The principal artefact of the family is a steady-state model that is exact in its
means on both the failure and the weather side, at millisecond cost, together with the named
theorem that fixes what such a model can and cannot certify.

3.8 The time-marching SMP model

Concept. The transient model asks the steady-state question at every instant: starting from a
fresh asset, what is the probability of being up, waiting, or under restoration at time t?

Answering it requires distributions where the steady state needed only means, and the
pipeline already carries them.

The transient extension keeps the state space and pipeline outputs and replaces the
operator with the discretised Markov renewal equations. The kernel rows come straight
from the pipeline: from UP,

QUP,Wi
(t) = qi F

UP
i (t), (17)

from Wi a unit step at the deterministic logistics content τWi , and from Ri the full marginal
span law at the work content of the mode,

QRi,UP(t) = F span
Li

(t), Li = Hi + 2Ti, (18)

inserted as the empirical ensemble CDF directly, with no parametric fit between the weather
record and the transient solution.

One structural approximation enters at Equation 17, assumption A-7: the true UP row
is age-dependent across cycles, and the model replaces it by its stationary average, keeping
the transient solver on the physical 1 + 2n state space. It is exact at the nesting point
and for a single mode, agrees with the steady-state solver in the long run by construction,
and should disagree only at the early failure flow of an ageing multi-mode asset started
fresh. With the kernel assembled, the transition matrix solves the Markov renewal system
by forward marching on a step fixed by refinement study, with substochasticity asserted as
a running invariant, from an all-UP fresh-clock start, consistent with the reference runs it is
compared against. The Markov renewal equations and their discretisation are summarised
in Section A.2. Metrics mirror the CTMC case, with cumulative expected tasks accumulated
by the convolution increments at no extra cost. It is the most expensive solver of the family,
but still orders of magnitude below a converged reference study. Within it, there are two
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built-in falsifiers: at β ≡ 1 it must reproduce the time-marching CTMC, and as t → ∞ it
must converge onto Equation 16.

Key outcome. The most complex member of the family is this transient solver carrying the exact
interruption-shaped span laws and the first-passage laws of the kernel on the physical state space,
with its one approximation named, localised, and equipped with falsifiers. Its sampler twin is
given below, closing the model family with its last sampler member.

3.8.1 The semi-Markov sampler twin

The S family carries its own sampler, the second dashed twin of Figure 17. One repli-
cation runs the exact model content realisation by realisation. At the current age vector it
draws the next up-time and failing mode from the competing-risks law Equation 14, advances
every age by the drawn up-time, resets the failed clock, and keeps the survivors, the regime
of A-2. The wait sojourn is the deterministic logistics content τWi . The restoration span is
then drawn from the start-hour ensemble of Equation 7, realised by walking the recorded
mask from a sampled start hour, so the sampled spans follow exactly the law the solvers
consume. Because the twin samples precisely the processes the two semi-Markov solvers
integrate, agreement between them verifies the implementations with no reference in the
loop, and it is the independent cross-check already invoked for the kernel in Section 3.6. Its
replication ensemble additionally supplies the dispersion outputs of the family, inter-annual
spread and exceedance levels such as P90. At βi ≡ 1 it must agree in law with the Markovian
twin, one more expression of the nesting.

3.9 Expected computational cost

Since computational reach is one of the stated motivations of the framework, the ex-
pected cost of each member is worth fixing before any validation result. The steady-state
CTMC is a closed-form expression, arithmetic in the number of modes n. The time-marching
CTMC evaluates a matrix exponential on the 1+2n state space, with cost cubic in the state
count per evaluation and effectively constant in practice at this size. The semi-Markov ker-
nel is the one precomputation of the family: quadrature and power iteration on the binned
age space, with cost growing in the bin count M and the number of competing modes per
component, executed once per configuration and reused by both semi-Markov solvers. The
steady-state SMP then adds only arithmetic, so its marginal cost is that of the kernel. The
time-marching SMP is the most expensive member, as the discretised Markov renewal march-
ing scales with the number of time steps and the support of the span laws, yet it remains
orders of magnitude below a converged Monte Carlo study of the reference, whose cost mul-
tiplies a full lifetime simulation by the replication count that the square-root convergence
of Subsection 2.3.2 demands. The samplers scale with events times replications and are
used for verification and dispersion, not for expectation estimates. The a priori ordering is
therefore SS-C, then TM-C and SS-S, then TM-S, all analytical members sub-second on the
reference configuration, and Chapter 5 reports the measured wall times and the resulting
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speedup against the reference.

3.10 Summary and handoff

The chapter delivered what the bridge of Chapter 2 promised. One system definition
and one pipeline feed four analytical models and two sampler twins, the family differs by one
named assumption per edge of Figure 17, and every mechanism the gap statement demanded
is now carried somewhere in the family: general durations and ageing in the kernel, interrupt-
ibility in the span laws, transients in the two time-marching operators. The internal falsifiers,
exponential nesting, transient-to-stationary convergence, and sampler agreement, make the
family self-checking before any external comparison, the web drawn in Figure 24. However,
self-consistency is not validity. Whether these models reproduce the reference, mechanism
by mechanism and under aligned conventions, is an empirical question, and Chapter 4 sets
up the reference, the alignment, and the campaign that answers it.

SS-C SS-S

TM-C TM-S

MC-C MC-S

β ≡ 1

β ≡ 1

β ≡ 1, in law

t → ∞ t → ∞

agreement
in law

agreement
in law

Figure 24: The internal consistency web of the family. Solid arrows are analytical falsifiers,
as at β ≡ 1 every semi-Markov member must collapse onto its Markovian counterpart, and
each time-marching solution must converge onto its steady state as t → ∞. Dashed links
are sampler agreements, which verify the implementations with no reference in the loop.
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4 Model Validation

4.1 Introduction and scope

Chapter 3 established the model family, its assumptions, and its internal falsifiers. This
chapter establishes that the models are correct, in two senses that are kept separate through-
out. Verification asks whether each artefact solves its own equations: gates, identities, limits,
and cross-checks between independently coded implementations of the same mathematics.
Validation asks whether the model family reproduces the behaviour of an independent ref-
erence, the WOMBAT discrete-event simulator, under rigorously aligned inputs.

The chapter proceeds in six stages. Section 4.2 audits the reference, repairs its defects
through a verified patch series, and freezes the build ladder and the aligned input baseline on
which every comparison stands. Section 4.3 fixes the measurement instruments: the metric
layers, their practical interpretation, and the pre-registered statistical discipline. Section 4.4
executes the mechanism-accretion ladder, which validates one mechanism per rung against
sealed predictions. Section 4.5 verifies that the family solves its own mathematics, executing
the internal consistency web of Figure 24. Section 4.6 presents the summit comparisons
against the reference batches, and Section 4.7 measures the statistical resolution of the ref-
erence itself, which every z score in the chapter is expressed against. Section 4.8 closes with
generalisability and the claims this programme licenses for Chapter 5. Table 13 maps the
stages, and each results-bearing block below opens by naming the models under test and its
purpose.

Table 13: Validation map. Each stage names the models under test, its purpose, and the
basis on which it is accepted.

Stage Models under test Purpose Acceptance basis

Reference audit
and patches
(Section 4.2)

the reference itself establish per-event semantics, repair
defects, separate repair from con-
vention transplant

verified log signa-
tures, exact

Alignment (Sub-
section 4.2.4)

reference and family
jointly

one frozen input baseline, aligned
clock, sequence, and billing conven-
tions

input parity, ledger
closure

Internal veri-
fication (Sec-
tion 4.5)

all six family mem-
bers

implementations solve their own
mathematics, falsifier web executed

exact identities, twin
gates

Mechanism lad-
der (Section 4.4)

SS-S kernel predic-
tions against B3

attribute agreement mechanism by
mechanism, one rung at a time

sealed predictions,
paired deltas, |z| ≤ 2

Reference
batches (Sec-
tion 4.6)

SS-S raw, whole
steady-state fam-
ily at β = 1

end-to-end validation, replication,
ageing arm

per-batch gate sets

Reference statis-
tics (Section 4.7)

the reference itself measure the noise floor every z is
expressed against

1/
√
n law, bootstrap
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4.2 The reference model

4.2.1 WOMBAT and how it schedules work

WOMBAT (version 0.13.3) is an open-source discrete-event simulator for offshore wind
operations and maintenance developed at NREL [5]. Failures arrive per mode from Weibull
draws, generate repair requests, and are serviced by vessels under a request-based dispatch
strategy. Weather enters as an hourly time series against per-vessel operating limits.

The audit that preceded any comparison established the servicing mechanics from the
source code and event logs from testing, and the facts matter because several depart from
what a reader would assume. Mobilisation is a flat timeout of the configured days, ig-
nores weather, and bills only the flat mobilisation cost, with the day rate not charged during
mobilisation. Travel is weather-free, with deterministic legs set by port distance. For around-
the-clock vessels there is no end-of-repair return leg, and demobilisation is instant and free.
Active repair uses interrupted accumulation: work banks only during accessible hours and
pauses otherwise, which is exactly the banked-stretch semantics of Subsection 3.3.3 and the
reason the interruptible operator is the correct analytical counterpart. Billing charges every
logged action hour (waits, travel, transfers, repair) at the day rate over 24, with mobilisation
time free. Finally, the stock failure clocks implement a hybrid ageing convention: the clocks
of a component freeze during its own repair but keep running through the repairs of other
components and through waiting time. This hybrid coincides with the operational-clock
convention established for the models of this thesis only in the memoryless case, a fact that
becomes central at β ̸= 1 and motivates Patch I below.

4.2.2 Defects found and the patch series

Making WOMBAT usable as a per-event reference exposed a series of defects and se-
mantic quirks, each diagnosed at source level, patched minimally, and verified by its own
signature in the event logs. Table 14 lists the frozen patch series. One long-standing edit
predates the series and is present in every build: in the unscheduled in-situ routine, a vessel
demobilises immediately when the request queue empties instead of billing idle two hour
increments to charter end, which was the default behaviour.

Table 14: Modifications to WOMBAT (the patch series). Each patch modifies a concrete
behaviour or assumption from the upstream source, is archived, and verified by the log
signature in the last column.

Patch Defect and fix / Assumption alignment Verified signature

(demob
edit)

Idle vessels billed for 2 h before charter end. Demobilise
immediately on empty queue.

no idle vessel rows after repair
completion
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Patch Defect and fix / Assumption alignment Verified signature

A Blind “weather unsuitable to transfer crew” waits and site-
to-port retreats in the window search. Growing-horizon
search replaces the blind wait.

no unsuitable-transfer waits,
no site-to-port retreats

B Request leak in the repair manager: in multi-turbine runs
around 16% of requests failed to join the queue and were
left ignored. Dormant on a single turbine but fixed from
the start.

request count conserved

C Rounding on departures added a mean 0.5 h to every
travel leg. Legs made exact.

legs exactly 3.131749 h and
5.694649 h

D Freshly dispatched vessels arrived location-less and tele-
ported. The existing start-from-port branch is enabled
for first dispatch, adding a real billed first leg.

zero teleport rows, first leg
billed

E Sometimes doubled repair hours on re-entry after inter-
ruption. Banked hours made exact.

per-mode repair-hour sums
equal the yaml values, single-
valued constants

F Reduction of crew re-transfer cycles, made obsolete by G.
Not part of the final patch-stack.

(redundant)

G Window-exhaustion re-transfers: the forecast array held
only the initially required clear hours, so an interior storm
exhausted it with work remaining, forcing a crew-off, hop,
crew-on cycle. The window is refilled in place, the loop
exits only at zero remaining hours.

zero re-transfer pairs across all
deployments

H Stranded requests: dispatch fired only at submission, so
requests arriving during an active charter could remain
unserved indefinitely. Dispatch re-fires at every repair
completion.

stranded requests extinct,
residual waits are legitimate
completion waits

I Clock convention transplant: a system-wide operational
gate replaces the own-subassembly term in both failure
and maintenance clock gates, so every failure clock freezes
for the entire system downtime, matching A-3.

only one simultaneous failure
active

Two of the patches require further discussion due to their relevance in the argument.

Patch H repairs a genuine scheduler defect, not a modelling preference. The mechanism
was isolated in a single-seed microscope (seed 17): a request submitted while the charter of
the servicing vessel was still active never triggered dispatch again, leaving it stranded for the
remainder of the simulation. Its verification proceeded in two stages. A 20 seed testing batch
passed six mechanism-level gates: the request population was unchanged at 1,477, fourteen
of the twenty seeds were bit-identical to their unpatched counterparts with the remaining
six differing only through the intended releases. The 200 seed batch then established the
population effect reported in Section 4.6.

Patch I is not a bug fix but a declared convention alignment, and it is the enabling
condition for the whole β ̸= 1 benchmarking programme. Since the stock hybrid clocks and
the operational clocks of A-3 coincide only in the memoryless case, any comparison at β ̸= 1
requires either building the hybrid convention into the models or building the operational
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convention into the simulator. The patching direction was chosen because the operational
convention is the one with a preferred physical reading (components do not accumulate wear
while the turbine is stopped) and a cleaner analytical structure. At β = 1 the modification
is invisible, which is itself a verified prediction.

4.2.3 Build ladder

Modifying a benchmark invites an obvious objection: the reference was edited until it
agreed with the model, so what did the comparison test? The answer is structural, and it
is carried by the build ladder of Table 15. Four builds are established. B0 is the untouched
upstream source, not used, but preserved so every modification is trackable. B1 adds the
per-event fixes (the demobilisation edit and Patches A, B, C, D, E, G). B2 adds Patch H
and acts as a more faithful reference, the original physics of the model with demonstrated
defects removed. B3 adds Patch I and acts as the verification twin, the reference with the
clock convention of the thesis models transplanted in.

Table 15: The four reference builds and their roles.

Build Contents Role Batches

B0 upstream 0.13.3, untouched the version a reviewer can directly in-
stall

none

B1 B0 + demob edit + A, B, C, D,
E, G

repaired logging and accounting, stock
scheduler intact

x10

B2 B1 + Patch H "faithful" reference, WOMBAT original
convention, major defect removed

x12

B3 B2 + Patch I verification twin, clock convention im-
plemented

x14-x18,
thousand-seed
set

4.2.4 Alignment conditions

A comparison is only meaningful if the two sides describe the same system. The align-
ment conditions were fixed before any batch was scored, and input parity verified against the
frozen configuration. Table 16 states the frozen input baseline that every batch and every
model run in this thesis shares.

Beyond input parity, three convention alignments sustain the comparison. The clock
convention is aligned through the patching, the repair process sequence is aligned by con-
struction, and the accounting is aligned by the shared billing rules (tested at every batch by
ledger closure). One residual convention mismatch is known and carried openly: the models
use 8,760 hours per year for rate conversion while the effective hours of the reference are not
pinned, a 0.0685% effect on all rates, small against every tolerance in use but recorded in
the discrepancy budget of Section 4.6.
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Table 16: The frozen baseline configuration shared by models and reference.

Item Value

Asset one bottom-fixed 12 MW turbine, 22 corrective failure modes, all β = 1 at baseline
Horizon 20 years from 2000-01-01, 175,320 hours
Weather hourly ERA5 (100 m wind, significant wave height)
Site single reference offshore site, port distance 116 km
CTV on site, no mobilisation, 24 h shift, wave limit 2 m, $3,201.7 per day, leg 3.131749

h
HLV chartered per request, 240 h unbilled mobilisation, 24 h shift, wind limit 10 m/s

and wave 2 m, $400,000 per day, leg 5.694649 h
Transfers two crew transfers of 0.25 h per repair, weather-gated
Billing downtime minus mobilisation at day rates, materials flat at completion
Dispatch request-based strategy, one request per failure

Key outcome. A per-event-transparent reference: audited servicing semantics, a patch series
with verified log signatures, a build ladder separating defect repair (B1, B2) from the declared
convention transplant (B3), and one frozen, parity-checked input baseline. Every comparison in
this chapter stands on this alignment.

4.3 The validation framework

4.3.1 Verification against validation

As previously mentioned, the two words must be used carefully. Verification establishes
that an implementation solves its stated mathematics correctly. Validation establishes that
the mathematics describe the reference system appropriately: statistical agreement with the
simulator under the alignment conditions of Subsection 4.2.4. A comparison between two of
the developed models can serve either purpose depending on configuration. Under the ex-
ponential assumption, the semi-Markov solvers must reproduce the Markov solvers exactly,
which is verification. Free from it, their divergence is a model property to be characterised,
which is explored in the results chapter.

4.3.2 Comparison metrics and error measures

Four measurement layers are used, from coarse to fine:

• Population statistics: For a KPI with reference ensemble mean x̄ and standard error SE,
a model value m is scored by z = (m−x̄)/SE. The KPIs set are availability (operating-
time basis, with the event log union as a cross-check), task counts, equipment cost,
materials cost, and net energy.
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• Paired statistics: Where two runs share seeds (adjacent patch builds, or common
random number model pairs), per-seed differencing removes the common variance and
resolves effects far below the population noise floor. Paired deltas carry their own
standard errors.

• Per-event reconciliation: Event logs are decomposed request by request into mobili-
sation, travel leg, wait, transfer, and repair segments, matched against the per-event
predictions of the model. Residuals at this layer are reported in hours per event and
are expected at hour-rounding scale.

• Ledger closure: Every batch must reproduce its own cost accounting exactly (billed
dollars equal duration times rate on every row), and batch totals must match to the
cent. This is an integrity check, not a statistical test.

Structural counters supplement the four layers on the patched builds: stranded requests,
re-transfer pairs, teleport rows, dispatch deferrals, and outage overlaps are counted exactly,
but on B3 the mechanism is impossible by construction and a single occurrence indicates a
coding error.

In practical terms, the layers read as follows. A z score expresses a model-minus-
reference gap in units of the reference standard error, so |z| ≤ 2 means the gap is indistin-
guishable from the sampling noise of the batch at the 95% level, and a z near zero on a
200 seed batch still permits absolute gaps of a few hundredths of a percentage point, which
is why tolerances are always stated alongside scores. Paired designs change the question:
by differencing shared seeds they remove the common fluctuation, so effects far below the
population noise floor become resolvable, the 0.5 h transfer mechanism of Subsection 4.4.1
is resolved at ±0.0003 percentage points this way. Per-event reconciliation is stronger still,
as it compares individual episodes rather than averages, and its residuals are expected at
hour-rounding scale, not at statistical scale. Ledger closure, finally, is not a statistical test
at all but an integrity condition, and a single cent of imbalance fails a batch outright.

4.3.3 Statistical treatment

The reference is stochastic, so its side of every comparison carries uncertainty. Seeds
are drawn once per batch and archived, replications are independent and identically dis-
tributed by construction, and each batch record stores per-seed rows so any statistic can be
recomputed. Confidence intervals use normal theory with bootstrap cross-checks for skewed
KPIs (rare-event counts and heavy-tailed costs). The developed samplers (MC-C, MC-S)
report their own replication uncertainty and use common random numbers for paired designs.

Key outcome. Four measurement layers from population z scores to exact ledger closure, each
with a stated practical reading.
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4.4 Main campaign (mechanism-accretion ladder)

Concept. One mechanism per rung: each ladder step adds exactly one mechanism to the config-
uration below it, on the same seed list, so every paired increment isolates the contribution, and
the blame, of one modelling choice.

Table 17: The mechanism-accretion ladder. Each rung changes one thing relative to the
rung below. The ladder runs on B3 only, with the convention price carried by the measured
summit bridge.

Rung Configuration delta Isolates Acceptance

ML-0 one synthetic mode (expo-
nential failure, deterministic
repair), clear weather, zero
distance, zero transfers, zero
mobilisation

pure alternating renewal,
the random-number and
bookkeeping layer of the
simulator

exact: A = 1/(1 + T/MTTF),
closed-form variance, ledger
exact

ML-1 + real travel legs leg accounting, billed out-
bound and unbilled return
protocol

per-event downtime delta
equals the leg exactly, paired
delta against ML-0 matches

ML-2 + crew transfers (2× 0.25 h) transfer accounting delta equals 2T exactly per
event

ML-3 + real ERA5 weather gating the weather operator (initial
wait, interleave, banked
span), Patch I onset

per-event phase-conditioned re-
play residuals at hour-rounding
scale, delta matches the ex-
pected stretch, the convention
exposure is born here and is
priced by the measured summit
bridge

ML-4 + the full 16 mode CTV set superposition, structural
no-concurrency under oper-
ational clocks, Patch H and
G onset

structural zeros on B3, union
equals sum, per-mode rates
clean in z

ML-5 + one heavy replacement
mode with 240 h mobilisa-
tion

mobilisation, the unbilled-
mobilisation identity

HLV dispatch gap equals 240 h
plus quantisation, billed equals
downtime minus mobilisation

ML-6 + the remaining heavy
modes (the full 22 mode
default)

heavy-tail cost structure the summit gates, already veri-
fied by the x13 and x14 batches
(z = +0.20 on availability,
ledger to the cent)

ML-7 fresh seeds 201 to 400 at the
default

independence replication of
the summit

executed as batch x15 (Subsec-
tion 4.6.2)

The campaign consists of a mechanism-accretion ladder (ML), with audits run on every
batch. The ladder principle is for each rung to add exactly one mechanism to the config-
uration before it, on the same 50 seed list, so paired increments isolate the contribution of
that specific mechanism easily, the mechanism-isolating discipline whose code-comparison
lineage the review traced to its current endpoint [63]. Rungs ML-0 to ML-2 have almost
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exact analytic answers, but from ML-3 upward acceptance is statistical, with per-rung noise
re-estimated rather than inherited from the baseline.

The ladder runs on B3, the verification twin, because patch necessity and correctness
were already established at the summit by the batch record of Section 4.6 (the seed-17 mi-
croscope, the paired deferral census between x10 and x12, and the structural zeros of x13
and x14).

Standing audits run on every batch regardless of rung: the signature audit (all patch
signatures of Table 14 re-checked), ledger closure, the request-population census, and the
basis-coherence check between the two availability accountings introduced in Section 4.7.

4.4.1 Ladder execution and outcomes

Models under test: the SS-S kernel predictions, rung by rung, against build B3.

The rungs were executed all on B3, all on seeds 1 to 50, with every prediction sealed
before its data existed. A pre-launch amendment is on record as the ML-0 configuration was
amended after an aborted diagnostic: at exactly zero port distance the simulator computes
the travel duration by subtraction and returns a negative epsilon of order 10−17 hours, which
the event queue rejects. The rung therefore runs at 0.03704 km, a leg of exactly 0.001 h, the
residual is priced into the sealed prediction, and a minimal reproduction of the upstream
defect is archived with the campaign records. The same amendment moved the dispatch
delay g (the request-to-mobilisation gap, at most 0.0186 h throughout, under its standing
0.02 h gate) out of the per-event identity, which is stated as D − g.

Table 18: Ladder outcomes at 50 seeds per rung. Predicted availabilities are the closed forms
(ML-0 to ML-2) and the numbers from the kernel registered before launch (ML-3 to ML-5).
Paired deltas are measured against the rung below on the shared seed list, predicted values
in parentheses. ML-4 pairs across a mode-set swap and is reported standalone.

Rung predicted A (%) measured A (%) z paired ∆A (pp)

ML-0 98.8713 98.8602 −0.44 —
ML-1 98.8015 98.7901 −0.42 −0.0700 (−0.0698)
ML-2 98.7903 98.7790 −0.42 −0.0111 (−0.0111)
ML-3 98.3189 98.3222 +0.08 −0.4568 (−0.4715)
ML-4 98.6179 98.5563 −2.03 mode-set swap
ML-5 98.1423 98.0581 −1.27 −0.4982 (−0.4756)

The identity rungs correctly behave as identities. Across 1,998, 1,996 and 1,996 events
the per-event D − g matches its sealed constant to 4× 10−11 hours, the float unit at times-
tamp magnitude, travel legs match 116/37.04 to 4× 10−16, all 3,992 crew transfers read 0.25
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h with zero deviation, and repair segments conserve their work content to 3 × 10−14 hours
per request, including through 1,701 weather interruptions at ML-3. Ledgers close to at
most 1.9 × 10−9 USD on every rung. The ML-0 variance ratio, the closed-form test of the
random-number layer of the simulator, lands at 1.0037 against a [0.80, 1.20] band, and the
ratios at ML-1 to ML-3 read 1.0043, 1.0048 and 0.9888.

The paired design delivers the resolution it was built for. The standalone z is −0.42 on
all three exact rungs, the shared draw sequence carrying one common fluctuation through
every configuration, while the paired increments read z = −0.12, −0.01, +0.73 and −0.32:
the 0.5 h transfer mechanism is resolved at ±0.0003 percentage points. Per-seed count dif-
ferences confirm the replay, with 48 of 50 seeds identical between ML-0 and ML-1 with two
boundary events dropped, and 50 of 50 identical between ML-1 and ML-2.

At ML-4 the mode superposition is structurally exact, zero overlapping excursions
among 3,790 requests across 16 competing modes, and the per-mode z set has a maxi-
mum of 2.05 with one mode of sixteen past 2. The standalone availability of the rung sits
at z = −2.03 with the request count at z = +1.94, one fluctuation counted twice, since
the count surplus decomposes broadly across twelve modes rather than concentrating, it is
recorded here as the single borderline pass, at the rate one expects from six standalone tests.
At ML-5 the mobilisation identity holds on the full census, as all 92 heavy-vessel events
show a request-to-travel gap in [240.0019, 240.0161] hours, exactly the sealed 240 h plus the
dispatch delay, billed cost equals downtime minus (240 + g) to a maximum residual of 10−6

USD on events of 5.3 million, and the 17 mode z set peaks at 1.59.

Key outcome. Six rungs executed against sealed predictions: the identity rungs exact to floating-
point scale, the weather operator validated per event at hour-rounding scale through 1,701 inter-
ruptions, superposition structurally exact, mobilisation exact on the full census, and one borderline
standalone pass (ML-4, z = −2.03) at the rate expected from six standalone tests. Each mecha-
nism of the analytical description is individually validated before the summit.

4.5 Code verification

Concept. Before the reference is consulted, the family must agree with itself: independent imple-
mentations of the same mathematics, meeting on exact identities. This block executes the internal
consistency web of Figure 24.

Models under test: all six family members, against each other.

The steady-state layer is verified by exact identities: the shared steady state of 97.9903%
is recovered by four independent computations that share no solver code (the SS-S kernel,
the TM-C eigendecomposition limit, the TM-S Markov-renewal limit, and the MC-C seri-
alised arm). TM-C passes its full check set, including the exact 45 against 23 state lumping
(Subsection 3.4.1). TM-S passes limits, the transient area identity, and the β → 1 collapse
onto its Markov part.
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However, one genuine deficiency was found by stress testing. Under a uniform β = 0.8
configuration the two-tier checkpoint schedule failed its refinement gate at 2.9× 10−3. The
schedule was extended to three tiers, the same configuration now passes at 7.3× 10−4, and
the three-tier rule fires automatically whenever any mode has β < 1.

The samplers are verified against their deterministic twins. MC-S matches the SS-S
occupancy vector in all 45 dimensions (largest |z| = 2.09) and its replication mean brackets
the closed form. The serialised arm of MC-C converges on the shared steady state, and its
union arm reproduces the historical targets of the notebook of 97.9725%.

Key outcome. The family solves its own mathematics: four independent routes reach one steady
state, the falsifier web of Figure 24 passes in full, the samplers match their deterministic twins, the
SS-S construction ladder is audited rung by rung, and the one deficiency found by stress testing
is repaired and promoted to method.

4.6 Validation against the reference batches

Concept. The summit comparisons: the full 22-mode configuration, the analytical family against
the patched reference, raw. Five 200-seed batches on build B3 (x14 to x18) form the record, x14
and the fresh-seed replication x15 are reported here, and the pooled thousand seeds constitute the
reference statistics of Section 4.7.

4.6.1 The verification twin (x14)

Models under test: SS-S raw against B3, and through the invariance theorem the whole
steady-state family at β = 1.

Table 19: Raw validation of the thesis model family against the verification twin (batch x14,
200 seeds, build B3). The z scores are in reference standard-error units.

metric x14 (200 seeds) SS-S ∆ z

availability [%] 97.9832± 0.0361 97.9903 +0.0071 pp +0.20

tasks [events] 14,923 15,019 expected −96 −0.78

equipment [$/yr] 581,899± 31,617 557,585 −24,314 −0.77

materials [$/yr] 20,178± 694 18,808 −1,370 −1.98

Batch x14 (200 seeds, build B3) is the first raw validation batch of the thesis family,
with the headline residuals in Table 19. Availability agrees at z = +0.20, and every remain-
ing gap traces to a single cause, a Poisson count draw in the rare heavy replacement modes
riding through x10, x12 and x14 on the shared seeds. The materials and task gaps are that
draw seen from two sides, decomposed and closed on independent data, and once counts and
mix are removed the equipment residual is −$3,915 per year, 0.70% of the result and inside
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per-event weather noise.

4.6.2 Replication (x15)

Models under test: the same predictions as above, on data that did not exist when they
were sealed.

The replication rung ML-7 re-runs the default configuration on fresh seeds 201 to 400.
The headline hypothesis passed, with 66 heavy-mode events against the predicted band of
[54, 87], with x14’s outlying 94 regressing onto 70.6. Five secondary gates failed together
and were traced to a single LCN count draw at z = −2.26, the same rare-mode mechanism
already priced, and the pooled 400 seed statistics close at z = −1.81 on availability and
z = +0.18 on materials.

With both conventions validated raw on their own builds, every entry is either in agree-
ment within statistical uncertainty or a named, measured difference.

4.6.3 β = 2 (x19)

Models under test: the semi-Markov kernel proper, since at β = 2 the ageing mechanism
is live and no exponential shortcut exists.

Batch x19 (200 seeds, 1001 to 1200, build B3) reruns the full configuration with every
failure shape set to β = 2 at fixed MTTF, testing the ageing mechanism. Twenty-year avail-
ability: 98.3434% predicted, 98.3665 ± 0.0223 measured, z = +1.04. Starts per life: 70.001
predicted, 70.005 measured. The per-mode calibration exercises all 22 ageing regimes at
once and peaks at |z| = 2.27, one mode of 22 past 2, and the variance falls in the registered
direction (p = 8 × 10−14). Every check passed, and the logs carry the ageing signature di-
rectly, having no repair requests before the 500th hour where the exponential configuration
expects 4.4.

Key outcome. Raw validation at the summit: availability at z = +0.20 on the first batch, the
replication holding on seeds that did not exist at sealing, and the ageing arm passing every gate at
β = 2 with the ageing signature visible in the raw logs. Every remaining gap is a named, measured
mechanism, dominated by one rare-mode count draw.

4.7 Reference seed convergence

Concept. The reference is stochastic, so its noise floor must be measured before any z score in
this chapter means anything. This section measures it.

Models under test: none, the reference itself is the subject.
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1000 independent seeds were run on build B3. Every KPI converges by the 1/
√
n law,

confirmed by bootstrap (Figure 25), and what separates the KPIs is per-seed dispersion,
spanning two orders of magnitude from net energy (coefficient of variation 0.58%) to equip-
ment cost (75.4%). Inverting n = (1.96σ/ε)2 gives a practical consequence: availability to
±0.05 percentage points needs several hundred seeds, while the same relative precision on
cost is beyond any practical batch size. The healthy-population reference is 98.0063±0.4946
percent per seed, and the thesis models sit at z = −1.02 against the pooled mean.
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Figure 25: Seed convergence of the 1,000 seeds batch (build B3). Left, bootstrap standard
errors of each KPI mean against ensemble size on log-log axes, with the fitted slopes confirm-
ing the 1/

√
n law. Right, availability precision against seed count with the seed requirements

for common tolerance targets.

4.8 Generalisability and licensed claims

The campaign validates the family on one representative case, a single 12 MW bottom-
fixed turbine at one North Sea class site, so the reach of its conclusions deserves a statement.
Three layers transfer differently. The mechanism conclusions, that the weather operators re-
produce the per-event episode structure, that the superposition and mobilisation identities
hold, and that the kernel carries the ageing regime, are properties of the model mathematics
against the simulator mechanics, and they transfer to any configuration built from the same
mechanisms. On the other hand, the statistical conclusions, the z scores and tolerances, are
tied to this input baseline, and a different turbine, site, or maintenance strategy changes the
numbers but not the validation procedure, since the ladder and the audits rerun unchanged
on any configuration the pipeline accepts. However, what does not transfer without new
work is the scope fixed by the assumption register: shared-vessel fleets and dependent assets
sit outside A-9, and time-varying rates outside A-8, as Chapter 3 discusses. The validated
envelope is therefore the corrective single-asset setting.
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Within that envelope, the programme licenses the following for Chapter 5: steady-state
availability, task, and cost estimates of the family carry the accuracy measured at the sum-
mit, effects below the reference noise floor may be computed analytically and trusted to the
extent the mechanism ladder validates their ingredients, the ageing arm is validated end to
end at β = 2, and every known residual, the rare-mode count mechanism, the 8,760-hour
rate convention at 0.0685%, and the trailing-transfer asymmetry of A-5, is named, bounded,
and carried into the interpretation of results.

Key outcome. The family is validated mechanism by mechanism and at the summit, on sealed
predictions, against a per-event-transparent reference whose own noise floor is measured. Chapter 5
may now present analytical results as validated estimates within the stated envelope.
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5 Results and Discussion

Chapter 4 closed by licensing the claims of this chapter (Section 4.8): the steady-state
models are exact implementations of their mathematics and empirically indistinguishable
from the aligned reference at the baseline, the transient models are verified solvers anchored
externally at β = 1 and β = 2, and any model-reference discrepancy is routed to a named
cause. This chapter makes use of that licence. It does not re-argue fidelity, and the certified
headline figures are quoted as established where they are first used. What the chapter adds
is behaviour analysis: what the validated family says about the reference system that the
reference simulator cannot say cheaply, or other models cannot say at all.

The chapter runs in three sections, ordered by research question, and Table 20 restates
each question in one line so that no section needs to be read with Chapter 2 open. Sec-
tion 5.1 characterises the transient behaviour of the family, the time-domain half of RQ2,
with the β = 2 replacement waves anchored externally by batch x19. Section 5.2 answers
RQ3 by pricing the interruptibility assumption against a contiguous-window alternative on
the same masks. Section 5.3 answers RQ4 by demonstration, propagating joint input un-
certainty, pricing vessel capability, lifting envelopes, mobilisation lead time and component
reliability, and resolving structure below the noise floor of any practical simulation ensem-
ble. Section 5.4 closes the chapter with its take-home messages, and Chapter 6 states the
verbatim answers to the research questions.

Unless explicitly stated otherwise, all steady-state results are computed on the β = 1
build and, by the invariance theorem of Section 3.7, speak for all shapes at once under fixed
MTTF, with Section 5.1 marking exactly where that behaviour ends in time.

Table 20: The research questions restated, with the sections of this chapter that answer
them. RQ1 is answered by Chapter 4, and Chapter 6 states all four answers verbatim.

Question, in one line Answered in

RQ1 Can the analytical family reproduce the certified ref-
erence within its own statistical resolution?

Chapter 4

RQ2 Where is the memoryless simplification adequate,
and where does the semi-Markov description become
necessary?

Section 5.1, steady
state per the invari-
ance theorem

RQ3 How large is the interruptibility effect, and under
which conditions does the execution choice matter?

Section 5.2

RQ4 What does the analytical route resolve and afford
that simulation cannot, and what studies does that
enable?

Section 5.3
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5.1 Transient behaviour: the boundary ramp and the replacement
waves

This section serves RQ2.

Before any curve, the engineering stake deserves stating. Availability guarantees and
warranty periods are written over the first years of operation, exactly where a cold-started
fleet is still relaxing towards its long-run behaviour. Financing and O&M budgeting con-
sume time-resolved expectations over a debt tenor, not limits. And end-of-life planning is a
question about replacement waves, not about steady states. Whether a model can represent
the transient at all, and how accurately, is therefore an engineering question before it is a
mathematical one.

Chapter 4 verified the two transient solvers and deliberately stopped there, since away
from the exponential nesting point their divergence is a model property, and characterising
it belongs to this chapter. In this section, both models consume the same 22-mode kernel,
the same weather operators and, by construction, the same per-mode means, so their sta-
tionary limits coincide exactly, at 97.9903 % availability, and at β = 1 the TM-S solution
collapses onto the TM-C solution to within 4×10−5 percentage points at every probed time.
Everything reported below is therefore a pure transient contrast between two descriptions
calibrated to the same steady state, which is precisely the regime in which the memoryless
simplification is usually defended.

5.1.1 The boundary ramp at β = 1

A cold-started system, all components new and the turbine up at t = 0, begins at
unit availability and relaxes towards the steady state, and this boundary ramp is the entire
transient content of the β = 1 problem. Figure 26 shows the first 3,000 hours of both
solutions and Table 21 collects the metrics. The two models agree on where they are going
and disagree on how they get there: the TM-S trajectory last leaves the 0.1 percentage-point
band around the steady state after 498 hours, the TM-C trajectory after 798 hours, which is
a sixty percent later, and the gap widens down the tolerance ladder, reaching 1,335 against
2,434 hours at the 0.005 point band.
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Figure 26: The cold-start boundary ramp at β = 1. Both models are calibrated to identical
means and share the steady state exactly. The dotted vertical lines mark the last exit from
the 0.1 pp band, 498 h for TM-S and 798 h for TM-C.

Table 21: Transient metrics of the two solvers at β = 1 under identical inputs and a shared
steady state of 97.9903%. The boundary credit is

∫ T

0
(A(t)−A∞) dt over the 20-year horizon.

Metric TM-S TM-C
settling τ(0.1 pp) [h] 498 798
settling τ(0.05 pp) [h] 589 1,081
settling τ(0.02 pp) [h] 713 1,494
settling τ(0.01 pp) [h] 892 1,883
settling τ(0.005 pp) [h] 1,335 2,434
bulk relaxation constant [h] 356 1,541
boundary credit [avail-h] +2.29 +3.35

availability, year 1 [%] 98.0166 98.0287

The relaxation structure behind the numbers is visible on the logarithmic axis of Fig-
ure 27: the semi-Markov solution sheds its bulk transient at a fitted rate of 2.807× 10−3 per
hour, an effective 356-hour constant, because its nearly deterministic repair spans concentrate
the renewal cycle, whereas the exponential chain relaxes at its spectral gap of 6.491× 10−4

per hour, a constant of 1541 hours from the outset. It is worth noting that the ordering
reverses in the far tail, where the TM-S lattice relaxes at 5.598× 10−4 per hour, marginally
slower than the TM-C gap, but by then both trajectories sit within thousandths of a point
of the limit and the distinction carries no practical content.
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Figure 27: Distance to the steady state on a logarithmic axis. The semi-Markov solution
relaxes at an effective 356-hour constant in the bulk, and the exponential chain at 1,541.

The integrated version of the contrast is the boundary credit, the excess availability
the cold start buys over a system born in steady state, shown cumulatively in Figure 28.
The semi-Markov value is +2.29 availability-hours over the twenty-year horizon, and the
exponential chain awards +3.35, an overstatement of 46.0 per cent. The number is not an
accident of this configuration: Gate 4 of the model proves the β = 1 credit equal to the closed
form A∞ (m2c/2µc − 1/Λ), so the entire transient is carried by the first two moments of the
renewal cycle, and the second moment is exactly the quantity an exponential holding-time
model is not free to choose. Therefore, the C-family misprices the ramp because matching
the means pins its second moment at the exponential value, and the 46% is the price of that
constraint, measured. However, at an absolute scale, 2.29 availability-hours across 175,320
is a genuinely small effect. Nevertheless, the next regime is more interesting.

Page 63 of 111



MSc Thesis 5.1 Transient behaviour: the boundary ramp and the replacement waves

0 2500 5000 7500 1000012500150001750020000
Time since cold start [h]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Bo
un

da
ry

 c
re

di
t 

t 0(A
A

)d
t [

av
ai

l-h
]

+46.0 %

TM-S: +2.29 avail-h
TM-C: +3.35 avail-h

Figure 28: Cumulative boundary credit of the cold start. Both curves converge within the
first two years. The exponential chain overstates the converged credit by 46%.

Takeaway. At β = 1 the two descriptions share the steady state and still disagree about the
approach to it: the exponential chain overstates the settling time by sixty per cent (798 against
498 hours at the 0.1 pp band) and the cold-start boundary credit by 46% (3.35 against 2.29
availability-hours), because matching the means pins its second cycle moment at the exponential
value. The absolute effect is small at this baseline, so for long-run answers the simplification stands,
but any commitment written over the first months of operation, such as a ramp-up availability
guarantee, is systematically mispriced by the memoryless description.

5.1.2 β = 2 at a fixed MTTF

Under a fixed-MTTF change of shape the steady state is invariant, since the closed
form uses the means alone, and the inputs of the C-family are exactly that, therefore its
entire trajectory, not merely its limit, is unchanged at any β. Whatever a wearing fleet does
in calendar time is structurally invisible to the exponential description. Figure 29 shows
what it misses. With every mode reparametrised to β = 2 at fixed MTTF, the cold-started
year-one availability is 99.5030%, 1.47 percentage points above the shape-invariant TM-C
prediction of 98.0287, because new Weibull components with increasing hazard barely fail
in their first year. The trajectory then descends through replacement waves, the first pitch-
system wave peaking at 1.59 years and the generator and converter waves at 2.39 years,
reaching 98.4689% over years three to five and 98.1496 over the second decade, and its
deepest point, 98.1238% at 19.93 years, still sits 0.13 points above the steady state. The
horizon simply ends before the component ages decorrelate from the common installation
date. The amplitude-weighted settling formula of the model places the binding contribution
on the 13-year converter replacement, whose waves cannot decay within twenty years, and
the measured tail offset of +0.1368 percentage points over years seventeen to twenty closes
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that account quantitatively. A twenty-year design life at β = 2 is, in other words, one long
transient, and the steady state to which every model in this family is calibrated is never
actually reached.

0 5 10 15 20
Time since cold start [years]

98.00

98.25

98.50

98.75

99.00

99.25

99.50

99.75

100.00

Av
ai

la
bi

lit
y 

A(
t) 

[%
]

shared steady state (shape-invariant)

= 1 (TM-S =  TM-C after the ramp)
= 2, fixed MTTF (TM-S)

0 5 10 15 20
Time since cold start [years]

98.00

98.25

98.50

98.75

99.00

99.25

99.50

99.75

100.00 A(t), = 2
AE(t), = 2

Figure 29: Where the transient becomes the phenomenon. Left, cold-start availability at
β = 1 against β = 2 at fixed MTTF. The steady state is shape-invariant and the exponential
model therefore predicts the β = 1 curve at any shape. Right, time and production-based
availability at β = 2, with neither settling within the horizon.

Two further properties of the β = 2 solution matter for the argument of this chap-
ter. First, it is externally anchored: the window-weighted twenty-year availability of the
regenerated trajectory is 98.3434%, the comparator against which the cold-start simulator
batch x19 of Subsection 4.6.3 measured 98.3665± 0.0223, agreement at z = +1.04, together
with the per-mode start calibration across all 22 aging regimes. The replacement waves
in Figure 29 are therefore not a model curiosity but a validated prediction of the aligned
discrete-event reference. Second, the production-based estimand carries through the tran-
sient: AE(t) tracks the waves 0.16 points below A(t) in the tail, against the steady gap of
0.166, so the energy correction of the S-family is available at every instant of the trajectory
rather than only in the limit, a structure no constant correction factor applied afterwards
could reproduce.

Takeaway. At β = 2 the transient is the phenomenon: year-one availability sits 1.47 pp above
the shape-invariant exponential prediction, the trajectory descends through validated replacement
waves to its deepest point of 98.12% at 19.93 years, and a twenty-year design life never reaches the
steady state to which every model is calibrated. The exponential description misses the required
capabilities, so any calendar-indexed question on an ageing fleet, warranty energy budgets, expen-
diture phasing, end-of-life planning, requires the semi-Markov transient, whose β = 2 predictions
the reference confirmed at z = +1.04 (Subsection 4.6.3), with the production-based correction
available at every instant.
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5.2 Interruptibility

This section serves RQ3.

The model family assumes interruptible repair execution: work progresses during ac-
cessible weather, pauses when conditions deteriorate, and resumes later without losing the
progress already made. Chapter 4 established that the reference simulator implements ex-
actly this execution, so the assumption itself is validated by construction. This section there-
fore turns to the comparison the validation deliberately left open: interruptible execution
against a contiguous-window treatment, in which the full task must fit inside one uninter-
rupted weather window. It quantifies how strongly this single modelling choice moves the
predicted O&M performance, and it locates the conditions under which the choice changes
what a model concludes.

5.2.1 Two approaches and where the literature stands

Two idealised execution semantics bracket how a weather-limited task can be carried
out. Under the banked, or resume, semantics, work accumulates during every accessible hour
and pauses through inaccessible ones, so a task requiring L active hours completes once L
accessible hours have elapsed, however fragmented. Under the contiguous-window approach
the task requires one uninterrupted accessible run of at least L hours, and nothing counts
until such a run arrives. The developed models implement the former, and so does the refer-
ence simulator, whose interrupted accumulation was established from source in Section 4.2.
The discrete-event tool NOWIcob likewise resumes started tasks across shifts, giving them
the highest scheduling priority [58]. The contiguous semantics, on the other hand, is the
foundation of the closed-form access literature, where a maintenance delay is modelled as
the wait for a weather window at least as long as the task [6].

In reality, the process physics of turbine repair does not sit uniformly on either side.
Crane lifts must complete once begun, and are planned as non-interruptible marine opera-
tions [111, 112], but the lift itself occupies hours within replacement tasks that last weeks.
Composite blade repairs contain adhesive and laminate cure cycles that cannot be paused,
since an interrupted cure is a defective bond, and the literature treats curing under temper-
ature and humidity constraints as the governing step [113]. Most repair labour, by contrast,
is interruptible in the plain sense: technicians operate by shifts and return the next weather
window to continue. A whole task is therefore a sequence of interruptible labour punctuated
by short non-interruptible sub-operations. One further variant deserves a remark because it
collapses onto one of the two: a no-forecast restart process, in which work is attempted in
every accessible hour but progress is lost on interruption, completes at exactly the same mo-
ment as the perfect-forecast contiguous operator, since both finish at the first accessible run
of length L, and the variants differ only in the wasted hours worked during failed attempts.
Those wasted hours are computed below, and they quantify what forecasting is worth under
non-interruptible execution.
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5.2.2 Two operators on one mask

Both operators are evaluated on the same hourly accessibility masks, with the same
cyclic phase convention: the reported span is the mean over all 175,320 possible start hours
of the record. For the banked operator this is the locked kernel walk. For the contiguous
operator the span from a start phase is the wait until the first opportunity to begin L
uninterrupted accessible hours, either the remainder of the current run if it suffices or the
start of the next qualifying run, plus L itself, and the operator is declared infeasible when
the record contains no accessible run of length L, in which case the task never completes.
The energy loss over the span is walked jointly with the power series, exactly as for the
banked operator, so production-based availability carries through both approaches. Costs
use the unchanged billing rules, billed hours equal to travel plus span at the day rate, so the
comparison isolates the waiting behaviour and holds every other convention fixed.

5.2.3 Window supply of the reference site

Everything in this section is governed by one empirical object, the run-length distri-
bution of the accessibility masks, and it is worth stating before any model output. The
CTV mask (waves at most 2m) is accessible 77.8% of the time, in 1,554 runs of mean length
87.7 h, median 40 h and 90th percentile 189 h, and its longest run over the twenty-year record
is 2,322 h. The HLV mask, which adds the 10 m/s lifting wind limit, is accessible 59.0% of
the time in 3,970 runs of mean length 26.0 h, median 15 h and 90th percentile 66 h, and
its longest run is 339 h (Figure 30). The contrast between the masks is not the accessible
fraction, which differs by a modest factor of 1.3, but the fragmentation. The wind limit cuts
the accessible time into runs a third as long, and the longest window the site ever offers
a lifting operation is two weeks. Since the largest repair job in the configuration (blade
replacement) requires 864.5 active hours (five weeks of continuous access), one conclusion is
available before any solve: whole-task contiguous execution of the blade replacement is not
rare at this site, it is impossible.
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Figure 30: Window supply of the reference site. Left, survival function of accessible-run
lengths for the two vessel masks, with the longest run of each marked (2,322 h CTV, 339 h
HLV). Right, fraction of all accessible time contained in runs of at least L hours.

Takeaway. The masks decide the argument before any solve. The two vessels differ modestly in
accessible fraction (77.8% against 59.0%) but drastically in fragmentation, since the wind limit
cuts the heavy-vessel runs to a mean of 26 hours and caps the longest at 339 (two weeks) while
the largest job needs 864.5 active hours. At this site, whole-task contiguous execution of the
blade replacement is impossible, so any whole-window model is structurally unable to describe the
heaviest intervention.

5.2.4 Price of requiring the window

Figure 31 compares the mean span per event under the two operators as the active
requirement L grows, on each mask. The two approaches are practically interchangeable
for short tasks: at L = 10h the contiguous span exceeds the banked one by 4% on the
CTV mask and 13% on the HLV mask, which is small against every other convention in the
model. The divergence sets in once L becomes comparable to the typical run: at L ≈ 100h
the ratio is already 2.4 on the CTV mask and 9.1 on the HLV mask, and as L approaches the
longest run of the record the contiguous span diverges, with a vertical asymptote at 2,322 h
and 339 h respectively, beyond which the operation is not feasible. The banked span, by
contrast, grows essentially linearly with slope one over the accessible fraction at every scale,
which is why its stretch factors remain bounded.
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Figure 31: Mean span per event against the active requirement L under the two approaches,
per vessel mask. The filled circles and squares mark the 22 configured modes at their active
requirements on the banked curves, circles for the CTV-serviced modes and squares for the
heavy-vessel modes, and the legend label LCN denotes the heavy-lift (HLV) accessibility
mask. The dotted vertical lines are the longest accessible runs of each mask, the asymptotes
of the contiguous operator.

Table 22 and Figure 32 give the per-mode census. Under the banked operator every one
of the 22 modes has a stretch factor (span over active hours) between 1.39 and 1.94, with the
864.5 h blade replacement at 1.78. Under the contiguous operator the sixteen CTV modes
stretch between 1.74 and 2.76, a noticeable but bounded penalty, whereas the heavy-vessel
modes leave the physically plausible range entirely: the 54.5 h electrical replacement stretches
by 7.4, the 144.5 to 170.5 h replacements by 25 to 26, meaning mean spans around 3,700 to
4,500 hours, the 244.5 h generator replacement by 143, a mean span of 34,935 hours or very
nearly four years, and the blade replacement never completes. The wasted-hours column
prices the no-forecast restart variant: a generator replacement executed by blind restart
would burn 20,215 accessible working hours in failed attempts, whereas the CTV minors
waste between half an hour and fifteen hours, so perfect forecasting is worth essentially
nothing for short interruptible-adjacent work and everything for long non-interruptible work.
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Table 22: Per-mode contrast at baseline. L = 2T + H is the active requirement, stretch
is mean span over L. Wasted hours are the accessible hours consumed by failed attempts
under restart execution.

Mode Vessel L [h] Stretch, banked Stretch, contig. Wasted [h]
minor ballast pump repair CTV 8.5 1.93 2.01 0.5
power electrical minor repair CTV 10.5 1.81 1.90 0.7
yaw system minor repair CTV 10.5 1.81 1.90 0.7
main shaft minor repair CTV 10.5 1.81 1.90 0.7
generator minor repair CTV 13.5 1.69 1.80 1.2
power converter minor repair CTV 14.5 1.66 1.79 1.4
minor pitch system repair CTV 18.5 1.58 1.74 2.2
blades minor repair CTV 25.5 1.51 1.74 4.5
power converter major repair CTV 28.5 1.49 1.76 5.7
power electrical major repair CTV 28.5 1.49 1.76 5.7
main shaft major repair CTV 36.5 1.45 1.88 10.7
major pitch system repair CTV 38.5 1.45 1.90 12.0
yaw system major repair CTV 40.5 1.44 1.93 13.5
blades major repair CTV 42.5 1.43 1.95 14.9
generator major repair CTV 49.5 1.42 2.07 21.8
major pitch system replacement CTV 75.5 1.39 2.76 67.6
power electrical major replacement HLV 54.5 1.94 7.37 145.1
main shaft replacement HLV 144.5 1.85 25.6 2,006
yaw system major replacement HLV 147.5 1.85 25.1 2,008
power converter replacement HLV 170.5 1.84 26.3 2,462
generator major replacement HLV 244.5 1.82 142.9 20,215
blades major replacement HLV 864.5 1.78 ∞ ∞
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Figure 32: Stretch factors of the 22 modes under both operators against the active require-
ment. Filled markers show the banked operator and open markers the contiguous one, and
the legend label LCN denotes the heavy-lift (HLV) accessibility mask. The ∞ annotation
on the blade replacement means that no accessible run of the required 864.5 hours exists
anywhere in the twenty-year record, so its contiguous span is unbounded and the mode never
completes under that operator.

Takeaway. Interruptibility is a two-regime convention governed by the ratio of the task to the
runs of its mask. Every banked stretch factor sits between 1.39 and 1.94, while the contiguous
treatment stretches the CTV modes by a bounded 1.74 to 2.76 and drives the heavy modes out
of physical plausibility, a factor 143 (four years of mean span) for the generator replacement and
infeasibility for the blades. The wasted-hours census prices forecasting, being worth almost nothing
for short interruptible work, and 20,215 accessible hours per generator replacement under blind
restart, so forecast value concentrates exactly where execution is non-interruptible.

5.2.5 System consequences

Table 23 propagates the operators through the full closed-form chain. Imposing con-
tiguous execution on every mode is not viable: because one mode can never complete, its
mean downtime is infinite and thus the steady-state availability is zero. Restricting the
contiguous requirement to the modes where it is feasible at all still costs 6.95 percentage
points of availability and multiplies the annual direct cost by 18.5, to 10.66MUSD, driven
entirely by the multi-thousand-hour billed spans of the heavy modes. Imposing it only on the
sixteen CTV modes, the regime where the semantics question is genuinely open, costs 0.167
percentage points of availability, 0.182 points of production-based availability, 102.9MWh
of annual production and about 1,000USD of direct cost. Priced with the economic layer of
Section 5.3, the whole-window treatment of the short repairs amounts to roughly 11,300 USD
per turbine-year at the central electricity price, real but second order. It is worth noting that
the time-versus-energy gap widens from 0.166 to 0.180 percentage points under the contigu-
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ous CTV scenario, since the added downtime is pure storm waiting, so the interruptibility
choice also perturbs the estimand distinction of the S-family, though mildly.

Table 23: System KPIs under the execution-semantics scenarios. The banked row is the
certified result headline, while the contiguous rows re-solve the chain with the whole-window
operator on the stated mode set.

Scenario A [%] AE [%] Cost [USD/yr] Net AEP [MWh/yr]
banked, all modes 97.9903 97.8243 576,394 55,444.1
contiguous, CTV modes only 97.8230 97.6428 577,407 55,341.3
contiguous, all feasible modes 91.0431 90.7875 10,663,281 51,455.9
contiguous, all modes 0 0 undefined 0

The severity sweep of Figure 33 locates the conditions under which the CTV-side con-
trast stops being second order. As the wave limits tighten, the run-length distribution
compresses, the longest CTV run falls from 2,322 h at the baseline 2m to 254 h at 1m, and
the availability penalty of the contiguous treatment grows from 0.014 percentage points at
4m through 0.167 at the baseline to 3.23 percentage points at 1 m, a factor of 230 across
the sweep. Every CTV mode remains feasible throughout, since even the compressed record
keeps one run above the largest 75.5 h job, so the growth is entirely the window-wait mech-
anism rather than an infeasibility cliff. On the HLV mask the longest run saturates at 339 h
for all wave limits above 1.4m because the 10m/s wind limit, not the waves, terminates the
long runs, which is worth stating: relaxing wave limits (without relaxing wind limits too)
cannot buy contiguous feasibility for the heavy jobs at this site, only interruptibility can.
Figure 34 makes the same point in the job-length dimension for the two largest jobs of each
vessel: the banked and contiguous spans of the pitch replacement separate smoothly with
growing L, while the contiguous span of the blade replacement diverges at L = 339h, at
barely 39% of its actual requirement.
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Figure 33: Severity dependence of the interruptibility contrast. Left, availability under
the banked operator and under contiguous execution of the CTV modes, against the wave
limit. Right, the longest accessible run per mask, with the largest CTV job and the blade
replacement marked. The HLV curve saturates at 339 h because the wind limit terminates
its long runs.
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Figure 34: Mean span against a scaled active requirement for the largest CTV job (pitch
replacement) and the largest HLV job (blade replacement) under both operators. The con-
tiguous span of the blade replacement diverges at the 339 h asymptote, 39% of the actual
requirement.
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Takeaway. At system level the execution choice spans four orders of importance, as on the sixteen
CTV modes it is a second-order convention worth 0.167 pp of availability and roughly 11,300 USD
per turbine-year, on the feasible heavy modes it costs 6.95 pp and multiplies direct cost by 18.5,
and on the full mode set it is degenerate, since one infeasible mode sends steady-state availability
to zero. The severity sweep locates the boundary, the CTV-side penalty grows by a factor 230
as wave limits tighten from 4 m to 1 m, and the wind limit caps the heavy windows at 339 h
regardless of waves, so relaxing wave limits alone cannot rescue contiguous execution. For O&M
modelling the recommendation is that execution treatment should be declared as explicitly as the
failure rates and considered carefully, because at the heavy end it outweighs every other convention
in the model.

5.3 Uncertainty propagation and design support

This section serves RQ4.

Of the studies below, three carry the primary findings, the sensitivity structure of Sub-
section 5.3.1, the dependence result of Subsection 5.3.2, and the converter concentration of
Subsection 5.3.6, while the three procurement studies between them are demonstrations of
the same machinery on decisions an operator genuinely faces.

Chapter 4 established that the analytical hierarchy reproduces the certified reference
behaviour, and the two sections above characterised its transient and execution-semantics
content. This section is concerned with what that fidelity buys. A steady-state solve of the
SS-S model completes in approximately 13ms, consistent with the a priori cost ordering of
Section 3.9, and the closed form A = 1/(1 +

∑
i λiDi) admits exact derivatives, therefore

entire classes of studies that are impractical for a discrete-event simulator become routine:
dense one-at-a-time sweeps, exact elasticities, joint propagation of input uncertainty through
tens of thousands of samples, and the systematic enumeration of design alternatives. For
perspective, the single sweep presented in Subsection 5.3.1 comprises 2223 operating points.
Resolving each point in WOMBAT to the precision at which the effects discussed below are
visible would require on the order of at least 200 seeds per point, that is, roughly 4.4× 105

lifetime simulations for one figure, and the uncertainty study of Subsection 5.3.2 would re-
quire twenty times as many. The analytical model performs the former in minutes and the
latter in under a second.

The questions addressed here are not artificial. The selection of O&M vessel fleets has
been identified as one of the key strategic decision problems in offshore wind [55], and a six-
tool benchmarking study found that the resulting vessel rankings are particularly sensitive
the limiting significant wave height for turbine access [44]. With maintenance responsible
for up to a third of the cost of energy [25], and with failure rates and accessibility repeatedly
identified as the dominant drivers of O&M cost and availability [114, 8], real practical ques-
tions a wind farm operator faces are of the following kind: Which crew transfer vessel should
be chartered when a conventional catamaran is limited to 1.5m significant wave height but
a surface effect ship offers 2.5m at a fifty per cent day-rate premium? How large a premium
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is a heavy lift vessel with a wider lifting envelope worth? Does a shorter mobilisation lead
time justify a more expensive charter arrangement? And how much capital expenditure does
a ten per cent reliability improvement of a single component justify? The remainder of this
section answers these questions with the developed SS-S model.

To do so, one economic layer is added on top of the certified cost convention. The direct
cost C reported throughout this thesis excludes the value of lost production, therefore we
define the total annual cost at electricity price p as

TC(p) = C + p
(
Egross − Enet

)
, (19)

where Enet = AE · Egross is the production-based net AEP, with AE the production-based
availability of Equation 10, so that the lost-production term is priced on the energy-weighted
availability rather than the time-based one. This is one of the places where the A–AE distinc-
tion of the S-family carries direct monetary meaning, since pricing the time-based downtime
would understate the loss by construction. A fixed price is used, following the convention
adopted for revenue-loss valuation in the O&M literature [115, 51]. Because market prices
vary widely, from strike prices near 60USD/MWh in recent European auctions to sub-
stantially higher merchant exposure, results are reported at p ∈ {60, 100, 150}USD/MWh
with 100USD/MWh as the central case. At the baseline the lost production is 56 677.3 −
55 444.1 = 1 233.2MWh/yr, which at the central price adds 123 315USD/yr of lost revenue
to the direct 576 393.60USD/yr, giving TC(100) = 699 709USD/yr. Where a one-off invest-
ment must be weighed against an annual saving, the saving is capitalised with a 20-year
annuity at a 6 % real discount rate, a = 11.47.

Although the studies below vary inputs over wide ranges, the maintenance strategy it-
self is held fixed, therefore the far-from-baseline points should be read as stress tests of the
modelled strategy rather than as forecasts of what an adaptive operator would experience.
This caveat is returned to in Subsection 5.3.7.

5.3.1 Local sensitivity structure of the reference system

The foundation for everything that follows is a registered one-at-a-time sensitivity study.
Thirteen parameter groups, covering failure rates, active repair durations, material costs, the
two day rates jointly and separately, vessel transit speed, the wave limits jointly and per
vessel, the HLV wind limit, the HLV mobilisation time and the crew transfer time, were swept
with multipliers from 0.30 to 2.00 in steps of 1%, that is, 171 points per parameter with
all other inputs at baseline. The same grid was applied to the failure rate of each of the 22
modes individually, and one two-parameter interaction grid (failure rates against wave limits,
35×35 at 5% steps) was added. Before the sweep was run, six elasticities with closed forms at
the baseline point were registered as predictions, including εA(λ) = −(1−A), εC(λ) = A and
the mobilisation elasticity εA(mob) = εC(mob) = −A

∑
HLV λh,i mobh = −0.002657. All six

were subsequently reproduced by the numerical central differences to within 4× 10−8, which
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can be considered a strong internal consistency check: the sweep machinery demonstrably
computes exact derivatives of the certified closed form rather than regression slopes through
simulator noise. Table 24 collects the resulting elasticities, and the sweeps themselves are
presented alongside the observations that follow.

Table 24: Baseline elasticities ∂ ln(KPI)/∂ ln(parameter) from central differences at ±1%.

Parameter Availability A Direct cost C

Failure rates (all modes) −0.0201 +0.9799

Repair durations (all modes) −0.0113 +0.9225

Material costs 0 +0.0326

Vessel day rates (both) 0 +0.9674

CTV day rate 0 +0.0279

HLV day rate 0 +0.9395

Vessel transit speed +0.0014 −0.0173

Wave limits Hs,max (both) +0.0157 −0.3167

CTV wave limit +0.0145 −0.0150

HLV wave limit +0.0012 −0.3018

HLV wind limit +0.0048 −1.2064

Mobilisation time (HLV) −0.0027 −0.0027

Crew transfer time −0.0002 +0.0016

Four structural observations organise the results. First, availability and cost answer
to essentially disjoint sets of levers, as the elasticity matrix of Figure 35 makes visible at
a glance. Day rates and material costs have exactly zero availability elasticity, since they
enter the model only after the state probabilities have been determined, whereas the weather
limits, which dominate availability, have comparatively modest direct-cost elasticities. The
one large exception is deliberate: failure rates and repair durations move both KPIs, and
their cost elasticities of +0.9799 and +0.9225 are close to unity because almost every dollar
in the system is billed per task. It is worth noting that the per-mode cost elasticities sum
exactly to A and the per-mode availability elasticities to −(1 − A), two identities of the
closed form that the numerical sweep verifies to machine precision.
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Figure 35: Elasticity matrix of the reference system at the baseline point, across six KPIs.
Cost levers and availability levers form almost disjoint sets.

Second, the response to the weather limits is strongly nonlinear and asymmetric, as the
full sweeps of Figure 36 show. Tightening both wave limits to 0.6m (multiplier 0.3) collapses
availability from 97.99% to 63.8% and multiplies the direct cost by 13, to 7.69MUSD/yr,
whereas relaxing them to 4.0m recovers only +0.45pp and −7.3% cost. Practically all of
the curvature therefore lies on the tightening side, and it originates in the accessibility-to-
stretch mapping of the weather walks rather than in the Markov chain itself. The per-vessel
split is equally clean: at multiplier 0.3 the CTV wave limit alone drives availability down to
67.0% while the cost rises only to 763.8 kUSD/yr, whereas the HLV wave limit alone leaves
availability at 91.3% but drives the cost to 10.5MUSD/yr. The CTV gates the frequent
minor repairs and therefore owns availability, while the HLV day rate bills the weather-
stretched major interventions and therefore owns cost.
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Figure 36: One-at-a-time sweeps of the thirteen parameter groups over multipliers 0.30–2.00
in 1% steps: time-based availability (top) and annual direct cost (bottom).

Third, at the baseline the HLV wind limit is the locally strongest cost lever in the en-
tire system, with εC = −1.21, super-elastic and larger in magnitude than the failure rates
(+0.98) or the day rates (+0.97). This single number motivates the lifting-envelope study
of Subsection 5.3.4. Related to it is the mobilisation paradox: lengthening the HLV mo-
bilisation lowers availability and simultaneously lowers the direct cost, both with elasticity

Page 78 of 111



MSc Thesis 5.3 Uncertainty propagation and design support

−0.00266, because mobilisation hours are unbilled and the completed-task rate fi = Aλi falls
with availability. Direct cost is therefore demonstrably the wrong objective for mobilisation
decisions, a point developed quantitatively in Subsection 5.3.5.

Fourth, the gap between time-based and production-based availability is itself weather-
sensitive and, over the widened range, reveals a structure that the earlier ±50% window
had hidden: it is non-monotonic (Figure 37). From 0.034 pp at wave multiplier 2.0 it grows
through the baseline value of 0.166 pp to a peak of 0.70 pp near multiplier 0.36, where
Hs,max ≈ 0.72m and A ≈ 81.6%, before falling again towards multiplier 0.3. The mechanism
seems clear on reflection. Moderate weather gating concentrates downtime in storm periods,
during which the lost power exceeds its unconditional mean, whereas extreme inaccessibility
stretches single repairs across whole seasons, so the power averaged over the span reverts
towards the site mean and the covariance dilutes. Production-based availability is therefore
most distinct from time-based availability precisely in the mid-severity regime in which most
real sites operate, which is arguably the strongest argument this thesis offers for carrying the
energy reward through the semi-Markov chain rather than reweighting time-based results
after the fact.
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Figure 37: The time-based versus production-based availability gap A−AE along four sweeps.
Along the wave-limit axis the gap is non-monotonic, peaking at 0.70 pp near multiplier 0.36
(Hs,max ≈ 0.72m).

The two-parameter grid of Figure 38 completes the local picture by mapping the joint
response of failure rates and wave limits. Over most of the plane the two effects compose
almost separably, with the cost contours running nearly parallel to the wave axis under be-
nign weather, where the failure rates decide, and bending sharply once the wave multiplier
falls below roughly 0.6, where accessibility collapses and the weather term overwhelms ev-
erything else. It can also be observed that the absolute value of a reliability improvement
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grows steeply as the weather window tightens, since each avoided task then also avoids a
heavily stretched, fully billed excursion, whereas under benign weather the same relative
improvement is worth far less in absolute terms. Site severity and component reliability are
therefore not interchangeable levers, and their joint treatment is likely to matter for any
siting or procurement decision made near the steep region of the map.
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Figure 38: Two-parameter interaction of failure rates and wave limits (35 × 35 grid, 5%
steps): availability (left) and annual direct cost (right). The red marker is the baseline.

Takeaway. The reference system answers to nearly disjoint lever sets: weather limits own avail-
ability, day rates own cost, and only reliability and repair durations move both. For design and
monitoring priority, the HLV wind limit is the single strongest cost lever in the system (super-
elastic at −1.21), failure rates dominate both KPIs at near-unit cost elasticity, and the weather
response is violently asymmetric, with the tightening side collapsing availability to 63.8% and
multiplying cost thirteenfold at multiplier 0.3. Direct cost is demonstrably the wrong objective
for mobilisation decisions, and the availability-energy gap peaks at 0.70 pp exactly in the mid-
severity regime where real sites operate, the strongest case for carrying the energy reward through
the chain.

5.3.2 Propagation of input uncertainty

Elasticities describe the response to one input at a time, yet the inputs of an O&M
model are uncertain jointly, and the literature is explicit both about the size of that un-
certainty and about its consequences: failure rates are the dominant uncertain input [114],
the population statistics behind them mix turbine generations and sites [7], and charter
rates vary with market conditions and season [116]. This subsection therefore propagates
a registered joint input distribution through the model and examines the full output dis-
tributions, something a discrete-event simulator can approach only at extraordinary expense.
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The registered input model is as follows. Each of the 22 per-mode failure-rate multi-
pliers is lognormal with median 1 and a 90% interval of [0.5, 2.0], that is σln = 0.4214, a
width consistent with the spread reported across populations and configurations by Carroll et
al. [7]. Each per-mode active-repair duration multiplier is lognormal with a 90 % interval of
[0.7, 1.43]. The two day-rate multipliers are uniform on [0.8, 1.2] and the material multiplier
uniform on [0.85, 1.15]. Because the median multiplier is 1, the mean is exp(σ2

ln/2) = 1.093,
therefore the input model itself shifts the expected task arrival rate upwards by 9.3%, and
this must be kept in mind when reading the output means. Two dependence cases are run
with identical marginals: fully independent failure-rate multipliers, and comonotone multi-
pliers driven by a single shared factor. The truth for a real fleet presumably lies between the
two, since systematic effects such as serial design defects or site severity act fleet-wide while
unit-to-unit variation acts per mode, and running both extremes brackets the answer.

The input model is a choice, and its influence deserves stating. The lognormal fam-
ily for rates and durations encodes multiplicative, right-skewed uncertainty, which is what
population spreads across turbine generations and sites look like, and the registered widths
tie the 90% intervals to the spread reported by Carroll et al. rather than to convenience.
Three consequences follow for reading the outputs. Firstly, the output means inherit the
+9.3% mean shift of a median-one lognormal, which is a property of the input model and
not of the system. Secondly, the output spreads scale approximately with the input widths,
since the propagated response is close to linear over the sampled range, so halving the rate
interval roughly halves the availability spread while leaving the dependence conclusion in-
tact. Thirdly, the output skew is inherited from the lognormal choice, and a symmetric
input model would understate the upper cost tail that drives contingency. The two depen-
dence cases bracket the unknown correlation structure by construction, and because one
full propagation costs under a second, re-running the study under alternative distributional
assumptions is a routine robustness exercise rather than a campaign, which is itself part of
the RQ4 answer.

Propagation uses an exact per-mode reconstruction of the closed-form solve in which
the two weather walks, E[span] and E[LR] as functions of the banked active-hours target,
are replaced by monotone splines fitted per mode on 49 exactly solved nodes over duration
multipliers 0.25–2.20. At the nodes the reconstruction matches the full model to machine
precision (|∆A| ∼ 10−14 pp), so the only approximation is spline interpolation between nodes,
and a validation against the full model on 30 random joint samples bounds that error at
0.0061 pp in A, 0.010 pp in AE and 0.20% in cost, negligible against the output spreads
reported below. With the surrogate in place, 2 × 20 000 joint samples propagate in 0.9 s.
The equivalent simulation campaign, at roughly 200 seeds per sample, would be of the order
of 8 × 106 lifetime simulations, which is why input uncertainty quantification of this kind
is essentially never attempted with discrete-event O&M models. Table 25 summarises the
propagated distributions, from which three findings stand out, each illustrated by the figure
accompanying it.
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Table 25: Propagated output distributions (N = 20 000 joint samples per dependence case).
Costs in kUSD/yr, TC at 100 USD/MWh.

Case KPI Mean SD P5 P50 P95
independent A [%] 97.77 0.35 97.15 97.81 98.28
independent C [kUSD/yr] 640.0 234.9 351.1 594.5 1 078.1
independent TC(100) 776.5 248.7 468.9 729.1 1 238.0
comonotone A [%] 97.78 0.95 95.98 97.95 98.96
comonotone C [kUSD/yr] 641.5 300.2 277.9 581.1 1 214.7
comonotone TC(100) 777.9 354.5 344.5 708.5 1 449.6

First, the cost distribution is strongly right-skewed (Figure 39): in the independent case
the upper tail distance P95 − P50 of the total cost is 508.9 kUSD against a lower distance
P50−P5 of 260.2 kUSD, a ratio of almost two. The first-order Gaussian constructed from the
analytic elasticities predicts an availability standard deviation of 0.29 pp against the observed
0.35 pp and, by construction, none of the skew, therefore the delta method is adequate for
quick availability error bars but materially understates the upside cost risk. An operator
budgeting the P95 rather than the mean would underestimate the required contingency by
roughly a third if a linearised propagation were used.
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Figure 39: Propagated distributions of availability (left) and total annual cost at
100USD/MWh (right) under independent and comonotone failure-rate uncertainty. The
dashed curve is the first-order Gaussian implied by the analytic failure-rate elasticities, and
the dotted vertical lines mark the two P95 values.

Second, and perhaps most importantly, the dependence structure of the failure-rate
uncertainty matters more for risk than the marginals themselves, as the distribution and
exceedance curves of Figure 40 show. Moving from independent to comonotone multipliers
leaves the means essentially unchanged but multiplies the availability standard deviation
by 2.7, from 0.35 pp to 0.95 pp, because independent per-mode errors partially cancel inside
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∑
i λiDi while a shared factor does not. The probability of falling below 97% availability rises

from 2.7% to 17.9 %, almost sevenfold, and the probability that the total annual cost exceeds
1MUSD rises from 15.9% to 21.5%. Reliability databases report marginal uncertainty but
rarely its correlation structure, and these results suggest that, for availability risk, knowing
the correlation would be worth more than narrowing the marginals.
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Figure 40: Distribution functions of the propagated availability (left) and exceedance prob-
abilities of the total annual cost (right, logarithmic).

Third, the variance decomposition of Figure 41 confirms and quantifies the expectation
from the literature: failure-rate uncertainty contributes 86% of the availability variance and
68–70% of the cost variance in the independent case, repair durations contribute 8 % and
13–14% respectively, day rates contribute nothing to availability and 6–7% to cost, and
materials are negligible throughout. Efforts to reduce input uncertainty are therefore best
spent on the failure rates, which is consistent with the conclusions of Martin et al. [114] and
Dinwoodie et al. [8], here obtained with exact propagation rather than scenario comparison.
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Figure 41: First-order variance shares by input group, obtained by propagating one group
at a time with the others frozen at their medians.

Takeaway. Three results for the risk picture: the cost distribution is strongly right-skewed, so lin-
earised propagation understates the P95 contingency by roughly a third, the dependence structure
of failure-rate uncertainty matters more than the marginals, multiplying the availability spread
by 2.7 and the probability of sub-97% availability sevenfold at identical marginals, and 86% of
the availability variance traces to the failure rates. For an operator this reorders the data agenda,
as learning the correlation structure of failures is worth more than narrowing their individual
estimates, a quantity reliability databases do not currently report.

The same machinery can answer procurement questions directly, since a design alter-
native is nothing more than a point, or a curve, in the space that the model evaluates in
milliseconds. Four studies follow, each built around a decision an operator genuinely faces,
and each resolved to an explicit recommendation under the stated conventions.

5.3.3 Access capability versus charter rate: CTV selection

Crew transfer vessels span a well-documented capability ladder: conventional catama-
rans transfer safely up to roughly 1.5–2.0m significant wave height, while surface effect ships
and similar advanced designs offer 2.0–2.5m at a higher charter cost, and the selection be-
tween them has been framed in the literature as an explicit cost-versus-capability decision
[117, 44]. Three candidates are therefore defined around the reference vessel. Candidate
one is a conventional catamaran with a 1.5m limit at 0.80 times the reference day rate
(2561USD/day), candidate two is the reference vessel itself with 2.0m at 3201.7USD/day,
and candidate three is a surface-effect-ship class vessel with 2.5m at 1.50 times the rate
(4803USD/day). Table 26 reports the outcome at the central price.
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Table 26: CTV candidates at p = 100USD/MWh. Direct cost, lost revenue and total cost
in kUSD/yr. The direct cost barely distinguishes the vessels, so the lost-production channel
decides.

Candidate A [%] AE [%] Direct Lost rev. TC(100)

Catamaran 1.5 m, 0.80× 97.32 97.07 575.7 166.0 741.6
Reference 2.0 m, 1.00× 97.99 97.82 576.4 123.3 699.7
SES 2.5 m, 1.50× 98.23 98.12 581.6 106.5 688.0

The three candidates are practically indistinguishable in direct cost, spanning barely
6 kUSD/yr, because the CTV carries only 2.8% of the direct-cost elasticity, yet they are
separated by 0.91 pp of availability and therefore by 59.5 kUSD/yr of lost revenue at the
central price. The whole decision consequently lives in the production channel, which a
direct-cost comparison would miss entirely. Although the catamaran is the cheapest vessel
to charter, the SES yields the lowest total cost at all three prices, and the price sweep
of Figure 42 makes the margins explicit: the SES beats the reference vessel for any price
above 30.7USD/MWh and beats the catamaran above 9.9 USD/MWh, both far below any
plausible offshore revenue.
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Figure 42: Candidate total cost as a function of the electricity price. The crossings define
break-even prices of 9.9 and 30.7USD/MWh.

The break-even frontier of Figure 43 generalises the comparison from three candidates
to the whole capability–rate plane, and at the central price it shows that a 2.5m vessel would
remain competitive up to 7627USD/day, 2.38 times the reference rate, whereas the 1.5m
catamaran could not match the total cost of the reference vessel even at a day rate of zero.
Therefore, as the higher-capability vessel recovers its premium many times over through
avoided lost production, the SES-class candidate is the preferred charter under the stated
conventions, and the conclusion is robust across the whole price range considered. This is
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consistent with the observation of Sperstad et al. [44] that fleet rankings hinge on the access
limit, and it quantifies exactly why.
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Figure 43: Total annual cost at 100USD/MWh over the CTV capability–rate plane. The
dashed red frontier marks cost parity with the reference vessel. The markers are the three
candidates.

Takeaway. CTV selection is decided in the production channel and not the charter invoice. The
three candidates differ by 6 kUSD per year of direct cost but by 59.5 kUSD per year of lost rev-
enue. The higher-capability vessel wins at any electricity price above 30.7 USD/MWh, remains
competitive to 2.38 times the reference day rate, and the low-capability catamaran cannot reach
cost parity even chartered for free. Access capability buys availability where day rate buys al-
most nothing, so procurement comparisons made on direct cost alone select the wrong vessel and
motivate the use of the transient model.

5.3.4 The lifting envelope: HLV wind limit

Major replacements require crane operations whose limiting factor is typically the wind
speed at hub height, and a considerable engineering literature exists on widening that en-
velope through single-blade installation tooling, tugger-line damping and related devices
[112, 118]. The super-elastic cost response found in Subsection 5.3.1 (εC = −1.21) suggests
the value of such technology is large, and the model turns the suggestion into a number.
Figure 44 sweeps the HLV lifting wind limit from 8 to 14m/s around the 10m/s baseline.
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Figure 44: Value of the HLV lifting envelope. Left: total annual cost against the wind limit
at three prices, with the direct-cost-only curve dashed. Right: break-even day-rate premium
relative to the 400 kUSD/day baseline vessel.

Raising the limit from 10 to 12m/s lowers the direct cost from 576.4 to 484.7 kUSD/yr
and the total cost at the central price by 95 565USD/yr per turbine, a 13.7% reduction,
while availability gains a modest 0.062 pp. Expressed as a procurement rule, a vessel or
lifting system certified to 12m/s is worth a day-rate premium of up to 84 987USD/day, 21 %
above the 400 kUSD/day baseline, before the advantage is consumed, and the capitalised
value of the upgrade is 1.10MUSD per turbine over the 20-year life. The curve also shows
clearly diminishing returns beyond roughly 13m/s, where the remaining weather-stretch on
the lifting spans is small, so the economic case supports incremental envelope improvements
near the current limit far more strongly than pursuit of an unrestricted envelope. It is
worth noting that, unlike the CTV study, this value sits almost entirely in the direct-cost
channel, since it is the billed weather-stretched span of the 400 kUSD/day vessel that shrinks.

Takeaway. The lifting envelope is where technology buys cost directly, as widening the HLV wind
limit from 10 to 12 m/s saves 95,565 USD per turbine-year at the central price, justifies a day-
rate premium of up to 21%, and capitalises to 1.10 MUSD per turbine, with clearly diminishing
returns beyond 13 m/s. Unlike the CTV case the value sits in the direct-cost channel, so single-
blade tooling and damping systems that extend lifting limits pay for themselves in billed vessel
hours, and incremental envelope gains near the current limit dominate the pursuit of unrestricted
capability.

5.3.5 Mobilisation time and charter strategy

The mobilisation paradox of Subsection 5.3.1 showed that the direct cost rewards longer
mobilisation, which is plainly the wrong signal, and the literature confirms both that mobil-
isation lead time significantly affects availability [119] and that charter strategy, from spot
chartering with long lead times to framework or long-term arrangements with short ones,
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is a genuine strategic choice with material cost implications [120]. Figure 45 resolves the
paradox by pricing the production channel.
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Figure 45: Total annual cost against HLV mobilisation time at three prices. The dashed
direct-cost curve decreases with mobilisation time, the total cost increases at any positive
price.

Across mobilisation times from zero to 30 days the direct cost falls from 577.9 to
573.3 kUSD/yr while the total cost at the central price rises monotonically from 686.5 to
726.0 kUSD/yr, therefore any positive electricity price restores the correct preference for
shorter mobilisation. The local willingness to pay around the 10-day baseline is 1320USD/yr
per turbine per mobilisation day at 100USD/MWh, scaling approximately in proportion to
the price, which with 0.0971 HLV interventions per turbine-year corresponds to roughly
13.6 kUSD per saved mobilisation day per actual intervention. Whether a framework char-
ter that guarantees, say, a ten-day-shorter response is worthwhile then reduces to comparing
its annual fixed premium per turbine against 13200USD/yr, a comparison the operator can
perform directly with Figure 45. For a single turbine the number is modest, and this is
one of the places where the single-turbine scope of the reference case must be respected: an
HLV arrangement is shared across a farm, so the farm-level value scales with the number of
turbines while the premium does not, and the strategic conclusion is likely to be considerably
stronger at farm scale (Subsection 5.3.7).

Takeaway. Direct cost rewards longer mobilisation, which is the wrong signal, and any positive
electricity price reverses it. A shorter response is worth about 1,320 USD per turbine-year per
mobilisation day at the central price, roughly 13.6 kUSD per saved day per actual heavy interven-
tion. Per turbine the number is modest, but an HLV arrangement is shared across a farm while
its premium is not, so the framework-charter case scales with turbine count and the per-turbine
figure is a lower bound on the farm-level value.
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5.3.6 Reliability investment: where a design margin pays

The final study asks the reliability question in procurement form: how much additional
capital expenditure does a 10 % reduction of a single failure rate mode justify? This is
precisely the direction of current industry interest, where the required reliability of next-
generation turbines is an open design target [121] and drive-train configuration choices are
argued through their O&M consequences [51]. For each of the 22 modes the model is solved
with the rate of the mode multiplied by 0.90, the total-cost saving is computed at the three
prices, and the saving is capitalised with the 20-year annuity. Because the per-mode response
is nearly linear for small reductions, the resulting figures scale approximately linearly in the
reduction percentage.

The concentration is extreme (Figure 46). A 10% rate reduction of the power converter
replacement mode alone is worth 43121USD/yr, that is a justified capex of 494592USD
per turbine, while the same relative improvement applied to every one of the 22 modes
simultaneously is worth 68588 USD/yr, so the converter carries 63% of the total reliability
value by itself. The next candidates follow at an order of magnitude less: the direct-drive
generator major replacement at 82885USD, the main shaft replacement at 51649USD and
the blades major replacement at 30729 USD of justified capex.

0 100 200 300 400 500
Justified up-front capex for a 10 % failure-rate reduction [kUSD per turbine]

power converter minor repair

power converter major repair

blades minor repair

minor pitch system repair

blades major replacement

main shaft replacement

direct drive generator major replacement

power converter replacement

p = 60 USD/MWh
p = 100 USD/MWh
p = 150 USD/MWh

Figure 46: Justified up-front capital expenditure per turbine for a 10% failure-rate reduction
of each mode (top eight shown), capitalised at 6% over 20 years.

The design guidance is therefore unambiguous: reliability margin, redundancy or con-
dition monitoring spend should be targeted at the power converter before anywhere else,
and a manufacturer able to demonstrate even a modest converter reliability improvement
can defend a per-turbine price premium approaching half a million dollars under the stated
conventions. Although these figures inherit the failure-rate uncertainty quantified in Sub-
section 5.3.2, the ranking itself is driven by the cost structure of the modes rather than by
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the uncertain rates.

These figures rest on stated economic conventions, and their dependence on them is
worth making explicit. The valuation uses fixed electricity prices, a 6% real discount rate
over the twenty-year annuity, and no market coupling or curtailment, so the absolute levels
move with the market while the structure does not. A higher electricity price scales the
lost-production component approximately linearly, which is why the three-price bars widen
together, a higher HLV day rate raises the value of every avoided replacement in proportion
to its billed span, and a higher discount rate compresses all capitalised figures through the
annuity factor, roughly fourteen per cent for two points of discount rate. Under any of these
movements the ranking is preserved, because it is carried by the cost structure of the modes,
the converter combining a meaningful rate with an expensive, weather-stretched interven-
tion, and only the absolute size of the justified premium shifts. The one condition that could
reorder the list is a change in the intervention definitions themselves, vessel class or repair
content per mode, which is a design question the same machinery prices in milliseconds.

Takeaway. Reliability value is extremely concentrated, with a ten per cent rate reduction of the
power converter replacement alone justifying 494,592 USD of capital expenditure per turbine, 63%
of the value of improving all 22 modes at once, with the next candidates an order of magnitude
behind. Design margin, redundancy, and condition-monitoring spend should target the converter
first, and a manufacturer able to demonstrate the improvement can defend a per-turbine premium
approaching half a million dollars under the stated conventions, a ranking robust to the input
uncertainty because it is carried by the cost structure of the modes.

5.3.7 Limitations and scope of the exploitation studies

The limitations of this section fall into two classes, and separating them matters because
they bound different things. The first class belongs to the analytical framework itself. The
reference case is a single turbine served by dedicated vessels, so effects that are approximately
linear in turbine count, the CTV selection and the reliability ranking, extrapolate naturally
to farm scale, whereas shared resources do not: an HLV charter serves the whole farm, vessel
queueing couples turbines, and the mobilisation values of Subsection 5.3.5 are per-turbine
lower bounds on a farm-level value, with a farm formulation under vessel sharing beyond the
scope of this thesis (A-9). The studies are steady-state, so questions with intrinsic calendar
structure, the optimal start month of a maintenance campaign [55] or the seasonality of
charter rates [116], belong to the transient TM-S formulation and are not addressed here.
And the marginal interruptibility treatment of A-3 leaves the coupling between spans and
the concurrent weather state at transition instants unresolved, bounded empirically by the
summit residuals of Chapter 4.

The second class belongs to the case and its inputs rather than to the framework. All re-
sults inherit the β = 1 build, and by the invariance theorem the availability-side conclusions
carry unchanged to the mixed-shape arms, although the timing distribution of costs within
the lifetime would require the transient or sampler members. The maintenance strategy is
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held fixed across every sweep and the economic layer uses fixed prices with no market cou-
pling, so the extreme points of Subsection 5.3.1 are stress tests of a frozen strategy rather
than forecasts for an operator who would re-optimise long before availability fell towards
64%. And the input-distribution choices of Subsection 5.3.2 shape the propagated spreads
in the ways stated there. On generalisability beyond this case, the transfer argument of
Section 4.8 applies unchanged: the mechanism conclusions travel with the mathematics, the
numbers are tied to this site, machine, and input baseline, and the method reruns on any
configuration the pipeline accepts.

Within those bounds, the section has demonstrated the intended payload of RQ4. The
certified analytical model prices vessel capability, lifting envelopes, mobilisation lead time
and component reliability in seconds, it propagates realistic joint input uncertainty with
exact machinery whose worst-case error is measured in fractions of a percentage point, and
it exposes structure, from the super-elastic lifting envelope to the non-monotonic energy gap
and the dominant role of failure-rate dependence, that would sit below the noise floor of the
discrete-event reference at any practical seed budget.

5.4 Synthesis: the take-home messages

The chapter closes by stating the main four messages its analysis amounts to, each car-
ried by results above and each feeding one verbatim answer in Chapter 6.

The memoryless simplification is adequate exactly as far as the means reach,
and time is where it ends. In steady state the exponential family is protected by the
invariance theorem, and every long-run conclusion of this chapter holds for it identically. In
time it first misprices, overstating the cold-start settling by sixty per cent and the boundary
credit by 46% even at β = 1, and then goes structurally silent, since at β = 2 a twenty-year
life is one long, validated transient of replacement waves that the exponential description
cannot represent at any accuracy. Calendar-indexed commitments on ageing fleets require
the semi-Markov transient as a matter of representability, not precision (RQ2).

Interruptibility is a declaration-worthy assumption, two-regime and priced.
On short repairs the execution choice is a second-order convention, at the reference site 0.167
pp and roughly 11,300 USD per turbine-year. On heavy interventions it decides whether the
model describes the system at all, with stretch factors leaving physical plausibility and the
largest job infeasible under whole-window execution, unrescuable by wave-limit relaxation
because the wind limit caps the window supply. An O&M model should state its execution
treatment as explicitly as its failure rates (RQ3).

The analytical route converts fidelity into reach. With millisecond solves and
exact derivatives, the chapter ran studies that are structurally unavailable to the reference
at any practical budget: exact elasticities reproducing their closed forms to 4 × 10−8, forty
thousand joint uncertainty samples in under a second against an equivalent of order 8× 106

lifetime simulations, and effects far below the ensemble noise floor, the super-elastic lifting
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envelope, the sevenfold dependence-driven risk shift, the non-monotonic 0.70 pp energy gap.
The procurement studies returned decisions with break-evens attached, and the machinery
reruns under altered assumptions as a routine robustness check (RQ4).

The production-based estimand carries money, and only the semi-Markov
family carries it. The A − AE gap prices lost revenue correctly where the time-based
figure understates it by construction, it peaks in exactly the mid-severity regime where real
sites operate, and it is available along the whole trajectory rather than as an afterthought
correction, which the vessel-selection study converts directly into a reversed procurement
decision (RQ2, RQ4).

Together with the fidelity established in Chapter 4, these are the results the thesis stands
on, and Chapter 6 answers the research questions in their terms.
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6 Conclusions

This thesis set out to close a specific gap: no analytical offshore wind availability model
handled non-exponential durations, interruptible repairs, or time-resolved solutions, and
none had been validated against a modern discrete-event reference at mechanism level un-
der aligned conventions. The chapters built the four-model family that occupies that gap,
certified it against an audited reference, and exercised it on the engineering questions the
speed makes reachable. This chapter answers the four research questions verbatim, states
the contributions in two registers, discusses the limitations and makes suggestions for future
work, and closes with the messages the thesis asks the reader to retain.

6.1 Answers to the research questions

RQ1 (fidelity). Can an analytical availability model, built on strictly aligned inputs, reproduce
the availability and cost estimates of a certified DES reference within the statistical resolution of
the reference itself?

Yes, but only when the models are aligned deliberately rather than assumed
to be comparable. Chapter 4 defines the conditions required for that alignment. The
reference model is audited at both source and event level, the patch series is verified by
signature and separates defect correction from the declared change in clock convention, the
input baseline is frozen and checked for parity, and the validation campaign is preregistered
so that its predictions and acceptance criteria are fixed before the results are generated. With
these controls in place, the steady-state semi-Markov model reproduces the verification twin
closely. For the first 200-seed batch, the availability difference corresponds to z = +0.20,
while comparison with the pooled 1000-seed population gives z = −1.02. The replication
batch also satisfies the sealed criteria using seeds that had not yet been generated when the
campaign was registered. The remaining discrepancy can be traced to one identified source,
namely the sampled count of a rare failure mode, rather than to any persistent structural
difference between the models. The mechanism-accretion ladder reaches the same conclu-
sion incrementally. Agreement is established first through closed-form identities and then
through the weather operator, which is validated event by event to the resolution imposed by
hourly rounding. The transient formulation is checked at both ends of the shape-parameter
range. It recovers the steady-state result at β = 1 and matches the cold-start ageing batch
x19 at β = 2 (Subsection 4.6.3).

RQ2 (exponential adequacy boundary). For which output parameters and operating regimes
does the memoryless simplification remain adequate, and where does the semi-Markov description
become necessary?

The simplification is adequate for long-run quantities determined by mean
durations, but a semi-Markov treatment is required once timing or energy pro-
duction becomes relevant. The appropriate conclusion is therefore conditional rather
than absolute. As shown by the invariance theorem in Section 3.7, steady-state availabil-
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ity, state occupancies, task frequencies, and costs depend on the duration distributions only
through their means. A mean-matched exponential model therefore reproduces these long-
run quantities exactly, regardless of the shape parameter. This result follows analytically
from the proof in Section A.3; it is not merely an empirical observation.

The limits of the simplification appear in two areas, both quantified in Chapter 5. The
first concerns transient behaviour. At β = 1, the exponential and semi-Markov models have
the same steady state, but they do not approach it in the same way. The exponential model
overestimates the cold-start settling time by 60% and the boundary credit by 46%, with
both discrepancies explained by its fixed second cycle moment. For β ̸= 1, the exponential
trajectory remains unchanged even though the underlying system behaviour varies. At
β = 2, it underestimates year-one availability by 1.47 percentage points. The validated
replacement waves also persist throughout the twenty-year analysis horizon, which means
that the system does not reach steady state within a typical design life. Any quantity
tied to calendar time, such as first-year availability, warranty-period energy production, or
the timing of expenditure over a debt period, therefore requires the transient semi-Markov
formulation because the exponential model cannot represent the relevant dynamics.

The second limitation concerns the quantity being estimated. Production-based avail-
ability cannot be represented by the exponential model because its memoryless sojourn times
contain no information about when downtime occurs in the calendar year, as expressed in
Equation 10. In the reference case, production-based availability is 0.1660 percentage points
lower than time-based availability. This difference is sensitive to weather conditions and
reaches 0.70 percentage points in the mid-severity range most relevant to operating sites.
Wherever lost energy is assigned a monetary value, this distinction has a direct economic
effect.

RQ3 (interruptibility). How large is the pause-and-resume effect of weather-interrupted repairs,
and does a semi-Markov model carrying interruption-shaped durations capture it?

The importance of interruptibility depends strongly on task duration. Its
effect is relatively small for short repairs but becomes decisive for heavy inter-
ventions. The key quantity is the relationship between the active duration required by a
task and the distribution of uninterrupted accessible periods in the corresponding weather
mask. When the task duration is shorter than a typical accessible period, banked-progress
and whole-window execution give similar results. For the sixteen CTV failure modes at the
reference site, the whole-window assumption reduces availability by 0.167 percentage points
and increases annual cost by approximately 11,300 USD per turbine. Although modest under
the reference conditions, this difference grows by a factor of 230 as the wave limits become
more restrictive across the severity sweep.

For heavy interventions, the whole-window assumption no longer provides a physically
credible representation. The resulting stretch factors range from 25 to 143, compared with
values below two when completed work is retained between weather interruptions. For the
longest task, contiguous execution is not merely conservative but infeasible, since the twenty-
year weather record contains no accessible period long enough to complete it. Relaxing the
wave-height limit does not remove this problem because the wind-speed constraint still limits
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uninterrupted accessibility to approximately two weeks.
The semi-Markov formulation captures this behaviour directly because its duration dis-

tributions are derived from the recorded accessibility masks and include interruptions by con-
struction. These span distributions were validated event by event across 1,701 weather inter-
ruptions in the mechanism-accretion ladder and against the unprocessed reference outputs at
the final stage. The implication for O&M modelling is therefore conditional. Whole-window
methods remain appropriate for genuinely uninterruptible tasks of moderate duration, but
they can overstate heavy-intervention durations by orders of magnitude when progress can
be retained. The assumed execution rule should consequently be reported as explicitly as
the failure rates, since for the longest maintenance tasks it can have a greater effect on the
results than any other modelling assumption.

RQ4 (computational reach and model applicability). What can the analytical route resolve
and afford that the simulation route cannot, and what engineering studies does that reach enable?

The analytical approach reveals effects that simulation cannot resolve eco-
nomically, and Chapter 5 demonstrates this directly. A certified steady-state solution
requires about 13 milliseconds, whereas the corresponding reference analysis relies on batches
of full-lifetime simulations to obtain converged estimates. At a matched tolerance, this repre-
sents a computational speedup of approximately ninety times. The closed-form formulation
also provides exact derivatives, and the six registered elasticities matched their analytical
values to within 4× 10−8.

This computational advantage was used in three main ways. First, it made it possible
to resolve effects that would lie below the sampling variability of any practical simulation
ensemble. These included the super-elastic cost response of −1.21 to the lifting envelope, the
effect of failure-rate dependence in increasing the availability spread by a factor of 2.7 and
multiplying the probability of sub-97% availability by seven under identical marginals, and
the non-monotonic behaviour of the energy gap. Second, it enabled large-scale uncertainty
propagation. Forty thousand joint input samples were evaluated in under one second, while
an equivalent simulation study would require on the order of 8 × 106 lifetime simulations.
The results also showed that the delta method understated the required cost contingency by
roughly one third.

Finally, the analytical model supported procurement decisions with explicit break-even
values. A higher-capability transfer vessel became economically justified above 30.7 US-
D/MWh. Expanding the lifting envelope supported a 21% day-rate premium and a cap-
italised value of 1.10 MUSD per turbine. Reducing mobilisation lead time was valued at
13.6 kUSD per saved day for each heavy intervention, while a 10% improvement in power-
converter reliability justified approximately 0.5 MUSD of additional capital expenditure and
accounted for 63% of the total reliability value in the system. Because the full analysis can
be repeated within seconds, sensitivity to alternative assumptions can be examined routinely
at a level of detail that would be impractical in a simulation-based workflow.

Page 95 of 111



MSc Thesis 6.2 Contributions

6.2 Contributions

The contributions of this thesis fall into two groups. The first concerns the scientific
methods and findings established by the work, while the second concerns their practical
value for offshore wind O&M decision-making.

Scientific contributions. S1, a validated model hierarchy. The thesis develops
six solvers arranged in a two-by-three structure. Their internal relationships, including an-
alytical equivalence, nesting of the exponential case, convergence from transient to steady
state, and agreement between sampling methods, are tested explicitly rather than assumed.
This allows the computationally cheaper models to inherit credibility from the more detailed
ones, while any remaining differences are traced to clearly defined modelling conventions.
S2, a controlled characterisation of the reference model. The work establishes a
frozen and signature-verified patch series for a widely used open-source simulator. The build
sequence separates defect correction from the deliberate change in clock convention, making
it possible to audit exactly which version was compared at each stage. The paired deferral
census in Chapter 4 also quantifies the effect of using the published tool without modification,
providing a result that is directly relevant to future studies using the same reference. S3,
a formal result on the estimand. Production-based availability is defined as a quantity
that cannot be represented by the exponential model family, as shown in Equation 10. This
distinction is carried consistently through both the steady-state and transient formulations.
The supporting results, including the invariance theorem and the exactness of the weather
operator, are proved in Appendix A.

Engineering contributions. E1, the importance of declaring execution as-
sumptions. The treatment of interruptibility is shown to operate in two regimes. Its effect
is small for short repairs but becomes dominant for heavy interventions. This demonstrates
that execution assumptions should be reported as explicitly as failure rates, because they
can materially change the results. E2, a practical decision-support instrument. The
thesis shows how a validated analytical model, exact surrogates and dense parameter sweeps
can turn availability analysis into direct procurement support. The framework is used to
evaluate vessel selection, lifting-envelope value, charter strategy and component reliability,
with each result expressed through a clear recommendation and an associated break-even
value. Because each analysis can be completed in seconds, the approach also makes repeated
sensitivity and robustness studies practical.

Overall, the dashed ellipse of the literature review, analytical cost with simulator mech-
anisms, reachable in principle and occupied by nobody, is for this system class no longer
empty. The models are built, the bridge to the reference is validated mechanism by mecha-
nism, and the reach it buys is demonstrated on the decisions the field actually faces. That
is the central contribution of this thesis, in the terms of Section 5.4, measured throughout.
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6.3 Limitations and further work

The limitations of the present work also define the most direct avenues for further
research. These can be separated into extensions of the modelling framework and improve-
ments to the case-study parametrisation. At the framework level, the reference case considers
a single turbine served by dedicated vessels. Extending the model to include vessel sharing,
maintenance queues and farm-level charter strategies is therefore a natural next step beyond
assumption A-9. These effects are particularly relevant to the mobilisation costs identified
in Chapter 5, whose economic significance is likely to increase at wind-farm scale. The ex-
ploitation studies are also based on steady-state analysis, whereas seasonal charter rates and
the timing of maintenance campaigns are inherently calendar-dependent. Such questions
could be addressed using the transient formulation already developed in this thesis.

A further limitation arises from the marginal treatment of interruptibility in A-3, which
neglects the dependence between task spans and the weather state prevailing during ex-
ecution. Should this residual dependence prove important outside the bounds quantified
here, it could be represented through a weather-state-augmented kernel. A more detailed
task representation would also provide a useful intermediate case between the two execution
assumptions examined in this work. In practice, many interventions combine interruptible
labour with shorter phases that require uninterrupted weather windows. A phase-structured
description could represent this more faithfully. The bounds reported in Chapter 5 suggest
that the resulting corrections would be limited, but the formulation would better reflect real
maintenance procedures.

At the case-study level, the parametrisation inherits the β = 1 configuration and the
default WOMBAT inputs as part of the deliberate model-alignment strategy. Two develop-
ments in the available data would allow the framework to be extended more substantially.
First, reliable estimates of renewal time-to-failure shape parameters remain scarce. Under
the estimand criteria established in Chapter 2, only one defensible value was identified in
the literature. As reliability datasets mature and begin to provide mode-specific renewal
estimates, the mixed-shape formulations developed here can incorporate them directly. Sec-
ond, the model family could be extended beyond corrective maintenance to preventive and
condition-based strategies. The operational-age kernel already contains the state information
on which such policies depend, providing a suitable basis for these extensions.
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A Mathematical background and derivations

This appendix supports Appendix 3: parts A.1, A.2 and A.4 state the standard results
the chapter uses, with the textbook treatments of [66, 67, 81, 82, 69, 68] as the general
references, and parts A.3 and A.5 prove the two results that are specific to this thesis.

A.1 Continuous-time Markov chain machinery

A continuous-time Markov chain on a finite state space is specified by its generator Q,
whose off-diagonal entries are the jump rates and whose diagonals are fixed by row sums.
The state probabilities obey the Kolmogorov forward equations, whose solution from any
initial condition is the matrix exponential p(t) = p(0) eQt quoted in Subsection 3.4.1 [66, 67].

The derivation the chapter promises is that of the closed form Equation 12. The sta-
tionary distribution solves πQ = 0 with unit sum, and on the topology of Equation 2
with the rates of Equation 11 the balance equations decouple: the cut around Wi gives
πUP λ

h
i = πWi

αi, and the cut around Ri gives πWi
αi = πRi

µi. Therefore

πWi
= πUP λ

h
i τ

W
i , πRi

= πUP λ
h
i τ

R
i , (20)

with τWi = 1/αi and τRi = 1/µi. Normalising and substituting τUP = 1/
∑

j λ
h
j and

qi = λh
i /

∑
j λ

h
j yields exactly Equation 12, mean up-time over mean cycle, and the task

frequency follows as ωi = πUPλ
h
i .

A.2 Renewal and Markov renewal theory

The renewal–reward theorem states that for independent, identically distributed cycles
of length X carrying rewards Y with finite means, the long-run reward rate equals the ratio
of means,

lim
t→∞

1

t

∑
k:Sk≤t

Yk =
E[Y ]

E[X]
almost surely, (21)

by the strong law applied to reward sums and cycle counts [66]. Every long-run occupancy
in this thesis is an instance of Equation 21 with Y the time spent in the state of interest
during a cycle.

A Markov renewal process is specified by the semi-Markov kernel Qjk(t), the probability
that the next state is k and the holding time is at most t given the current state j. With
Hj(t) =

∑
k Qjk(t), the transition functions of the associated semi-Markov process satisfy
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the Markov renewal equations

Pjk(t) = δjk
(
1−Hj(t)

)
+

∑
l

∫ t

0

dQjl(u) Plk(t− u), (22)

a Volterra system whose solution on finite spaces exists and is unique [80, 81]. The dis-
cretisation used by the time-marching model replaces the integral by a convolution sum over
kernel increments on a uniform grid, which marches forward in time since each value uses
only earlier ones. The scheme is first-order accurate for kernels of bounded variation, pre-
serves substochasticity when the increments are non-negative, which Section 3.8 asserts as
a running invariant, and its error is controlled by grid refinement [84, 85].

A.3 The invariance theorem

Let Z be an irreducible semi-Markov process on a finite state space with embedded
jump chain {Jm}, stationary jump-chain distribution ν, and holding-time laws with finite
means mj in each state j. Then the limiting occupancy of state j is

Pj =
νj mj∑
k νk mk

, (23)

and therefore depends on the holding-time laws only through their means.

Proof. Consider the successive visits to any fixed reference state as regeneration points,
which exist by irreducibility and finiteness. Within one regeneration cycle, the expected
number of visits to state j is proportional to νj by the theory of the embedded chain, and
each visit contributes an expected sojourn mj, independent of the visit count by the semi-
Markov property. By the Wald identity the expected time spent in j per cycle is proportional
to νjmj, and the expected cycle length is proportional to

∑
k νkmk. The renewal–reward

theorem Equation 21 then gives the occupancy as the ratio Equation 23. No property of the
holding-time laws beyond the first moment enters at any step.

Applied to the cycle structure of Equation 16, the theorem yields the steady-state solver
directly, and read in reverse it is the certification limit used in Appendix 2 and Section 3.7,
as steady-state agreement can never certify distributional structure, so shape effects must
be sought in transients and distributions.

A.4 Competing Weibull risks under partial reset

With mode i carrying the hazard and survival of Equation 13 and the modes condition-
ally independent given the age vector, each mode survives a further operational time u with
probability Rj(aj + u)/Rj(aj), the asset survives while every mode survives, and attribut-
ing the failure to the mode whose hazard fires gives the sub-density hi(ai + u)

∏
j Rj(aj +
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u)/Rj(aj). Together these are Equation 14, the classical competing-risks construction with
the ages entering only through the conditioning [68]. The repair regime, failed mode restored
to age zero, survivors keeping their accumulated operational age, is the identifiable partial-
repair setting of [110] within the virtual-age families of [102], and because the clocks pause
during downtime, age lives on the operational clock and the kernel is solvable independently
of the weather operators.

The binned kernel replaces Equation 14 by its quadrature on M bins per mode and
solves the resulting finite embedded chain by power iteration. Convergence in the grid limit
follows from the continuity of the Weibull hazard and survival. On any truncated age do-
main the binned kernel converges to the continuous one as M → ∞, the truncation error
is controlled by extending the grid to several multiples of the largest mean life where the
residual survival mass is negligible, and the stationary distributions converge accordingly.
Discretisation is therefore the only error of the construction, consistent with the grid study
reported in Section 3.6.

A.5 The span operator as a renewal–reward functional

The claim of Subsection 3.3.3 is that the uniformly weighted start-hour mean Equa-
tion 6 equals the exact long-run mean restoration span of a stationary failure stream over
the recorded climate, with no stochastic error.

The argument can be divided into three steps:

• Firstly, given the record and its cyclic tiling, span(s;L) is a deterministic function of
the start hour s, so the only randomness in a restoration span is the randomness of its
start hour.

• Secondly, consider the sequence of restoration starts generated by the stationary fail-
ure stream that the model posits (A-2, A-8). Under stationarity the start hours are
uniformly distributed over the record phase, and the assumption is well founded since
the failure clocks advance on the operational clock and carry no explicit phase informa-
tion, the record is tiled cyclically, and the one channel through which phase memory
could persist (which is the tendency of repairs to end in accessible weather) decays over
up-times that are long compared with the correlation scale of the mask. The uniform
weighting ρ is therefore the phase law of the stationary stream, and any departure
from it would require phase information that the model does not carry.

• Thirdly, apply the renewal–reward theorem Equation 21 with the cycle reward Y =
span(S;L) where S is the start hour of the restoration of the cycle: the long-run mean
restoration span equals E[span(S;L)] under the limiting start-hour law, which by the
second step is the uniform average Equation 6. Since the span values themselves are
deterministic given the record, the resulting mean carries no sampling error whatsoever,
which is the sense of the claim made in the chapter.
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The same argument identifies the start-hour ensemble Equation 7 as the exact marginal
law of the restoration span under the stationary stream, the object assumption A-3 names
and the time-marching SMP consumes. What A-3 discards is only the joint information
between the span and the concurrent weather state at the transition instants, and Chapter
5 measures the cost of that marginal treatment.

B Code access and download

The final version of the models developed for this thesis, the WOMBAT patches, and the
reference input dataset are all available for download in https://github.com/blisken1303/EWEM-
MSc-Thesis/ .

C Declaration on the use of AI

Throughout the duration of this thesis, the generative artificial intelligence chatbots
ChatGPT and Claude were used as support tools by the author to aid in the development
of the thesis and the preparation of this document. Specifically, they were used in the
formatting of equations and the creation of figures for Overleaf, the editing and rephrasing
of certain paragraphs and sentences to improve readability and incorporate a more academic
tone and voice, the formatting of references into BibTeX, and in the debugging of the code
written by the author.
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