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Abstract: This paper has developed an operation and maintenance (O&M) model for projected
20 MW tidal stream farm case studies at two sites in the northeast Atlantic in France and at EMEC’s
Fall of Warness site in the UK. The annual energy production, number of incidents, and downtimes
of the farms for corrective and planned (preventive) maintenance strategies are estimated using
Monte Carlo simulations that vary weather windows, repair vessel availabilities, and mean annual
failure rates modelled by Weibull distributions. The trade-offs between the mean annual failure rates,
time availability, O&M costs, and energy income minus the variable O&M costs were analysed. For
all scenarios, a 5-year planned maintenance strategy could considerably decrease the mean annual
failure rates by 37% at both sites and increase the net energy income. Based on a detailed sensitivity
analysis, the study has suggested a simple decision-making method that examines how the variation
in the mean annual failure rate and changes in spare-part costs would reduce the effectiveness of a
preventive maintenance strategy. This work provides insights into the most important parameters
that affect the O&M cost of tidal stream turbines and their effect on tidal energy management. The
output of the study will contribute to decision-making concerning maintenance strategies.

Keywords: tidal stream turbine; stochastic O&M model; corrective and planned maintenance;
annual failure rate; downtime; net income

1. Introduction

The development of offshore and marine energy is essential for global energy decar-
bonization. It is especially important for countries that have a high import dependency
on fossil-based fuel energy while having great potential for marine energy, such as those
in Europe.

In 2021 alone, Europe installed 17.4 gigawatts of wind power capacity, according
to figures from the industry body Wind Europe. In the European Commission draft
strategy [1], the target is to increase the current installed capacity of 12 GW of fixed offshore
wind (in 2020) to 60 GW by 2030 and to 300 GW by 2050. In addition, the Commission
wishes to have 40 GW of ocean energy (wave and tidal) and other emerging technologies
such as floating wind and solar by 2050. The required investment to achieve these targets
is estimated at nearly €800 billion between now and 2050.

While there is a great deal of attention paid to the potential of marine energy, the
footprint of tidal stream and wave projects remains very small compared to other renew-
ables such as wind. It is expected that tidal stream energy will become fully commercial in
the next decade [2]. The cumulative global installed capacity of tidal stream energy from
2010 to 2020 reached nearly 36 MW [3], of which almost 28 MW is in Europe [4]. Many of
the tidal stream device developers have gone through the tank testing stage and reached
technology level readiness (TRL) 5, and a few of them have achieved TRL 7–9, the full-scale
open-sea testing and commercial deployment levels. In [5], the TRLs of the worldwide

J. Mar. Sci. Eng. 2023, 11, 1046. https://doi.org/10.3390/jmse11051046 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11051046
https://doi.org/10.3390/jmse11051046
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-3888-1769
https://orcid.org/0000-0001-9814-1255
https://doi.org/10.3390/jmse11051046
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11051046?type=check_update&version=3


J. Mar. Sci. Eng. 2023, 11, 1046 2 of 18

tidal turbine technologies are listed; Ref. [6] suggests a set of six stages of tidal technology
development from concept creation to commercial array demonstration and their links to
the TRL 1 to TRL 9 scale.

In the list of recognised tidal stream energy converters, which is presented in Figure 1,
the horizontal axis turbine is the most common worldwide technology. This harnesses the
kinetic energy of sea currents to generate electricity in the same manner that wind turbines
capture energy from the wind [7], but tidal turbines are smaller in size [8]. Horizontal
axis turbines are currently in the pre-commercialization to commercialization stage and,
compared to other tidal stream energy devices, have a lower annual failure rate [9]. Many
companies around the world have developed this technology, including SIMEC Atlantis
(UK), ANDRITZ HYDRO Hammerfest (The Netherlands), Verdant Power (US), Magallanes
Renovables (Spain), Nova Innovation (UK, Canada), and Sabella (France) [10]. Some
projects have been grid-connected. For example, in 2019, MeyGen’s tidal stream array of
four turbines exported more than 24 GWh of electricity to the grid. That was enough to
power 4000 homes, and MeyGen’s tidal stream array will power 177,000 homes with its
250 turbines in the next phase [11].
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Tidal energy converters (TECs) are technically feasible, but the costs associated with
their deployment and operation are still highly uncertain [12]. Some studies have investi-
gated the levelized cost of energy (LCoE) of tidal stream energy for case studies. The LCOE
of a dual-rotor horizontal-axis tidal turbine was estimated to be $410/MWh (€307/MWh)
in the US in 2014 [13]. Catapult Offshore Renewable Energy (OREC) has calculated an
LCoE of £300/MWh (approximately €370/MWh) for a 10 MW tidal stream installed in the
UK as of 2012. In the technical report by the Joint Research Centre (JRC), a reference LCoE
value of €620/MWh was estimated in 2015 [14]. Although the sector has considerably
reduced the cost by 40% since 2015 [15], the LCoE is still high compared to that of fixed
offshore wind energy at £109/MWh (€123/MWh in 2018) [16]. It has been predicted that the
drivers, such as the learning factors, innovations, and reduction of the capital cost, would
reduce the LCoE of a 1 GW tidal stream to €100/MWh [17]. However, even at this level of
LCoE, tidal energy can hardly compete with emerging floating offshore wind energy. For
commercial floating offshore wind (e.g., above 1 GW), the LCoE is currently estimated to
be £176/MWh (€211/MWh), reducing to between £83–104/MWh (€100–125/MWh) and
with recent predictions of a further reduction to circa £53/MWh (€64/MWh) by 2030 [18].

Operation and Maintenance (O&M) is a significant contributor to the LCoE. For
example, for offshore wind energy, the O&M cost could account for around 28% of the
LCoE [19]. One of the crucial considerations in the O&M analysis for an offshore renewable
energy (ORE) farm is the characterisation of the maintenance vessels [20]. Optimised
planning for the operation of vessels like large Service Operation Vessels (SOVs) and Crew
Transfer Vessels (CTVs) [21–23] can result in reducing the overall maintenance cost. The
O&M cost can vary considerably with deployment locations due to distance to port, vessel
availability, and the occurrence of weather windows suitable for access [24]. For this reason,
several O&M models have been developed, as summarised in [25]. Furthermore, the
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selection of a suitable maintenance strategy is a key element in reducing the O&M cost and
thus the LCoE. For example, by integrating preventive maintenance and condition-based
maintenance plans to minimise unplanned (corrective) maintenance costs, it is possible to
optimise a project’s economic results [26,27].

A notable difference between the O&M activities of an offshore wind turbine and
a tidal stream turbine is that the major O&M activities of tidal turbines will be carried
out onshore rather than offshore, meaning that the turbines could be non-operational
for longer periods. On the other hand, compared to an offshore wind turbine, a tidal
stream turbine is smaller and lighter, meaning that a less complex offshore vessel may be
sufficient for maintenance activities. This is the focus of this research. The study uses a
dedicated stochastic O&M model developed for tidal stream turbines. The key objective
is to provide insights into the parameters with the highest uncertainty associated with
the variable O&M activities of projected tidal farms, analysing these through a number of
scenarios. The study provides an analysis of the life-time corrective incidents, downtime,
and breakdown of the O&M cost components. Furthermore, the study compares the
number of failures over the lifetime of the project, the time-based availability, and the
value of energy income minus the O&M cost for two maintenance strategies: corrective
maintenance (CM) and combined corrective-preventive maintenance (CPM) for a tidal
stream farm of 20 MW in two sites in the northeast of the Atlantic Ocean. The quantitative
trade-off between the two maintenance strategies is further discussed by changing the
annual failure rate input (a very uncertain technical parameter) and spare-part cost (a very
uncertain economic parameter) to obtain breakeven where there would be no gain from
CPM compared with CM, thus providing a decision support method to show which of CM
or CPM is more economically beneficial. The proposed method can be extended to include
other maintenance strategies and scenarios that would contribute to the optimisation of
O&M strategies that will minimise the LCoE of future tidal farms.

The paper is organised as follows: Section 2 presents the methodology, model de-
scription, assumptions, and input data; Section 3 presents the results and discussion; and
Section 4 offers the concluding remarks.

2. Methodology

By using the Monte Carlo method [28], a stochastic O&M model was developed to
compare two maintenance strategies for a projected tidal farm consisting of 10 × 2 MW
turbines at two sites in the northeast Atlantic: France and the UK. In the Monte Carlo
simulation, stochastic calculations account for weather windows, vessel availability [18,21],
and time between failures [29]. An overview of the model and the processing logic is
summarised in Figure 2 and explained further below.
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The model in Figure 2 requires substantial input data, including the annual failure
rate of tidal components, repair times, vessel characteristics, technician costs, tidal device
specifications, electricity loss considerations (e.g., due to the wake and transmission), grid
electricity rate, and site specification data (e.g., metocean data, water depth, distance to
the facility port). In addition, factors affecting the maintenance activities, such as weather
windows (e.g., significant wave height limits for vessel operations) and spare part costs
for both maintenance strategies (CM and CPM), need to be determined. Part of the data
is obtained from industry, and part is obtained from the literature. The logic of the O&M
model is described below, and the remaining part of this section explains the main input
data, assumptions, and calculations used to verify the model outcome.

The model generates failure times and calculates downtime in the following steps, as
described in Table 1.

Table 1. Sequence of generating failure times and calculating downtime.

Steps Brief Description

1. Calculate Weibull parameters for
each component using the annual
failure rate.

A Weibull distribution is used to simulate the time
between failures for the components as described in
Section 2.3.1. The mean time between failures is the
reciprocal of the annual failure rate.

2. Randomly select the failure time.
Using the Weibull distribution, a random time since the
previous failure is selected (or the random time since the
component was first used).

3. Calculate the weather window
waiting time.

The length of time to repair the component (see Table 2)
and the travel time to and from its site (see Table 3) are all
known. With this information, the Metocean data is
searched to find a weather window that has acceptable
wave height and wind speed for the vessel(s) that are
needed for repair/maintenance. The start time for this
weather window is set to 8 a.m. so that journeys will be
made in daylight. It is assumed that weather forecasting is
accurate enough to find the weather window. Knowing
the waiting time for a weather window and the time
required to mobilise the vessel(s), it is then possible to
order a vessel to arrive at the start of the weather window.

4. Retrieve the turbine offshore,
return the turbine to the facility
port, carry out (onshore) repair,
decide to hold on to the vessel(s) or
re-hire them when the turbine is
returned to function in the farm,
and calculate the downtime.

Calculate the time for the journey to and from the farm,
the time to retrieve and re-install the device offshore (see
Table 3), and the time to repair it onshore (Table 2). The
decision then is whether to keep the vessel on site while
the repair is carried out or to send the vessel(s) back and
re-hire them. The criterion for this is to decide whether the
hiring cost of the time spent waiting for the repair to be
completed and the waiting time for the next weather
window is more expensive or less expensive than the
mobilisation cost of the vessel(s). When the turbine is
returned to operation on the farm, this ends the downtime.
During downtime, there is a 100% loss of power.

5. Repeat steps 2, 3, and 4 until the
project’s lifetime is complete.

The process of repeated repair is continued until the sum
of the elapsed time exceeds the lifetime of the project.
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Table 2. Failure data for each component along with the repair data input for one device.

Component Annual Failure
Rate (%) Time to Repair (h) Spare-Part Cost €

No. of
Technicians

Drivetrain 44 60 45,000 4
Electric system 17 5 3500 2
Nacelle 12 60 35,000 6
Blade 9 7 2500 2
Support structure 6 500 200,000 8
Pitch system 4 44 8000 4
Gearbox 4 45 70,000 4
Power convertor 2 50 15,000 4
Generator 2 140 25,000 4
Control system 1 45 4000 2
Sum 100 956 408,000 40

Table 3. Vessel characteristics and information on vessel cost calculations.

Dynamic Positioning (DP) Multipurpose Unit Value
Average speed (1 knot ≈ 1.852 km/h) knots 6
Average fuel consumption (transit) l/hr 596
Average fuel consumption (standby) l/hr 448
Average fuel price €/l 0.48
Mobilisation cost € 50,000
Mobilisation time hour 48
Operational day rate €/day 40,000
Retrieving time of the device (offshore) hr 6
Reinstallation time of the device (offshore) hr 6
A summary of vessel cost calculations

(i) Transit time (hr) = Distance from port in km/vessel speed in km per hour

(ii) Total vessel use time (hr) = Retrieving time + Reinstallation time +Transit time ×4

(iii) Vessel fuel cost (€) = Total vessel use time (hr) × Fuel consumption (l/hr) × Fuel price (€/l)

(iv) Vessel operation cost (€) = Total vessel use time (in whole number of days) × Vessel
operation rate (€/day) + Mobilisation cost

In addition to corrective maintenance, planned maintenance is scheduled at five-year
intervals. Planned maintenance is carried out in the summer when the weather window is
almost nil or minimal (see Section 2.4 for a description of the weather window). It is as-
sumed that the port facility has enough space for 10 turbines, and the planned maintenance
will be performed without any delay. For each turbine, on average, 8 technicians (working
a 12 h shift) will carry out the planned maintenance task over 220 h (i.e., 18.3 days).

Planned maintenance will increase the reliability of the turbine [26]. Regular mainte-
nance activities can reduce the likelihood of component failure. This study has considered
that after the planned maintenance, the turbine is as good as a one-year-old device. This
will minimise the degradation of components and, therefore, reduce their failure occurrence.
In other words, it increases the time between failures.

The spare part cost per turbine for planned maintenance is assumed to be, on average,
around 2% of the price of the tidal turbine device. A tidal turbine (per MW) is more
expensive than a wind turbine due to its environment. The CAPEX/MW (including device
cost, installation, and foundation) of a horizontal tidal stream turbine could range between
2.3–4 £/MW, which is higher by a factor of around 1.1–1.5 compared to a (fixed) offshore
wind turbine [24]. The cost of the foundation and installation could account for around 32%
of the total CAPEX, meaning that the cost of a tidal turbine device could range between
1.6 €m/MW and 2.7 €m/MW (on average 2.2 €m/MW). On this basis, it is assumed that a
commercial 2 MW tidal stream turbine would cost circa 4 €m. Therefore, the average cost of
spare parts used for planned maintenance will be €80,000 per turbine (€12,800 on average
over the whole life of the project per year per turbine). Through sensitivity analysis, the
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upper limits of spare part costs that would make preventive maintenance a cost-effective
option are discussed in Section 3.1.

2.1. Site-Specific Weather Condition Statistics

The time-series metocean data of the two locations in the northeast Atlantic Ocean:
Site1 in France and Site2 in the Fall of Warness were obtained from industry. Twenty-five-year
hourly metocean data for these two sites has been used for the project life-time of an array of
20 MW (10 tidal turbines of 2 MW each) in the model. The characteristics of the tidal device
are explained in the next sub-section. The statistics of the current speed and the weather
window data for the two sites are briefly explained below. Histograms and statistics of
measured current velocities at a water depth of 35 m below the surface for Site1 (France)
and 42 m for Site2 (UK) over 25 years are shown in Figure 3.
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Both the mean and median (50th percentile) of the UK site, which are approximately
1.7 m/s, are bigger than those for the French site.

2.2. Tidal Device Specification and Energy Production

Horizontal-axis tidal stream turbines similar to Sabella have been considered in the
model. Sabella has developed an expansive range of turbines from 100 kW to 2 MW, and
for the purpose of scenario analysis, this paper has considered fixed 2 MW tidal turbines.
The following key sub-assemblies make up the turbine:

1. Rotor blades, which capture the kinetic energy of the moving water.
2. Hub, the central part of the turbine that connects the rotor blades to the generator. It

typically consists of a hub housing and a shaft.
3. Generator, which is responsible for converting the mechanical energy of the rotating

rotor into electrical energy. It is typically located inside the nacelle, which is mounted
on top of the tower.

4. Control system, which monitors and regulates the operation of the turbine, including
the speed of the rotor and the output of the generator. It may also include sen-
sors to monitor environmental conditions such as tidal currents, water depth, and
temperature.
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5. Power transmission system, which is responsible for transmitting the electrical energy
generated by the turbine to the shore. It typically consists of underwater cables, a
substation, and a connection to the grid.

6. A ballast-weight foundation that provides a stable base for the turbine.

Using the assumed parameters of the turbine and power curve shown in Figure 4
that were determined through industry consultations, the model calculates the expected
(theoretical) power production from the turbine, which is explained below.
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The rated power for the rotor occurs at a current speed of about 2.85 m/s, as shown
in the power curve in Figure 4. For tidal energy, power is proportional to the cube of
the volumetrically averaged current velocity over the rotor swept area, the turbine power
coefficient, and the sea water density [2]. The theoretical annual energy production in MWh
is calculated through Equation (1):

For 0 ≤ ut < umin, Pt = 0;
For umin ≤ ut < umax, Pt = (0.5) CpρA(ut)

3/1000;

For ut ≥ umax, Pt = (0.5) CpρA(ut)
3/1000,

Theoretical annual energy in MWh = ∑8760
t=1 Pt,

(1)

where, Pt is the power generated at hour t, ut is the current velocity (adjusted at the hub
height) in m/s at hour t, umin is the minimum velocity captured by the device in m/s, umax
is the maximum velocity captured by the device in m/s, Cp is the power co-efficient, A is
the rotor swept area in m2 (i.e., the rotor radius squared times 3.14), and ρ is the sea water
density in kg/m3 (Figure 4). Note that the sum for leap years is taken over the period of
8784 h. The current velocity (ut) at the level of hub height is extrapolated from the velocity
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at measurement height (i.e., 35 m for Site1 and 42 m for Site2 as mentioned in Section 2.1)
up to the device hub height (i.e., 17 m as shown in Figure 4) using the 1/7th (i.e., 0.14)
power law exponent [30,31].

The annual energy production (AEP) of the farm was calculated after including the
possible losses, e.g., losses due to the wake and electricity transmission. Tidal devices will
alter the drag coefficient and flow pattern of the site. This effect could result in reducing
the power extraction of the other tidal turbines if they are arranged in a typical farm
configuration and will necessitate the careful tuning of individual turbines to achieve
optimal output [32,33]. Several studies have investigated the effect of downstream wake
(i.e., velocity deficit), for example, [32–36]. Very close lateral spacing between turbines
would cause a large velocity deficit downstream and therefore a significant decrease in
the available power for downstream turbines [35]. The influence of downstream wake
effects on the AEP could be as high as 10% to 20% [3]. Ref. [34] suggests that at the lateral
spacing of 7D (seven times the rotor diameter), the velocity deficit would be insignificant.
Inter-row spacing is not the only concern, as there is a strong effect in the direction of the
tidal flow, which can reduce the energy output of the back turbines by up to 30% compared
to those at the front [36]. An optimal layout of the tidal devices, for example, a staggered
configuration with small rows of devices, minimises the wake effect losses of the last rows
and therefore improves the total energy captured by the tidal farm [37]. The electricity
transmission loss depends on the type of transmission system and cable export distance.
For example, the study by [38] suggests an average total power loss of around 2.5% for a
cable distance of 50 km. This study has assumed an average loss of 5% due to downstream
wake loss and 3% due to electricity transmission loss. Considering these losses, the AEP
will be calculated as:

AEP (MWh) = Theoretical Power (MWh) × (1 − 0.05) × (1 −0.03) (2)

The annual income from selling the electricity to the grid will be calculated by mul-
tiplying the delivered energy, after including downtime due to the weather window and
time to repair, by the grid rate of 200 €/MWh considered in the study.

2.3. Failure Data Input

In the model, failure means that a part of the tidal device or a component faces an
unplanned interruption, resulting in the failed operation of the device [9]. The annual
failure rates of the tidal device components, the mean time to repair, the approximate cost
of the spare part, and the required number of technicians were obtained through industry
consultations. All repairs are carried out at on-shore port facilities, which are within 15 km
of the farm site. The failure data on a component-by-component basis are presented in
Table 2. In order to protect the commercially sensitive data of the annual failure rates
that were provided by the industry, this data is aggregated and normalised in Table 2.
Drivetrain failures are the most frequent failures, followed by electric system, nacelle, and
blade component failures. For components with major and minor annual failure rates
provided by the industry, only the major annual failure rates are considered. The failures in
Table 2 are all major failures, except the failures of ‘electric system’ and ‘blade’ components,
which are minor. For both CM and CPM strategies, a 12 h shift for technicians is considered,
and the average hourly cost of one technician is €50.

2.3.1. Failure Event Distribution

Although failure rates are frequently discussed in the literature, it is the time between
failures that is the subject of the statistical modelling used here and in the literature. The
failure rate is used to calculate the mean time between failures; the lengths of time between
failures are random events that can be usefully modelled using a distribution.

While exponential distribution is often used to model the time between failures, this
usage assumes that failure events are the result of a purely random Poisson process. In
the case of mechanical equipment failure, a credible cause of failure is wear and tear;
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therefore, the age of a component is a key driver of failure. This gives the choice of several
distributions, notably Weibull, Lognormal, and Gamma, which simulate positive values
without an upper limit.

The Gamma distribution is useful to model events that are not completely random,
such as the time until the nth occurrence of a Poisson process; however, this does not give
sufficient weight to the effect of wear and tear on mechanical components as is required for
this study. The choice between Lognormal and Weibull is based on their respective hazard
functions and the preferences seen in the literature. The hazard function of a Weibull
distribution with a shape parameter k > 1, which is the case for wear and tear modelling,
increases with age, while the hazard function of a Lognormal distribution reaches a peak
and declines with age [39]. Therefore, since wear and tear only increases with age, this
indicates a preference for Weibull. There is some research suggesting that there may be
little to choose between Lognormal and Weibull for situations with sparse data [40,41],
but given the preference for Weibull in the literature for modelling reliability and failure
analyses of wind turbines, for examples see [42–44], the Weibull distribution was selected
for this study.

As mentioned earlier, the study uses Monte Carlo simulations [28] to consider the
impact of inherently uncertain or stochastic variables on the model’s results. In the CM
strategy, the primary stochastic variable modelled for each component is the length of time
until a failure occurs (for a new component) or the time between failures (for a repaired
component). For each iteration, the time to failure is modelled as a random selection from
a Weibull distribution [45,46], where the parameters k and lambda ( λ), respectively known
as the shape and scale, are calculated based on the mean annual rate of failure and the
reasonable assumption that there is a 1% probability that a component will fail before
one fifth of its mean time between failures. This assumption is based on the behaviour
of mechanical devices, where failure of a new component is less likely than failure of
an older component due to wear and tear. The choice of the shape parameter produced
by this assumption, shown in Figure 5 (solid green line), k = 2.66, is in line with the
literature, for example [47]. This value for the shape parameter k may be found using
Equations (1) and (2) [48] with the Weibull cumulative distribution function, CDF = 0.99,
and the Weibull Mean Time Between Failure (MTBF) divided by five replacing x. The
following pair of equations for k are solved numerically.

CDF = 1 − e−( x
λ )

k
(3)

MTBF = λΓ

(
1 +

1
k

)
(4)
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In Figure 5, the PDF function for several values of the shape parameter k is displayed,
and it is seen that for k > 1, there is a lower probability of failure soon after the component
is new but a higher probability later reaching a maximum and then decreasing. The
probability decreases after the maximum because of the lower likelihood that a component



J. Mar. Sci. Eng. 2023, 11, 1046 10 of 18

will last a very long time. For the case of k = 1, the exponential distribution, the probability
of failure is at its highest when the component is new and gradually decreases; this does
not describe failure due to wear and tear but rather purely random failures perhaps due to
outside events such as lightning strikes. In Figure 5, for all of the values of k, the expected
value of x, the mean time between failures, is fixed at 5 years.

The failure and repair processes are modelled by repeatedly selecting the time to
failure from the Weibull distribution. This process is repeated until the sum of the failures
exceeds the total project lifetime (i.e., 25 years). This creates a list of failures that will
occur to each component throughout the project lifecycle that will be processed during
the simulation. Based on the above methodology, failures will occur at different times
for each iteration. This will have an impact on maintenance activities, downtime, and
ultimately costs.

2.4. Weather Window Limit, Vessel Transit Time, and Costs

Weather windows are of particular importance to the O&M cost as they affect the
availability of turbines due to waiting time for vessel operations at sea [26]. The current
velocity and the weather, specifically wind speed, significant wave height, and wave period,
can affect vessel operations, for example, lifting operations and vessel movements [49]. In
this model, weather window waiting times are calculated by counting, for each hour of the
project life-time, how long it will take until there will be a suitable continuous period for
the vessel operations, during which the significant wave height (Hs) and wind speed are
within the vessels’ limitations. Graphs illustrating the mean waiting times for Hs ≤ 1.5 m,
Hs ≤ 2 m, and Hs ≤ 2.5 m (with wind speed ≤ 20 m/s in all cases) for the two locations
and a 24 h weather window gap are shown in Figure 6.
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In the study, a multipurpose vessel equipped with a dynamic position system and
a 250 t crane is considered in both the CM and CPM strategies. The Hs of 2.5–3 m and
wind speed of 20 m/s have been specified for this vessel’s operation. The specifications
of the vessel and a summary of the main parameters for calculating the vessel cost are
summarised in Table 3.

Only one maintenance task will be completed per vessel, i.e., the vessel completes
a task and returns to the shore before the next task is undertaken. Once it completes a
repair/maintenance operation, the vessel becomes available again for the next task.

3. Results and Discussion
3.1. O&M Metrics and Discussion

A summary of the trade-offs between the two maintenance strategies, as well as the
mean annual breakdown of the O&M costs for a turbine located in France (Site1) and the
UK (Site2), are presented in Table 4. The values in Table 4 represent the means of one
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thousand Monte Carlo simulations over the life-time of 20 MW tidal farms in two locations;
the figures are given for one turbine.

Table 4. Summary of the mean annual O&M parameters.

CM Strategy CPM Strategy Advantage
(CPM-CM)/CM

Annual Mean Per Turbine Site1
France

Site2
UK

Site1
France

Site2
UK

Site1
France

Site2
UK

Number of corrective incidents 0.51 0.51 0.32 0.32 −37% −37%
Time-based availability 98.7% 99.0% 98.5% 98.6% −0.2% −0.4%
Downtime hour 114 88 131 123 −0.2% −0.4%
Theoretical energy (MWh) 3840 5130 3840 5130 - -
Delivered energy (MWh) 3482 4665 3476 4651 −0.2% −0.3%
Gross Income (€) 696,413 932,910 695,143 930,276 −0.2% −0.3%
Vessel cost (chartered and fuel) (€) 239,203 195,768 154,784 126,451 −35% −35%
Spare-part cost (€) 20,386 20,427 25,452 25,506 25% 25%
Cost of technicians 9507 9529 17,984 18,015 89% 89%
Annual variable O&M cost
(€/turbine/year) 269,096 225,724 198,221 169,972 −26% −25%

Net income (€/turbine/year) 427,317 707,186 496,922 760,304 16% 7.5%

Results in Table 4 support the importance of the location on the energy production
of ocean energy [3,50]. The table shows that the energy potential for a tidal turbine at
the UK location might be around 34% larger than the energy potential for the identical
turbine at the France location. This is a result of the higher average current velocity at the
UK site than at the French site (see Figure 3). However, it is worth discussing the energy
yield with respect to the capacity factor of the device. The average gross capacity factors of
the farm are 0.22 in France and 0.29 in the UK site (calculated by dividing the theoretical
power production, in Table 4, by the maximum rated power output). The gross capacity
factors include energy losses but exclude availability [51]. These factors are relatively low
compared to the gross capacity factor of 0.41 of the MeyGen (4 × 1.5) MW project [52]
and also compared to the capacity factor of 35% to 40% according to the estimates made
by the Ocean Energy System (OES) [51]. The low-capacity factors of the case studies may
suggest that the size of the tidal turbine needs to be optimised for the power curve of
the device and the deployment locations. Future research would be useful in this regard.
Ref. [53] discusses the benefit of the small horizontal tidal stream device (e.g., ≤1 MW) in
reducing Capital Expenditure (CAPEX), but more critically, the O&M costs.

With respect to the availability outputs in Table 4, it is clear that for these case studies,
the impact of weather conditions on project availability is relatively minimal. The primary
reason for this is the model’s employment of an expensive DP vessel with high accessibility
(Hs ≤ 3 m and wind speed 20 m/s). It can be seen in Figure 6 that the weather window
waiting time for Hs of 2 m, even if a failure occurs in wintertime, is not significant in either
of the study locations. However, the figure shows that the availability of the French site
is more sensitive to weather conditions. This implies that the reduction in unexpected
corrective interventions would be more beneficial in terms of availability and, consequently,
energy revenues at the French site compared to the UK site. This is further explained when
the CM and CPM results are discussed in this section.

The failures of components in this study do not depend on the deployment sites. Thus,
the number of corrective incidents per turbine in Table 4 is seen to be the same in both
locations. In the case study, the direct time to repair is around 45 h per turbine per year.
This suggests that from the downtime in Table 4, the weather window could account for
only 0.8% and 0.5% of the turbine’s availability in the France and UK sites, respectively.

For the CM strategy scenario, the results show that the variable O&M cost of the
tidal farm could be 77.3 €/MWh in Site1 (France) and 48.4 €/MWh in Site2 (UK). By
considering a five-year-interval planned maintenance strategy, the O&M cost would reduce
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to 57.0 €/MWh in Site1 (France) and 36.5 €/MWh in Site2 (UK). This considerable reduction
in the overall O&M cost for the CPM strategy is due to the 37% reduction in the turbines’
failure rates, which thus reduces the expenses associated with repairs, specifically the vessel
costs. In the CPM strategy, the increased cost of spare parts (25%) and technicians (89%) is
balanced with the decreased vessel costs (35%). Consistent with other studies, the vessel
cost is the dominant component of the O&M cost (for examples, see [29,37]). The vessel
cost in this study accounts for more than 84% of the variable O&M cost in the CM strategy
and around 72% in the CPM strategy (see Figure 7).
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While a CPM strategy greatly reduces the number of corrective incidents that must be
dealt with, it also increases the uncertainty as to the corrective incidents. For example, in a
ten-turbine array over 25 years, the central 90% confidence interval (CI) for CM strategy
is between 120 and 136 incidents (i.e., a width of 16), but the CPM 90% CI is between 66
and 94 (i.e., a width of 30). This is illustrated in the histograms of the numbers of corrective
incidents from 1000 simulations in the two top histograms in Figure 8. The histograms of
the time-based availability and the total O&M costs for the two strategies are also shown
in Figure 8. For example, for the O&M cost, the graph shows that for the majority of
simulations of the model, the CPM strategy results in lower O&M costs. There is a region
of overlap, indicating that the highest cost outcomes for the CPM strategy can match the
lowest cost outcomes of the CM strategy. This also illustrates that the O&M cost depends
on non-deterministic factors, such as if and when failures occur.

In order to measure the difference between the two strategies, the financial advantage
of a CPM strategy compared with a CM strategy can be expressed as:

Percentage f inancial advantage o f CPM strategy =
(Income−O&M cost) o f CPM
(Income−O&M cost) o f CM − 1 × 100

(5)

On average, the financial advantage of a CPM strategy over a CM strategy would be
16.3% in Site1 (France) and 7.5% in Site2 (UK). For both sites, the same number of hours are
used for the preventative maintenance operations (i.e., 18.3 days for onshore maintenance
tasks plus 1.7 days for transit and retrieval/reinstallation for each turbine), thus reducing
the operational time (see the slight change in the time-based availability in Table 4). As a
consequence of the preventative maintenance, the failure rates reduce at both sites by the
same amount; however, since the weather window waiting time is longer at Site1 (France),
there is a greater benefit in terms of operational time and financial advantage compared
with Site2. This distinction between the two sites shows the importance of weather window
waiting times for Offshore Renewable Energy (ORE) projects.

The histogram of net energy income (i.e., energy income minus O&M cost) in Figure 9
shows that for most of the simulations, the net energy income is higher for the CPM strategy.
There is, however, some uncertainty with these types of outcomes as they depend on the
random nature of failure events, and so there is an overlap between the worst outcomes
of the CPM strategy and the best outcomes of the CM strategy. However, the expected
average outcome for CPM is much better in terms of net income than for CM.
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The evaluated O&M metrics, namely the Operation Expenditure (OPEX) and avail-
ability, of the optimal case study in two locations (CPM strategy) are compared with the
earlier work by the Ocean Energy System (OES) in Table 5. The OES’s minimum and maxi-
mum limits for these measurements are predicated on an initial deployment of 3–90 MW
commercial-scale generic horizontal axis tidal stream turbines expected in 2030. The ca-
pacity factor of 0.35 in [51] and an exchange rate of 0.902 US$ (2015) are used to convert
OPEX in [51] to €/MWh. Since the objective of this study was to address the uncertainty of
variable O&M parameters of tidal projects, the other OPEX components, such as insurance,
contingency, etc., are educated estimations based on the literature. According to the off-
shore wind cost reviews by the National Renewable Energy Laboratory (NREL) [54], 63%
of OPEX is accounted for by maintenance costs, and the remaining portion (37%) is made
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up of other operational costs. Assuming that the OPEX split of tidal turbines is the same as
fixed offshore wind, the OPEX of the case studies is estimated as shown in Table 5.

Table 5. Comparison of the quantified metrics.

Metrics
This Study

Minimum [51] Maximum [51]UK Site France Site

OPEX 1 €/MWh 50.1 78.1 23.2 102.9
Availability % 98.6 98.5 92.0 98.0

1 For the OPEX of case studies, 37% is added to the variable O&M cost.

The comparison of the measured metrics in Table 5 makes it plainly evident that the
study’s OPEX is very close to the highest OES estimations. As was already indicated,
the case study’s high OPEX in €/MWh can be attributed to much lower capacity factors,
which led to poorer energy yields (despite high availability) than the OES predictions. The
requirement for DP vessels (fitted with a crane) to retrieve the tidal device when repair is
necessary is another issue that was previously highlighted. Deploying a small fixed tidal
turbine size of, e.g., ≤1 MW may require a smaller DP and hence a less expensive vessel. If
the deployment of floating devices is assumed, small tugboats, for example, can be used
for maintenance tasks on floating tidal turbines, which lowers the OPEX but may have a
high upfront CAPEX [54]. In fact, every assumption and input in the model has an impact
on O&M costs, prompting a thorough sensitivity analysis in subsequent work. However,
given the scope of this study, in addition to the uncertainty analyses of the O&M costs,
number of incidents, and availability in Figure 8, a sensitivity analysis is conducted to look
into the CPM strategy’s benefits in the following section.

3.2. Sensitivity Analysis

Components’ failure rates greatly influence O&M costs. Only a few examples exist
of operational tidal turbines, and so there is little experience of their behaviour; hence,
assumptions are based on similar technologies from other industrial sectors [24]. It is
argued that the tidal energy industry will follow a similar reliability growth curve as wind
energy, and by increasing their operating hours, a tidal turbine will have a major annual
failure rate of 0.065 [9]. If these failure rates are reduced, there may come a point when it
may no longer be advantageous to use a planned maintenance strategy. Another input in
the model is an assumed fixed spare parts cost over the farm’s life (25 years). There is a
question of how a reduction in components’ annual failure rates or an increase in spare
part costs will affect the advantage of the CPM strategy. A sensitivity analysis has tested
this question, and the results are shown in Figure 10.

With respect to the number of failures, Figure 10a shows that the advantage of the
CPM strategy is higher for the tidal farm in Site1 (France) compared to Site2 (UK). As
mentioned earlier, a failure is typically more disruptive to power generation at Site1 than at
Site2, and therefore the reduction of failure due to the CPM strategy has a more pronounced
effect at Site1. As the failure rate reduces, there is less benefit from a planned maintenance
strategy. The advantage will go to zero or become negative if the annual failure rate per
turbine decreases by 50% or more (~0.26 failure/yr per turbine) in Site1 (France) and 60% or
more (~0.15 failure/yr per turbine) in Site2 (UK). With respect to spare-part costs, Figure 10
shows that the advantage of the CPM strategy will go to zero or become negative if the
spare-part cost is 10% or more (~€78,000 per turbine per year or 28 €/MWh) in Site1 (France)
and 12% or more (~€97,000 per turbine per year or 17 €/MWh) in Site2 (UK). So, if failures
are rare or if the spare-part costs for CPM are particularly expensive, then carrying out the
CPM strategy may not be financially beneficial.
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This sensitivity analysis leads to an interesting illustration of how these two factors, a
cost factor and a risk factor, can combine to indicate when the CPM strategy is advantageous.
In Figure 10b, there are five pairs of values for annual failure rates and spare part costs.
At each of these five points on the plot, there is no benefit from choosing a CPM strategy
compared with a CM strategy. The curve connecting these points acts as a border between
the bottom right region on the plot where CPM strategy is advantageous and the top left
region where CPM strategy is not advantageous. The graph can be used as a decision-
making aid to understand the boundaries where a CPM strategy cannot be a cost-effective
option under the known failure rates and spare part costs. This method may be extended
to other pairs of constraints (e.g., distance from the port, grid rate, etc.).

This study has only considered two maintenance strategies (CM and CPM), and the
sensitivity analysis was conducted only for two of the model parameters, namely failure
rates and spare part costs. Further study is required to include other maintenance strategies,
in particular a condition-based strategy that increases device reliability but incurs additional
costs due to the deployment of monitoring systems such as vibration analysis, temperature
monitoring, thermography and ultrasonic testing techniques [26].

The model developed in this study can be adapted to other emerging ORE technologies,
such as floating offshore wind and wave energy converters.

4. Conclusions

A developed stochastic O&M model and scenarios have analysed the number of
failures, downtime, energy income, and detailed O&M cost components of projected tidal
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stream farms in two locations in the northeast Atlantic: France and the UK. Two mainte-
nance strategies are considered: a corrective (unplanned) maintenance (CM) strategy and a
corrective combined with a preventive maintenance (CPM) strategy (at 5-year intervals) for
a projected 20 MW tidal farm consisting of 10 horizontal axis stream turbines. The effect
of planned maintenance on reducing the degradation of the tidal turbine is considered. A
Weibull distribution using Monte-Carlo simulations has been used to model the device
performance and a breakdown of the variable O&M activities and costs for the farms. The
results are discussed with respect to the two maintenance strategies.

The projected tidal farm in the UK location (Site2) shows a considerably higher energy
production (35%), due to the higher mean current velocity (on average by 22%), which
increases the energy production and therefore the turbine capacity factor relative to the
French site. Larger vessels, like DP vessels with cranes, are needed for a fixed tidal turbine.
The DP vessel’s high accessibility and ability to operate at wave heights of up to 3 m and
at wind speeds of 20 m/s lessen the effects of weather on the device’s downtime. The
influence of weather on the two projects’ downtime at the sites in the UK and France was
only 0.4% and 0.8%, respectively, which contributes to the high availability of the case
studies. However, if vessels with restricted operational accessibility are used, the UK sites
would have a shorter weather window waiting period, which could affect energy yields,
O&M costs, and farm availability. For the Hs ≤ 2 m and wind speed of 20 m/s, for instance,
the UK site would have a lower weather window waiting time of approximately 53%
compared to the French location (Site1).

The study has discussed the uncertainties of the outcome, and sensitivity analyses are
performed to understand the effect of the annual failure rates (a technical parameter) and
the spare-part costs (an economic parameter) on the advantage of the CPM strategy.

This paper provides key insights into the trade-offs between corrective maintenance
and combined corrective-preventive maintenance strategies, and boundaries where the
CPM would not be financially advantageous are discussed. The method contributes to the
decision-making process about which maintenance strategy would reduce the O&M cost
without sacrificing the net energy income for the development of future tidal stream farms.
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