
  

Abstract—We present a description of a method for 

analysing the reliability of tidal energy converter (TEC) 

blades and structures using a range of models. The 

investigation is motivated by the observation that the most 

important barrier to growth of tidal stream energy as a  

significant contributor to low-carbon electricity generation 

is its cost, and the largest technical factor contributing to 

cost is the expense of planned and unplanned maintenance. 

The analysis employs five main models, looking at: 

variability, measurements of full-scale TEC prototypes, 

laboratory experiments, numerical simulation and 

technoeconomics. The paper gives a brief summary of the 

problem which this analysis is meant to address and the 

context in which it is applicable, and describes the project 

designed to support the development of the analysis 

method. We then briefly introduce the modelling 

approaches used in the project, giving both a broad context 

for each field and details of the specific techniques 

employed in the current work. Following this introduction, 

the work that has already been carried out is summarised, 

and the plan for the remainder of the project lifetime is 

presented. 

 

Keywords—Tidal energy, reliability, VMEA, at-sea 

testing, laboratory testing, BEMT, VPM, technoeconomics.  

I. INTRODUCTION 

ECENT analysis has shown that the single biggest 

factor contributing to the overall levelized cost of 

energy (LCOE) for tidal stream applications is the 

expense of operations and maintenance (O&M) [1,2]. This 

is not unexpected for a sector that has not yet benefitted 

from the improvements that become apparent from long-

term deployments: existing renewable energy 

technologies have seen costs decrease at rates around 20% 

as the deployed capacity increases [3], and a recent report 

prepared for the UK’s Department of Energy and Climate 

Change suggests that operating expenses for tidal stream 

energy devices could see a rate of decrease of around 19% 

as more capacity is brought online [4]. A particular cost 

 

 
Paper ID number: 1625 

Paper track: SM (Structural mechanics – materials, fatigue, 

loadings) 

The work presented in this paper is supported by the European 

Regional Development Fund through the Interreg Atlantic Area 

programme, on the project MONITOR (EAPA_333/2016). 

E. Buck is with the European Marine Energy Centre, Old Academy, 

Stromness, Orkney KW16 3AW, UK. 

A. MacLeod is with the Offshore Renewable Energy Catapult, 

Inovo, 121 George St, Glasgow G1 1RD, UK. 

E. Nicolas is with Sabella S.A.S., 11 Rue Félix Le Dantec, 29000 

Quimper, France. 

driver for the tidal energy industry, however, is the 

expense of operations at sea [5]. It is far more costly to 

deploy a lift-capable vessel to retrieve a tidal energy 

converter (TEC), bring it back to dock for maintenance or 

repairs, and then redeploy – particularly taking into 

account the tight operational windows necessitated by the 

strong currents at suitable tidal energy sites – than it is to 

carry out similar operations for devices that are more 

accessible for in situ repairs. There are two halves to this 

expense: firstly, how much a given operation costs; and 

secondly, how often it is necessary to carry out operations. 

Reductions in the cost of individual operations is expected 

to follow the ‘learning by doing’ that will inevitably 

accompany the deployment of more tidal stream energy 

capacity [6]; to reduce the number of operations, we must 

look to improve TEC reliability. 

This paper describes the methods of the MONITOR 

project - a collaborative “multi-model” investigation of 

TEC blade and structure reliability, which brings together 

multiple testing methodologies (numerical,  laboratory 

and at-sea) and links their findings through a central 

reliability model. This central model is variation mode and 

effect analysis (VMEA), a systematic means of identifying 

and quantifying the factors contributing to variability of a 

key parameter or parameters [7]. In the current study, the 

“key parameter” is the blade lifespan – by using VMEA to 

more accurately identify the sources of variation that 

impact blade life and thus quantifying technical risk, this 

investigation will enable more robust TEC designs with 

less conservative engineering safety factors. 

This quantification of risk requires knowledge of both 

the flow conditions that a TEC will experience, and of the 

structural loads that certain flow conditions will result in. 

The ideal for this is simultaneous measurement of flow 

conditions and loads on a real turbine, but neither flow nor 

load measurements are straightforward to measure. Flow 

conditions are most commonly measured with acoustic 

Doppler current profilers (ADCPs), which are very 

powerful tools but fundamentally rely on several 
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simplifying assumptions about flow at the measurement 

sites [8]. Instrumentation for loads on full-scale devices at 

real sites is more straightforward to obtain, but no full-

scale device has been installed for pure research purposes 

– thus, no such load data is publicly available for reasons 

of commercial sensitivity. Although at-sea testing is of 

course the ‘gold standard’ for investigation of TEC 

behaviour, there is the drawback that it is not possible to 

control sea conditions. 

To supplement data from real, full-scale turbines, 

laboratory testing offers greater (but not unlimited) control 

over flow conditions, with the tradeoff of introducing 

scaling and boundary effects [9]. Nonetheless, laboratory 

testing is one of the most valuable techniques available for 

understanding the link between flow conditions and load 

variability [10], and thus a crucial tool for providing 

quantitative data to the VMEA model of TEC reliability. 

Numerical modelling offers a still greater degree of 

control over flow conditions, enabling investigation of 

extreme events (e.g., 100-year waves) or fine-grained 

distinctions in turbulence [11] that are not possible even 

with lab testing. However, care must be taken in validating 

models against empirical data, otherwise we can have no 

confidence in the numerical data for test cases that cannot 

be physically realised. 

As a barrier to industrial development, reliability is not 

a purely technical problem but also an economic one. The 

investigation described in this paper therefore also 

considers how the findings from the at-sea, laboratory and 

numerical modelling impact not just the reliability of the 

devices but also, ultimately, the cost of developing and 

operating them. A well-established model from wave 

energy devices is adapted for use in a tidal stream 

application [12]. 

The multi-model investigation of TEC reliability 

described here has been running since early 2018, and is 

foreseen to conclude by 2021. The aim of the MONITOR 

project is to produce a VMEA model of tidal turbine blades 

and structures that is easily generalisable to any 

conventional horizontal-axis design; this is achieved by 

first carrying out a pair of case studies, and then 

extrapolating a general model from these specific 

instances. In this paper, we first present a brief 

introduction to the methods used in the investigation, then 

a discussion of what has been achieved so far and our 

expectations for how it will proceed in the coming years.  

II. METHODS 

A. VMEA 

The VMEA is a method that allows engineers to 

systematically identify the factors leading to variation in 

key performance characteristics (KPCs) of a device or a 

component [7,13]. A suitable KPC for the investigation of 

TEC reliability would be, for instance, expected blade life 

– this is the KPC chosen for the VMEA modelling in the 

current project. Once the KPC of interest for a particular 

analysis is identified, the engineer carrying out the 

analysis will identify factors that influence the KPC (e.g., 

for blade life we would look at environmental loads, blade 

material properties etc.) – these are the so-called sub-KPCs. 

The factors that affect the variability of the sub-KPCs, 

referred to as noise factors (NFs) are in turn identified. This 

relationship is visualised in figure 1. 

VMEA is most useful when we do not have a priori full 

knowledge of the relationship between the NFs and the 

KPC – where it is possible to state this relationship with an 

analytical function, VMEA becomes identical to the 

method of moments for propagating variability [14]. Such 

perfect knowledge is very rarely possible in practice and it 

is necessary to employ engineering judgement – VMEA is 

a robust method for systematising this approach. 

Once the identification process is complete, a 

preliminary or basic VMEA model of the component is 

completed by estimating first the variability of the NFs, 

and then the degree to which these influence the sub-KPCs 

and, in turn, the KPC itself i.e., the degree to which the NF 

variability is transmitted into the KPC. To improve this 

estimate, additional data needs to be collected – a VMEA 

model that is refined by additional data collection is called 

enhanced or probabilistic [15]. 

For the MONITOR project, we achieve this refinement 

through three test methodologies. As an example of the NF 

to KPC causal chain, environmental factors such as wave 

climate or marine current turbulence are key NFs – their 

variability can be determined through measurements of 

real sea conditions. In turn, measurements on full-scale 

turbines can allow us to accurately determine the 

sensitivity of blade loads (a sub-KPC) to this NF in the 

conditions encountered in the at-sea testing. The full-scale 

measurements also yield a means of validating laboratory 

tests and numerical simulations (taking account of scaling 

effects, cf. section III-C), which can provide data on the NF 

to sub-KPC to KPC links for flow conditions that were not 

encountered in at-sea tests but are nonetheless needed for 

a complete model of the causal relationship between 

environment and loads. This combination of modelling 

approaches is what will allow the MONITOR project to 

determine the dependence of blade life variability on 

environmental factors. 

 

 

Fig. 1. Relationship between KPC, sub-KPCs and NFs [7]. 
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B. At-sea testing 

Data from at-sea measurements at tidal stream sites and 

on tidal turbines can by and large be assigned into two 

categories: measurements of the environmental conditions 

(e.g., resource assessment, wave and turbulence 

estimation) and measurements of turbine loads and 

performance (e.g., power produced, floating platform 

motion). Measurements of both types are key for a 

reliability model, but far more is available in the way of 

environmental data than device-specific data. This is not 

surprising, as all full device deployments and most scale 

model deployments are commercially sensitive and 

therefore not made publicly available. 

Many estimates of tidal resource are made with 

numerical models, as single-site measurements obviously 

cannot provide sufficient information for a selecting a 

deployment site. Nonetheless, field measurements of 

resource have been reported for a range of sites, including 

some of the most important tidal energy locations globally 

[16,17,18]. As well as considering the resource, 

measurements at sea have examined other significant 

environmental factors such as turbulence [19,20]. 

Despite the commercial sensitivity of load and 

performance data, a few studies have published 

measurements from real deployments of scale models or 

even full-scale devices. One of the most important early 

TECs was the two-bladed SeaGen device in Strangford 

Lough; this was the first full-scale device that generated 

electricity to a national grid. Its deployment was preceded 

by a scale model (“Seaflow”) off the coast of Devon, and a 

detailed report on the testing of the Seaflow device is 

available that briefly describes the power output [21]; there 

were, however, no instruments installed on Seaflow that 

would have been able to measure blade or support 

structure loading. Around the same time, a direct-drive 

three-bladed device was tested by towing from a vessel; 

this study again produced power performance 

characteristics but not loading data [22]. 

The use of a moving vessel to test TECs is particularly 

suitable for devices that are mounted on floating hulls. 

This may be done with a purpose-built vessel such as the 

tests carried out with the TTT platform in Strangford 

Lough [23,24], or by a tugboat or similar vessel used to tow 

the hull on which the turbine will be finally deployed [25]. 

One of the turbines tested on the TTT platform was 

originally intended for use as a commercial demonstration 

prototype, the 1kW Evopod 1:10 scale device (hereafter the 

E35). Following a change in developer strategy, the E1 

passed into the ownership of the marine energy research 

group at the University of Algarve, who carried out an 

extensive study of its performance and loads [26] in a tidal 

energy sites that is already well-studied [27]. This 

measurement campaign yielded an extensive dataset 

covering a wide range of environmental and device 

parameters, including power output and mooring line 

loads; this real data was used to refine and validate a 

simulated array deployment in the same environment [28]. 

Another very valuable dataset of real turbine 

measurements was obtained through an extensive 

collaboration between developers and researchers on the 

ReDAPT project, which ran between 2013 and 2015 and 

gathered extensive flow, performance and load data on a 

full-scale 1MW tidal turbine [29]. Much of the flow and 

other environmental data is publicly available through an 

online database, although the bulk of the load and 

performance data remains confidential. Nonetheless, the 

studies carried out with this data shows how invaluable 

real measurements are for validating the ability of 

numerical models to predict performance [30] and load 

[31,32] of full-scale TECs. 

C. Laboratory testing 

Taking measurements from full-scale turbines at sea is 

the highest-possible fidelity approach to data gathering for 

TECs. However, the difficulties outlined above 

(commercial sensitivity, practical challenges, lack of 

control of flow conditions) mean that we cannot rely 

solely, or even chiefly, on data from this source. The 

current field of TEC research has also relied heavily on 

laboratory experiments to measure performance and loads 

on turbines, using equipment such as tow tanks and 

cavitation tanks [33], or closed-circulation flumes [34].  

Lab conditions allow a much more flexible and 

accessible suite of instrumentation, with a far greater 

capacity to check that instruments are working as intended 

(leading to overall greater reliability of data acquisition) 

and at least some ability to change instrumentation setup 

on-the-fly. In addition, labs allow measurement of 

parameters that are simply not practical to examine in the 

field, such as wake interactions between turbines [35] or 

permeable discs that replicate turbine thrust properties 

[36], and array layouts [37] – clearly it is not practical to 

modify the spatial configuration of a full-scale multi-

turbine array in real seas after deployment for an 

experimental study. 

The research community has gradually established 

widely-accepted standards and conventions for laboratory 

studies of TECs, and a landmark study showed the extent 

to which it is possible to compare measurements from 

different experimental facilities [9]. The steadily-growing 

interest in TEC research (and related topics such as wave 

energy, floating offshore wind etc.) has led to the creation 

of dedicated test facilities which can control test conditions 

to a far greater extent than was previously possible [38,39]. 

For MONITOR, the laboratory test portion of the overall 

project was carried out in the IFREMER combined current 

and wave recirculating flume [40], which allows a fine 

degree of control over both turbulence and wave 

conditions, the key environmental factors impacting TEC 

load variability. Previous studies carried out in this flume 

have closely examined turbulence effects on single 

turbines [41] and small arrays [42], but subsequent 

technical refinements now allow finer control over 

turbulence level. 
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D. Numerical modelling 

Compared to laboratory tests, numerical modelling 

offers a still greater degree of control over flow conditions, 

turbine geometry, control schemes etc. In addition, 

computational simulations make a much richer data set 

available as there is no need to consider instrumentation, 

and also make it much easier to test several similar cases 

that might be impractical with physical models: for 

instance, it is far easier to slightly adjust a TEC’s blade 

thickness and remesh a CFD model than it is to 

manufacture multiple blades, especially if this adjustment 

is to be made ‘on the fly’. The principal limitation, of 

course, is that the modeller must be able to provide 

assurances that their model accurately reflects the true 

problem. 

For TEC related problems, numerical modelling can 

consider a range of spatial scales, from ocean- or basin-

scale predictions of resource [43] to large arrays [44] to 

single TECs.  The individual TEC scale is the one most 

relevant to the MONITOR project, and our investigation 

will make use of two independent models in order to 

validate our results: blade element momentum theory 

(BEMT) and the vortex particle method (VPM) 

BEMT has been used as a tool from the very earliest 

studies on TEC design [45], and is widely used in industry. 

Its basic premise is that a turbine can be treated both as a 

momentum sink/source for the fluid flow, and also as a 

collection of two-dimensional hydrofoils – since these two 

analyses must be in agreement, equating them allows us to 

find a unique solution for the loads (and therefore also the 

performance) of the TEC. It is a very quick solution 

method, but requires a number of semi-empirical 

corrections to deal with phenomena such as non-2D flow 

around the tips of the blades, and additionally it cannot be 

extended to simulate interaction of multiple devices. The 

specific BEMT code used in the MONITOR project is a 

robust solver developed at Swansea university [46,47] that 

has been used for both academic research and industrial 

applications. 

The VPM method used in the MONITOR project is 

somewhat more computationally intensive than BEMT, 

but offers a significantly more detailed picture of force 

distribution around the blades [48]. This model has been 

well-validated against experiment [49]. In addition to 

greater detail in force distributions, VPM also offers an 

advantage over BEMT in that there is a clear path to 

extending the model to installations of multiple devices, 

which is a key opportunity for future development of the 

results of the MONITOR project.  

E. Technoeconomic modelling 

From a market point of view, device reliability is only 

interesting insofar as it impacts the final cost of energy, 

however that is measured. A well-established model that 

has been used for assessing the economic feasibility of 

wave energy device deployments is being adapted for 

tidal applications [12]. This method accounts for a wide 

range of input parameters (e.g. costs of device fabrication, 

cable installation etc.) and looks at how sensitive the 

economic viability of the overall installation is to each of 

these factors, as measured by the net present value or 

internal rate of return of the project. A quantified 

improvement in reliability will most directly impact the 

costs associated with operation and maintenance, as well 

as the power generation associated with increased device 

availability – a device that requires less unplanned 

maintenance will be generating power, and hence revenue, 

for a greater proportion of the time. There are also 

additional indirect factors through which improved 

reliability may affect costs e.g., by increasing the time 

interval for planned maintenance, by decreasing insurance 

costs and by potential reductions in the cost of 

manufacturing (increased confidence in variable loads 

allows lower safety factors at device design stage). 

The uncertainty in costing marine renewable energy 

devices is a significant barrier to developers seeking 

funding, and equally to investors seeking assurances [50]. 

The MONITOR project’s combination of multiple testing 

methodologies will aid the technoeconomic tool to make 

predictions of tidal energy costs with a higher degree of 

certainty than has heretofore been possible.  

III. PRELIMINARY RESULTS 

The MONITOR project aims to develop its general TEC 

reliability model in the first instance by attempting to 

implement the methodology for real-world turbines: the 

floating ATIR turbine developed by Magallanes 

Renovables S.L., and the bed-mounted D10 and D12 

turbines developed by Sabella S.A.S. These devices are 

depicted in figures 2 – 4. 

The ATIR device operates two three-bladed coaxial 

horizontal-axis turbines on a single floating platform 

resembling a hull. The two rotors are identical, with a 

diameter of 19m and a maximum power output of 2MW. 

The hull on which the nacelle is mounted is 45m long and 

6m wide, and the device is anchored to the seabed by stern 

and bow mooring lines. The full-scale prototype of this 

device has undergone tow tests in the Vigo Estuary, and 

 

 

Fig. 2. Schematic side view of the Magallanes ATIR rotor. 

F. At-sea testing 
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was installed at EMEC in Orkney for fixed-location tests in 

February 2019. 

The D10 and D12 devices are bed-mounted horizontal-

axis turbines, of 10m and 12m diameter respectively. Both 

devices are designed to operated in rectilinear flows, 

which means there is no yaw capacity and the rotor can be 

driven by flows from either direction. This also means that 

the blades are designed with a symmetrical section. The 

D10 has already completed a year’s deployment in the 

Fromveur Strait, near Ushant in France, between summer 

2015 and summer 2016; it was redeployed in October 2018 

for a second year-long testing period; the D12 is still at the 

lab-scale testing stage. 

As mentioned at the start of this section, the ATIR and 

D10 devices are currently deployed at two different 

locations, and it is these deployments that MONITOR will 

make use of in order to obtain at-sea measurements to 

refine the VMEA model. Both deployments will measure 

environmental factors, loads and performance data. Due 

to differences in the designs and deployment locations of 

the two devices, it is not possible for the instrumentation 

to be identical for the different cases; however, one of the 

key aims of the measurements campaigns carried out as 

part of MONITOR is to ensure that the data obtained from 

the two device deployments is in some sense equivalent, 

and therefore possible to meaningfully compare. The 

benefit of these measurements is twofold: 

1) The data itself can be used to more accurately 

quantify both the load variation itself and the 

sensitivity of that variation to the measured 

environmental factors. 

2) The data will also allow validation of the numerical 

models of the turbines; these validated models can 

then be used to investigate environmental 

conditions that were not encountered in the tests, or 

to simulate the turbine response to different 

deployment locations. 

The measurement campaigns for both devices will take 

place in summer and spring of 2019.  

As discussed in section II, the lab tests under the aegis 

of MONITOR are carried out in the IFREMER flume tank 

in Boulogne-sur-Mer. Both of the test campaigns planned 

for MONITOR have already been completed, in May and 

November of 2018. Analysis of the data is ongoing, but 

some preliminary results are already available. A paper 

presenting these results in more detail is also being 

presented at this conference [51], but we briefly summarise 

the tests and present some key results here. 

The flume tank used for the tests has a working section 

18 m long, 4 m wide and 2 m in depth. A vertical support 

on which a turbine is mounted can be lowered into the 

tank from above; the nacelle and internal workings of the 

turbine remains the same for testing different devices, but 

different blades can be mounted on the turbine to 

represent different devices. In addition, external fairing 

can be added to the basic nacelle to represent different 

support geometries. For the scaled rotors used in the test, 

the blockage ratio in the working section varied between 

3.5% and 5.1%. The lab-scale rotors matched the full-scale 

rotors in Froude number, but matching Reynolds number 

is not practically achievable; however, the results obtained 

indicate that at the highest flume velocities, the results are 

no longer highly sensitive to the Reynolds number. 

During the flume investigations, the Magallanes 

Renovables ATIR and Sabella D12 rotors, as well as an 

open-geometry ‘generic’ rotor previously tested at 

IFREMER, were operated in a range of flow conditions. 

The mean flow 𝑈∞  was in the range 0.8-1.4 ms-1 

(corresponding to velocities between 3.6-7.4 ms-1 for the 

full-scale turbines) , turbulence was set to low (turbulence 

intensity, 𝐼∞, of 1.3%) or high (𝐼∞ of 15%), and a variety of 

wave conditions with periods between 1.43-2 s and 

amplitudes between 0.095-0.130 m were imposed – this is 

the equivalent of wave heights between 3.8-7.3 m and a 

wave period ranging from 6.4-10.6 s at full scale.To 

measure the flow conditions, the flume is equipped with 

2D LDV and an ADV, as well as three wave probes at the 

surface. In addition to this, the turbines are fitted with 

torque and thrust probes. The thrust cell is mounted on the 

rotor shaft itself, so it is able to directly measure the 

hydrodynamic thrust and is not biased by the drag on the 

nacelle and support structure. 

Some key results of this investigation are shown in 

figures 5 & 6: specifically, these figures show the mean and 

standard deviation of the power coefficient CP for the three 

scaled turbines at a range of mean flow speeds and two 

 

 

 

 

Fig. 3. Image of the Sabella D10 rotor on dockside. 

Fig. 4.  Proposed design of the Sabella D12 rotor in small array 

configuration. 

G. Laboratory testing 
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different turbulence levels (waves are not considered in 

the results shown here). An important thing to bear in 

mind with these figures is that the Magallanes results do 

not reach Reynolds independence, or at least approximate 

independence, until the mean flow is 1.4 ms-1, so only those 

results should be examined. Additionally, for reasons of 

commercial sensitivity, all CP and σCP data for any given  

rotor has been anonymised by scaling with the maximum 

value of CP in the low turbulence case – the resulting value 

is denoted CP* and, as would be expected from the scaling, 

is exactly 1 in the top panel of figure 5. 

The D10 and ATIR rotors show remarkably similar 

performance characteristics in the anonymised data. Both 

reach optimum performance at TSR values between 4-5, 

and have similar drop-offs in both stall and overspeed. The 

variability of the devices’ performance, as seen in figure 6, 

also appears to be extremely similar, particularly around 

optimum power production. However, the scale of the 

load variability is greatly affected by the ambient 

turbulence (compare the vertical scales of the two panels 

in figure 6) – this implies that load variability may be 

dominated by environmental factors, and that device 

design choices can do little to mitigate it. 

Although both flume measurement campaigns are now 

complete, there was a wealth of data gathered and analysis 

is ongoing. A more detailed discussion of findings from 

the analysis already performed is presented in [51], but 

there will be additional analysis shown throughout the 

lifetime of the MONITOR project.  

These results diverge somewhat from the experimental 

results shown in figures 5 & 6. In particular, we see that the 

power optimum for the ATIR rotor is predicted to occur at 

a slightly higher TSR of roughly 5-6, and that the power 

fall-off in the overspeed region at TSR values beyond this 

is much more gradual than observed experimentally. In 

certain regards, the stall behaviour is closer to what is seen 

in the experimental results. For the ATIR rotor, in stall (i.e., 

low TSR values) the power output drops from optimum to 

roughly zero at a TSR of approximately 2 in both 

experiment and numerical investigation; for the D12, the 

stall is more gradual; this matches what is seen 

experimentally. 

The most plausible explanation for the more gradual 

power decrease in overspeed seen with numerical 

predictions compared to experimental results is tied to a 

simplification of the ATIR geometry in the BEMT model. 

In reality, the ATIR rotor blade is based on a single family 

of hydrofoils that varies in thickness, becoming very thin 

at the tip and widening out to fully cylindrical at the root 

 
Fig. 5. Anonymised mean CP results in low-turbulence (top 

panel) and high-turbulence (bottom panel) conditions for 

Magallanes, Sabella and IFREMER turbines at a range of mean 

flow speeds. 

 

 
Fig. 6. Anonymised CP standard deviation results in low-

turbulence (top panel) and high-turbulence (bottom panel) 

conditions for Magallanes, Sabella and IFREMER turbines at a 

range of mean flow speeds. 

 
H. Numerical modelling 

Preliminary BEMT simulations of the D12 and the ATIR 

rotors in uniform flow have been carried out to obtain a 

numerical baseline for the performances of these two 

devices. The power and thrust performance according to 

these simulations is visualised in figures 7 and 8. As is the 

case with the experimental data, these results have been 

anonymised: CP is scaled by its maximum value, and CT is 

scaled by the value of CT at the optimum TSR (i.e., the same 

TSR at which CP reaches a maximum). 
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for structural reasons. The lift-drag properties of the rotor 

therefore vary radially. However, in the BEMT 

formulation, all radial locations are treated as having the 

same lift-drag curves – we select the properties at 

approximately two-thirds radius to apply to the whole 

rotor, as this is the radial location that contributes most 

significantly to torque in optimum operation. Thicker 

sections tend to have a lower lift-drag ratio, and so 

applying these properties over the full radial extent of the 

blade means that the near-root sections are predicted by 

BEMT to have better performance than they will have in 

reality. As TSR increases, the radial span of the blade with 

the greatest influence on power production moves 

gradually inwards: thus, in this case, we would expect that 

the BEMT model will predict higher power performance at 

overspeed TSR compared to empirical observations, and 

this is exactly what we see comparing figure 7 with figure 

5. 

One feature present in the numerical prediction of the 

D12 results that is not seen in the experiments is the 

narrow peak in anonymised CP that occurs around TSR 1.5; 

this is associated with the post-stall lift recovery of the 

hydrofoil section. It is possible that this spike is present in 

the experiments but simply not detected, as the 

experimental procedure focussed on TSR operation near 

optimum, with relatively few tests at very high and very 

low TSR. Thus, the narrow peak may have been missed 

between the experimental tests at TSR values of 1 and 2. It 

is also quite plausible that this peak may be a purely 

numerical artefact, as dynamic stall is not modelled in the 

BEMT code but is likely to play a significant role for the 

experiment.  

Preliminary VMEA analyses have been carried out for 

both the ATIR and D12 devices, although at this stage the 

data from the laboratory experiments and numerical 

simulations described above has not yet been 

incorporated. It is not possible to give a detailed discussion 

of these preliminary reports due to their commercially 

sensitive nature, but we present some broad outlines of the 

conclusions here. 

Unsurprisingly, as the different support structures of 

the floating and bed-mounted devices put the rotors at 

different locations within the water column, variation due 

to environmental factors differs from one device to the 

other. Load variation on the floating ATIR device is more 

strongly affected by wind and wave than by turbulence in 

the tidal currents, while for the fully-submerged D12, load 

variation is almost completely unaffected by wind, but 

both wave and turbulence action is significant. Design and 

operational parameters are not discussed here, but these 

also depend on the details of the devices and their 

operational strategies, and therefore differ from one device 

to the other. 

The technoeconomic modelling aspect of MONITOR is 

highly dependent on the outcomes of the enhanced or 

probabilistic VMEA model; we do not foresee significant 

work of this portion of the project to take place until the 

other models are further advanced. Preliminary work has 

been undertaken to ensure that the existing model for 

wave energy converters and arrays is easily adaptable to 

TECs.  

IV. CONCLUSIONS 

Tidal stream energy has the potential to be a significant 

contributor to decarbonisation of the energy sector, 

particularly within Europe. Ocean Energy Europe have 

estimated that there could be up to 1.8GW of ocean energy 

capacity installed in Europe’s coastal waters by 2030 [52], 

and up to 100GW by 2050; DG-MARE predicts up to 20,000 

European jobs in the sector by 2035 [53]. However, to 

achieve this it is necessary to overcome the obstacle of 

energy cost, and the primary technical driver of energy 

cost for TECs is operations and maintenance. This problem 

is deeply tied to the reliability of TECs and TEC 

components, and no single approach is sufficient to 

thoroughly address it. The best method of improving 

turbine reliability cannot be overcome by industry 

working alone; it requires collaboration with researchers. 

By centring itself around a collaborative effort between 

academia and device developers, the MONITOR project 

will be able to establish a technique for improving TEC 

reliability that is both well-grounded in solid research but 

also of meaningful use in real tidal stream industry 

applications. We have discussed the importance of TEC 

reliability to the establishment of tidal stream energy as a 

widespread low-carbon electricity generation technology, 

 
Fig. 7. Anonymised CP-TSR results in uniform flow for ATIR 

and D12 rotors calculated using the SwanBEMT code. 

 

 
Fig. 8. Anonymised CT-TSR results in uniform flow for ATIR 

and D12 rotors calculated using the SwanBEMT code. 
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and in the context of a multi-faceted TEC reliability 

modelling project we have discussed the options that are 

available to us. Specifically, we have presented the five 

modelling approaches that are applied in the MONITOR 

project: a) reliability modelling, through the VMEA 

method; b) at-sea testing of full-scale prototype TECs; c) 

laboratory testing of scaled-down TEC models; d) 

numerical predictions of TEC performance and loads; and 

e) technoeconomic modelling to translate the reliability 

predictions into predicted impacts on the cost of energy 

produced. 

For each of these five methods, work is ongoing, and 

certain aspects of the work that has already been carried 

out cannot be shared due to commercial sensitivity. 

Nonetheless, we have presented some of the preliminary 

data, particularly from the experimental and numerical 

modelling approaches. Data analysis and simulations are 

ongoing, but in this paper we have shown that the results 

already available shine some light on specific aspects of 

reliability. Specifically, the performance data from lab tests 

at different turbulence intensity levels indicates that over 

load variability (as measured by the standard deviation of 

power coefficient) appears to be quite similar across 

different turbines, but on the other hand is very sensitive 

to the turbulence intensity in the inflow. The numerical 

results show some divergence from the lab tests, but as 

discussed in section IIID we hypothesise that this is due to 

simplification of the rotor geometry near the blade root 

causing power production in overspeed to be 

overestimated – this means that the choice of blade root 

geometry is likely to be significant for controlling the load 

variability for turbines that use overspeed control. 

As our investigation of TEC reliability proceeds, we 

expect to gather extremely useful data from the full-scale 

prototype turbine deployments; specifically, we will have 

simultaneous measurements of blade loads, turbine 

performance (including shaft loads) and environmental 

conditions such as marine current turbulence (by using 

high-frequency measurements of ocean current velocities) 

and waves (significant wave height, period etc.). This will 

yield an extremely rich data set that is not only valuable in 

itself, but will also allow us to validate the numerical 

simulations, and verify the scaling of the laboratory work. 

With these modelling approaches validated, we will be 

able to predict load variability in a wide range of 

environmental and operation conditions. Thence, we can 

give a well-grounded prediction of the impact of 

environmental factors on turbine load variability, and in 

turn predict their effects on TEC reliability and ultimately 

on cost. All this activity is taking place in the context of a 

cooperative project with both SME and academic partners, 

and we will continue to engage with researchers and 

industry throughout the project lifetime. 
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