
Cardiff University
School of Engineering

The characterisation of a drive train test rig to
engineer a Tidal Stream Turbine

Condition-Based Maintenance strategy

A thesis submitted to Cardiff University for the

Degree of Doctor of Philosophy

By

Edith Rojo-Zazueta

2022





Acknowledgements

This research was financed with the Consejo Nacional de Ciencia y Tecnología

and el Fondo para el Desarrollo de Recursos Humanos in Mexico.

I would like to extend my deepest thanks to my supervisors, Mr. Paul Prickett

and Dr. Roger Grosvenor. Thank you for your guidance through the last years and en-

couragement to exceed my personal boundaries in order to believe in myself. A special

thanks to Dr. Matthew Allmark, whose advices, full support and good friendship were

key in order to be able to complete this thesis. I would also like to thank all the sup-

port provided by Prof. Tim O’ Doherty and Dr. Allan Mason Jones. Because of you, I

was able to join the CMERG Group. Special thanks to Prof. Agustin Valera-Medina, for

encouraging me to do this PhD.

I would also like to thank Dr. Rodolfo Silva-Casarin and Dr. Ismael Mariño-

Tapia for inviting me to become part of the 1st oceanographic CEMIE-Oceano campaign

in 2019, and providing financial support to be able to attend the AWTEC Conference in

2018 in Taiwan. Thank you to Dr. Hector Bastida for his assistance in using MatLAB

software. Special thanks to Dr. Tattiana Hernandez-Madrigal for encouraging me to join

the CMERG group, and also for being my psychologist and best friend through the last

years.

I wouldn’t be able to finish this PhD without the support of my friends and fam-

ily. First, I would like to thank Mr. Francisco Varela-Solis for all his support through the

last two years of this process. To Rafael, no amount of thanks would be enough for all the

love and support you’ve given me. To my Cardiff friends, Andrea, Nati, Tony, Shaun for

always being for me in the UK and in Mexico. To my Mexican friends, Belia, Pamela and

iii



iv

Fernando, thanks for never letting me down during this process. To my grandparents

Praxedis, Rita, and Julia, thanks for all your love and guidance. To my grandpa Roberto:

I wish you could still be here with us to celebrate this personal milestone.

Finally, this thesis is dedicated to my mother, my sister and my father: Lupita,

Karen and Mario. Soy todo lo que soy gracias a ustedes.



Abstract

This research examines the development and validation of a condition mon-

itoring technique using a 1/20th turbine scaling drive train test rig. The capability of

the test rig was assessed operating under steady and unsteady state simulations. The

steady state turbine operation was developed by considering the theoretical mean val-

ues of previously validated Computer Fluid Dynamics of Horizontal Axis Tidal Turbine

(HATT) models. The unsteady state turbine operation was obtained from a experimen-

tal test campaign conducted in a flume tank. A range of fluid time series were built in

order to incorporate further complex tidal profile conditions. The work undertaken to

demonstrate the test rig capability to emulate both steady state and unsteady state tur-

bine operations was successful. The test rig was able to replicate the torque and rota-

tional speed in both the rotor and the generator. The work then progressed in order to

determine the test rig reliability to assess the CM algorithm effectiveness.

The condition monitoring technique engineered in this research is a frequency

signal processing tool. This is implemented in a range of tidal operating conditions and

differing recorded time lengths. It was able to detect different scales of HATT rotor im-

balance faults that occur. It was found that the presence of high turbulent flows and

large length scales have a great impact on detecting rotor imbalance faults. A compari-

son of the detection of the rotor imbalance fault in both the rotor and the generator was

considered, and it was shown that the generator side of the test rig can effectively detect

different fault scales when a torque-fault time series was implemented. This demon-

strates the CM algorithm effectiveness to detect rotor imbalance faults in the generator.

This provides confidence in the energy sector to establish further condition monitoring

practices that could allow turbine developers to prevent major HATT malfunctions.
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1
Introduction

The energy sector is currently dealing with big challenges worldwide: the deple-

tion and scarcity of fossil fuels, a higher energy demand due to the increase in popula-

tion, the commitment to protect the environment and to mitigate the effects of climate

change. It was a few decades ago when humanity began to take seriously the possibility

of fossil fuel r̀un-out' and to account for the destabilisation of natural ecosystems and

global climate. Since then, energy policies around the world are looking forward to ex-

ploiting new renewable resources for electricity and energy consumption. Developing

sustainable energy generation technology is therefore a matter of urgency.

1.1. The need for renewable energy

Throughout history, climate on earth has been constantly changing. Accord-

ing to the Intergovernmental Panel on Climate Change (IPCC) report [IPCC, 2022], an-

1
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Figure 1.1: Global net anthropogenic GHG emissions 1990-2019. [IPCC, 2022]

thropogenic gas emissions (such as CO 2, CH4 and NO x ) have increased since the pre-

industrial era due to the high fossil fuel consumption in order to satisfy the economic

and population growth. The annual average of global net anthropogenic GHG emissions

during the decade 2010–2019 was 56§ 6.0 GtCO2-eq, 9.1 GtCO2-eq yr ¡ 1 higher than in

2000-2009. In 2021, a 6% increase from 2020 pushed emissions to 36.3 GT having a re-

covery in the energy demand after the pandemic, and therefore reaching their highest

ever annual level [IEA, 2022]. Half of the anthropogenic CO 2 emissions have occurred in

the last 40 years, leading to increases in average global temperature, changes in precipi-

tation, melting of glaciers and reduced snow cover, and increases in ocean temperatures

and acidity [Cherian, 2015]. Since 1993 the sea level has risen an average of 3.1 mm per

year or a total 17 cm during the 20 th century since about 25% and 15% of the mountain

glaciers and arctic ice sheets respectively has already melted [IPCC, 2022]. If no further

action is taken in the upcoming years, global temperature could rise from 2 to 6°C, lead-

ing to the increase of storms, droughts and �oods, the undermine food security and the

change of landscapes and wildlife habitat. Figure 1.1 displays the global net GHG emis-

sions from 1990 to 2019.

As an attempt to counter climate change, the Kyoto Protocol was drawn up in

1997 where 36 industrialised countries bound emission reduction targets to a 5% emis-

sion reduction period from 2008 to 2012 [UNFCCC, 2014]. The most recent international

commitment against climate change was the Paris Agreement held on April 2016, where

the central aim is to keep the temperature rise below to 2°C or even 1.5 if possible. In
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Figure 1.2: Share of electricity production by source worldwide. [Ritchie et al., 2020]

order to reach these goals, appropriate �nancial �ows, technology framework and en-

hanced capacity building framework will have to be addressed. There are �ve key mea-

sures in order to meet a bridge scenario from current GHG emissions growth to reduce

them, which are energy ef�ciency, reducing inef�cient coal, methane reductions, fossil-

fuel subsidy reform and renewables investment [IEA, 2016]. Renewable energies share

in total �nal energy consumption by 2019 is of 17.7%, an increase of 1.6% compared to

2010. Hydropower remains by far the largest source of renewable electricity globally, fol-

lowed by wind, then solar PV [IRENA, 2022]. Figure 1.2 shows the share of electricity

production by source worldwide, demonstrating that coal and gas are the main energy

sources to produce electricity, and appraising a need to �nd a faster solution into decar-

bonising the electricity sector in order to stop the global temperature to rise.

1.2. Ocean energy

Among all renewable resources, one that has attracted considerable attention is

ocean energy. The potential for ocean energy technologies has been estimated at 7400 EJ

yr¡ 1, exceeding current and future energy needs [Ellabban et al., 2014]. The International

Renewable Energy Agency (IRENA) estimates that around 10 GW could be commercially
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deployed by 2030, additional to the 534.7 MW already installed. By 2020, tidal stream and

wave energy represents a total installed capacity of 12.91 MW being completely opera-

tional. Figure 1.3 shows the installed capacity of ocean energy technologies. It is notice-

able that tidal barrage technologies dominate the ocean energy sector. Marine renew-

ables can provide signi�cant socio-economic opportunities to countries with coastal ar-

eas and island territories, and would contribute to the achievement of the United Na-

tions Sustainable Development Goals in islands and coastal territories [IRENA, 2020].

Other signi�cant advantages of marine energy are the high predictability, space avail-

ability and less competition in offshore resources compared to land-based renewables

[Fraenkel, 2006].

Research has determined that hydrodynamic modelling of the marine devices

and the interactions with the complex sea is improving. However it is not yet able to

represent the non-linear conditions in the forces acting to produce power on the de-

vice. Therefore, researchers are currently seeking the method to predict simulated de-

vice response, performance and survival instead of forecasting the behaviour of the sea

[Hardisty, 2009]. Ocean energy technologies have reached different Technology Readi-

ness Levels (TRL). Among these, tidal range has been the only technology operating for

more than 50 years and being classi�ed as a full-scale commercial ocean energy power

plant of farms, reaching a TRL of 9 [OES, 2020]. In order to facilitate the progression

of these technologies to higher TRLs, increased innovation and research efforts should

take place. This would spread the risk among stakeholders and the support to further

development of test centres [Magagna and Uihlein, 2015].

In order to choose a renewable resource to be exploited in certain location, com-

mercial, strategic and environmental considerations must be considered. The different

energy extraction methods are: ocean thermal energy conversion (OTEC), salinity gra-

dient, tidal range, wave energy and tidal stream. Of these options, this research is then

focused with tidal energy.
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Figure 1.3: Total ocean energy deployment in MW by 2020. [IRENA, 2020]

1.2.1. Tidal Energy

Tidal energy can be described as the movement of water caused by the ebb and

�ow of tidal currents (tidal stream), or from the rise and fall in sea levels between high

and low tides (tidal range) along with the gravitational effect of the Earth, Moon and Sun

[McCrea, 2008]. Thus, the energy potential is proportional to the difference in the height

of the water, which varies according to tide cycles and location.

There are two effects that explain how tides are formed: the centrifugal effect

and the gravitational effect. A centrifugal force in the sea is large when the side of the

Earth is furthest from the moon, and small when the face is closest to the rotation point

between the Moon and the Earth's surface. On the other hand, the gravitational effects

relate to the pull of the moon which attracts the Earth's surface nearest to the Moon into

a bulge [Douglas, 2011]. Finally, there must be a balance within both effects into the sea,

so when a small centrifugal force and an increased lunar pull acting on the seas facing

the Moon occurs, the opposite effect will happen in the other side of the Earth. These

will lead to two tides per day called semi-diurnal tides: two high tides and two low tides

per day near the Equator [Boyle, 2012].

Even though there could be external factors that can alter tidal patterns (i.e. to-

pography and weather), lunar cycles and their gravitational forces into the sea makes
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tidal energy one of the most predictable alternative energies among others. Figure 1.4

displays the highest potential of tidal energy found per country, and the depth where the

energy could be extracted from. Certainly the UK tidal potential represents the highest

one worldwide, with 11,400 MW found in relatively shallow waters. Both types of tidal

energy technologies are described next.

Figure 1.4: Tidal energy potential worlwide. [Offshore Energy, 2015]

Tidal Range

Tidal barrages is a technology that has been exploited for several decades. For

example La Rance in France provides an annual output of 480 GWh. This method of

power generation can create vast amounts of electricity and is able to integrate infras-

tructure such as road and rail crossings on top of the dam. However, further develop-

ment of this technology has been hampered by signi�cant environmental concerns and

very high initial costs [Waters and Aggidis, 2016]. Instead, a less ambitious but equally ef-

fective alternative has been proposed as “bounded reservoir” or “tidal lagoon” systems.

Even though they yield a smaller output compared to a barrage, this does produce a
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larger output power per unit area enclosed [Boyle, 2012]. Tidal lagoons are coastal walls

or dam structures with hydro turbines submerged that captures the head height of water

levels [Charlier, 2007]. Lagoons would be in relatively shallow water and will be con-

structed like causeways with rock in�ll. An advantage compared with barrages is that it

would not involve blocking off an estuary, thus the environmental impact would be less

and it will avoid interfering with the passage of the ships [Boyle, 2012]. Power is gener-

ated as the sea outside the breakwater rises and is held back a difference in water levels

is created. Once a suf�cient head height is reached gates are opened, and water �ows

into the lagoon through turbines to generate electricity. This movement is reversed on

the ebb tide, sea levels fall and a tidal head is created by holding water back within the

lagoon [Tidal Lagoon Power, 2012]. Power can be produced using a two-way operation

with the �ow direction, which can generate electricity through all four tidal movements

per day. It is a combination between the ebb and �ood generation methods: the sluice

gates are kept closed until there is suf�cient head difference between the basin and sea.

Once this happens, water passes through the now open sluice gates, �owing through the

turbines creating energy. Subsequently when high tide is reached, the gates are closed

until the tide recedes and the minimum head difference is reached. Finally, the gates are

opened once more, allowing the water to �ow back through the turbines again produc-

ing energy [Boyle, 2012].

Despite the bene�ts that could arise of developing further tidal barrages projects,

it now faces various deployment challenges related to limited site availability, high capi-

tal investment and environmental impacts. Even though that in the last ten years, the UK

has invested in developing high-scale projects in the Bristol Channel and the Swansea

Bay, the UK Department of Energy and Climate Change (DECC) published a report in

2013 that stated that in 2-year cross government, Severn tidal power feasibility study

could not see a strategic case for public investment in a Severn tidal scheme in the im-

mediate term [IRENA, 2014].
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Tidal Stream

Tidal currents can be predicted with harmonic tidal constituents to de�ne the

spring and neap cycles throughout the year. Tidal turbines use the �ow power from the

tidal currents, they convert these to rotary energy and they drive a generator to �nally

produce electricity [Hardisty, 2009]. According to Fraenkel [2002], the most eligible ar-

eas in estuaries for energy extraction are the ones where the �ow is channelled by con-

straining land such as islands and straits, shallow waters between open seas or �nally

waters around the end of headlands, where the �uid velocity will accelerate thus the

power density would be higher. As the resource is highly predictable albeit variable in

intensity, its conversion to extracted energy offers an advantage over other renewable

energy resources, such as wind or wave energy [Bahaj, 2011].

Some tidal stream technologies are also used to harvest ocean currents, that are

derived from wind-driven and thermohaline ocean circulation [Hernandez, 2020]. Com-

pared to tidal currents, ocean currents are unidirectional and generally slower but more

continuous. Ocean current technologies are in an early developmental stage, and no

full-scale prototype has been tested or demonstrated yet [IRENA, 2014]. It can be seen

that tidal current extracting methods resembles the mature wind energy industry. It is

likely that kinetic energy of the moving �uid can be similarly extracted and applied using

a suitable type of turbine rotor. In order to enable the technology for energy production,

further consideration should be given to analyse the physics and deployment of tidal

stream power turbine. This includes understanding the present challenges to be met in

its development over its lifetime if it is to be widely deployed as a contributor to future

energy supply [Mueller and Wallace, 2008]. According to Murray et al. [2017],Hagerman

et al. [2006], Frost et al. [2015], and Hardisty [2009], the following concepts are relevant

to de�ne a potential tidal stream energy extraction site: a free current speed greater than

2.5 ms¡ 1; a stable current that may have less �uctuations periods to avoid downtimes; a

relatively uniform seabed in order to minimise both turbulence and the loss of velocity

near the seabed; depth of water between 25 m to 50 m, enough to avoid ship traf�c ob-

struction and tidal turbines maintenance availability; a wide enough area to permit the
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installation of a large array; and to be suf�ciently near to a shore-based grid connection

to allow the energy produced to be delivered. Tidal energy technology has recently reach

a TRL of 6-8 based on the selected turbine type, which means that the levelised cost of

energy will not be incurred in a higher price [European Comission, 2016].

In order to underpin the tidal current technology challenges, increased atten-

tion needs to be paid to technical risks in design, construction, installation and opera-

tion. It is also clear that the levelised costs of energy (LCoE) needs to be reduced by 50%,

in order to be competitive against offshore alternative energy sources, such as offshore

wind. The initial installation, research and development costs as well as the manufactur-

ing costs are also high due to the novelty and a lack of economies of scale. Moreover, risk

assessments, environmental impact assessments and engineering standards need to be

undertaken to overcome the market risks and demonstrate the tidal current technology

availability to be deployed at larger scales [RenewableUK, 2013, IRENA, 2020, 2014].

1.3. The need for Condition Monitoring

Tidal stream turbine challenges in terms of operation, maintenance and surviv-

ability vary from faults already determined by wind turbines. Consideration to factors

such as corrosion, varying operating speed and load and structural stresses induced by

sea life must be made. Plus, sea-weather conditions and device and components' trans-

portation from shore to the power plant location could represent more expensive as-

sociated costs compared to the wind onshore industry. A potential method to overcome

these challenges in the future is to develop a condition based maintenance strategy. This

may be de�ned as the continuous monitoring of system data to provide an accurate as-

sessment of the health, status of a component or system and performing maintenance

based on its observed health. A condition monitoring system may be able to perform a

tidal stream turbine prognosis in order to estimate the remaining useful life of key com-

ponents.

In order to underpin the long-term reliability of tidal current technologies, their
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components' operating constraints, device maintenance and the operational costs are of

particular concern. Condition-based maintenance (CBM) is an asset management tech-

nique that uses the regular assessment of the actual operating and health condition of a

component or system to optimise its total operation [Davies, 1997]. CBM indicates when

maintenance should be performed based on signs of decreasing performance or possi-

ble failure. Some advantages of introducing CBM to the tidal current industry would be

to improve device reliability, reduce maintenance costs and improve the competitive-

ness of these technologies against other renewable energy technologies [Mérigaud and

Ringwood, 2016, Butler, 2012]. However, implementing CBM requires the associated de-

velopment of condition monitoring (CM) techniques to provide the information needed

to underpin the approach. This consideration produces the need for an effective vehi-

cle that can be used for testing CM approaches. Engineering CM elements that can be

used to predict possible failures under real conditions would be very costly. One reason

for this is the need to consider how the tidal stream turbine operation can be affected

by speci�c faults. Often analysing this means that damaged components need to be in-

stalled to verify if the associated failure is being correctly detected. The need and associ-

ated cost of this has not been fully considered within the sector. In conclusion, it can be

stated that CM is more important in tidal applications due to the hostile environment,

accessibility, concerns and associated costs.

1.4. Thesis aims and objectives

The aims of this thesis are three fold. Firstly, to validate the capability of a drive

train simulator test bed of 1/20 th scale to develop and test monitoring approaches under

steady-state conditions. Secondly, a CM algorithm is to be engineered using data from

previous experiments. Finally, the CM technique is to be tested under complex condi-

tions. These include a range of different tidal current velocities, a range of turbulence

intensities and integral length scales. The latter, in order to utilise the drive train test rig

generator measurements to detect rotor damage under non-steady state turbine opera-

tion. This was achieved by executing the objectives:
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• The further development of a previously utilised test rig in order to suit a variety of

operating conditions for real time turbine operations

• A statistical validation of the test rig capability of creating representative tidal stream

turbines simulations.

• The creation of a CBM technique by analysing the frequency content obtained

from both the rotor and generator elements of the turbine.

• The implementation of the CBM technique in an experimental testing campaign

dataset to be assessed at the test rig and evaluate the CBM technique reliability

into detecting fault conditions

• The implementation of the CBM technique into a wider range of non-steady state

operation variables in order to de�ne the techniques' and test rig instrument suit-

ability into detecting fault conditions

1.5. Thesis Outline

Chapter 1 provides the introduction of this research, the need to produce en-

ergy from renewable sources, the potential contribution of ocean energy to ful�ll the

energy demands, and the bene�ts and challenges for tidal energy. It also includes the

thesis aims and outline.

Chapter 2 presents the literature review that describes the previous work per-

formed in tidal turbines, the approach that has been undertaken to apply condition

monitoring to both the tidal and wind energy industry, and the need to engineer a test

bed in order to obtain more �exible turbine monitoring results. It also introduces the

context of the tidal resource feasibility considered for two different locations.

Chapter 3 outlines the methodology being utilised in order to develop the drive

train simulator test bed based on a turbine scaling model. It also presents the applicable

theory of the statistical and frequency signal processing being applied throughout this

research, and the main de�nitions of the non-steady state operation variables.
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Chapter 4 describes the characterisation of the drive train simulator to replicate

real time turbine operation and the process to perform steady state operations on it. It

also presents a statistical validation to reproduce the expected turbine results.

Chapter 5 contains the results obtained from an experimental testing and con-

siders how their results can build a condition monitoring approach to detect rotor im-

balance faults.

Chapter 6 provides the results from driving the drive train simulator test bed

with the datasets obtained at an experimental testing, and considers how to implement a

fault condition to examine the built CBM technique reliability into detecting those faults.

Chapter 7 presents the CBM technique capability to detect fault conditions into

more complex tidal conditions, such as a range of tidal current velocities, turbulence

intensities and integral length scales values.

Chapter 8 provides the thesis conclusions, recommends further work for the

future, and identi�es research contributions of this work.



2
Literature Review

This chapter presents the work that it has been developed in tidal stream energy,

and a brief description of the current device types that exist in the energy industry. Then,

an emphasis in tidal energy resource in high fast tidal current velocities and low veloci-

ties is being presented, and consequently the outcomes found in the literature regarding

the feasibility of tidal current turbines operating conditions in low velocity pro�les. Also,

this chapter contains the literature of the work that has been developed in the condition

monitoring implemented in tidal stream turbines, and the similarities found in the wind

industry. Finally, this chapter offers an examination of the up-to-date research in the

rotor imbalance faults in both tidal and wind turbines, followed by the implementation

of drive train test rigs in order to facilitate the fault detection process, that have led this

research to take place.

13
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2.1. Tidal Stream Energy

Tidal energy has the potential to deliver long-term carbon emissions reductions

and appears to have low environmental impacts [RenewableUK, 2013]. Some of the ben-

e�ts compared to other renewable alternate sources have been mentioned in chapter 1,

being the high predictability and the high theoretical energy potential it contains the two

most relevant ones. Thorpe [1999] reported that tidal energy alone may contribute ap-

proximately 10% of the level of world electricity supply in the UK. The harshness of the

tidal stream energy environment results in designs that have to be able to survive the

extremes of loading imposed by the sea and yet be cost-effective in extracting a low en-

ergy density resource. The challenge of maintaining operational devices for more than

20 years requires a clear understanding of their component material performance and

associated environmental degradation [Wood et al., 2010].

2.2. Tidal Stream devices

Tidal stream devices converts the kinetic energy in the �ow into electrical en-

ergy. Relying on IRENA [2020], there are currently six types of devices in the energy in-

dustry being researched: vertical-axis tidal turbines, Venturi Open Centre, Oscillating

hydrofoil, Archimedes screw, Tidal kite, and Horizontal-axis tidal turbines (HATTs). All

turbine examples are displayed in �gure 2.1. HATTs were examined in further detail, in

section 2.3, as it is the selected tidal stream device deployed for this research. Figure 2.1a

displays a conventional HATT design.

2.2.1. Vertical-axis tidal turbine

Vertical-axis tidal turbines (VATTs) extract the energy from the tidal currents

�ow through a set of blades parallel to a rotating shaft. It has been less developed than

HATTs, but it may have several advantages against the latter, such as the unidirectional-

ity, the independence of operation and ef�ciency to the �ow direction, their operability
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(a) Horizontal Axis Tidal Turbine. (b) Vertical Axis Tidal Turbine.

(c) Venturi Open Centre. (d) Oscillating Hydrofoil.

(e) Archimedes Screw. (f) Tidal Kite.

Figure 2.1: Tidal Stream Technology Devices. [Aqua-RET Project, 2012]

in lower tip-speed ratios (that is the ratio between the tidal stream �ow speed and the

turbine blade speed), which is believed to be more environmentally-friendly to reduce

noise generation, and �nally it is expected to work better in lower tidal current velocities

[Ouro and Stoesser, 2017]. However, the main disadvantages associated with vertical axis
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turbines are relative low self-starting capability, high torque �uctuations, and generally

lower ef�ciency than horizontal axis turbine design [Benbouzid et al., 2017]. There are

two main types of VATT being developed:the straight bladed Darrieus turbine and the

helically shaped Gorlov turbine. Darrieus turbine is characterised by having the same

azimuthal angle across all points on each blade at any time, leading into constant shaft

torque and blade force changes. The Gorlov turbine is characterised by having a value

of the azimuthal angle covering a section of the bladee at any point in time [Winchester

and Quayle, 2009]. Image 2.1b represents a VATT design.

2.2.2. Venturi Open Centre

Venturi Effect devices increases the tidal current velocity by concentrating it

into a duct. The duct houses the stator which is �xed to the rotor and enclosed within

the direct drive generator, meaning no gearbox is required. Plus, the turbine open cen-

tre design allows marine wildlife to continue their migratory routes without disruptions

[Hardisty, 2009]. A previous numerical study indicated that ducted turbines have a smaller

power coef�cient of the total device compared to other turbine sizes [Belloni, 2013]. On

other work selected commercial ducted turbines have been compared to show that, with

a rated �ow speed between 2.5 ms¡ 1 to 3 ms¡ 1, an overall device area of 20 m 2 and

a rated power of 65 kW, the device can aim to a power coef�cient of 0.23 [Roberts et al.,

2016]. Considering that current power coef�cient values are in the range between 0.40 to

0.45, it appears that ducted turbines have signi�cantly low values in terms of power gen-

eration. Despite the previous �ndings, an OpenHydro 250 kW open centred turbine was

installed in 2006, being the �rst tidal turbine to be grid connected and the �rst to suc-

cessfully generate electricity to the national grid in the UK. Unfortunately, by 2018 the

parent company of OpenHydro decided to stop further investments, leading to remove

the turbine from the sea in 2022 [EMEC, 2022, Garanovic, 2021]. Image 2.1c represents a

open centre turbine example.
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2.2.3. Oscillating hydrofoil

An oscillating hydrofoil consists of a hydrofoil membrane attached to a lever

arm, that is driven up and down as the dial �ow lifts the hydrofoil wing, in order to power

a generator and therefore, to produce electricity. Some of the advantages of this de-

vice over the rest of the tidal stream technologies is the simpler geometry being applied,

meaning that they would not require twisting axial-�ow turbine blades to extract the en-

ergy from the tide movement. This derives into a cheaper option compared to HATTs or

VATTs. Plus, they are designed to be deployed at shallow and lower velocity waters (i.e.

2.0 ms¡ 1) where wave activity is limited, and they can be coupled with any number of

foil groups to a single electricity generator. However, it has been also determined that

oscillating hydrofoil ef�ciency can be poor due to the time required to reverse the direc-

tion of oscillation [Hardisty, 2009, Roberts et al., 2016]. The EEL Energy Company are

developing pilot projects in France, for both �uvial and marine applications, where in

the latter it is suggested to deploy machines generating up to 1MW, with 16x20 m mem-

brane surface at 16 m depth [ENCORE Project, 2020]. Image 2.1d represents a oscillating

hydrofoil turbine example.

2.2.4. Archimedes screw

The Archimedes Screw is a helical-shaped impeller that draws power from the

tidal stream as the water moves up/through the spiral turning the turbines. It is con-

sidered one of the oldest devices for lifting water for irrigation and drainage purposes

[Rorres, 2000]. Even though some research has been developed to de�ne a strategy of im-

plementing this types of turbines for hydro and tidal range [Waters, 2015, Rorres, 2000],

little has been found in the literature into determining the tidal stream current tech-

nology capability. However, based in the application of these turbines in hydro energy,

it is considered that they could be suitable for use in shallow water tidal applications

[Roberts et al., 2016]. Image 2.1e represents a Archimedes screw turbine example.
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2.2.5. Tidal kite

A tidal kite consists of a small turbine attached to a hydrofoil wing tethered to

the sea bed. The mobile wing is about 12 m long and 3.3 m wide, with a 1.15 m diameter

turbine, along with a 110 m to 140 m long cable of 11 tons. The motion of the tidal cur-

rents over the wing creates a lift force that pushes the kite forward through the water, and

swoops in a �gure of an eight-shape in order to increase the speed of the water �owing

through the turbine. Among some of the bene�ts of this technology compared to HATTs,

is the the ability to operate in low velocities (1.2 ms¡ 1), the capability to be installed in

both shallow and deep waters, and the low maintenance costs associated to the detach-

able design technology concept [Minesto, 2021]. Plus, it has been claimed that that the

device moves at a speed 10 times greater than the water current, leading into producing

great amounts of power for the size of their rotors [Roberts et al., 2016]). Minesto is the

market leader of tidal kite developers. In 2020, Minesto reached the milestone of deliv-

ering electricity to the Faroes Islands' power grid from the two commercial 0.1 MW units

[IRENA, 2020]. Image 2.1f represents a tidal kite turbine example.

2.3. Horizontal-axis tidal turbine

HATTs use the tidal stream �ow to transfer the energy from kinetic, to mechan-

ical and �nally electrical phases. HATT rotor design is mainly characterised from wind

turbines (WTs), which is based on the physical principals of the open �ow actuator disk

theory. This is described as an energy extraction device that may be introduced into a

uniform �ow �eld of constant velocity [Jamieson and Hassan, 2011]. The mechanical

energy that can be extracted from the free stream �ow depends on the �ow power differ-

ence between before (U1) and after the converter ( U4)[Hernandez, 2020]. This is called

the momentum theory, and it is used to examine how the amount of energy extracted by

the turbine is related to the change in �uid velocity from upstream to downstream of the

turbine. A diagram is displayed in �gure 2.2, where the stream tube boundary represents

the tidal stream �ow �eld.
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Figure 2.2: Schematic of a tidal stream tube and actuator disk. Adapted from [Jamieson and Hassan, 2011].

The maximum achievable value of extracting power from the actuator disk is

called the 'Betz Limit', and it is based by the fact that full extraction of the actuator disk

is physically unachievable, but rather is limited of a ratio of extracted energy to kinetic

energy of the stream tube passing through the turbine disk of a ratio of 0.593 [Jamieson

and Hassan, 2011]. This limitation is produced by the need for maintaining a balance

between reducing a �uid velocity in order to extract the highest possible energy from an

actuator disk, whilst not causing the �ow to stagnate downstream the stream tube [Bur-

ton et al., 2021]. Thus, the operation of a HATT can be adjusted depending of both the

existing �ow conditions that the turbine is exposed, the Betz Limit physical limitation to

the available power extraction and the turbine control type that is introduced to conduct

the turbine performance to an idealised power output [Hachmann et al., 2018].

The HATT design has been conceptualised after the conventional WT design.

The main difference into operating this design in tidal currents is that tidal turbine ro-

tor diameters are at least 12 times smaller than WTs, since the water is about 800 times

denser than air, producing exponentially more power.
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2.4. HATT Challenges

Tidal stream energy sector is still in its infancy and it must overcome several

technological barriers to prove the reliability and affordability of its devices. Magagna

and Uihlein [2015] have found that, within the four main bottlenecks that have slowed

down the development of tidal stream current extracting devices, the most important

issue to address is the lack of long-term reliability due to the harsh environment tur-

bines operate within. Consequently, this leads to �nancial issues which promote in-

vestor uncertainty. Carbon Trust [2012] indicates that the highest current costs, are re-

lated to installation (35%), the structure and prime mover (i.e. the rotor, 15%), the elec-

trical connection (15%), and operation and maintenance (15%), with installation costs

varying greatly according to the resource estimation locations. The rest of the costs are

distributed by the power take-off technology (i.e. generator, 10%), and the foundations

and moorings (10%). Estimates in 2020 of LCoE are in the range of " 0.20-0.45 kWh¡ 1,

when it has been determined that the onshore wind reached a global LCoE average of

$0.039 kWh¡ 1 [IRENA, 2020, IPCC, 2022].

Further work has been developed in order to examine the economic viability

in the development of tidal energy projects, due to the high cost variability based on

different approaches being taking in place, as well as different resource estimation loca-

tions. First, Denny [2009] presented a methodology for calculating the break-even costs

of tidal generation and discussed the potential for tidal generation for a year utilising a

technique called PLEXOS. The nature of the tidal generation, with four daily peaks and

troughs in output, results in a low load factor for tidal generation. This led to relatively

low emissions and fuel saving bene�ts for tidal generation. However, in order to pro-

duce positive net bene�ts, the capital costs of tidal generation would have to be less than

" 510,000 per MW installed which is currently an unrealistically low capital cost. Vazquez

and Iglesias [2015] designed a tool to generate LCoE by numerical modelling, tidal farm

projection and economic assessment, to be able to perform a LCoE calculation. This

method delivered LCoE values below £0.125 kWh ¡ 1, which refer to the most promising

estimate for �rst commercial arrays, and that occurs in zones with a very good tidal re-
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source. The latter competes with offshore wind costs, and in order to materialise this

smallest cost, an annual production of 100 GWh would be needed. Finally, according

to Magagna and Uihlein [2015] the learning investment necessary to bring tidal energy

to cost-competitiveness would be of about " 1.45 billion, requiring about 3.2 GW of in-

stalled capacity to achieve the LCoE target of " 0.15 kWh¡ 1. Thus, it requires to design

supporting policies aimed at the industrialisation of the sector to support materials to

be more commercially available.

Since tidal energy projects are still in the demonstration stage, cost estimation

are projected to decrease with deployment. Currently, tidal current extracting devices

are said to be limited to a TRL of 6-8 [IRENA, 2023] and any advancement is constrained

by the lack of funding and an associated high LCoE. This does not suggest that the sector

is yet in position to move to a full commercial-scale stage. Much of the research reported

has accomplished a TRL of 4, which means that design validation and intermediate test-

ing at scale (i.e. �ume test scale of 1:10) has been achieved. There are a small number

of projects that have been able to advance to a TRL of 6-8. One example is Atlantis Re-

sources being deployed in the Pentland Firth. Work has �nished on the construction

phase of what may be considered to be the world's largest tidal stream turbine (TST)

array [Coles et al., 2018]. However, according to some assessments this may still be de-

�ned as a small scale project since it is under 20 MW generation [Magagna and Uihlein,

2015]. The nature of the challenges to be met suggest that there is still great potential in

meeting them by identifying other possible solutions.

2.5. Numerical and Experimental modelling techniques

In order to achieve scaled testing, there are two approaches to be considered:

numerical and experimental modelling techniques in order to reduce the �nancial risks

involved in installing full-scale turbines at tidal sites. Firstly, numerical modelling is a

common solution that compromises computer modelling. Throughout the options, the

two most commonly utilised are Blade Element Momentum Theory (BEMT) and Com-
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putational Fluid Dynamics (CFD). BEMT is a numerical method that combines blade

element theory and momentum theory. By the creation of blade chord sections, a 2D

computational method is used to calculate the hydrodynamic forces to subsequently

calculate torque and thrust [Ebdon, 2019]. Time-wise, the use of BEMT could be a better

option compared to CFD, but research has demonstrated that correction functions are

needed to overcome under-prediction of turbine power output and to create unsteady

�ow simulations. On the other hand, CFD is widely used as it is a more complete com-

putational model of a full-scale tidal turbine. It has the ability to predict the �uid be-

haviour by building a �nite volume method of a grid or mesh, but considering physical

model tests to validate �nal numerical results. Still, this tool is far more computationally

intensive and time-consuming than the BEMT method, as CFD is restricted to a small

time-step for a mesh construction in order to provide high accuracy to the model. An-

other option is to combine two methods, so the BEMT method is used to model the tur-

bine, and CFD is employed to model the �ow properties elsewhere in the domain, thus

giving us a time-averaged estimate of the turbine wake while signi�cantly reducing the

computational cost compared to a geometry-resolved CFD model [Masters et al., 2015].

As for scaled HATT prototypes testing, some methodologies as re-circulating

water �umes, �ow tanks and �eld site testing with medium-scaled HATT prototypes

have been utilised before [Jeffcoate et al., 2016]. Typically initial tests are conducted in

small-scale towing tanks, even though they can only be utilised for a steady resource

simulation as the �ow will circulate into one direction only and will conserve its homo-

geneity throughout the cross-sectional area. On the other hand, if it is needed to simu-

late low levels of turbulence and a developed boundary layer, re-circulating water �umes

may be considered a better solution. Larger scale experiments have been conducted, al-

though not as intensively or thoroughly as small-scale tests; full-scale testing has been

previously performed with a 4 m diameter rotor in still harbour waters [Starzmann et al.,

2018]. Plus, testing scaled HATT prototypes has allowed researchers to test further com-

plex situations, such as wake predictions, tidal turbulence, turbulence integral length

scales and tidal �ow directionality. Combining both numerical and experimental tech-

niques for data acquisition has become crucial to provide better performance predic-
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tions and more accurate results prior the large-scale turbine installation and evaluation.

2.6. HATT large scaled devices

Relying on IRENA [2020] and Magagna and Uihlein [2015], there are more than

34 companies involved in tidal energy worldwide, with 7.8 MW of the �rst phase of larger

commercial tidal farms, 1.7 MW of smaller completed commercial projects, 1 MW of full-

scale demonstration plants, and 0.1 MW of sub-scale test plants. Most of these projects

are being deployed in the UK. Among the most representative companies that have de-

veloped large scaled projects are presented next.

First, Simec Atlantis Energy is considered the world leader in development of

tidal energy devices [SIMEC Atlantis Energy Ltd, 2022]. The MeyGen �rst phase project

is the largest tidal stream project and the only commercial multi-turbine array, that com-

prises four 1.5 MW turbines completely operational. It was grid connected in 2018, gen-

erating suf�cient electricity to supply 2,600 homes. The AR1500 device (as shown in �g-

ure 2.3a) is a three-bladed 18 m diameter HATT that was designed to operate for 25 years,

and that has been installed in the the north of the Stroma island, in Scotland, UK. It is in-

tegrated with a 2-stage gearbox and and a permanent magnet generator integrated in the

gearbox itself. Plus, a supervisory control and data acquisition (SCADA) system provides

remote internet access and collects operating data, by using a wide variety of sensors to

warn a potential of maintenance needs.A second phase is under development to install

an additional 80 MW, and a third one to deploy 252 MW. Plus, the company has agreed

to develop up to 2 GW in Normandy, France, and installed and tested a turbine in Japan

[Atlantis Resources Ltd, 2016].

Similarly, the HS1000 turbine designed by Andritz Hydro Hammerfest a 1 MW

21 m rotor diameter was �rst installed in 2011 and grid connected in 2012 in Orkney, UK,

displayed in �gure 2.3b. One of the cut-edge design particularities of this turbine is that

blades can be pitched for two-direction current �ows. Plus, the turbine incorporates a

condition monitoring system to provide a predictive maintenance capability, in order to



2

24 2. Literature Review

avoid costly unplanned repair activities. As a second phase of this project, this technol-

ogy is planed to be adopted in Sound of Islay, in Scotland, UK in a 10 MW commercial

array [Andritz, 2022, Andritz Hydro Hammerfest, 2022].

Finally, the Verdant Power company has developed two phases project in the

Long Island Sound connecting with the Atlantic Ocean in New York Harbor. First, the

Gen4 Free Flow System represented the �rst operation of a grid-connected tidal turbine

array, with 6 devices of 5 m diameter of 35 kW each in 2016, with their devices being fully

bi-operational for ebb and �ood tides. The Gen5 Free Flow System successfully installed

a 105 kW of three 5 m turbine mounted at a TriFrame in 2020, as it is shown in �gure 2.3c.

The main advantage of this triangular frame mount is that multiple water turbines can be

accessed through the same frame operation. Plus, the company has scheduled regularly

on-water operations and maintenance work, leading into signi�cant reductions to the

cost of system installation, operation and maintenance [Verdant Power Inc., 2022].

2.7. Tidal Energy Resource

As previously seen in �gure 1.4, tidal stream locations are geographically con-

strained in order to deploy large-scaled projects,as there are only a few areas with high

enough average tidal current velocities needed for cost-effective energy recovery [Fraenkel,

2006]. Preliminary economic analysis being developed have suggested that ideally a

stream velocity should be between 2 and 3.5 ms¡ 1 with the resource located within 1

km from the shore and with a water depth between 25 to 50 m. Finally, these site speci�c

requirements are mainly found in straits between islands and the mainland and shal-

lows around headlands [Tavner, 2017, Sustainable Development Comission, 2007]. This

research compares the literature in the resource estimation and energy potential for two

countries, in order to increase resource availability.
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(a) Simec Atlantic Energy AR1500 turbine.[SIMEC Atlantis Energy Ltd, 2022])

(b) Andritz Hydro HS1000 Turbine.[Andritz, 2022]

(c) Gen5 System Project of Verdant Power.[Verdant Power Inc., 2022])

Figure 2.3: Commercial Tidal Stream Projects.
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2.7.1. Resource in the UK

Resource estimation has been found to be around 18 TWh yr ¡ 1 , and that is ex-

tractable within 1450 km 2 of UK waters by tidal-stream energy alone [Lewis et al., 2015].

Relying on Sustainable Development Comission [2007], approximately 20% of the UK

resource is within sites of depth 30–40 m that have mean spring velocities between 2.5

and 4.5 ms¡ 1. Plus, approximately 50% of the UK resource is found in >40 m sites, that

also comprises mean spring velocities >3.5 ms¡ 1; these are only suited to device designs

that are capable of being installed and operated in water depths > 40m. Mainly, 10 sites

around the UK coasts are considered extractable locations, that represents the 80% of

the total resource, which only the Pentland Firth and the Channel Islands represents

over 70% of this resource. Image 2.4 displays the UK tidal stream resource, by showing

in brighest yellow velocities above 4.01 ms¡ 1, and dark purple for velocities around 0.1

ms¡ 1. Based in the analysis developed by Coles et al. [2021], these resource estimations

are �exible to be re-estimated, as practical constraints were taken in place, such as high

costs associated in remote locations, considering only the mean spring �ow to calculate

the energy yield, etc. Plus, it was mentioned that energy storage could be an option to

meet the energy demand and increase the generated power, by charging the battery dur-

ing spring tides and rely in backup power during neap tides. Therefore, it is expected that

further resource estimation of the UK energy potential would be updated in the future

to extend the possible locations where projects could be deployed.

2.7.2. Resource in Mexico

Mexico ranks second in the American continent with the largest ratio of conti-

nental coastlines per area [Burke et al., 2001]. The extension of their 11,122 km of coast-

lines is divided into two areas: the west (the Paci�c Ocean and the Gulf of California)

with 7,828 km, and the east (the Gulf of Mexico and the Caribbean Sea which are part of

the Atlantic Ocean basin) with 3,294 km [CONABIO, 2015]. Research is being conducted

in Mexico to de�ne the tidal stream energy potential with lower velocities up to 2 ms¡ 1
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Figure 2.4: UK tidal stream resource estimation. [Ebdon, 2019].

in two main sites: The Gulf of California (GC) and the Yucatan Channel, at the northwest

and southeast part of Mexico respectively, as shown in �gure 2.5a.

Moreover, preliminary results suggest that in the GC there is an estimated power

of 3.4 GW due to the large tidal range of a mean value of 7 m and a maximum cur-

rent velocity of 1.5 ms¡ 1 in places such as Canal del In�ernillo and de Ballenas, with

an overall power output of 5 kW/ m 2 [Magar, 2018]. A more recent study was developed

by [Mejia-Olivares et al., 2020], �nding that utilising different Acoustic Doppler Current

Pro�ler (ADCP) measurement techniques, a 2.4 ms¡ 1 peak current speed was found at

San Lorenzo passage. The latter con�rms that generally the tidal stream resource of the

Gulf of California was higher when using higher resolution bathymetry products. Figure
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2.5b displays the mean speed values found in the conducted research locations. How-

ever, research in the GC is constrained by natural reserved areas of endemic and endan-

gered species and commercial �shing activities [Magar et al., 2017], and these relatively

mild stream velocities are found at water depths around 400 to 600 m, making it techno-

logically challenging to install turbines in such conditions.

Mexican research in tidal stream energy is focusing on the Cozumel Channel,

due to its proximity to the shore and its shallow waters. The current work has been de-

veloped by two main research groups in Mexico: CANEK and CEMIE-O. According to a

CEMIE-O report, the highest maximum values are found at the north of the Cozumel

Channel, near Puerto Morelos with a mean value of 1.4 ms¡ 1 and at the East of Cozumel

island, with a mean value of 1.2 ms¡ 1. On the other hand, current maximum values are

signi�cantly higher at the surface (near 2 ms¡ 1) compared to 50 m depth which are pretty

similar to the mean values found at the same locations (1.6 ms¡ 1). Similarly, the CANEK

research group installed a long-range ADCP of 75 kHz anchorage at 400 m of depth on

between latitudes 20.53° N and 20.57° N. During the sampling period the currents were

unidirectional northwards with little variation. Mean, maximum and standard devia-

tion values of stream velocities were found between 50 and 100 m. It was found that

the maximum value of 2.3 ms¡ 1 is at 81 m depth. The most feasible operational velocity

option should be used at 49 m, where mean and maximum velocities of 0.97 and 1.84

ms¡ 1 where found respectively. A more recent study of this testing campaign [Alcérreca-

Huerta et al., 2019], determined that the most feasible area to deploy a potential tidal

stream project would be found in those latitudes, between Punta Norte and San Miguel

(as shown in �gure 2.5c), since an average velocity of 0.93 ms¡ 1 and peak �ow veloci-

ties in the range of 1.8–1.9 ms¡ 1 were detected at water depths between 20 and 35 m,

which are suitable for the installation of �oating devices. Plus, this area does not form

part of a marine protected area, and it would not intervene with navigational channel

and tourism activities. Additionally, it is thought that nearly 3.2 MW could be exploited

in this region, that would supply 10% of the island energy consumption. Still, this cor-

responds less than 1% of the channel's width, therefore there may be more locations

across the Channel to exploit the tidal resource, that should be contemplated for future



2.7. Tidal Energy Resource

2

29

work. Finally, it is important to note that the �ow characterisation demonstrated that

the stream current at this location is continuous and single-directional, providing an ad-

vantage compared to other tidal stream locations worldwide.

2.7.3. Low velocities feasibility

In terms of maintenance and system availability, researchers af�rm that a lower

peak velocity between 1.2 ms¡ 1 and 1.5 ms¡ 1 becomes economically viable in locations

with continuous or quasi-continuous �ows [Belloni, 2013, Roberts et al., 2016, Candela

et al., 2002]. Considering tidal-stream energy for peak tidal currents above 1.5 ms¡ 1 for

a resource assessment in a relatively shallow estuary will allow a much greater area to

be developed and reduce the competition for sea space. On the other hand, mainte-

nance costs could be positively affected as well, as a reduction in turbine speed of 10%

would correspond to 10% increase of operating time for a given number of rotations,

therefore operating at this 10% reduction in speed would reduce the number of main-

tenance event. Relying on Alcérreca-Huerta et al. [2019], the main advantage of tidal

energy sites with low velocities such as the ones found in the Cozumel Channel, is the

continuous and almost uniform energy generation due to the single-directional current

�ows, making it independent of the tidal cycle, providing a daily energy extraction rate

possibly higher than other tidal sites in the world. However, site-speci�c tidal stream

devices should be developed, since the velocity �ow is around 1 ms¡ 1, and due to the

low torque, higher rotational speeds are required. This results in the need to employ

slenderer blades than those found in commercial large scale turbines, which could lead

to rapid failure considering the shear and turbulent �ows of the current. Therefore, the

main justi�cation for applying this technology in low velocities sites relates to the cost

effectiveness that may potentially sacri�ce ef�ciency in order to reduce costs or increase

system availability [Candela et al., 2002].

Site-speci�c low stream velocity devices are currently being developed in sev-

eral research groups. An economic feasibility approach was developed by Hernandez

[2020] to propose a single rotor turbine and contra-rotating turbine in order to compare
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