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Abstract

This paper presents the results of a pilot experiment with an existing tidal energy converter
(TEC), Evopod 1 kW floatable prototype, in a real test case scenario (Faro Channel, Ria
Formos, Portugal). A baseline marine geophysical, hydrodynamic and eadlstydy based

on the experience collected on the test site is presented. The collected data was used to validate
a hydremorphodynamic model, allowing the selection of the installati@a based on both
operational and environmental constraints. Ojpamnat results related to the description of
power generation capacity, energy capture area and proportion of energy flux are presented
and discussed, including the failures occurring dytire experimental setup. The data is now
available to the scientdi community and to TEC industry developers, enhancing the
operational knowledge of TEC technology concerning efficiency, environmental effects, and
interactions (i.e. device/environmenthe results can be used by developers on the licensing
process, onwercoming the commercial deployment barriers, on offering extra assurance and
confidence to investors, who traditionally have seen environmental concerns as a barrier, and
on providing thefoundations whereupon similar deployment areas can be considetexd ar

the world for marine tidal energy extraction.

Keywords: Tidal energy; Tidal energy conters; Floatable tidal turbineEnergy production;
Ria FormosaPortugal
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1. Introduction

The hydrokinetic energy that can be extracted from tidal currents isfahe amostpromising
new renewable energy technologies [1]. Despite its huge potential, exérastion from tidal
energy converters (TEC) devices is still in its infancy. The prosfmdislal energy converter
technologies very much depend on the Bpedevice concept antow those devices can be
optimised to efficiently extract energy, minimizing environmeintglacts. Science currently
has a very poor understanding of both the bgignamics and thecological implications
related with thextraction of energy on coastal environments. Indases where devices have
been deployed the data is highly commercially sensitive andtitus the public domain and
available to the scienttf community for research developmenhe deployment of TEs has
also been hindered by a lack of understanding of é#meironmental interactions, both in terms
of the device impact on the environment (importantonsenting and stakeholder bodies) and
environmental impact on the device (fatigaetual poweroutput, etc.) which is vital to
enhance investor confidence and increase finasggort from the private sector. The access
to freely available, transparently collectednitoring data from realeployments is paramount
both for resource assessments fomctataloguing potential impacts of any marine renewable

installation.

This paper presents the results from the deployment of a-soaddl tidal current turbine
(Evopod E1) in a shallowvater etuarine environment, Ria Formosa Portugal, ul@leORE
project Sustainability of using Ria FormogaurrentsOn RenewableEnergyproduction. This
1:10th scale prototype operated from June to November 2017. The gdnectiye of SCORE
is to construct anperational envelope, which can be useddayhnology develeers for design
concepts of efficient TECs based on environmentalsaisthinability principles, contributing
to the growth of the blue economy. The deployment aité prototype characteristicsear
presented in sections 2; section 3 presents the challemgenstalling, operating and
decommissioning E1 prototype, along with the data collected uheenonitoring program;
section 4 presents the results obtained, which are fully open aockeasdable for download,
following the European Marine Energyefitre (EMEC)standards; and section 5 draws the

final remarks and describes ongoing work.

2. Experimental settings

2.1. Deploymentsite
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The experience with the TEC prototype was performed atGHr@o Iret, the main inlet of
Ria Formosa systelfnereafter RF), a coastal lagoon located in the South of Po(tigate
1). The RF is a mukinlet barrier system comprising five islands, two peninsségiarated by
six tidal inlets, salt marshes, sand flatsl @ complex network of tidal channelde tides in
the area are serdiurnal with typical average astronomical ranges of 2.8 radong tides and
1.3 m for neap tides. A maximum tidal range of 3.5 m is reached dequigoctial tides,
possibly risingover 3.8 m during storm surges. The wia@n averageoderate (3 ms 1) and
predominantly from the west. Variance analysis of both tidal and nostglals has shown
that the meteorological and loterm watetlevel variability explaingess than 1% dhe total
recorded variance [2]. The lagoas generally well mixed verticallwith no evidence of
persistent haline or thermal stratification, which relates to the redueguvater input and
elevated tidal exchanges i.e. the lagoon is basically eunghalith salinity values close to

those oberved in adjacent coastal waters [3].

The deployment site was selected nearby the navigation channel eDFRaw Inlet, Faro
Channel, the largest and most hydraulically efficient channel of RF. The depthsbéatime|

in the deployment area range beéwet and 15 m (below msl). Fa@hao Inlet isthe main

inlet of the system, trapping 60% of the total spttidgl prism of the RF systef]. The inlet

is characterised by strong currents (depth average vetooitier 2 m3 at theinlet throat),
espeally during ebb. A large difference between flood and ebb duration aihetng) spring

tides i.e. ebb duration is shorter and mean velocities are higher. This differecmmes
smaller during neagides. Due tote narrow inlet mouth (Figure 1A) and teongtidal
current, limited offshore wave energy is reaching the lagoon. Nevertheless, the mooring
location could experience fetch dependant waves generated by wind blowing over the lagoon
water from the NW or NHirections.

Energy from tides was harvestbefore at Ria Formosa with tidal mills (XII century) amcknt
tidal energy assessments determined a mean and maximum potential extractabtd paiver
kwm? and 5.7 kwn¥, respectively [5]. The RF has attradt research interest in all
environmentabspects and hence there is a lot of background literature availabld elbogy,
morphodynamics and hydrodynamics. The system is particularly adequate forfteatatge
TEC prototypes, and representative loé tvast majority of transitional systeméere these

devices can be used to extract energy to power small local communities.
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2.2. E1 Evopod 1kW prototype

EvopodE is a device for generating electr.i
and oeanc sites with strongurrentg(Figure 3. It is a unique floating solution drawing upon
proven technologies used in the offshordgaié and marine industri¢6]. The 1:18" scale
Evopod (EL hereafter)consists of a positively buoyant horizontal cyticdl body of 2m

length and 0.4n diameter to which are attached three stabilising fins set in a triangle, tethered
to a subsurfacduoy. Each fin is approximately 1n2 height 0.4m wideand 0.1 thick The

main body and fins are constructed of steeleWHheployed, approximately O of the fins
areabove the water surfacehe semisubmerged nacelle has surface piercing spnagiding
sufficient reserve of buoyancy to redigtthevertical component athe drag forceproduced

by the moorings. The siace piercing struts have a small wapéane area so that the motions

of E1 in waves are minimised and do rmatversely affecthe turbine performance

A four-bladed 1.5m diameter turbine made of compositaterialis attached ahe rear of the
body anml is designed to rotate between & 55 rpm. This resulton a maximum blade tip
speed of 4.3ns?, driving a 1kW permanent magnet AC generator at a rated flow velocity of
1.7ms. E1 has a cuin velocity of 0.7ms? and it canot withstand steady flowelocities
larger than 1.78ns?. The width ofeachblade is approximately Orh and the depth between
the sea surface and the highest point of therris 0.45m. Hence, the E1 deviceonsists of a
fixed pitch 4bladedturbine driving through a stegp planetary gearbox to aghase multipole
permanent magnet generatdhe power from ta generator feedanavigationbeacorplus an
extensive suite of instrumentationeasuring thdlow speed, voltage, current, torque, sgv
temperature, resistor settinggaw angle and mooring tensioata recordsare logged
internallyand transmittedo a remote P@rough GSM communicatiomable 1 summarises
E v o p kel Biscriminators at different scales.

3. Methodology
3.1.Deployment, opeation and decommissioning

The E1 deploymenttook placeon 8" June 2017Authorization for deployment was obtained
from local maritime authorities following a fast andnple administrative procedurd@he
device was tethered to the seabed using a -fm#& catenary spread mooring system
(Figure 3A). The flow speedswvave and wind characteristiasthe deployment siteereused

for the design of the mooring systerigble 2).The mooringgonsiss of chain and gatanised

4

Ci



Acceped Version

124 wire mooring lines attached td concreteanchorsweighing approximatey 1ton each

125  (Figure3C). The device is a simple fixed pitch downstremmbine, whichaligns freely with

126  the predominant current directiod load cell was placed for the two south and north lines
127 (Figure 4A, respectively,measuringthe tensionwhile E1is extracting energySince the

128  prototypehas been deployddr three months, it was not connected to the grid and therefore

129 the excess generated power was dissipated as heat into the sea.

130  The prototypeavas installedn collaboration with a locaharine grvicescompany, whictwas

131  subcontracted to provide a bardgeatequipped with a winch (Figure 3Bessential to lower
132 the anchoring weights at tineexact plannedocation, using RTKkDGPS positioning. The

133 operation was performed slack tide andnvolved a staff of ten people, including skippers,
134 researchersdivers and technical operatgrsupervised by the maritime authoritieBhe

135  prototype operated at si(Eigure 4Q until the 22 November, when it was towed back to the
136 harbour and removed from theater. All the anchoring system was removed except the

137 anchaing weights that remaedon site.
138

139  3.2. Data collection

140 3.2.1. Defining deployment location

141 Prior to the deploymerat baseline marine geophysical, hydrodynamic and ecological database
142  for the pilot sitewas createdlable3 summarises the data obtained under SCORE pradjeet.

143  first step of data collection was tomplemengexistentLi{DAR bathymetricdataof RF and

144  refine thedepths at the deployment siteor this taskbathymetric datgFigure 5A) were

145  collectedusing a single beam e@@under (Odom Hydrographic System, Inc. with a 200 kHz

146  transducer) synchronized aH¥ with a RTK differential GPS (rover unit model, Trimble R6)

147 thougha computer interface running hydrographic survey software (Hyp26H®, Coaral

148  Oceanographics, Inc.). This allows correcting in real time the tidal and surge kst

149  scan sonar (Tritech StarFish 452F, 450 kHZ) survey was performed to evaluate the presence
150  of priority habitats and characterise the bottom of th@oyenent @aea in terms of substrate

151 and the texture type. This characterization allowed the detection of rocky and sediment areas
152 that might be present in the aggarmittingto choose the best sampling techniquehfaivitat

153  characterization oeach bottontype deteted.

154  To fully characterise the 3D flow pattean the deployment locatioan ADCP (Nortek AS

155  Signature IMHz) was bottom mountedt amean water depth of 7.7 (Rigure5B). Current

5
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velocitieswere measured with.2 mcell resolutionthrough thevater coumn measuring 68

of data every 5 min burst®ne of the main objectives of tlcarrent velocitydata collection
was to seup, calibrate and validatevertical averaged hydrodynamic mo@Bklft3D) of the
entire RF fore details on modellingetupare given on J} to define the extraction potential at
the test case sind to confirm that thdeploymentocation satisfies the prototype constrains
(Table 2) From Figure 6it is evident that flow velocities constraints restricted the locatmns
place the device. The selected area was then target of a more refine characterisatrentof
velocitiesto fully characterize the 3D flow patterns at the deployment locdtiangcomplete
tidal cycles Those measurements were performed with aeRakDCP 1.5kHz with bottom
tracking (Figure 5B) by mooring the boat at the exact deployfoeation (red cross, Figure
6). Velocity components were measur@dng cells of0.5m through the water column, by
collecting velocity profiles at eachs5 Basd on those measurements, the estimated E1

electrical power output$e, werecalculated using Equatidh
0 -"607Y 1)

where,} is sea water density (1025rkg); d representgienerator efficiency, gear losses and
shaft losse$90%, 5% and 5%, respectivel\J, is the power coefficient (28%b]); Ar is the

rotor swept area; antlr avgrepresents the flow speed avemgfgoughE 1 rotor swept area

i.e. by integrating the ADCPelocity measurements along the area through which the rotor

blades of the turbine spin

3.2.2.Environmental site Characterisation

Severalunderwater data acquisition methods were tested to identify their viability of use in a
high current condition. The techniques employed should give an overview of the priority
habitats and communities of species present inetstngarea(Figure 5B). Tesed sampling
methods included: (1) collection of sediment using a "Van Veen" typei grdended for the
guantification and identification of invertebrate species of infauna and also of epibenthic
species that are buried in the sand; (2) bottamling with a beardrawl, following the Water
Framewor k Di r e g twhighalibwed the quantifieatiod ef edibenthic species
(fish and macroinvertebrates) on mobile substrates; (3) underwater visual censuses (UVC)
through transects with SCUB@ving, for the identification and quantification of epibenthic

fish and invertebrate on mobile substrates; and (4) video transects with Remote Operating
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Vehicle (ROV, SEABOTIX L200 equipped with two forwafacing cameras), which was used

to identify/quanify epibenthic habitats and species through the analysis of videos collected
during each immersion of the underwater vehicle. Moreover, the interactions between marine
mammals, marine turtles, seabird and fish with the turbine were evaluated throudgh visua
censusnd the colonization of the mooring system was assessed by visual inspection of 3 fixed

guadrats (10x10m) in two opposit@anchoring weight§3x3 photoquadrats).

The ROV video sledge was used to characterize an impact zone of 60 x 15 m ceiiteed in
tidal turbine. The impact zone refers to the area where the device was deployed i.e. the spatial
area limited by the four mooring weights and lines connected to the E1. In this area two 40 m
transects were carried out, one during the flow tide anthendumg the ebb tide (Figure 7).

The same procedure was carried out in a control zone, located 50 m apart ftom thdd i ne 6
deployment area, at the same depth range, bottom type and similar hydrodynamic conditions.
Transects were perform at low speedl( kno) with the navigation being monitored with
differential GPS. The study areas (i.e. impact and control) were surveyed in fountémals:

3 days prior to the deployment-@)), and 8 days (T+8), 15 days (T+15) anddéys (T+63)

after the turbindnad bea installed. Wildlife interaction with the turbine wawbserved using

the same schedule.

Video images collected were annotated using COVER software (Customizable Observation
Video Image Recorder, v0.7.2) [9]. Every linear meter a still image wad to \sually
estimate and quantify the percaaver of the arborescent bryozoBngula neritinausing
ImageJ 1.51j8 [10]. Three additional Gopro cameras were also attached to the vide@sledge,
70 cm from the bottom, one central facing downward amdih eah side at a 45° anglejth

the purpose of creating an orthophotomosaic of the seabed. Benthic invertebratiésnare
selected as indicators of marine monitoring, because of their sessile nature sindtéfges,
macrobenthos responds modesateapidy to anthropogenic or naturalisturbances [11].
During the pilot studyB. neritinahad been identified as a structuramponent of the benthic
community, so the cover percentage of this species was defireegraxy of the potential
disturbanes affeting the local faunaB. neritinawas also chosen astarget species due to

their high abundance, sessile nature and easiness of identificatiostifiomages.

Prior to the installation of E1, a baseline measurement of noise level was periodasary
2017. The acoustic data was collected with an autonomous hydrophodgyitdielyd SR-1,
installed on a tripod structure (Figure 5C) at a water depth of approxinidtaty for 13 full
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days. A similar acquisition procedure was repeated during theedseration for an interval
of 19 full days in August 2017. In both occasions, themgantwas set to record 90 s of
acoustic data every 10 minutes, over a frequency band fromafptoximately 24 kHz. The
data analysis consists in obtaining estimatiesound pressurkevels (SPL) over the entire
acquisition interval, mainly based oratstical indicators botfor broadband sound pressure
level (SPL) and frequency levels. In November 201@pmplementary data recording was
carried out during half o tide cycle from a boat, byisplacing the boat from a flow line
passing the rotor

3.2.3. Device performance data

TheElis instrumented to continuously monitor and log various paramdteesparameters
captured during the RF deployment were: flow spgas?), shaft speed of rotation (RPM),
generator output voltage (Volts) and currefnfs), device compass heading (° degree) and
mooring tension (kN)The flow speed past the nacelle was measured using an Airmar CS4500
ultrasonic speed sensdér C100 fluxgate compass from KVH Industries Inc provided compass
heading while mooring tensionsFr, were measured using3kN load cells supplied by

Applied Measurementstd.

The above analogue data streams were logged using a Squirrel data logger from Grant
Instruments.A two-level gear systemasinstalled in order to reduce the shaft speed durin

high current velocitiesl he logger has an alarm feature used to control the load on the generator
by switching in and out additional resistof$ie timing of the geacthanges artvgged in the
systemThe base load resistance on the tidal turbindattery charger that is used to maintain
charge in the oboard battery which powers the logger and instrumentation. This tidal turbine
battery charging was supplementegl solar panelsThe logger setp allows specifying
different samplingates and loggg intervals. A the beginning, the logger was set to record at

1 Hz. After changing the batteries and solar panels, the acquisition rate was changétzto 0.1
tothelgger & extend powexceptioravasthe flovv gpeed Jehser, wiiohl y

sampekd always at 5iz.

The turbine performance data were then read based on the recorded timestamp. First, the time
series were checked for duplicate times and for inconsistein the recording time step (i.e.
from 1 to 10 sec). Common occurring phenomerarictinflict time drifting of the recording

parameters at slightly different timestamps. To counter the aforementioned problem, all

8
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251  parameters were interpolated on a cammand fixed time step of 10 sec. Second, all recorded
252  parameters were transformedrfraghe measured quantity (Volts) into the correct units using
253 the calibration equations. Finally, the generated time series were smoothed by applying a

254  moving average fiér.

255 The thrust coefficientsCr, were calculated using load cells data using Equ&tion

256 O Oy -"606 060 7Y (2)
257 where Fr, depicts the tension force measured by load cells at rest (i.e. &) 00¥is thedrag
258 coefficient of E1 structure (~ 0.18]); Asis the E1 crossectional areg~1.150 ); andUg1
259  represents the flow speedeasured b¥e 1 6 -board mounted DoppleUsing the load cells

260 data, theCrfor E1 is obtained by fitting a quadratic drag law of the farm ! A where

261 y=Fr,b=Frox=Uggandd -" 0606 060
262

263 3.2.4. Wake measurements

264 Wake downstrearof E1 was characterizeat different distances downstream of the channels
265 by combiningthe use otwo ADCPs (Nortek Signature MHz and Sontek ADP 1.kHz;

266  Figure 3A). The objectiveof the wakemeasurements was to construct the velocity fnedr

267 the E1 in order to detect, if possible, the spatial characteristics of the wake over different tidal
268  stages, currents velocities and rotor velocitidsse measurements were made for cotaple

269 tidal cycles using two different techniqued) continuous boatountedtransectsand (2)

270  static measuremends fix positions along the flow axis (Figure 3)

271 On (1), the boat was manoeuvred throughde®ned lines spaced everynbfrom the rotor
272 until 30 m dstance. Measurements were performsshga Sontek ADP 1.%Hz with bottom
273 tracking and sampling at continuous mode (e.g. sampling a profile eggryte boat speed
274  wasset to the minimum possible in order to assure the best possible daity,dmut high
275  enoughto sample theull area in less than 10 mio assurestationary flow conditionsi.g.
276  constant tidal current Each set of datevas measured &0 min in order to characterise the
277 spatial and temporal distribution of the wadkering the peak flood This resuled ina ttal
278  number of 9 timestampiuring the3 hours periodraund the peak flood. A constavrtical
279 grid was created from 1rh depth (i.efirst measured valid cell) up to the nigxim water
280  depth with a 0.3n resolution
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On (2), the boat was used as a floatable platform i.e. the Nortek SignMiite ias operated

from the boat by displacing the boat from a flow line passing the rotor (i.e. rotor tail and/or
wake centre), collecting measurements evesydbring 5Smin burds. With an ADCP draft of

0.1 m, a blanking distance of 0.1 m and a cell size of 0.2 m, the first reading is at a 0.3 m depth
and the last at 4.5 m depfrhis setup allowed characterizing tivertical profileofE 1 6 s , wa k e
which its centreline isat an @proximate distance of 1.5 m from the free surféice.

approximately the rotor centréd total of 8 completsets of wakerofiles were measured.

4. Results
4.1. Deployment location

A bathymetric map of the entire Ria Formdses been builand is provied on the database
(http://w3.ualg.pt/~ampacheco/Score/database)hasihetcdf file using the high resolution
LiDAR bathymetry performed on 2011, coupled with bathymetric data from the Fanto

Aut hority and with 201606 bathymetri cThesurvey
database also provides th@osaic from theside scansurvey where main morphological

features came distinguishedi.e. ripples and megapples) An area of about Gectares was

surveyed using the sidkan sonar technique, revealing a seabed mainly composed of sand,

coarse sediments and gravel with a high biogenic component (B)gure

Figure 9shaws the vertical profiles of the computed horizontal velocity magniwiserved
for a 14 days intervalsingthe Nortek AS Signature MHz. It is evident the tidal current
asymmetry that takes place in the Faibao Inlet, with ebb currents being sigmifintly
stronger than flood current§his result is important since ew modest tidal asymmetry can
cause large power asymmetry [1d]hese velocity measurements allowealidating the
Delft3D model and to seletite E1 deployment location (Figure 8hered croson Figure 6
marks the E1 deploymeite which meetshe velocity criteria (velocity rangebetween 0.7
and 1.75ms?) for around 21% ofortnight cycle Subsequentlyyelocity measurementsere
performedduring a spring ebb tidat the deplognent locatiorwith the ADP Sontek 1.&Hz,
with bottom trackingFigure 13\ shows a example of &ime-series contour map tiie peak
ebb currents at the deplogmt site permiting to identify the maximum tidal current velocities
that E1 could be exposedhile Figure 18 presents an estimation of the predicted power
output usng Equation 1. Overall, velocity maximums exceeded the threshold value of
~1.75ms? at specific cells, reaching up #4.96 ns!. However, thdimit wasnot surpassed

10
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313  whenthosecell velocitieswereaveraged by the rotor diametdgtime intervals of 5, resulting
314 ona maximum weraged flow velocity 0f~1.68 ns™. It can be observed that the rated E1
315 capacity is almost achied at peak ebb (<KW, Figure 10B), whereas observed power
316 fluctuationsarerelatedto turbulence and eddies propagation.

317
318 4.2.Environmental Ste characterization

319  Several limitations were identified in the methods tested. Bottom trawl showed handling
320 limitations in the turbin@deploymentarea and since this method needs a minimal operation
321 area it would not allow any impact zonati@uottom trawl is also an extractive technique and

322 therefore not suitable to assess cumulative impacts over time with successive sampling in a
323 small areaAlso, as the study area is located in a Natural Park the use of this method was
324 considered the leastppropriate. However, the species list provided was the most
325 comprehensive of all methods tested. Thus, surveys were made just for the characterization of

326 the general study area, ensuring the existence of a reference base species list.

327 Species inventory fra UVC accounted for 31 different species. The epibenthic invertebrate
328 and fish communities were composed of typical and frequent organisms in thebstthtes

329 of Ria Formosa, such agctopus vulgaris Bugula neriting Pomatoschistus microps

330 Holothuria arguinensis Alicia mirabilis, Sphaerechinus granularigr Trachinus dracoAs

331 expected, strong currents made almost impossible the use of UVC thnoeghttansects.

332  However, this was the only method that have detected a seahorse species thaeiableuln

333  species. Therefore, random transects were done in the specific study area, mainly for species
334 inventory and collection and for groutidithing ROV data.The strong currents also made

335 extremely difficult to be plesdar thsenvironmenttlhe | o
336 characterization. Later on, during tbeerational intervakhe high hydrodynamisnthe rough

337 bottom and the small area to be sampled implied the increase of deployments; given the low
338  efficiency of the technique in such conditg (2 out 3 deployments were rejected/invalid).

339 Furthermore, the analysis of the samples require severaldayoexpertise, which is more

340 time and money consuming.

341 Using the ROV in high current areas proved to be a difficult operafiorcounteract this
342  problem,the ROV was attached to a sledge and towed along the seabed. This would allow a
343  better control whg2 conducting linear transects and provided a stable platform for additional

344  cameras to be attached. The advantages of ROV compared to regul@awdzas are mainly

11
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related with its dynamic operability namely the possibility of making adjustments itinneal
(zooming, changing angles anantrolling the light intensityand the main disadvantages are

the initial investment irrquipment and pilotig skills. Due to this preliminary analysig,was
concluded that for the general environmental and impaesament the use of ROV/video
cameras in a sledge was the most appropriate technique because it was the most practical and

nontdestructive techniquavailable.

A total of 640 images were annotated thoroughly for the presence and quantification of the
coveaage of the seabed B neritina Percentover of this species mged from 0 to 39.7%
(mean: 7.806) taking into account all images analysed. Meanes of seabed cover increased
similarly over time in both survey areas (Figur®, with slight higher meaa values taking

place in the turbine area. Percenver was found to be significantly different across time in
the turbine KruskalWallis ANOVA on Ranks:H = 169.253; P<@01) and in the control
(KruskalWallis ANOVA on Ranls: H = 199.645; P<@01) areas However, for both turbine

and control areas, the perce&aver ofB. neritina3 days before the deployment compared to

8 days after the turbinastallation were not considered statistically differdral{le4).

The image analysis of the seabed showedherease in the perceabver of the bryozoaB.
neritina during the study period, from early June to early August. Studies suggest that the
temporal fluctuations in the abundance of these colonies is correlated with local wéather [

In Europe [4], and other locations1b, 16], colonies ofB. neritinaare most abundant in
months of warmer water temperature. In addition, under natural conditmlosies tend to be
strongly aggregated, and juveniles setikear mature colonies 1[7]. The results on the
abundance oB. neritinaagree to anoderate extenwith the documented natural patterns.
Moreover, the increase in the perceaver ofB. neriina wasidentical in both control and
turbine areas suggesting that this pattern was not related with the presence of the tidal turbine
but relatedto environmental factordResults of the twaononth monitoring period showed no
evidence of impact on theaged tlat could be directly linked to the installation and operation

of the turbine.

An acoustic report with estimates of SPL over the entire acquisition period, mainly based on
statistical indicators both for broadband SPL and frequency levels, is ptondée database
together with timeseries of sound pressure levels and frequency, prior to and during the
deployment. From a basic frequency analysis over the entire recording time, it was apparent
that the site characterized by two distinct periods @ddrous intervals, where it was evident

that periods of reduced boat traffic at night were interchanged with periods of busy boat traffic
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during the day (Figurg2A). By means of statistical processing ovédrdur periods, an interval
of idle regime (rduced loat traffic) and an interval of busy regime (heavy boat traffic) were

precisely established.

The discretization of idle and busy regimes allowed to access the contribution of the tidal
turbine operation as a noise source. The site of deploymédaséstoa traffic route leaving or
entering the R systemand therefore idle and busy regimes were expected a priori to occur.
Also, the area of deployment is an area subject to the intensification of water velocities through
the fortnight tidal cycle. Tése twdactors are prevailing to the variability observed in the noise
level. It is clearly observed that the current speed induced a significant increase on the

broadband noise level, especially when current speed peaked to maximum values.

Data collectd durirg E1 operation revealed that the device has minimal potential to generate
noise and vibration and therefore does not cause disturbance to the enviréigueatlB
shows a timdrequency representation obtained from the complementary data selecon

8" of November 2017, at a position of approximately 5 m upwards from E1, wheuarteat
speed was peaking-a0.56 ns?. The result indicates that the turbine was radiatingpat tevo
frequencies, 86 and 1Hy, where the higher frequency mighe aharmonicof the lower
frequency. The 178z frequency shows an outstanding fragighbourhoodrequerties of
about 10dB, and the 861z frequency shows an outstanding of 1Q2aB. Another harmonic

at about 340 Hz appears to be noticed.

4.3.Device performance data

During its operation lifetimghe device had to hmull out of watefor maintenance three times
due to various failures that are reported in Table 5. Most ofaihees occurred with the
logging system, which prevented a contuosdata recordingandwere mainly related to the
magnitude of tbw velocities during neap tides ileere was not enough flow for the turbine to
generate and feed voltage to the logdegure 13 exemplifiesthe data recorded by the E1
logger over a spropneap tidal cycleFrom top to bottom the followingarametes are
presents{(i) drag force recorde by the two load cells; (ii) generated voltage (Volts); (iii)
generated mperage (amp)iv) electrical output (Watts)y) current spee@ns?); (vi) raw
power (Watts) i.e.0 1@ & “Y; and (vii) efficiency in power extraction (i.electrical
outputs divided by raw outpuiThe shaft speed in rounds per minutes is also logged but the

data quality is not the expected, hence data is not presentezhdralj and uring the peak
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currents of the spring tidethe shaft speed normally exceed 100 ypinis values drops to
70rpm forneap tidesThetwo load cellsralues are strongly modulated by the tidal st@yer

spring tidesthe drag force can reach tklll. Thedragdrops to ~0.%N during neap tidal
ranges. The nortooringunder tension during the ebb stage of the flavich is normally
characterized bgtronger tidal currentsesultsan higher load celalues both interms of peak

values and duration.

Computed thrust coefficient§r, are illustrated in Figure 14A. Mean computed valueGof
are 0.44 and 0.4 for load cell South and North, respectively. Larger variat@rvafues are

observed for flow speeds beldws mst. When flow speed increasé3; values converge to

mean values. This phenomenon can be explained due to the fact that at higher flow velocities

an onset of turbulence in the boundary layer decreases the overall drag of the device. The fitting

of a quadratic drag law (Figure 14B) to th@easured mooring lines tensions shows that a

constanCr of 0.4 provides a good agreement with the observed flow speeds.

The electrical parameters voltage and amperagevell asassociated electrical outpure
strongly related with more than 188 produced during spring tidal rangeBigure 13). This
productionquickly dropswithin a couple of days from the larger spring tides. For the rest of
the tidal cycles the electrical producti@areless than 5@V, or evensmaller at the neap cycles.
As expectedthe associad tidal currents speed measufemm the E1Doppler sensorare
strongly associated with all the above parameterfact, and taking as exampthe electrical
output it is observed that for velocities less thamg?! the produced power dps by a factor

of 2. Forthe same time, theaw power was of the order oIV over the most productive tide

phasesdropping to half when the peak tidal currents did not exceas'l

Regarding E16s operating eff ieglaymentdigureld h e
differ from the power curve provided by the manufacturer and calculated using a constant
power coefficientCo, = 28 %, r e €=l22 Pon(Rigure 1bA) ae. athough the
maximum efficiencies observed are of 23 % at 0.8,rslightly higher tharthe value of 226
speci fied i nCpyEayerage vialoes arelof 9@ Overll, effigiencies larger than
15% are observed at flow speeds below 1.1! ifgure 15B). Above this flow speed,
efficiency starts to drop to an aveeagalue of ~6%. Fothe highest flow speed, ~1.4%?,
efficiency iIis ~5.4%. These | ow efficiency
with increasing flow speeds, can be related to the ¢oatrol system of theyeneratoand to

flow speed luctuations. Wherswitching in and outhe resistorsdue to variations on flow
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speeds causes abrupt oscillations yhispower

important to remark that the power curve provided by the manufacturer is calculat@thgss
a constant pwer coefficient (G = 28 %), when usually power coefficients vary with flow

speed.

4.4. Wake measurements

The 2D wakdield wasmeasured with th8ontek 1.%<Hz ADCP operated from moving the
boat along the deployment argagure 3) Since the rotocentre is about 1.8 below water
lever, the rotor blades spins between approximately in@ib2.25m depth The ADCP cells
within this rangewere vertically averaged to compute the wake effect of thél&dever, and
because of the resttions imposedby the sampling rate and boat velocithe spatial
distribution of the ADCP profiles were not optimal for a detail mapping of the wake. The
relative strong current velocities make difficult the anavigaton resulting in a more random
distribution of the sampling points In addition, the flow velocity near the E1 is also
characterised by turbulent flowfhose turbulence cannot be spatially andtemporarily

averaged due to the samplirggtrictionsmentioned above.

During the peak of thtood currentssome wakgatternscan be identifiedy combining the
horizontaland the verticatelocities field averaged over theertical layers situated at the blade
spinning area (Figure 16). There is evidences dn unsteadypatternon the horizorsl
components. Although is not a cleraike signaturgthe verticacomponenshows an increase
of the | moduleat the expected wake positiomsost likelycausedvy the blade rotatiorit is
also likely that lhe presence of horizont&ddies onthe ambienhflow are maskig the wake

signal.

Complementary, the static wake measurements d&ohgd s w a k eobtaireed Wwith #hé i n e
Nortek AS Signature 1 MHADCP for a full profile are presented on FigureAL#igure 1B
summarises the wake velocideficits for all measured profilegi.e. U/U,, relating flow
velocities with the presence of the turbikk,and without turbinéJ,) at the rotor horizontal

pl ane6 RahEd tbwvnpstrehnolocatiofi.e. 5m, 10m, 15m, 20m, 25m and 30m).

From Figure 1B, it can be seen how the wakeemergizes gradually downstream E1 and
recovers almostompletely at a distance of 80 (i.e. 20 rotor diameters). Immediately behind
E1, the wakeds vertical di st andie. 1ian) Théd e s
distortion of the velocity profileaused by the walexpands progressively at each downstream
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distanceandthe minimum flow velocities are fourat deepedepths until the velocity profile
recovers it normal shap&his wake recovery gitern is observed all measuredorofiles
(Figure 1'A). From the box plotFigure 1'B), it is observable that theslocity deficits varied

from 0.8(first quartile)at 5m to 0.97(third quartile)at 30m downstreamMedian values of
velocity deficits ircrease with distamcas wake recovers. At closer distances downstream E1,
it is sensed larger deviation of velocity deficits. This canrbatedto the fact thatin the near

wake velocity gradients are larger and its width is shorter than in thediae Whus,at these
locations, small changes in the lateral position of the ADCP produce larger variabilities on the
measured velocitie§Vake measurements were only conducted during flood tide, so the wake
characterization did not account fany directional asymntigy between theflood and ebb

currents.

5. Final remarks

Prototype testing of TEC devices is an extremely important part of proving that they will
function in full-scale conditions; on the other hand, understanding their potential environmental
impacts is &ey issi in gaining aceptance of new technologieSurrently little is known

about the environmental effects of TEC devices particularly when deployed irclosel
systems such as coastal lagoons and estuaries. Uncertainties associated with sdading up
impacts from pilot scale to commercial scale are undocumented for floating tethered TEC. The
innovative aspect of E1 testing in Portugal laid with the unique morphological characteristics
associated with the device deployment site at RF, a coastainggoteted by a multinlet
barrier system. The E10 tndicantamogntohdath @ab®d8 t he
that are now available for the science community. The paper efgwts the problems
(Table5) occurred during the device tesii essetmal to wider the understanding of the
challenges imposed by extracting energy at these locations and with these equipment. Some

key lessons were highlighted:

(1) The existence of data characterising environmental conditions prior to extractier @y

a any location is essential for cataloguing potential impacts of any marine renewable
installation [L8]. Primary concerns relating to TEC installations are interference with the local
ecosystem during installation activities, the potential ofaketingblades to injure fish, diving

birds and sea mammals and the loss of amenity i.e. habitat loss due to noise, fishing areas and

navigation space for other users of the sea ar@21JL No collisions or major interactions
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occurred with wildlife andmooring weight were rapidly colonized by the typical species

normally present in the area

(2) The high energy environmeobupled in a restricted work area, heavy chain moorings and
a tidal turbine with rotating bladesade the use dfaditional biologi@al samplng techniques
achallengng task Among the methods tested, thideo sledge prowkto be themostreliable

to be used in thesgemandingenvironmental conditionsComplemented with visual census
during neap tidethis method wasonsidered the mosbnsigent and replicableechnique for
thebiologicalcharacterisation and the following monitoring pendtle device was operating

(3) The results from the assessmeithe soft sediment community in the study area during
the monitoring period did not shasigns of disturbance that could be directly linked with the
presence of neither the turbine nor the mooring system Uikedeffect of mooring lines on
the seabedsirestricted to a few centimetres at both sides of the ngplonies

(4) The species choseas a bioindicato3. neriting despite being considered an invasive
species, has a wide distribution in the area of deployment and surrounding area, is a sessile
benthic organism and among the fauna present was the most common and conspicuous
organism.Their increase in abundance was more related with abiotic conditions during the
monitoring period rather than shaerm probable impacts caused by the tidal turbifgure

studies should take into account long term monitoring to provide a better overviine
potential impact of this kind of structures. Since no evidence of impact related to the tidal
turbine was detected, it is not possible to infer about cumelahpacts caused by a netik

of these type of structures;

(5) The background noise lewehs analysed by means of tifitequency representation, and

the investigation of the influence of the tide on the background noise was carried out using the
flow speed data. The results of the operational noise of the turbine were then compared to the
badkground noise level. During the peak of tidal current, dorinterval of approximately
25min, the turbine radiated a signal with a fundaraeharmonic of approxiately 86Hz,

where up to three multiples (second to fourth harmonic) could be seen. Strentirsecond
harmonics are relatively energetic, with an outstanding of 10 dB above background noise. The
amount of acoustic energy introduced into the aquatic@mwient is limited in frequency band

and time. Yet, further analysis is required to conelad the acoustic impact in the surrounding
areaand how it would extrapolate if an array of floatable TE€sealscalewere to be

deployed;
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(6) Floatable devicebave advantages on reducing physical environmental impacts. Because
they extract energy fro the top surface, they cause less impact on both flow and bed
properties. Overall, the physical environmental impact from Edllssnale TEC pilot project

was found to be reversible on decommissioning, especially because the chosen area is
characterized yoa high current flow that already causes natural disturbances to the bed. No
record of any change on the bed related with alteration of either flow or sedimespbttan

patterns;

(7) Floatable devices are tethered to the seabed and under direct impagesfand surface

wind, causing a range of different problems and new challenges to successful extract energy.
The exact calculation of mooring loads using safatydrs was essential to the success of the
deployment. However, the miscalculation of tkact location of one of the mooring weights
caused over tension on one of the mooring lines, which interfered with the reposition of the

device when turning until thtension was corrected by lengthening the mooring line;

(8) The flow field around turbireis extremely complex. Variables such as inflow velocity,
turbulence intensity, rotor thrust, support structure and the proximity of the bed and free surface
all influence the flow profile. The majority of flow field studies around tidal turbines have bee
carried out in laboratorie®22-24] i.e. in the few cases that devices have been deployed and
monitored data are highly commercially sensitive andlisttibuted to the public and research
community P5, 26]. A full characterisation of the 3D flow pattes was performed using
ADCPs (moored and boatounted surveys). The data collected allowed validating a numerical
modelling platform, essential to acete positioning the device based on the
environment/device constraints, mainly in which concernsintatit-off velocities and
deployment depth. The static measurements performed during device operation were effective
on characterizing the wake at diffetelistances from the device and represent a valid data set

for wake modelling validation;

(9) E1 provedto be easy to disconnect from the moorings and it transport inshore for
maintenance and repair was relatively straightforward. This is an importartt, asipee
installation/maintenance costs represent a major drawback of TdB@otegies for future
investors.Biofouling can be a major issue affecting performance of devices operating in highly
productive ecological regions likeHRTherefore, maintenan@perations need to be planned

in advanceo control the lifespan of antifouling coatings, espegiat the leading edge of

blades Another important aspect is to provide-site access to the power supply batteries, this
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way there is no need to take ttievice onshore for maintenance of internal batteries, which

translates in reducing equipment downtime anaintenanceosts

(10) Model data is essential for future planning and testing floating TEC prototypes on other
locations by providing values of tune drag, power coefficients and power outputs for
different flow conditions and operating settin@s]. Mooring loads and flow speeds data
allowed to calculate timeeries of E1 drag coefficient. By fitting a quadratic drag law a
constant drag coeffici¢of 0.4 was obtained for flow speeds up to 1.4 nirs order to confirm

this estimationt will be necessary to measure mooring tendmeds at higher flow speeds;

(1) The operational data collected during the operatistage allowed the monitoring o
device performance and serve as basis for developing advanced power control algorithms to
optimise eergy extraction under turbulent flows. The measured energy extraction efficiency
and mooring loads of the operational prototype can now be comparestaggirerical models

in order to validate these tool§ime series of measured efficiency revealed aaral/
underperformance of E1 respect to its power curve estimations with valiy@sbelow 20%

most of the time. Further research has to be conducted to accurately identify the causes of low
efficiencies and determine if the problem is related with m@chh electrical and/or generator
losses. A preliminary diagnose pointstothegeonerab s r esi st o whichmeedat r o |

to be optimised to increase electrical power outputs when operating in turbulent flows

(12) Efficiency data obtained withIEprototype can be scale up for proposing realistic tidal
arrayconfigurations for floating tidal turbines and on supporting the modelling of mooring and
power export abling systems for these arrayi$iosevalidated modelling tools cattienbe

used for pdorming simulations using different hydrodynamic settings andlver of
prototype units in different tidal stream environments. By incorporating single devices and
multiple array devices on the modelling domain it will enable energy suppliers to gain a
realistic evaluation of the supply potential of tidal energy feoapecified site. As an example,

drag forces measured by the load cells can help on avoiding over engineering and on
developing alternative tensigathered mooring solutions to allow clospasing of turbines

(i.e. reduce project costs and smaller afcagprini);

(13) Finally, Ria Formosas an ideal place for testirfpatable TECprototypes, and can be
used as representative of the vast majority of coastal areas where TECs can bethesed in

future. In particular, he selected test sjté&-aro Channeljs an attractive case study for
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implementing TECs because is characterised by strong currents. The channel is also located

between two barrier islands and can be easily coadé¢otthe natioal grid system.
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694  Figure 1. Deployment siteadjacent to Far®lhdo Inlet (A),the Faro Channelf Ria Formosa lagoon system
695  (Algarve, Portugal)where E1 Evopod (B) operatedihe channel is generally oriented N8E, has a length of 9
696  km, and covers an area of 337 %mhe channel width is not constant, ranging from ~175 m to a maximum of
697 ~625 m. The typical maximum depths along the channel raetyeed 6 and 18 m (below mean sea level).

698
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700 FIGURE 2

701

702

703  Figure 2. (A) Scheme of E1 with the mooring lines spreading from thewgter buoy; (B) inside components
704  connect to the squirrel logger; (C) detail of the deck with the solar panetoatrdl box; (D E1 launch on the
705  water and (E) it trawl to the deployment site.
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709

710  Figure 3.(A) Scheme othe deployment site, with the mooring locations and line spreading. Also represented are
711 the bathymetry lines 1 spaced, the wakgerpendicular linesind wake central line where bottaracking

712  ADCP and static measurements were performed, respectively; (B) Deployment area represented over an oblique
713  image of FareDlh&o Inlet; (C) mooring scheme and material used on the deploymgnaehoring weight

714  chainsmarking buoys, cable wire, gtc
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716 FIGURE 4

717

718

719  Figure 4. (A) Detail of the load cells andsiplacing on the mooring lines; (B) Deployment day and boats used on
720  the mooring operation; (C) E1 deployed dhJaine 2017.
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FIGURE 5

725

726  Figure 5. (A) Bathymetric survey using a RFRGPS synchronized with the single beam esbonder; (B)

727  Characterization of the 3D flow pattern using boat mounted (with bottom tracking) and bottom mounted ADCPs;
728 (C) Acoustic measurements with a hydrophone bottom mourded; (D) ROV videos a for habitat

729  characterization.
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FIGURE 6
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Figure 6. Percent of time during a 14 period simulation vatiturrencef tidal currentdor the FareOlhdolnlet
area A) with velocities stronger than 0.7sh and B) withvelocities sronger than 0.7 st and lower than 1.75

ms?.
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FIGURE 7
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Figure 7. Location of the ROV transects carried out in the suare&as during each tidal regime.
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FIGURE 8

Figure 8. Side scan sonar mosaic of the study area.
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