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ABSTRACT

Tidal current energy conversion technology has lgeposed by
many researchers and companies as a solution fererpo
generation. Until today, the technology is stilstge of research,
development and field testing before it can reactuecessful
commercial stage. This study is conducted by reivigw
published papers. Based on literature review, bate axis tidal
current turbines have higher efficiency and havenbageveloped
by many renewable energy companies in the worldwvéver,
vertical axis tidal current turbines indicate opp®ssituations.
The vertical type possesses some advantages thaheaper in
production, easier in installation because the ggae can be
placed on top, suitable for floating systems andexs. It is
applicable for some developing countries considgrithe
capabilities of production technology and marin@iemment’s
conditions. Therefore, the current study discusabsut the
advantages and the challenges that must be answenreertical
axis tidal current turbine development.

KEY WORDS: Renewable energy, tidal current, vertical axis

turbine, power generation

NOMENCLATURE
A Cross-Sectional Area @n

Cp Coefficient of Performance (%)

D Diameter of Rotor (m)

H Height of Rotor (m)

P Power (Watt)

RPM Revolutions Per Minute

v Free Stream Velocity of Water (m/s)
T Phi (3.14159)

p Density of Water (kg/f)

1.0INTRODUCTION

Energy demand always increases, particularly étattenergy.
This is due to population growth, economic grovateyelopment
of industries, technological advances and risinandards of
living in the society. Global primary energy congtion in 2008
was 143,851 TWh consisted of 81.2% from fossil fiodl, coal
and natural gas), 12.8% from renewable sourcesba8% from
nuclear power [1]. World electrical energy consuophas been
projected to grow by 2.5% per annum between 20@B 2085
from 16,819 TWh to 32,922 TWh, assuming that curesrergy
policies remain unchanged [1]. Unfortunately, mafsthe energy
sources that are used to generate electricityossd! fuel energy.

Fossil energy is a debateable conventional energgdent
years. In addition, its availability is dwindlingné it can not be
renewed. Fossil energy produces pollution that @amaminate
environment. Fossil energy usage also causes elimlaange.
Therefore, all people around the world makes mdifigrte to
replace fossil energy to renewable energy. Renewablergy
sources are more environmental friendly than theventional
energy sources [2].

Renewable energy can be extracted from varietyadfiral
resources. One of them can take advantage of esergge from
water. Hydropower is the cheapest and the biggesigg source
in the world [3]. World electrical energy needsapfproximately
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18% is supplied by hydropower [4]. This energy isrw
promising because its abundant availability, enuinental
friendly technology and easy enough to harness it.

Basically, hydropower principle can be obtainedwno ways,
namely, potential energy (hydrostatic) and kinegoergy
(hydrokinetic) from water [5]. Explanation abouettifference of
those principle are discussed in the next seclibis study focus
on kinetic energy types which stored in the waterasn.

Water stream or water current sources can be divid®
four categories, they are from river, tidal, oceand other
artificial canals [6]. This study investigates hgkinetic energy
from tidal, specifically tidal currents. The curtenovements of
seawater are dominantly driven by changing tides.

Hydrokinetic technology before reach pre-commersialge
must go through some further advancement stagesseTétages
are research, development and field testing. Resassessment
of ocean current energy has done in Bay of Fundnéda) [7].
Preliminary study of tidal power generation pilabject in Alas
Strait (Indonesia) also show that some developmgty has a
promising energy source [8]. Le et al. [9] compapedformance
of helical and straight blade turbines. In additiBahaj et al. [10]
also did research with experimental method abouwtepoand
torque measurements. Other similiar studies alteesthain to do
for obtaining hydrokinetic technology with betteerformance.
Furthermore, project development and field testiage done in
Bay of Fundy and Puget Sound (Whasington) [11, B2me
organizations also start for making standards efetences, such
as EPRI [13], the US Department of Energy [14], Metional
Hydropower Association [15] and EMEC [16]. In retemears,
many people from different sides of diciplines taeaticipations
of hydrokinetic technology development in varioteyes.

Hydrokinetic energy conversion system is an iratsgt
system of some components that has function taexkinetic
energy of water into electricity as final energyheT early
conversion process begins when the kinetic eneffgyater
converted into mechanical energy. This proces®ig important
because it determines the overall efficiency of sietem. The
component used is hydrokinetic turbine [17].

Classifications of hydrokinetic turbines basedrotation of
the axis are divided into three types: horizontasaturbine,
cross-flow turbine and the vertical-axis turbin€][1The types
that have been many developed are horizontal @8s%) and
vertical axis (33 %) [17]. Horizontal-axis turbirteas higher
efficiency than vertical-axis turbine. Many reneveatenergy
companies around the world develop horizontal tgpeause it
has proven performance results. Some companiesopéavg this
horizontal type are Free Flow [18], Marine Curr&ntbine [19],
Hammerfest [20], Lunar Energy [21], UEK [22], Opétydro
[23, 24] and others. Horizontal axis type are muguekly reach
commercial stage because refer to wind turbine strtas that
already widely applied horizontal axis types.

Vertical-axis turbine has lower efficiency tharrizontal type
[25]. But, vertical type has several advantaget dha interesting
to develop. The advantages of vertical-axis turlireecheaper in
production, easier in installation because the gg#oe can be
placed on top, suitable for floating system andeth17, 26].
Other advantages possessed discuss in the nexinsétbwever,
there are some drawbacks to be overcome. Some opavgl
countries have promising tidal current energy sesirsuch as
Indonesia. Indonesia has practical potential eneofytidal

currents about 17.9 GW [27]. Therefore, the currstudy
discuss about the advantages and the challengesmist be
answered on hydrokinetic turbine especially in icattaxis type
of tidal current turbine.

20HYDROKINETIC ENERGY CONVERSION
SYSTEMS

There are two principle ways to harness energy tgdropower,

namely, potential energy (hydrostatic) and kinegoergy

(hydrokinetic) from water [5]. Hydrostatic is a a@mtional way

to convert potential energy from water for prodgcglectricity.

Khan et al. [17] use term of hydroelectric. Firsthye must build a
dam or reservoir to store water in aboundant amdreservoir

and power house are connected by penstock. Resemusi be

located higher than power house for making a preskaad to
generate potential energy. Inside the power hdhsee are some
main components, those are turbine, generator dred electrical

component to control output power. Before storinatew to the
reservoir, there is pathway of water stream whilcollecting

water from rivers. The building of water dam anatev pathway
can cause environmental effects. Large scale afdsyatic power
plant has some unfavorable effects on the enviromreech as
people relocation, inundation of agricultural, brgtal and habitat
areas, sedimentation of fertile lands, methane;J@bls emission,
altering the river regime and others [5].

Hydrokinetic is an unconventional way to converhektic
energy from water. The kinetic energy inside theewatream is
directly converted into electricity by relativelynall scale turbine
and coupled with generator without impoundentmertictv
almost no head [3]. Hydrokinetic turbines are atstled free
flow turbines, ultra-low or zero head hydro turbif#8]. The
kinetic energy is contained in water current or exastream.
Basically, its sources can be divided into fouegaties, they are
from river, tidal, ocean and other artificial ca@b]. Artificial
canals are man-made waterways or channel from dfagtory.
This work focus on investigating hydrokinetic enefgom tidal
or ocean, especially tidal currents. Ocean currangsconstant
flow of seawater around the ocean. These curreetsld@ven by
wind, water temperature, water salinity and denaityongst other
factors. Tidal currents come from local regularrdal or semi-
diurnal seawater flows caused by the tidal cyclee Turrent
movements of seawater are dominantly driven by ginartides.
This an unconventional way is being recognized asew
interesting solution that need to be developed.

Hydrokinetic energy also can be distinguished agarid
water resources (river or artificial canal) and imarenergy
resources (ocean currents or tidal currents). Yeteal. [5]
classified marine energy resources into two typasely, current
energy conversion systems (CEC) and wave energyecsion
systems (WEC). In last two decades, marine enezggurce is
one of the fastest and the newest growing sectaerrwable
energy [29]. Most of the technologies are at tlatesof research
and development, there are few devices at the qmevercial
development stages [30]. CEC itself is classifiem ifour types,
specifically horizontal-axis turbine, vertical-astisrbine, helical
turbine and ducted turbine [5]. This study concerrCEC and
especially in vertical-axis turbine.

Published by International Society of Ocean, Medtwrand Aerospace Scientists and Engineers



Proceeding of Ocean, M echanical and Aerospace

-Science and Engineering-, Vol.3

November 7, 2016

2.1 Conversion Schemes
The kinetic energy contained in tidal currents gembecome
electrical energy through several stages of en@gyversion
processes. Figure 1 show an outline of a hydrokinehergy
conversion system. First energy conversion profress kinetic
energy of water stream converted to mechanicalggnisr used
vertical-axis turbine (the turbine type base onnegpla at Figure
1). After that, mechanical energy is transmittedvieytical axis
shaft then coupled with generator. Inside the geperthere is
conversion energy schemes from mechanical energietdrical
energy. The generator will produce electrical epeasy certain
RPM (usually in high RPM). However, hydrokineticriiine
produces low RPM. Instream Energy Systems [31] nmkZb
KW Hydrokinetic Turbine with rate water velocityrB/s that can
produce 30 RPM. RITE project also inform that taebiotates
slowly approximately 35 RPM [32]. Hence before tnebcouple
with generator, an increasing gear must be appledreach
rotation at certain RPM according to specificatimmerator used.
Finally, electrical energy is transmited to the istc by grid
connection. However, before it transmitted, there aome
electrical component (power converter and contrgstems)
which are passed to ensure that the output poaklest

The kinetic energy sources contained in tidal euselepend
on current velocity, density of the fluid and creestional area.
The production of electrical energy as final enedgpend on
efficiency of each energy conversion process. Thage
hydrodynamic, mechanical or electrical process.r&foee, some
researchers and developers try to optimize eachrggne
conversion processes to achieve better final energy

ontrol System
Power Converter
Grid Integratio;

Augmentation
Floatation

rotection
Screen

Water Stream 1

Drivetrain

Figure 1. Outline of a hydrokinetic energy covenssystem [28].

Equation for calculation output power of tidal @nt turbine
is analogous to that of wind power equation [33]efk is power

coefficient ) that fungtionate to be times factor for reducing

available power. Power generated from tidal curient
P=n.%.p.A.v3 1)

Cross-sectional area (A) for horizontal-axis tuebgan be taken
as swept area of the rotor.

A=~ .m.D? )
And cross-sectional area for vertical-axis turbiseequal to
height of rotor (H) times with rotor diameter (D).

A=H.D ©)

There is theoritical limit coefficient of performea for
horizontal-axis turbine. That is about maximum powgtracted
from tidal currents. This limit is similiar case ttee wind turbine.
It is best known as Betz limit. Betz limit is 16/07 equal with
59.3% for single and open actuator disc [34, 3bjatTbecome a
common practice to use it for estimating energwwth turbine
[17]. While for vertical-axis turbine, this limisi16/25 or equal
with 64% [36]. Practically, hydrokinetic turbine tWi low
mechanical losses is approximately 30% [37]. Fdtebelesign
system, the overall coefficient of performance &ween 40%
and 45% [38].

2.2 Hydrokinetic Turbines Classification

Khan et al. [17] classified hydrokinetic turbinesskd on rotation
of the rotor axis into three types: horizontal-aiisbine, cross-
flow turbine and vertical-axis turbine, show at Uiig 2. They also
recorded and studied about 76 systems, the reholiv ghat
horizontal axis (43%) and vertical axis (33%) am@eninteresting
to research and develop [17].

Hydrokinetic Turbine

Vertical Axis

Horizontal Axis Cross Flow

Figure 2. Classification of hydrokinetic turbines.

Horizontal-axis turbine is also known as axial-flawrbine.
This type has rotor axis parallel to the tidal eats and employ
propeller type rotor. It harness lift force to tetéhe rotor. Cross-
flow turbine has rotor axis orthogonal to the tidatrents. This
type is also known as water-wheels. It is mainlagdbased
device. Vertical-axis turbine has rotor axis norrt@lthe tidal
currents. This type uses lift or drag force to t®the rotor. Detail
explainations about vertical axis type are at tlestrsection.
Some examples of the technology that have beenlatea by
industry are illustrated at Figure 3.

For horizontal-axis type, there are Free Flow @hbéades),
SeaGen (double two blades) and Open Hydro (muaties) [18,
39, 24]. For vertical-axis type, there are Instrdamergy System
(mounting structure), Kobold (floating structurenda Lucid
Energy (in pipe structure) [31, 40, 41]. For crfissv type, there
are Atlantisstrom (single turbine) and Tidgen (fnwitbines) [42,
43]. Each company try to innovate in developing rokéhetic
energy technology.
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Free Flow! SeaGen’

Lucid Energy® Atlantisstrom’

Open Hydrco®

Instream Ener gy System* K obold®

Figure 3. Some examples of hydrokinetic energy genaferences[18], 39], 3[24], “[31], 5[40], ¥[41], [42], and®[43].

Khan et al. [17] also classified hydrokinetic turks base on
rotor placement options. There are three mountipgoos,
namely, bottom structure mounting (BSM), near-stefatructure
mounting (NSM) and floating structure mounting (FSM7].
Those are illustrated at Figure 4.

Near-surface Structure

3 Mounting (NSM)
Floating Structure

Mounting (FSM)

Bottom Structure
Mounting (BSM)

Figure 4. Turbine mounting options [17].

The position of BSM arrangement system is fixedrrtba
seabed. This structure needs to pile on the seafliroit can use
gravity base structure principle. NSM is the systaounted at
other structure that close to the surface watercaagt side. FSM
operates under some variable elevations becausgtrieture is
affected by tidal currents or wave. Stability ofnpmon to muffle
is affected by external force and dynamic forcéudbine rotation
which it become an important issue. It can effeserall
performance of the system. Mooring systems is groitant part
to maintain the position and the stability of FSydtem.

3.0VERTICAL AXISTURBINE

In recent years, many researchers are very integett develop
vertical-axis turbine because it has many advastdyg also has
some drawbacks. Khan et al. [17] tried to givesiitation in

Figure 5 about various arrangements under this type

(a) Squirrel Cage Darricus (b) H-Darrieus

(c) Darrieus

(d) Gorlov

(e) Savonius

Figure 5. Vertical-axis turbine arrangements [17].

Darrieus turbines are most known in vertical typarrieus
turbine arrangements are divided in two categoribsy are
straight blade (Squirrel Cage Darrieus and H-Ras) and
curved blade (Darrieus). H-Darrieus have been pmegoor
demonstrade by Alternative Hydro Solution [44],WNE&nergy
[45], Blue Energy [46] and others. Gorlov turbine an
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in vertical-axis turbine.

. Low noise emission [17, 26]: Since vertical-axisbine can
reduce tip losses, turbulence flow are reducedivits effect
on creating less noise. Thus vertical type cangaiié the
negatif impact on marine lifes and their habitat.

Compactness [53]: On wider applications, tidal entr
turbines can be placed in arrays. Vertical-axibihe pack is
more efficient in arrays because it has a rectangross-

innovation from modified Darrieus turbine for gati better
performance [47, 48, 49]. Its blade shape is hleltaucture.
Darrieus turbines and Gorlov turbine are lift tyghevices. Differ
with Savonious turbine, it is a drag device.

3.1 Advantages 11.
The vertical axis tidal current turbine possessgsesadvantages

that promising to be developed are:

Simple design [17, 26]: Most of vetical-axis turbiblades
are in straight arrangement, the design is morelsirthan
horizontal axis type. Blades of horizontal-axisbine have
complex geometry modifications (such as tapper,stiwi

winglet and others) that need delicate machiningl an

manufacturing.

section, different with horizontal axis type hascalar cross-
section.

3.2 Challenges
The challenges associate with vertical axis tidarent turbine
that must be answered are:

Inexpensive manufacture [26]: Its simple desigregieffect 1. lIrregular current velocity: Both on all hydrokinetturbine
on manufacturing process. It can be produced byplsim types, irregular current velocity is normal chafien The
machining. So the total system cost can be redusedan current movements of seawater are dominantly dribgn
emerging technology, cost consideration is an ingoor changing tides. Tides has predictable velocity atiog to
consideration to decide steadily switching depeyeinom tide time or ebb time. However, tidal currents eéhp are
fossil fuel to renewable energy. irregular and fluctuating depending on location apecific
Generator placement [17, 26, 25]: In marine envirent time.

especially for hydrokinetic apllications, the equints are 2. Low efficiency [17, 25]: Vertical-axis turbine hdswer
exposed to water. As an electrical component, geoeneed efficiency than horizontal axis type. Theoritically
to be sealed, so this is become one challengeorizdntal- performance coefficient of vertical type can reéd®o, but in
axis turbine, gear and generator must be placadderwater. practically the efficiency is still under the hayigal type.

In contrast to vertical-axis turbine, generator b&ncoupled 3. Low starting torque [17, 26, 25]: Generally, vestidype
in one end of the shaft. So it can be placed onatuog can posseses poor starting performance. External meaiaor
reduce the cost in arranging water-sealed techgolog electrical starting mechanism can be applied. Hawet can
Simple installation [26]: Since generator, gear asttler increase cost and design complexity. There is anvation
electrical components can be placed above watécayrit is like variable pitch to be self-start component &mswering
able to use simple installation. Afterwards in @tien phase, this challenge [25].

it eases the operator to repair or maintenance. 4. Torque ripple [17, 26, 25]: In vertical type thene terms of
Flotation as augmentation equipment [17]: The pomtoan upstream and downstream area classification. Tadalents
be used as flotation and also as augmentation eguip velocity reduce from upstream to downstream areer af
Vertical-axis turbine has cylindrical shape that possible to passes turbine rotation. It will emerge the differdluid
mount various curvilinear or rectlinear ducts. Téteannel dynamic force on blades. Each blade experience peaks
also can be employed for floating and mooring psesd50]. load in both radial and tangential force per retiotlu
Any flow direction [26, 25, 51]: Tidal currents amet always approximately 18Dapart. The variation of tangential force is
coming from one direction. Tidal currents in narrevoss- best known as torque ripple.

section ussually come from bi-direction, whetharrdal (24 5. Fatique loading [17]: The variation of radial fercan effect
hours) or semi-diurnal (12 hours) type. Verticaisaturbine on shaft or bearing. The closest effect is frictmn bearing
can respond any flow from any directions. So itsioet need and other effect is broken in shaft. It happenguegrmentally
any yaw mechanism. in towing tank [54]. Shaft can not resist fluctuatiforce with
Skewed flow [17]: Tidal currents have variable ol in a big peak.

each elevation. In upper position there are cusrehat 6. Vibration [26, 25]: The variation of radial forcdsa can
generated by wind force then it decrease gradudlhe effect on the supporting structure and other eqeigs It is
skewed flow is also caused by boundary conditions known as vibration. Some components like generiatoery
(orography or bathymetry). Vertical-axis turbindll stan sensitive on vibration. In other hand, if this \bon
generate power. Because it has radial arm with digdr frequency coincides with natural frequency of thgpport
section and it behave some slight extent like Welibines structure, it can be destructive.

that still contributing some power. 7. Low RPM: Hydrokinetic turbine operates at rate ¢éo2-3

Turbulent flow [25]: Vertical-axis turbine also cae used in
turbulent flow. Vertical-axis turbine, especiallyitiv helical

blades, is reportedly more suitable for operatiomden

turbulent condition [52]. So the kinetic energyllstan be
converted optimally.

Reduce blade tip losses [26]: Blade tip of horiabaiis

turbine normally generate a turbulence wake. kriswn as
tip losses. It needs modification such as wingleteduce the
tip losses. In opposite condition, that problemsdoet exist

m/s and it can produce four times energy simili&thva rate
wind turbine [37]. Fluid density of water is apphmately

1,000 kg/mi and density of wind is approximately 1.221

kg/n. Wind turbines are designed to operate at rated win

velocity 11-13 m/s [55]. Instream Energy System][3des a
vertical-axis turbine which operate at 3 m/s watgdocity can
be generated 30 RPM. It means that hydrokinetibitier

always has lower RPM than wind turbine. Generally,

generator’s rotation specification is in high RP$4, it must
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apply increaser gear. Alternatively, it can chotme RPM
generator or if there is not its specification lie tnarket then
have to design the generator by own self.

8. Cavitation [17, 26]: Cavitation is always to be lbbrage in
hydrokinetic turbine. It can be defined as the fation of
water bubble or voids when local pressure fallsowethe
vapor pressure. Slowly it can damage turbine nlteRiough
blade surface will decreas the performance.

9. Ocean environment is harsh [54] and salty: Gredal ti
currents energy sources can be found in harsh @maint.
Until today, Ocean Engineering usually concern tmase
location with environmental friendly. However this
technology needs in contrast situation. Ocean s$s ahlty
environment. Corrosion is the most problem that kel faced
in ocean environment.

10. Marine fouling: All technology that operate in maei
environment can be attached by marine foulingatt attack
turbine blades. The surface of blades will be rouigimcrease
loads then finally decrease the performance. Theiman
power coefficient will decrease approximately 19%from
42% to 34%) compare to baseline clean blade [56].

11. Buoyancy: An upward force is exerted by fluid tlogposes
the weight of an immersed object. It is known asyauncy,
which is something that never predictive before aad be
interfered the performance of the turbines. Thisdalrive up
the shaft and make the gear on shift positionalises friction
and even causes congestion the rotation.

4.0 DISCUSSIONS

Ocean energy resources will contribute to the werlditure
renewable energy supply, especially tidal currerdwer
generation. Ocean energy development current stat&sirope
show that tidal energy lead in market maturity le&¥]. OES
Annual Report 2015 report about most of the coaestrihat
develop ocean energy are developed countries BB&jn though
some developing countries also have good resoufctdal
current energy but most of them do not concerncieaa energy
development. As an example, Lim et al [59] haveedanalytical
assessments on tidal current potential in Malaytie, total
amount of electricity that can be generated is tbb4.5
GWhlyear. Moreover Indonesia has practical poteeti@rgy of
tidal currents about 17.9 GW [27]. If it assumleatt8760 hour
per annum and low capacity factor of around 14%pdcay
factor value base on reference [60]), the total wamhoof
electricity that can be generated is about 21,93®hfyear.
Indonesia tidal current energy potential is muchgbr than
Malaysia. Both developed and developing countriegn c
collaborate and contribute for tidal current enedgvelopment
for aiming sustainable renewable energy.

Vertical-axis turbine has some advantages that Hmeen
discussed in the previous section. The advantagesugable for
countries that want to start developing tidal cotrenergy. They
do not have production technology capability, ocearergy
policy, good funds allocation for research, opem s$esting
fasilities, towing tank for experimental study armthers.
However, researcher in that countries still can ibegith
analytical or numerical study to solve the chalEngn vertical-
axis turbine.

The main challenges that must be answered in abttype
are low efficiency, low starting torque and torqueple. As an
example, some numerical studies in vertical-axibihe have
been done by using Computational Fluid Dynamicveafée [61,
62, 63]. Those studies tried to learn performaregacteristics of
vertical-axis turbine and also tried to gift somedifications for
getting better performance.

Tidal current resources can be found in nearsharé a
particularly constrictions area, such as islantigjts and passes.
Tidal current have spesific velocity profile thatinfluenced by
bathymetry (shape of the seabed), orography (shifee land)
and the roughness of these surfaces. Floatingtsteuor FSM is
a good rotor placement option for extracting tidatrent energy.
Tidal current velocity is optimally in that areachese it is not
disturbed by the boundary conditions. Furthermaedical type
has advantage that generator, gear and other ie#ctr
components can be placed on top. Therefore vedidalturbine
is very suitable for floating structure.

5.0 CONCLUSSION

Hydrokinetic energy conversion system as ocean wable
energy resources is to be emerging technology daatresolve
the problem of fossil energy. The worldwide themaitpower of
tidal power has been estimated around 7,800 TWhfyéalt is
very huge energy resources and very exciting todeel. Vertical-
axis turbine possesses some advantages that gle siesign and
installation, cheaper in production, easier in afjien because
generator, gear and other electrical componentdegriaced on
top and suitable for floating systems. Those are®s of it is in
accordance with the conditions of marine environmand
production technology capabilities that exist irmgodeveloping
countries. The main challenges that must be ansiard solved
in vertical axis tidal current turbine are low eféincy, low
starting torque and torque ripple. In consequesitely, research
and development program are still needed until ngakd to be
mature technology.
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