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Abstract

This paper aims to describe an alternative design (protected by patent), for an onshore wave based energy converter, specifically an
oscillating water column, capable of providing increased efficiency. In order to compare the various alternative designs, a theoretical
model that describes the physical behavior with certain restrictions is proposed. The converters incorporate a rectifying barrier leading to
a large pool of water between the sea and the converter. In order to estimate the theoretical increase in achievable power, a theoretic
cycle model is assumed for the simulation of its operational dynamics using a simplified ideal behavior: regular waves, the air assumed to
be an ideal gas, with adiabatic compression and expansion. The results obtained show that a correct adjustment of the turbine differential
pressure contributes to an increase in the available power output. We conclude that the proposed innovations can lead to an improved
technology applicable to this type of converters.

Keywords: Ocean energy; Renewable energy; Alternative energy; Wave energy converters (WEC); Oscillating water column (OWC);
OWC-DPST.

Resumen

El objetivo de este articulo es describir un disefio alternativo (protegido por patente) de un convertidor undimotriz, para ubicar en la
linea de costa, del tipo de columna de agua oscilante, capaz de alcanzar un mayor rendimiento. Para hacer una comparacion de los
distintos convertidores se propone un modelo tedrico que describe el comportamiento fisico, con ciertas restricciones. El convertidor
incorpora una barrera rectificadora formando una gran balsa de agua entre el mar y el convertidor y para estimar teéricamente la potencia
obtenible se supone un comportamiento ideal simplificado: olas regulares, comportamiento del aire como gas ideal, compresion y
expansion adiabatica. Los resultados obtenidos muestran que un ajuste de la presion diferencial en la turbina contribuye al aumento de la
potencia de salida aprovechable. Se concluye que la innovacién propuesta puede ayudar al avance de la tecnologia aplicable a este tipo
de convertidor.

Palabras clave: Energia del mar; Energias renovables; Convertidor undimotriz (WEC); Columna de agua oscilante (OWC); OWC-
DPST.

Nomenclature P : Pressure in Low Pressure Tank [Pa]
P*L : Relative pressure in Low Pressure Tank [Pa]
g: Acceleration of gravity [9.81m/s?] T : Period of wave [s]
Hi : Initial upstroke [m] U : Internal energy [J]
Ho : Minimum height of the air [m] W : Energy [J]
Hs : Initial downstroke [m] Wh: Energy in the downstroke [J]
Hw : Wave height [m] Wu: Energy in the upstroke [J]
P: Power [W]
Patm : Atmospheric Pressure [Pa] Greek Letters:
Pcn : Pressure in chamber [Pa] p Seawater density [1025kg/m’]
P*cp : Relative pressure in chamber [Pa] v Specific heat ratio
Pu : Pressure in High Pressure Tank [Pa] A Level difference in the upstroke [m]
P*u : Relative pressure in High Pressure Tank [Pa] I' Level difference in the downstroke [m]
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1. Introduction

There is a pressing need for gradual substitution of
energy sources based on fossil fuels, because of continuous
depletion of these resources, and in order to protect the
environment. Thus, an increased reliance upon alternative
sources of energy is a logical imperative. The automobile
industry is one in which there are many technical and design
limitations which complicate the use of alternative fuels. It
is therefore in the generation of electricity from renewable
sources where R & D can lead to practical results in the near
term. Some renewable sources of energy can generate a
significant amount of CO», whereas others, not based on
fossil-fuel as set forth in this article, are free of these
emissions.

At present, over 1000 Wave Energy Converters (WEC)
are patented worldwide [1]. All Wave Energy Converters
(WEC) of the oscillating water column type (OWC),
currently in operation or under construction, whether off -
shore or on-shore, have a structure that can be represented
schematically as shown in Fig. 1. The turbine shaft may be
arranged vertically, as in the plant installed in Mutriku
(Guipuzcoa, Spain), or horizontally, as in the case of the
wave power plant of Pico (in the Azores) or that of the
island of Islay in Scotland [2].

The operational mode is as follows: when the wave
reaches the converter, the water level within the chamber is
lower than outside. When the water level within the
chamber starts to rise, this compresses the air during the
upstroke of the water column, and this compressed air
drives an air turbine which in its turn drives an electric
generator. This process will continue until the water column
reaches its highest level.

When the wave outside the chamber begins to recede,
there will be a fall in the level of the water in the chamber, a
downstroke, leading to increased air volume within the
chamber reducing it to below-atmospheric pressure. This
drop in pressure causes a reverse in the direction of air-flow,
and this once again drives the turbine.

It is customary to use self-rectifying turbines such as
Wells, Dennis-Auld, McCormick, or reaction—self-
rectifying turbines which maintain a constant direction of
rotation regardless of the direction of airflow. The use of
self-rectifying turbines is a satisfactory solution to the
problem of rotation, converting the bi-directional flow
within the water column into energy. These wind turbines
have proven to be a tried-and-tested technology based upon
years of experience in the field [3]. However, there are
several weak points in the way that these converters work,
given that the flows are characterized by:

a) Variable amplitude

b) Variable rotation direction

¢) Intermittency

d) and lack of control.

Let us analyze briefly the implications of each of these
characteristics.

a) The compression and suction cycle phases are carried out
at variable pressure. This leads to highly variable flows

in amplitude because the pressure in the chamber is
changing significantly. The effect is that the rotating
torque developed by the turbine is also variable, being
zero during most of the cycle. Furthermore, in addition
to other drawbacks, it will lead to sub-optimum
operating conditions (maximum efficiency condition)
causing low performance conversion rates.

According to [3] the operating range is too much

restricted, which has a significant effect on efficiency.

The abrupt increase in pressure within the chamber may

damage the turbine blades [4], while the “stalling”

phenomenon reduces efficiency as flow rates surpass

certain limits [5].

On the other hand, a considerable safety margin must be

taken into account by assuming significant design

parameterization values for turbine and generator.

b) The variable condition of the air flow requires the
adoption of one of two constructive options:

1) Using a structure based on rectified flow which requires a
conventional turbine, (unidirectional flow turbine type)
exhibiting greater performance but requiring several
valves and piping accessories, leading to a fall in
pressure and energy losses.

2: Using a self-rectifying turbine, leading to a significantly
lower level of efficiency [6].

¢) The fact there is a change in the direction of air flow in
the duct of the chamber means, mathematically
speaking, that the flow must pass through zero twice per
cycle, and that during those two moments it is not
transferring energy to the turbine. Furthermore, after the
level of the water column reaches its lower level and the
air pressure in the chamber is equal to atmospheric
pressure, it will take time to begin its upward movement,
and yet more time until it reaches the compressed air in
the chamber, at a pressure sufficient to produce an air
flow rate through the turbine and create torque. Until
that point, no energy is transferred to the turbine.
Something similar occurs when the water column is at
its top. Hence it is clear that, during much of the cycle,
power is not being transferred to the turbine. The energy
converted is therefore intermittent [7].

d) The conclusion to be drawn from the three previous
points is that the amount of air flowing through the
turbine is insufficient, under normal conditions, to drive
a 3-phase alternator, which requires a synchronized
speed. One option is to use a doubly fed induction
generator. Another is to use dual conversion
rectification-inversion with static elements.

One possibility is to use a turbine regulatory system

acting on a variable blade distributor turbine, partly to

mitigate the effects of highly variable flows. In any case,
the control in this type of converter raises important
theoretical and practical problems.

Furthermore, saltwater particles will inevitably have an
impact on turbine blades, resulting in adverse effects such
as corrosion and fouling. Another drawback, from the
environmental point of view, is the very loud noise
emanating from the air outlet of the turbine at higher speed
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peaks, which prevents these converters from being located
near residential areas.

Figure 1. Conventional OWC converter

The proposed WEC-OWC with differential pressure
storage tanks (DPST) is designed to avoid many of the
disadvantages of conventional OWC converters.

The double oscillating water column “twin-OWC Wave
energy converter” [8,9], can be considered from a
technological perspective as an intermediate design between
the OWC and the OWC-DPST.

2. Description of the proposed converter

Fig. 1 shows a simplified diagram of a conventional
OWC converter. The extraordinary simplicity of its
operating principle can be observed. The water level inside
the chamber rises and falls in consonance with the external
level, after a certain delay. Fig. 2 shows the OWC-DPST
converter in simplified form. Number 5 represents the high
pressure storage tank (HPT), in which the compressed air
from the chamber during the upstroke of the oscillating
water column is transferred through a remote operated valve
3 (HPV). The tank pressure gauge 5 indicates a positive
relative pressure. The low pressure storage tank, LPT is
represented by the number 12. From this tank air is removed
by suction through a remote operated valve 14 (PVL),
during the downstroke of the water column. In this tank,
gauge pressure is negative. The vent valve, (VV), denoted
as (4), allows the process of filling and emptying of storage
tanks. It is a remote operated valve which opens before the
water column reaches its top level, once the charging period
is completed, allowing the pressurized air which is still in
the chamber to be evacuated into the atmosphere, thus
permitting the water level to continue to rise. This valve
should open at the end of the period of air suction from the
LPT tank, allowing air to enter the chamber until the
pressure is equal to the outside atmospheric pressure.
Between one storage tank and the other, there will be a drop
in pressure (differential pressure) which, if the volume is

sufficient, allows a nearly constant and continuous airflow
over the conventional high performance turbine. This
turbine drives the electric generator, for example a 3-phase
alternator, which may be coupled directly to the mains.
Another possibility would be to use a Doubly-fed induction
machine (DFIG) as it can work as synchronous machine,
which are commonly used also with wind turbines [10] The
volumes of the storage tanks are much greater than the
volume of the chamber. (Fig. 2 is not shown to scale).

2.1. Theoretical model for study

In order to compare the various alternative designs of
converters, we propose a theoretical model that describes
the physical behavior with certain restrictions. The
converters incorporate a rectifying barrier leading to a large
pool of water between the sea and the converter. This
rectifying barrier offers little resistance to movement in the
direction of the sea water-converter, but blocks the passage
of water in the opposite direction, which causes the water
level in the pool to remain at its highest level, for sufficient
time so that the work cycle is approaching that of the
theoretical cycle. Placing the rectifying barrier, labeled with
the number 17 in Fig. 2, has little influence on the behavior
of the converter, and therefore is not necessary, but
facilitates the study and analysis of the converter behavior,
since it helps the level outside the chamber remains constant
during the upstroke. This is the model to be analyzed in this
article.

\

Figure 2. OWC-DPTS converter with rectifier barrier
2.2. Operating principle

Like existing OWC, the proposed plant, located either
off-shore or on-shore, is a converter which harnesses the
energy of ocean waves and converts it into electricity. Let
us assume that this plant is located on the coast because of
the amplitude of the waves, easy accessibility, lower
maintenance costs and high structural strength at lower cost
. Once a partially submerged structure has been constructed,
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partially underwater and with a closed upper part, and open
to the sea in the part located below the water level, in the
presence of waves the water level inside the structure will
approximate a level equal to the varying height of the
waves, by the principle of communicating vessels. During
the upward movement of the waves, the air that is trapped
within the chamber undergoes a decrease in volume and
hence increased pressure, since the water column acts as a
"rigid piston" [11]. When this pressure slightly exceeds the
pressure within the accumulator tank of high pressure air,
air will flow naturally through an open valve, HPV
(preferably, but not necessarily, a remotely operated valve)
which communicates the chamber with the high pressure
accumulator tank.

Similarly, when the level of the wave starts to fall, the
water level within the lower chamber also descends, and
there is a progressive increase in chamber volume and
consequently a reduction in pressure. When the pressure in
the chamber is slightly below that within the low pressure
accumulator tank, air flows naturally from the low pressure
tank through another open remotely operated valve LPV
towards the chamber, thus decreasing slightly the pressure
in the low pressure accumulator tank. As shown, there are
two tanks, one with air at high pressure, positive relative
pressure, and another with a negative relative pressure with
respect to the atmospheric pressure, Patm. There will be a
difference of pressure between these two tanks and thus a
duct or conduit can be used to connect the two tanks. Within
this duct, a turbine is placed, driving an electric generator.

In conventional OWCs, during the upstroke the turbine
works between the pressure within the compression
chamber and the atmospheric pressure, whereas during the
downward stroke it works between atmospheric pressure
and suction pressure. The same is however not true for the
proposed OWC-DPST. The gauge pressure in the high
pressure accumulator tank could be for example 10 kPa
positive, i.e. 10 kPa gauge.

The gauge pressure in the low pressure accumulator tank
could be for example 10 kPa negative, i.e. -10 kPa gauge. In
this case the differential pressure in the OWC-DPST
converter turbine approaches 20 kPa, providing a steady
flow to the turbine

2.2.1. Pressure inside the tank

This section analyzes the process of energy storage in the
tanks, starting with the upward movement, with the help of
Fig. 3 a), an expansion of the area of the camera with a design
similar to that of Fig. 2, where now the vent valve is
positioned along the wall of separation of both tanks.

The relative pressure is indicated by (*) as superscript.
Without superscript indicates the absolute pressure. First let’s
analyze the upstroke movement of the water column. The
work converted and hence the absorbed energy is given by:

H2
W=jPA$ )
H1l

In this type of converter, for a given wave height and
tide, we can choose the value of P and the integration limits
for each of the upward and downward movements to
operate within the range of defined values such that
maximize the value of the function (1)

When the water level reaches its lowest position (the
wave is at its trough), "O" level, the vent valve is closed, the
relative air pressure chamber is zero, and the LPV and HPV
valves are closed.
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Figure 3. a) Upstroke oscillating column, b) Downstroke oscillating
column

The oncoming wave introduces an amount of water in
the chamber without difficulty driving up the level. Since all
valves are closed air pressure into the chamber will rise. The
absolute air pressure in the chamber based on the water gap
between the inner and outer chamber levels, Ah, is given by

PCh:P

wm T P& AR Q)

As the gauge pressure in the high pressure accumulator
tank, HPT, is Pu™* (Pu, absolute pressure), let us determine
how much the water level inside the chamber had to rise, so

that the air pressure would reach this value. Assuming an
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adiabatic compression it follows that

p, ( H,+H, Y
Patm H ot H W H i
which yielding Hi as
P\
H =H,+H,|1-| == 3)
Py

The gap between the inside and outside of the chamber
to maintain pressure Pch = Py in the chamber, A, shall be in
accordance with Eq. (2):

*

Fo
PrE

Py, —-F

A atm —
P8

“4)

After reaching the high pressure PH within the chamber,
the valve HPV opens, so that with increasing water column, air
is introduced into the accumulator tank HPT. The upward
movement of the water column, during which air is introduced,
is called the "upward stroke", SUU, and is defined as:

SUU:HW_H:'_A ®)

The amount of stored energy in the accumulator tank
HPT during this column movement per m? of horizontal
surface into the chamber, will be:

AU, =P, S, =P, (H,—H ~A) J/m’ 6)

After substituting Egs. (4) and (3) in Eq. (6), this yields:

AU, =P, H, —M—

P8
A ; (M
PH*(HO +HW) - ——
PH + })atm
which expressed in absolute pressure yields
B,-P, V)
80, =, Py~ i)
PE
1 ()
P
(PH _Pazm)(Ho +HW) I '
PH

Once the water column rise ends, the HPV valve closes
and then the VV valve opens, and the compressed air into
the chamber is evacuated into the atmosphere, restoring the
atmospheric pressure Pam, and the water column rises
without back up pressure to the outer level. When it reaches
this point, the valve VV is closed. Now with all chamber
valves closed, the downstroke will begin, following the
descent of the water outside the chamber, with some steps
analogous to those described above, but with negative
relative pressures

The maximum energy that can be accumulated by
each upstroke of the water column is obtained by taking the
partial derivative of eq. (8) with respect to high pressure and
equating to zero. This is expressed as,

U, 2

—#_g,—=(P,-P,)-

GPH w pg( H a )

®

atm’

(H0+HW){1—P iﬁj -
(PH _Patm)(HO +HW)( alm;]/' PHH}Z/J:O

Since vy, g, Pam, and p, can be considered to be constant,
a function Pu of the wave height Hw and the minimum wave
height Ho, such that maximizes the accumulated energy per
cycle can be achieved. For a constant wave height, the value
of Ho will vary continuously according to the tide height.
The chosen pressure for the high pressure tank, Pu, will
have a direct effect upon the useful energy.

Using fig. 3 b), we can now study the oscillating water
column downstroke, starting from the water level “E”, the
maximum level of water, with minimum air over the water
column, Ho, with all valves closed, and chamber pressure
equal to the atmospheric pressure. As the water level
outside the chamber decreases, the water level within the
chamber will also decrease causing the air volume to
increase and the pressure to drop until the pressure in the
chamber equals the pressure in the low pressure
accumulator, Pr, according to the scheme of fig. 3 b). At
this point of the cycle a command signal to open the valve
HPV is given. As a consequence, assuming an adiabatic
expansion, it follows that

B (_H Y
P H0+HS

and solving for Hs yields:

L
-] -
L

In this situation there will be a gap between the outside
water level and the water level within the chamber, I, given as

(10)
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PL = Patm _r'p'g
Where I' is given by:
P —P
1—* — _atm L (11)
PrE

As shown in fig. 3b), the useful stroke during the
downstroke, Sup, will be

Syp=Hy, —H;-T (12)
The converted energy from the LPT, WL = AuL during the
useful stroke "downstroke", part F to J of the cycle, will be:

AU, =P/ (H,, —H,-T) (13)

After the useful stroke, with the chamber water level at
“J”, the LPV valve is ordered to close, and an opening
command is given to the VV, until the level reaches “O”,
causing the water column to decrease until the outside and
inside levels are equal.

Thus, substituting equations (10) and (11) in (13), we
can obtain the specific energy (energy per square meter)
converted during the downstroke:

AU, :(PL _Pazm)'
(14)

L(Patm _PL)]

P\
[HW _Ho(;}tmj +H, _p.g

L

Following the same strategy performed for the upstroke,
the pressure in the low pressure tank Pr, which maximizes
the accumulated power for the portion of the cycle
corresponding to negative pressures, can be achieved by
taking the partial derivative of the function (14) with respect
to PL and equating to zero.

Solving eq. (15) for P, the pressure that maximizes the
converted energy achieved:

3. Alternative designs

Fig. 2 shows the basic idea of the OWC converter with
differential pressure storage tanks (OWC-DPST). Other
designs can be made with the same operating principles, but
which enhance practical aspects. Such is the case of Fig. 4,

51 6 1
N 12
12
5 |~
\\ A
4
3Q\ |14
2 :T o
A |1 /,.1516
G . f ;,/

Figure 4. OWC-DPST. Alternative design

where the turbine is located on the outside of the tanks
and prevents the shaft passage through a wall of the tank
with the consequent problem of shaft sealing. Also, instead
of a single turbine, another smaller turbine-alternator could
be mounted in parallel, and used when the wave height is
small and therefore would avoid having the larger turbine
working at a power well below its rated power.

Another improvement could be to mount the turbine
between two large storage tanks fed by several tanks 5 and
12 according to the represented structure. It might be
possible to incorporate previously a rectifier barrier labeled
17 in Fig. 2, in this case the actual behavior would approach
the theoretical behavior.

4. Case studies and results

To make an assessment of the energy efficiency we could
expect from a converter such as the proposed one, we will
consider the ideal conditions which would allow
quantification of the various parameters. First, the following
assumptions are considered: regular waves, with a series of
wave fronts approaching the converter with a constant
amplitude and periodicity, which is the theoretical case. With
regard to the behavior of seawater within the chamber, it is
assumed that if the chamber were permanently connected with
the atmosphere, the vertical oscillation amplitude would be
equal to the height of the wave [12] as shown in Fig. 5. As for
the air, as it is working at low pressures, it is assumed to have
nearly ideal diatomic gas behavior with a value of y (specific
heat ratio) of 1.39. It is assumed that the phases of
compression and expansion of air in the chamber, being in a
reduced time interval, are adiabatic [13]. Pressure drops in
valves LPV and HPV are neglected because they are remotely
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Une turbine per chamber
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Figure 5. OWC with courtesy of Voith Siemens Hydro Wavegen . Wave
height and vertical oscillation amplitude.

controlled, and will be closed when the pressure in the
tank and the chamber are equal. It is also assumed that the
horizontal dimension of the chamber is small relative to the
wave length.

Assuming the above considerations, three cases depicted
in Table 1 will be analyzed, under moderate wave
amplitudes.

Case 1 corresponds to a small wave height, only 1m
from crest to trough, with a minimum amount of air over the
water column, Ho = 1 m. Case 2 consists of medium wave
height approaching, Hw =2m, to see the effect of doubling
the wave height while maintaining the same air over the
water column, and in case 3 doubling the height of the air
over the water column, Ho =2m. It is a transition condition
of the tide from high tide to low tide, equal 1m, maintaining
a constant wave period of 10 seconds.

Table 1.
Input parameters for the three case studies
Case 1 Case 2 Case 3

Ho 1.00 1.00 2.00
Hw 1.00 2.00 2.00
T (s) 10 10 10

Table 2.

Results for upstroke

Case 1 Case 2 Case 3

Pu* 4000 8500 8000
Hi 0.055 0.169 0.213
A 0.397 0.844 0.794
Hw-A-H; 0.548 0.987 0.993
Wy 2192 8393 7945

Table 3.
Resuls for downstroke
Case 1 Case 2 Case 3
PL* 4000 8300 7800
Hs 0.029 0.063 0.119
T 0.397 0.824 0.774
Hw-I"-Hs 0.574 1.113 1.107
Wp 2294 9236 8636
Table 4.
Power
Case 1 Case 2 Case 3
Pmax 449 1763 1658
PElect. 362 1423 1339

The results presented in Tables 2 and 3 are obtained from
the input data shown in Table 1, using the equations derived
above, using a spreadsheet. Table 2 shows the upward stroke
of the water column in the chamber, and in Table 3 the
downstroke.

Row 1 of Tables 2 and 3 indicate the values chosen for the
pressure in the accumulator tanks, expressed in relative values,
close to the maximum performance values and taking into
account the equal mass flow rates.

Note that for each case analyzed, the particular value of Ho
and Hw, the values for the pressure in the storage tanks,
deduced from eq. (9) and eq. (15), are not symmetrical with
respect to the atmospheric pressure Pam.

The values of Hs and Hi are obtained from equations (3)
and (10), indicated in the cells of the 2nd row. The values of A
and I are obtained from equations (4) and (11). The results are
presented in the 3rd. row. The "useful stroke" during the
upstroke is obtained from expression (5) and during the
downward stroke from equation (12) given in row 4. The
converted energy in the upstroke, Wu, is obtained from the
above results, according to equation (6) and during the
downward stroke, Wp, according to equation (13). The results
of both expressed in J/m? are given in the 5th row. Assuming a
known period introduced as input data in seconds, the
accumulated energy can be obtained per unit time, as the ratio
of the former to the period. The result, expressed in watts, is
given in the first row of Table 4.

To estimate the available electrical power, efficiencies of
85% for the turbine and 95% for the alternator [14] are
considered. It is also assumed that the system uses a constant
flow unidirectional pneumatic turbine due to its higher
efficiency, which represents a efficiency of the genset
approaching 81%.

Multiplying first row of table 4 by the efficiency of the
group yields the second row of the table, which is the
electrical power expressed in W/m?.

As shown, the achievable pneumatic power values for the
three previous assumptions, has a range from a minimum of
about 449 W/m? up to 1.76 kW/m?, leading to an electrical
power output between 362 W/m? and 1.42 kW/m?.

5. Conclusions

This paper presents a novel design alternative with
regard to the state of the art of technology in OWCs. The
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proposed structure for the OWC-DPST and the operation

modes, including its duty cycle and mathematical modeling

tasks are described.

The performance of energy transformation is a function
of accumulated pressure. The pressure in the accumulation
tanks may be adjusted in order to achieve the maximum
efficiency of the converter. Analyzing the results, it is clear
that the desired objective, to maximize the available energy
has been achieved.

Summarizing, several improvements can be highlighted:
e The proposed OWC-DPST can use unidirectional flow

based Francis turbines with their increased performance

and efficiency, instead of Wells turbines with their
bidirectional flow.

e The turbine can operate continuously within the range of
maximum efficiency.

e As the converter works at a steady, stable and smooth
speed, there is no requirement for special devices
designed to work in peaks and troughs of power. Thus
for any given energy production, much smaller and less
powerful machinery can be used.

e Synchronous generators directly connected to the grid
may be used.

e A small wave height, insufficient to be useful for a
conventional OWC, would be capable of generating
electricity in an OWC-DPST.

e It would prevent erosion and fouling of the turbine
blades by impact of particles of entrained water, leading
to lower maintenance costs.

o Turbine noise emanating from the air outlet will be
inherently attenuated, with reduced environmental impact.

Also, some disadvantages can be highlighted, such as:

e  larger size of the converter,

e  greater cost,

e more complex operating principle, requiring operating
adjustments updated according to the state of the sea,
implying the unavoidable need for an adaptive control
system.

e  increased maintenance costs

References

[1] Vininanza, D. et al. The SSG Wave Energy Converter: Performance,
Status and Recent Developments, Energies, 5, pp. 193-226, 2012
doi:10.3390/en5020193

[2] Ibafiez, P. and Miguélez, F., La energia que viene del mar. Instituto
Universitario de Estudios Maritimos. Netbiblo. Coruiia, 2009.

[3] Takao, M. and Setoguchi, T., Air Turbines for Wave Energy
Conversion, International Journal of Rotating Machinery. Volume, 2012.
Article ID 717398 doi: 10.1155/2012/717398

[4] Brito-Melo, A. et al. Analysis of Wells turbine design parameters by
numerical simulation of the OWC performance, Ocean Engineering, 29,
pp. 1463-1477, 2002

[5] Alberdi, M. et al. Complementary control of oscillating water column-based
wave energy conversion plants to improve the instantaneous power output,
IEEE Transactions on Energy Conversion, 26-4, pp. 1021-1032, 2001.

[6] Maeda, H., Performance of an impulse turbine with fixed guide vanes
for wave power conversion, Renewable Energy, 17, pp. 533-547, 1999.

[7] Muthukumar, S. et al. On minimizing the fluctuations in the power
generated from a wave energy plant, Proceedings IEEE Internal Electrical
Machines Drives Conference, San Antonio, Texas, EE.UU, pp. 178-185, 2005

[8] FalnesA, J. et al. Simulation studies of a double oscillating water
column, Fourth International Workshop on Water Waves and floating
Bodies, University of Oslo, Norway, pp. 65-68, 1989.

[9] Falnes, J., Optimum Control of Oscillation of wave-energy converters.
International Journal of Offshore and Polar Engineering, 12-2, pp. 147-155,
2002.

[10] Giménez, J. and Gomez, J., Wind Generation using different
generators considering their impact on power system. Dyna-Colombia,
169, pp. 95-104, 2011.

[11] Evans, D., Wave-power absorption by oscillating surface pressure
distributions, Journal of Fluid Mechanics, 114, pp. 481-499, 1982

[12] Bakar, B. et al. Mathematical Model of Sea Wave Energy in
Electricity Generation, 5th International Power Engineering and
Optimization Conference (PEOCO2011) Malaysia, 2011.

[13] Gervelas, R., Trarieux, F. and Patel, M., A time domain simulator for
an oscillating water column in irregular waves at model scale, Ocean
Engineering, 38, pp. 1007-1013, 2011

[14] Thorpe, T., A brief review of wave energy, UK Department of Trade
and Industry, May 1999.

R. Borras-Formoso, received the Bs. Eng in Electrical Engineering in
1988 at the University of Vigo, Spain, and the Bc degree of Marine
Engineering in 1984 at the University of A Coruna, and the PhD degree in
Maritime Engineering in 1997. Currently he is a full professor in the
ETSNM. of La Coruna University in the Electrical Engineering area. His
research interest is centered on the fields of simulation, modeling and
forecasting in Ocean Energies, and electrical ship propulsion simulation.

R. Ferreiro-Garcia, received the Bs. degree in Marine Engineering in
1975, and PhD degree in Maritime Sciences in 1986, he worked as teacher
in the University of A Coruna, and as a researcher in the fields related with
Systems Engineering and Automation applied on renewable energies, with
emphasis on ocean energies. He is currently coordinator of the Research
group G0087 at the university of A Coruna.

F. Miguélez-Pose, she obtained Licenciateships in Physics in Santiago de
Compostela and gained her Doctor of Science degree in 1990. She took his
place as Professor of General Physics in the Faculty of Sciences and now in
Marine Engineering School. She worked in programs and projects of the
Condensed Matter Physics, with emphasis on superconductivity and energy
and have several publications of scientific journals. She is currently
Maritim Studies Institute Director, Universidade da Corufia.

C. Fernandez-Ameal, received the Bs. Sc. in Nautical Science in 1984 and
the MSc in Nautical Science in 1989. Postgraduate studies for PhD degree
in Fracture Mechanics and Plasticity of structures, in 1989-2000. Actually
Associate Professor on Naval Construction and Ship Theory on the
ETSNM. of La Coruiia University, working on vessels and floating bodies
dynamics and stability in waves.

218




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


