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Summary

The aim of this paper is to illustrate the design of a new wave energy converter,

composed of a point absorber and a hydraulic system (power take off) and sized

for recovering energy in calm seas from waves near the shore. The point

absorber is consisting of a rectangular shaped buoy integrating a piston pump.

The set buoy-pump oscillates under the waves action and moves natural water

in a closed circuit hydraulic system (power take off) composed of a piping con-

necting the piston pump itself, a pressurized reservoir, a hydraulic turbine and a

discharge tank. The methodology adopted for designing the main constituents

involves a 1D mathematical model, settled for understanding the motion of the

buoy under the hypothesis of regular waves and fully developed sea, and a sizing

procedure applied for the design of all the components of the hydraulic system.

The project related to the Calabrian site of Cetraro (Mediterranean Sea—south

Italy) led to designing a system with a 4 m large buoy, associated with a small

13 cm diameter micro Pelton turbine, so that more than 22 000 kWh could be

recovered in a year.
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1 | INTRODUCTION

In an energy scenario, even more troubled by the exhaus-
tion of fossil fuels, renewable energies coming from sea
offer a substantial contribution to their replacement.1

The exploitation of the wave potential has been estimated
to grow considerably in the next few decades, promoting
the spread of Wave Energy Converters (WEC).2 More-
over, renewable energy storage technologies will play an
important role in the management of the energy supply.3

At present, several WECs have been developed and
tested4; however, no installation has obtained a massive
commercial success.5

Wave energy converter systems combined with a
floating breakwater can be seen as a cost-effective solu-
tion and at the same time provide a coastal protection.
This will make wave energy competitive and will start
production of commercial-scale wave power converters.6

Floating offshore wind platform combined with Wave
Energy Converters (WECs) systems have instead the pos-
sibility to provide a cost-effective solution to offshore
power supply and platform protection.7

In countries surrounded by sea and oceans or in
island, where the wave potential is very high, research on
wave energy production is particularly dynamic. In
Europe, the countries situated along the Atlantic Coast
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such as, Portugal, Spain, Ireland, Norway, and the UK
are the most interested in the research and development
of WEC.8 In islands, the implementation of WECs in
micro-grids applications could resolve many problems
related to energy supply.

The energy amount extractable from waves is an
important factor for the feasibility of a power plant,
which over the years should produce more than the
installation costs, and so determining the choice of high-
potential sites, but often that implies harsh waves which
happen during extreme events.

These circumstances raise technical issues affecting
the design and arrangement of WECs, sometime raising
the costs so much as to make it no longer convenient.9

In the Mediterranean Sea, the possibility of working
with moderate waves simplifies the design of production
plants, making them attractive. Anyway, technical prob-
lems related to extreme sea climate could be solved by
improving the research, so that wave energy production
could be economically viable even in those cases.

However, with the aim to evaluate the feasibility of a
wave energy plant, a detailed knowledge of the amount
of available energy and its temporal and spatial variabil-
ity is required.10

The wave status of the sea is very variable and it is
determined by the factors that transfer energy to the
wave like winds, seismic disturbances, and lunar and
solar gravitational fields. Moreover, the seabed bathyme-
try or generic obstacles affect the shape and the extension
of the waves.

Various idealized spectra have been proposed in ocean-
ography and naval engineering,11 the simplest assumes the
waves balanced with the wind and the period of the wave
proportional to the square root of the wave height (fully
developed sea, Pierson-Moskowitz spectrum12). Therefore,
the average power, transported by a wave per meter wave
front, can be calculated as proportional to the square of
the wave height and to the period of the same13:

Based on existing similar arrangements,14 a new wave
energy converter (WEC) is here studied and simulated.
The main novelty of this work concerns the design of a
new kind of point absorber, different from those devel-
oped to the present, conceived for exploiting waves near
the shore, with crest line almost parallel to the coast and
particularly suitable for those sites characterized by a
moderate energy flux. The related power take off instead
consists of a traditional hydraulic system able to store
energy pressure and deliver that to a micro Pelton tur-
bine. The point absorber is integrated with the chamber
of a volumetric pump, which moves up and down sliding
on a fixed piston. The buoy-pump set oscillates under the
waves action moving natural water in a closed piping cir-
cuit which in turn connects two tanks: a pressurized

reservoir, feeding the hydraulic micro Pelton turbine and
a second tank for the discharge of the turbine.

The authors, differently from others like Bonovas,9

Tampier,15 Shadman,21 and Hansen,29 face the calculus
of the buoy oscillations both with a traditional differen-
tial equations approach and with a simplified method.
The latter allows obtaining simplified formulas which
correlate the stroke of the piston pump to the height of
the waves. These formulas become a useful tool for the
performance assessment, giving results affected by errors
in the order of 5%. Moreover, they allow all the compo-
nent of the system to be easily sized and its optimal work-
ing condition to be found.

Therefore, with the aim to guarantee optimal perfor-
mance, pressure and flow rate of the water supplying the
turbine are changed16 as the height of the wave changes.

The objective of this paper is to illustrate an overall-
flexible procedure in order to design all the components
of the system: the point absorber, the piping, the hydrau-
lic system, and the micro Pelton Turbine. This methodol-
ogy, supported by a numerical model developed in
Matlab-Simulink@ environment, allows a quick sizing in
relation of the energy wave potential to be obtained. That
is an important finding useful to allow a rapid estimate
by the designers for the feasibility of the plant, starting
from the energy resource of the site.

To better illustrate that, a case study regarding a plant
installation in the Calabrian site of Cetraro (Italy), charac-
terized by a low energy potential, is proposed. The results
show that, by implementing small size components with
consequent limited costs, it is possible to exploit accept-
able quantities of energy in a year.

2 | SYSTEM DESCRIPTION

The system is developed with the aim to convert the wave
motion in the vertical motion of a large buoy, succes-
sively transformed in pressure energy and finally in elec-
trical energy.

Figure 1A,B gives a schematic of its main compo-
nents. The absorption point (power take off) can be posi-
tioned near the shore, if the seabed allows it and in
proximity of breakwaters. In the latter case, two goals
could be achieved simultaneously: extension of the shore
up to deep waters and reduction of the installations costs,
because of the possibility to lay the machinery on the
breakwaters. The absorption point is composed of a buoy
having a rectangular shape, which incorporates the cylin-
drical chamber of a piston pump. Under the waves
action, the buoy slides on four rods planted in a concrete
base and connected among them on the top, while the
chamber moves by sliding around the piston, which is
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instead fixed. Therefore, an unusual piston pump, having
fixed and mobile parts inverted, is realized able to move
water in a hydraulic closed circuit. In particular, the fixed
piston is pierced and is equipped with two pipes marked
in blue and red in Figure 2, through which it pushes and
sucks water, as highlighted in Figures 1A,B and 2.

The delivery pipe, marked in red, pushes water into a
pressurized reservoir filled partially by air. Because of the
solubility of the air in water, an auxiliary compressor can
replenish the air losses. Pressurized water feeds a Pelton
turbine, which, in turn, drives an electric generator. The
discarded water is collected in a tank at atmospheric

(A)

(B)

FIGURE 1 System layout. A, Top view and B, side view [Colour figure can be viewed at wileyonlinelibrary.com]
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pressure to be sucked out by the pump through the suc-
tion pipe, marked in blue.

2.1 | Interaction wave-buoy

The buoy is free to oscillate in the vertical direction
(Figure 1B) by following the crests and the troughs of
the wave; its oscillating motion allows the pump to push
and suck water in the hydraulic circuit. This mechanism
is well depicted in Figure 3, which shows how the piston
pump moves the water in the hydraulic circuit; the
dashed line represents the sea level over time.

When the level of the wave is at its minimum
(Figure 3A), the cylinder chamber is completely filled by

water: as the level rises (Figure 3B) the pump chamber
reduces its volume by delivering water through the delivery
(red) pipe, visible in Figures 1A,B and 2, at the pressurized
reservoir. This is the compression phase, which is charac-
terized by the opening of the nonreturn valve in the deliv-
ery pipe and the closure of the nonreturn valve in the
suction pipe. That occurs until the wave reaches the peak
level (Figure 3C). Subsequently, the buoy is dragged down
by the wave (Figure 3D,E) by sucking water through the
blue pipe (Figures 1A,B and 2) from the atmospheric tank
until it reaches again the minimum position (Figure 3F).
This is the filling phase, which is characterized by the
opening of the nonreturn valve in the suction pipe and the
closure of the nonreturn valve in the delivery pipe.

3 | METHODOLOGY

The methodology, applied to the technical analysis of the
proposed system, is based on the development of a one-
dimensional mathematical model, which determines the
buoy vertical oscillation over time. The model has then
supported a first sizing of the system, which takes into
account geometrical ratios, performance charts, and wave
characteristics.

3.1 | Mathematical model

The buoy motion equation is obtained in the time
domain with reference to the vertical position, z, of the
immersed (bottom) surface of the buoy, which, at still sea
(z = 0), equals its draft, −D (initial conditions).

In order to simplify the model, a regular wave is
assumed. For an oscillating point absorber WEC in a reg-
ular wave, with height Hw and circular frequency ω, the
radiation force is reduced to a linear damping; moreover,
an added mass term is included.15 By taking into account
the exiting wave force, the force exerted by the power take
off (PTO), inertia, and friction in the pipes, drag, and radi-
ation damping of the buoy, the motion equation is:

mbuoy +madd + ρLpipeApipe
Dp

Dpipe

� �2
" #

€z+ b _z

+
1
2
ρCDSw +

1
2
ρf Ap

Lpipe
Dpipe

Dp

Dpipe

� �2
" #

_zj j _z

+ ρgAbuoyz=Fex−FPTO ð1Þ

The forces acting on the buoy are shown in Figure 4.
The exciting wave force Fex is given by the hydrodynamic
pressure multiplied for the buoy area. For finite water
depth, having average water depth h and for a buoy

FIGURE 2 Fixed piston particular [Colour figure can be

viewed at wileyonlinelibrary.com]
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characterized by a length L along the wave direction, a
width B along the wave front, a height Hbuoy, and a draft
D, it can be expressed as17:

Fex = ρg
Hw

2
coshk D+ hð Þ

sinhkh
B

ðL=2
−L=2

sin ωt−kxð Þdx

= ρg
Hw

2
coshk D+ hð Þ

sinhkh
2
kL

sin
kL
2

� �
Abuoysin ωtð Þ ð2Þ

Fex =Fex:asin ωtð Þ ð3Þ

where k, the wave number, for finite water depth is
defined as17:

k tanh khð Þ= ω2

g
ð4Þ

If the buoy is rising and the pump chamber is full of
water having a pressure slightly higher than that of the

(A) (B) (C)

(D) (E) (F)

FIGURE 3 Operating cycle of the piston pump [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Scheme of the forces on the buoy [Colour figure can be viewed at wileyonlinelibrary.com]
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reservoir, because of the pressure losses along the pipe-
line, the power take off force is equal to (see Figure 5):

FPTO = Fp +FW ð5Þ

The components of the power take off forces are listed
below:

• Fp is the pressure force exerted on the piston pump,
which, by taking into account the pressure of the reser-
voir pres = ρgHm (Hm represents the water column
meters), the efficiency of the hydraulic piping ηp and the
diameter of the piston pump Dp can be computed as:

Fp =
πD2

p

4
ρgHm

ηp
ð6Þ

• FW is the weight force given by:

FW = gmbuoy ð7Þ

In this case (buoy rising), being the terms constant,
the draft of the buoy D is given by zA + zW, where zA is
caused by the pressure force (Fp) and zW is caused by the
weight force (FW)—see Equation (8).

zA =
Fp

ρgAbuoy
zW =

FW

ρgAbuoy
ð8Þ

On the contrary, if the buoy is sinking and the pump
chamber is disconnected from the reservoir because of

the nonreturn valve closure (see Figure 2), the power
take off force is given by:

FPTO = FW ð9Þ

With the downward movement, the chamber of the
pump integrated in the buoy increases its volume and
draws water from the tank shown in Figure 1A,B (the
nonreturn valve opens in the suction pipe—Figure 2). In
this case, the sinking of the buoy is simply zW (see
Figure 5).

About the first member of Equation (1), the added
mass, madd, and the damping coefficient, b, depend
on the circular frequency, ω, on water depth ratio,
h/D, and on buoy wetted body shape beam-draft ratio
B/D.

Figure 6A,B reports the dimensionless added
mass and the dimensionless damping, respectively, as
function of the dimensionless circular frequency for
three representative different values of the water
depth ratio h/D and of the buoy wetted body shape
beam-draft ratio B/D. These trends are related to a
buoy having a rectangular prism shape, as found in
Reference 18.

Equation (1) has to take into account two main
phases in a complete buoy oscillation: the rising of the
buoy and the falling of the buoy. Moreover, different
working conditions must be considered: regular opera-
tion and particular cases.

Under regular operation, the buoy is partially
immersed in the water (Hw ‑ Hbuoy < z < Hw). During the
rising phase, Equation (1), by marking the terms with the
subscript 1, can be written as follows:

FIGURE 5 Forces on the buoy. Left: buoy rises; Right: buoy sinks [Colour figure can be viewed at wileyonlinelibrary.com]
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mbuoy +madd1 + ρLpipe1Apipe1
Dp

Dpipe1

� �2
" #

€z+ b1 _z

+
1
2
ρCD1Sw +

1
2
ρf Ap

Lpipe1
Dpipe1

Dp

Dpipe1

� �2
" #

_zj j _z

+ ρgAbuoyz= ρg
Hw

2
coshk zA + zW + hð Þ

sinhkh
2
kL

� sin
kL
2

� �
Abuoysin ωtð Þ−Fp−FW ð10Þ

In this case, the acting forces are the pressure force Fp
and the weight force FW, which determine the draft
D = zA + zW, while madd1 and b1 are valuable by consid-
ering a constant draft and by referring to the graphs of
Figure 6A,B.

During the falling phase, Equation (1), by marking
the terms with the subscript 2, takes the follow-
ing form:

FIGURE 6 A, Dimensionless added mass vs dimensionless circular frequency. B, Dimensionless damping vs dimensionless circular

frequency [Colour figure can be viewed at wileyonlinelibrary.com]
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mbuoy +madd2 + ρLpipe2Apipe2
Dp

Dpipe2

� �2
" #

€z+ b2 _z

+
1
2
ρCD2Sw +

1
2
ρf Ap

Lpipe2
Dpipe2

Dp

Dpipe2

� �2
" #

_zj j _z

+ ρgAbuoyz= ρg
Hw

2
coshk zW + hð Þ

sinhkh
2
kL

� sin
kL
2

� �
Abuoysin ωtð Þ−FW ð11Þ

In this case, the weight force acts and madd2 and b2
are valuable by considering the draft D = zW and by refer-
ring to the graphs of Figure 6A,B.

Particular cases occur when the buoy comes up out of
water (z > Hw) and when the buoy is completely immersed
in water (z < Hw – Hbuoy). In the first case, during the rising
phase, the equation of motion is given by:

mbuoy + ρLpipe1Apipe1
Dp

Dpipe1

� �2
" #

€z

+
1
2
ρf Ap

Lpipe1
Dpipe1

Dp

Dpipe1

� �2
" #

_zj j _z= −Fp−FW ð12Þ

The acting forces are the pressure force Fp and the
weight force FW, but no action of the waves occurs.
During the falling phase, only the weight force acts
and the right term of the equation becomes ‑FW as it
follows:

mbuoy + ρLpipe2Apipe2
Dp

Dpipe2

� �2
" #

€z

+
1
2
ρf Ap

Lpipe2
Dpipe2

Dp

Dpipe2

� �2
" #

_zj j _z= −FW ð13Þ

In the other case, (buoy completely immersed in
water), the rising phase is characterized by the following
equation:

mbuoy +madd3 + ρLpipe1Apipe1
Dp

Dpipe1

� �2
" #

€z

+ b3 _z+
1
2
ρCDSw +

1
2
ρf Ap

Lpipe1

Dpipe1

Dp

Dpipe1

� �2
" #

� _zj j _z= ρgVbuoy−Fp−FW ð14Þ

where the pressure force Fp and the weight force FW
act, while the Archimede's force ρgVbuoy substitutes the

exciting force. The draft equals the height of the buoy
(D = Hbuoy), while madd3 and b3 are evaluable by consid-
ering the same draft during rising and falling, by refer-
ring ever to the graphs of Figure 6A,B. During the falling
phase, only the weight force acts, the motion equation is
given by:

mbuoy +madd3 + ρLpipe2Apipe2
Dp

Dpipe2

� �2
" #

€z+ b3 _z

+
1
2
ρCDSw +

1
2
ρf Ap

Lpipe2
Dpipe2

Dp

Dpipe2

� �2
" #

� _zj j _z= ρgVbuoyρgVbuoy−FW ð15Þ

The combined solution of Equations (10), (11), (12),
(13), (14), and (15) will provide the vertical motion of the
buoy, and, consequently, the excursion of the buoy.

Unfortunately, it is very hard to combine these equa-
tions and to obtain the overall solution over time in
closed-form. In fact, it must be observed that:

1. When the wave rises (line magenta in Figure 7), the
nonreturn valve of the delivery pipe opens and the
bottom of the buoy, initially sunk of zA + zW, starts to
rise until it reaches the maximum position (see line
cyan in Figure 7). During this phase, corresponding to
the useful work of the pump, when the power is deliv-
ered to the system, the motion is described by differ-
ential Equation (10).

2. At this point, the stroke of the piston pump ends and
the nonreturn valve of the delivery pipe closes
(Figure 2), so that the force Fp stops acting, the power
take off force is only the weight force FW and Equa-
tion (11) becomes the motion equation.

3. The buoy cannot go down and its bottom level
remains unchanged (see Figure 7) until the resultant
of the forces in Equation (11) provides an acceleration
toward the bottom (see Figures 5 and 7).

4. The wave drags the buoy downward until it reaches the
minimum position. During this phase (filling phase),
the pump sucks water from the tank highlighted in
Figure 1A,B at atmospheric pressure, while the non-
return valve of the blue circuit remains open—see
Figure 2.

5. After reaching the minimum position, the buoy can-
not rise until the resultant forces in Equation (10) pro-
vide an acceleration upward the top (see Figure 7),
being the excitation force able to win the pressure and
the weight forces and to open the nonreturn valve of
the delivery circuit.

6. The buoy restarts to go up and the previous phases
are cyclically repeated.

8 BARBARELLI ET AL.



The stroke of the piston pump (Co) is highlighted in
Figure 7; however, a rigorous and complete mathematical
formulation is hard to obtain, because of the inertial
phenomena and the transients of the various phases. For
this reason, the differential equations (10), (11), (12),
(13), (14), and (15) have been implemented in a Matlab-
Simulink @ code, which takes into account all the phases
described above in a complete buoy oscillation.

3.2 | Sizing procedure overview

The flowchart depicted in Figure 8 describes an overview
of the design procedure, where the wave height (Hw),

the buoy area (Abuoy), the reservoir pressure (Hm), and the
rated rotational speed (nT) of the Pelton Turbine, represent
the input, highlighted in the orange boxes. The blue boxes
contain all other derived devices/parameters (output). In
particular, the height of the wave determines the number
of cycles per minute, Ncy, and the stroke, Co, of the pump.

The area of the piston, Ap, or its diameter, Dp, is
determined by the pressure force Fp, which depends on
the pressure of the reservoir (see Equation (6)). Anyway,
this area must be lower than the buoy area (Abuoy) and
such that the consequent sinking zA (see Equation (8)) is
lower than the height of the wave.

The displacement of the pump, VP, is then found
and, accordingly, the flow rate, QP, is determined. The

FIGURE 8 Sizing procedure scheme [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 Trend of the wave and buoy motion over time along the vertical direction z [Colour figure can be viewed at

wileyonlinelibrary.com]
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continuity equation imposes the same flow rate to the
turbine (QT). Finally, the diameter of the Pelton turbine,
DT, is obtained, by considering the nominal pressure,
ρgHm, of the reservoir, together with the nominal rota-
tion speed of the turbine, nT.

The next paragraphs explain in more detail how
sizing the buoy, the piston pump, the reservoir and the
Pelton Turbine.

3.2.1 | Size of the buoy

A key design parameter is the wave height. As displayed
in the flow chart of Figure 8, this parameter is fundamen-
tal for sizing the overall system.

The maximum “capture width” or “absorption
width”, Lmax it is calculable by considering the maximum
energy that may be absorbed by a heaving axisymmetric
body equals the wave energy transported by the incident
wave front of width equal to the wavelength divided
by 2π.20

Therefore, it is defined as it follows21:

Lmax =
λ

2π
ð16Þ

where the wave length is defined as:

λ=
gT2

e

2π
ð17Þ

Then, the maximum wave power, Pmax, absorbed by a
heaving axisymmetric body can be given as follows:

Pmax = JLmax ð18Þ

being J is the energy flux per unit width of wave front,
which, for deep-water linear waves, is given by:

J =
ρg2TH2

w

32π
ð19Þ

J =
ρg2TeH2

s

64π
ð20Þ

In the last two equations, ρ is the water density,
T and Hw are the period and height of a regular wave,
instead Te and Hs (significant wave height evaluated as
the mean wave height trough to crest of the highest third
of the waves—H1/3) refer to waves in the real sea. Follow-
ing Twidell and Weir,22 for successful devices, it should
be satisfied the expression:

CWR=
Lmax

DB
≥3 ð21Þ

where DB is the size of a cylindrical buoy.
Anyway, a practical rule recommends the point

absorber diameter DB should preferably be in the range
of 5% to 10% of the prevailing wavelength.23

3.2.2 | Piston pump

It is very important to size correctly the geometrical
parameters of the piston pump (stroke Co, piston area Ap,
diameter Dp), because its volume determines the flow
rate Qp.

In fact, taking into account this volume VP and consid-
ering the characteristic frequency of the wave, fcy = 1/Te,
the flow rate can be provided by the following equation:

Qp =VPf cy =
ApCo

Te
ð22Þ

The sizing of the piston Area, Ap, is strictly correlated
to the sizing of the buoy because of their direct connec-
tion: it is obtained by considering the equilibrium in the
steady condition (still sea), by means of Equations (6)
and (8), as it follows:

Fp =
ρgHm

ηp
Ap = ρgzAAbuoy ð23Þ

By simplifying:

Ap = ηpzA
Abuoy

Hm
ð24Þ

The choice of the pressure of the reservoir (indicated
equivalently as pres or Hm—column water meters) is
linked to the Pelton turbine design and it is described in
the next section.

3.2.3 | Reservoir

The design of the reservoir is obtained by determining its
volume. The pressure of the reservoir, Hm, is guaranteed
by the presence of an air mass, which is compressed so
that its volume changes as it follows:

Vair =
mairRTair

ρwatergHm
ð25Þ
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The pressure oscillations are determined, by consider-
ing an isothermal compression, as:

Hm +ΔHmð Þ Vair−ΔVð Þ=VairHm ð26Þ

or in different way:

ΔHm

Hm
=

ΔV
Vair−ΔV

ð27Þ

where the quantity ΔV is the volume transited in the unit
of time, numerically equal to the flow rate provided by
the piston pump. It is therefore possible to use an ade-
quate air mass mair, to reduce the amplitude of these
oscillations to an acceptable value. The choice of the air
mass is then conditioned by the necessity to design a vol-
ume of the reservoir with limited sizes.

3.2.4 | Micro Pelton turbine

The selection of the Pelton turbine is given taking into
account the pressure level of the reservoir and the spe-
cific speed, defined as:

k=
2πnT

60

ffiffiffiffi
Q

p

gHmð Þ0:75 ð28Þ

whose optimal range is [0-0.18].
Therefore, the Pelton turbine nominal flow rate, by

considering the nominal pressure of the reservoir, Hm,
can be determined as:

QT =
k2g1:5H1:5

m
2πnT
60

� �2 ð29Þ

At maximum efficiency conditions, it results that:

uffi 0:5c0 = 0:5φv

ffiffiffiffiffiffiffiffiffiffiffiffi
2gHm

p
ð30Þ

where

c0 =φv

ffiffiffiffiffiffiffiffiffiffiffiffi
2gHm

p
ð31Þ

is the spouting velocity of the jet, u is the peripheral
velocity and φv a velocity reduction coefficient.

The peripheral velocity depends on the Pelton turbine
diameter DT as follows:

u=
πDTnT
60

ð32Þ

Therefore, by considering the nominal pressure of the
reservoir, Hm, depending on Equation (24), the turbine
diameter is expressed as:

DT =
30
π

φv

nT

ffiffiffiffiffiffiffiffiffiffiffiffi
2gHm

p
=42:2

φv

nT

ffiffiffiffiffiffiffi
Hm

p ð33Þ

In an analogous way, the nozzle diameter Dn can be
determined by considering that the turbine flow rate is
expressed as:

QT =Anc0 =
πD2

n

4
c0 ð34Þ

Then, from Equation (34) it results that:

Dn =

ffiffiffiffiffiffiffiffiffi
4QT

πco

r
ð35Þ

It is important to remark that the ratio Dn/DT has to
be lower than 1/8.

3.3 | Control strategy and optimization

With the aim to detect the optimal working conditions of
the system, for each wave height, it is necessary to obtain
the optimal value of the power. The power depends on
many parameters and it is necessary to find which of
them to optimize.

For calculating the power of the system, one con-
siders that the wave energy is converted into electrical
power through the pump and the turbine working. The
power supplied by the pump equals that delivered by the
Pelton turbine, reduced by the turbine losses, so that one
obtains:

PT = ηTρgQTHm ð36Þ

The flow rate of the turbine, QT, must coincide with
the pump one, QP, obtained from Equation (22), as prod-
uct between the volume of the pump, and the wave fre-
quency. The volume of the piston pump is determined
by the stroke Co, whose values are given by differential
equations (10) to (15). The solution of the differential
equations is very complicated, so in the next paragraph
some simplified formulas about the stroke of the piston
pump are introduced.

BARBARELLI ET AL. 11



3.3.1 | Stroke of the piston pump

The two formulas of the stroke, solutions of Equa-
tions (10) and (11), by considering the rising phase and
the falling phase separately, can be written as follows:

Co tð Þ= Co1

2
sin ωt+φ1ð Þ ð37Þ

Co tð Þ= Co2

2
sin ωt+φ2ð Þ ð38Þ

By substituting these formulas, evaluated at the times
corresponding to the maximum and minimum of the
wave, t = π/2ω and t = 3π/2ω, in Equations (10) and (11),
one obtains the amplitude of the sinusoids C01/2 and
C02/2 whose sum is equal to the entire stroke C0. There-
fore, by substituting in Equations (10) and (11), the terms
Co1
2 sin π

2 +φ1

� �
and Co2

2 sin 3
2π+φ2

� �
, with their derivatives

one obtains:

−
Co1

2

mbuoy +madd1 + ρLpipe1Apipe1
Dp

Dpipe1

� �2

ρgAbuoy

2
64

3
75ω2

−
Co1

2
b1

ρgAbuoy
ωtan φ1ð Þ−

1
2ρCD1Sw + 1

2ρf Ap
Lpipe1
Dpipe1

Dp

Dpipe1

� �2

ρgAbuoy

2
64

3
75

�ω2tan φ1ð Þsin φ1ð Þ+ Co1

2
=
Hw

2
−
zA + zw
cos φ1ð Þ

ð39Þ

Co2

2

mbuoy +madd2 + ρLpipe2Apipe2
Dp

Dpipe2

� �2

ρgAbuoy

2
64

3
75ω2

+
Co2

2
b2

ρgAbuoy
ωtan φ2ð Þ+

1
2ρCD2Sw + 1

2ρf Ap
Lpipe2
Dpipe2

Dp

Dpipe2

� �2

ρgAbuoy

2
64

3
75

�ω2tan φ2ð Þsin φ2ð Þ− Co2

2
= −

Hw

2
−

zw
cos φ2ð Þ

ð40Þ

The phases φ1 and φ2 are calculable as:

tanφ1,2 =
2γ1,2ω

ω2−ω2
01,2

ð41Þ

In Equation (41), the natural frequency is calculable as:

ω2
0 1,2 =

ρgAbuoy

mbuoy +madd1,2 + ρLpipe1,2Apipe1,2
Dp

Dpipe1,2

� �2 ð42Þ

while the damping ratio is given by:

2γ1,2 =
b1,2 + 1

2ρCD1,2SW + 1
2ρfAp

Lpipe1,2
Dpipe1,2

Apipe1,2
Dp

Dpipe1,2

� �2
� �

_zj j

mbuoy +madd1,2 + ρLpipe1,2Apipe1,2
Dp

Dpipe1,2

� �2

ð43Þ

Usually, these phases (see Equation (41)) are small. In
fact, the natural frequency ω0 is greater than the waves fre-
quencies, being necessary to increase the area of the buoy in
order to capture as much energy as possible. For this reason,
in a first rough analysis, the phases are put equal to zero.

In such a way, by combining Equations (39) and (40),
the stroke of the piston pump becomes:

Co1

2
−
Co1

2

mbuoy +madd1 + ρLpipe1Apipe1
Dp

Dpipe1

� �2

ρgAbuoy

2
64

3
75ω2

+
Co2

2
−
Co2

2

mbuoy +madd2 + ρLpipe2Apipe2
Dp

Dpipe2

� �2

ρgAbuoy

2
64

3
75

�ω2 =Hw−zA ð44Þ

By simplifying, one obtains:

Co1

2
1−

ω

ω01

� �2
" #

+
Co2

2
1−

ω

ω02

� �2
" #

=Hw−zA ð45Þ

Finally, by approximating ω01 and ω02 to ω0 defined as:

ω2
0 =

ρgAbuoy

mbuoy +madd + ρLpipeApipe
Dp

Dpipe

� �2 ð46Þ

where the terms madd, Lpipe, Dpipe , represent average
values, this simple equation is achieved:

Co1

2
+
Co2

2
=C0 =

HW −zA

1− ω
ω0

� �2 =
HW −zA

1− 2π
Teω0

� �2 ð47Þ

3.3.2 | Power of the system in optimal
conditions

The following analysis considers sea states characterized
by wave periods as estimated by Moskowitz12:

Te=5
ffiffiffiffiffiffiffi
Hw

p ð48Þ
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By involving the electrical efficiency and taking refer-
ence to Equations (22), (24), and (47), it is possible to cal-
culate the power of the system, as it follows:

PSystem = ηelηTρgQTHm = ηelηTρgQPHm = ηelηTρg
ApCo

5
ffiffiffiffiffiffiffi
Hw

p Hm

=
ηelηpηTρgAbuoyzA

5
ffiffiffiffiffiffiffi
Hw

p Hw−zAð Þ
1− 4

25Hw

π
ω0

� �2
	 


ð49Þ

By deriving respect to zA and putting equal zero the
derivative, the maximum power is obtained for zA = Hw/
2. Therefore, by considering Equation (47) the optimal
stroke is:

Coð Þopt =
Hw

2 1− 4
25Hw

π
ω0

� �2
	 
 , zAð Þopt =

Hw

2
ð50Þ

At this point, by considering that the sinking zA is
correlated to the pressure of the reservoir (see Equa-
tions (8) and (24)) as:

zA =
Appres

ρgηpAbuoy
ð51Þ

it is possible to obtain two main equations.
The first equation links the power of the system

to the height of the wave and to the pressure of the
reservoir:

PSystem = ηelηTpresAp

Hw− Apres
ρgηpAbuoy

� �
5

ffiffiffiffiffiffiffi
Hw

p
1− 4

25Hw

π
ω0

� �2
	 
 ð52Þ

The second one is written considering optimal condi-
tions: in this case the sinking zA is equal to half height of
the wave. The power of the overall system, by rewriting
Equation (49) in optimal conditions, could be so esti-
mated as it follows:

PSystem
� �

opt =
5
4

ηelηpηTρgAbuoyH2:5
w

25Hw−4 π
ω0

� �2

2
64

3
75 ð53Þ

This simple equation shows that the power of the sys-
tem depends, in optimal conditions and at the peak fre-
quencies, on the height of the wave and on the area of
the buoy. By remembering that the optimal conditions

are those which determine a sinking zA equal to half
of the height of the wave, by considering Equations (50)
and (51), the pressure which guarantee that is given by
the following formula:

presð Þopt =
Hw

2

ρgηpAbuoy

Ap
ð54Þ

Then, the optimal pressure of the reservoir, once fixed
the system geometrical parameters, depends on the height
of the wave.

3.3.3 | Sizing of the turbine nozzle

The system has the possibility to work always in optimal
conditions by changing the pressure of the reservoir. The
law of continuity imposes that:

QT =QP ð55Þ

Taking into account Equations (22), (47), and (48),
the flow rate of the pump, can be expressed as:

QP =
VP

Te
=
CoAp

Te
=

Hw−zAð ÞAp

Te 1− 4
25Hw

π
ω0

� �2
	 


=
Hw− AHm

ηpAbuoy

� �
Ap

5
ffiffiffiffiffiffiffi
Hw

p
1− 4

25Hw

π
ω0

� �2
	 
 ð56Þ

The Pelton turbine has the possibility of changing its
flow rate without efficiency losses, by moving the needle
of the nozzle and changing the area of the nozzle, An.

Taking into account Equations (31) and (34), the flow
rate of the turbine can be expressed as:

QT =Anc0 =Anφv

ffiffiffiffiffiffiffiffiffiffiffiffi
2gHm

p
ð57Þ

Generally, the changes of flow rate are given or by
changing the pressure of the reservoir Hm, or the area of
the nozzle An (see Equation (57)).

However, in the present case, the flow rate of the tur-
bine QT is determined by that of the piston pump QP. By
substituting Equations (56) and (57) in Equation (55),
one obtains:

Anφv

ffiffiffiffiffiffiffiffiffiffiffiffi
2gHm

p
=

Hw− AHm
ηpAbuoy

� �
Ap

5
ffiffiffiffiffiffiffi
Hw

p
1− 4

25Hw

π
ω0

� �2
	 
 ð58Þ
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The nozzle area An depends on to the pressure of the
reservoir Hm and to the height of the wave Hw. In optimal
conditions, taking into account Equation (54), the nozzle
area An is evaluable as:

Anð Þopt =
Ap

1:5

10φv 1− 4
25Hw

π
ω0

� �2
	 
 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gηpAbuoy
p ð59Þ

This equation indicates that there will be an optimum
opening of the feeding nozzle of the Pelton turbine,
weakly dependent on the waves heights (Hw) variations.

Therefore, once setting the right value of the area of
the feeding nozzle of the Pelton turbine, the pressure of the
reservoir changes automatically in relation of the height of
the wave, by guaranteeing the optimal conditions.

3.3.4 | Sizing procedure by steps

In Figure 9, is reported the sizing procedure organized
by steps. First of all is necessary to define the nominal
height wave. This fundamental design parameter will
determine the period Te, according with Equation (48);
then, the size of the buoy as explained in Section 3.2.1.
The sinking zA is linked to the height of the wave design
as in Equation (50). For the present purposes the buoy is
chosen rectangular shaped whose width is calculated as
10% of the wave design length. At this point it is neces-
sary to choose the piston diameter Dp and its area Ap.
This parameter allows calculating the flow rate of the
pump, as in Equation (22), taking into account the wave
period Te. The optimal pressure of the reservoir is pro-
vided by Equation (54). Therefore, it is possible, by means
of Equation (33), to determine the turbine diameter DT,
after having set its speed number nT. Finally it is neces-
sary to check if the specific speed of the turbine, provided
by Equation (28), falls in the range [0.08-0.18]. In that
occurrence is not verified, one can choose another piston
diameter until the condition of the specific speed is
satisfied.

3.3.5 | Control strategy

Consider that the sea becomes wavy, and the waves are
those of design (nominal condition). When the pump
starts working, under the waves action, the nozzle feed-
ing the turbine is still closed. The water level in the reser-
voir rises until the pressure reaches the design value.

For guaranteeing this pressure value, a certain air
mass at environment temperature, which at atmospheric

pressure largely fills a reservoir designed with a volume
Vres, is compressed by the remaining part of water of the
reservoir, occupying a final volume Vfin.

At this point, the nozzle of the turbine opens and the
incoming flow rate is discharged on the turbine itself.
The optimal opening is given by Equation (59).

Taking into account that, at nominal conditions,
the pump flow rate is evaluated as in Equation (22),
while the power provided by the Pelton turbine is given
by Equation (53), the pressure oscillations are given by
Equation (27).

FIGURE 9 Sizing flow chart [Colour figure can be viewed at

wileyonlinelibrary.com]
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The volume of the reservoir is sized in such a way
that these oscillations are contained at values lower
than 5%.

The successive increasing of the height of the waves
implies an increased flow rate of the piston pump. By
changing the flow rate of the pump, the pressure of the
reservoir changes consequently, because of the income of
more water in the reservoir, which crushes further the air
volume.

At maximum wave height, the pressure of the reser-
voir reaches the maximum value and the air volume is
compressed until the minimum value.

At this point, it is worth pointing out that the effi-
ciency of the turbine would not be the maximum. In fact,
the efficiency expression is equal to:

ηT =2φ2
v 1+ψcosβð Þ u

co
1−

u
co

� �
ð60Þ

which finds a maximum value for u/co = 0.5.
If the is the spouting velocity of the jet (see Equa-

tion (31)) changes with the pressure level Hm, the periph-
eral velocity u has to change according. That can be done,
by changing the rotational regime as in Equation (32).

Finally, when the wave motion stops and the sea is
still, the reservoir does not receive more water. In this
condition the reservoir starts emptying. The water mass,

flowing through the nozzle, lowers its level and the reser-
voir pressure decreases. Under a certain level, the turbine
nozzle is closed and the reservoir remains filled partly by
water and partly by air, by waiting until the sea becomes
wavy again.

4 | APPLICATION OF THE
NUMERICAL MODEL FOR
CALCULATING THE BUOY
OSCILLATIONS

This section describes the main results obtained from
the simulations of the software, developed in Matlab
Simulink@ environment, which provides the oscillations
of the buoy by changing the operating conditions. The
code has been applied in different cases, by varying the
height of the wave (Hw), the pressure force Fp, the weight
force FW and the wave period T. The simulations refer a
buoy area of 12 m2. The next figures, from Figures 10 to
13, report some simulations by considering the height of
the wave Hw variable from 0.5 to 2 m with step of 0.5 m,
the period T of the wave variable from 3.5 to 7 seconds
and the pressure force Fp variable from 26.4 to 105.8 kN.

Table 1 reports the main results of the above-
illustrated simulations, in term of stroke of the pump,
sinking of the buoy zA and zW. The simulations, carried

FIGURE 10 Trend of the wave and of the buoy oscillations. Hw = 0.5 m, Fp = 26 460 N, Fw = 29 400 N, T = 3.5 seconds [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Trend of the wave and of the buoy oscillations. Hw = 1 m, Fp = 52 920 N, Fw = 29 400 N, T = 5 seconds [Colour figure

can be viewed at wileyonlinelibrary.com]

FIGURE 12 Trend of the wave and of the buoy oscillations. Hw = 1.5 m, Fp = 79 380 N, Fw = 29 400 N, T = 6 seconds [Colour figure

can be viewed at wileyonlinelibrary.com]
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out in optimal conditions, demonstrate that in all the
considered cases the sinking zA of the buoy is about a
half of the height of the wave. Moreover, the stroke of
the piston pump agrees with Equation (47)—simplified
formula—in all cases (see last column), with errors con-
tained within the range of 2%.

With the aim to emphasize this result, Table 2 reports
the variation of the stroke of the piston pump, by chang-
ing the pressure force Fp for a wave having height of 1 m
and period of 5 seconds.

In Table 2, it is evident that for the lower values of
the pressure force the buoy tends to follow the wave
oscillations, by determining so a high stroke of the pump.

FIGURE 13 Trend of the wave and of the buoy oscillations. Hw = 2 m, Fp = 105 840 N, Fw = 29 400 N, T = 7 seconds [Colour figure

can be viewed at wileyonlinelibrary.com]

TABLE 1 Simulations results

Input Output

Co

(m)—Equation (47)
Hw

(m)
Fp

(N)
Fw

(N)
T
(s)

Co

(m) Simulink
zA
(m)

zW
(m)

0.5 26 460 29 400 3.5 0.33 0.25 0.25 0.33

1.0 52 920 29 400 5.0 0.59 0.49 0.25 0.59

1.5 79 380 29 400 6.0 0.81 0.74 0.25 0.82

2.0 105 840 29 400 7.0 1.03 0.98 0.25 1.07

TABLE 2 Variation of the stroke for Hw = 1, T = 5 seconds

Fp (N) Co (m) zA (m)

29 400 0.78 0.27

34 300 0.75 0.32

39 200 0.71 0.36

44 100 0.67 0.41

49 000 0.62 0.45

53 900 0.58 0.50

58 800 0.53 0.55

63 700 0.47 0.59

68 600 0.41 0.64
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The opposite happens if the pressure force reaches higher
values. In this case, the stroke tends to reduce. Simula-
tions demonstrate that the same behavior occurs by vary-
ing the height of the wave.

Since the power delivered by the piston pump is pro-
portional to the product of the two factors, as shown
before, there will be an optimal value. Therefore, for
obtaining that, it is necessary to set adequately the right

FIGURE 14 Mean monthly flux of energy measured by the buoy station RON of Cetraro (Italy)19 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 15 Joint Probability distribution (%) for the near shore region of Cetraro (Italy)19
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value of the pressure force, by setting the pressure of the
reservoir as illustrated in Equation (54).

5 | STUDY CASE AND RESULTS

In this section, the system is designed for the Calabrian
site of Cetraro. Its sizing was performed with the aim of
obtaining small dimensions of all the components. The
mean monthly energy flux, represented in Figure 14,
takes into account the period T and the height Hw regis-
tered by a buoy RON installed at Cetraro site19:

From Figure 14, it is possible to estimate a mean
yearly energy flux of 2.7 kW/m: this value is low, com-
pared with other sites, but representative of most of the
southern Italian coasts.

Figure 15 reports the probability distribution chart of
the wave heights for the near shore region of Cetraro.
The chart, developed on a temporal period of 8 years,
shows that the 77% of the phenomena are represented by
waves having height lower than 0.8 m.26 This implies
that the height of the wave to be considered for the nomi-
nal conditions of the system (design wave height) is
about 0.8 m, suitable for the energy flux distribution of
the site.

From this value, and tacking into account the joint
probability distribution of Figure 15, it is possible to
determine the sizes of the buoy. Starting from the wave
height of 0.8 m (wave at which nominal conditions corre-
spond), having a period of 5.75 seconds and a wavelength
of 50 m, the maximum capture width must not exceed
8 m (see Equation (16)). Following the criteria exposed in
Section 3.2.1, the buoy is chosen having a rectangular
body with width B of 4 m (8% of the prevailing wave-
length) and length L of 3 m.

5.1 | Sizing of the main component

The sizing of the other components is done following
what is exposed in Section 3.3.4 where Figure 9 exhibits a
flow chart summarizing the calculation of all the system
parameters.

Considering the chosen sizes B and L, the buoy area
Abuoy is 12 m2, while the sinking zA, computed as the 50%
of the nominal wave height, is equal to 0.4 m.

The stroke of the piston pump, is computed as in
Equation (47), little more than half of the nominal wave,
therefore equal to 0.44 m while the frequency of the nomi-
nal wave height, according with,12 but even taking into
account the data of the site19 is estimated as fcy = 0.17 Hz.

By means of Equation (23), the pressure force at
nominal conditions will be 47.04 kN. By setting a piston

pump diameter of 0.25 m, one obtains the piston area
Ap = 0.05 m2; by assuming the system piping efficiency
ηp = 0.9 one obtains the nominal pressure (expressed as
water column meters) Hm = 88 m.

By employing Equation (33) and establishing the
parameters φv = 0.98 and nT = 3000 rpm, the latter pres-
sure value will led to a turbine diameter DT of 13 cm.

Instead, the pump flow rate, at nominal conditions,
will be equal to the pump volume delivered in the unit
time, that is, the volume multiplied the wave frequency,
which, for the present case, will be equal (ever at nomi-
nal conditions) to 3.7 L/s.

Considering the jet velocity co = 40.7 m/s (see Equa-
tion (31)), the nozzle diameter Dn is 1.1 cm. The specific
speed k, calculable as in Equation (28) is equal to 0.12,
and it falls in the range 0.08-0.18, therefore no iterations
are required (see Figure 9).

The system is conceived for working with wave height
until 4 m. For this reason, besides the nominal condi-
tions, a maximum stroke of the piston pump, a maximum
flow rate, a maximum pressure of the reservoir and

TABLE 3 Input/output parameters of the system

Parameter Symbol Value

INPUT

Wave height (nominal condition) Hw 0.8 m

Wave period Te 5.75 seconds

Wave length λ 50 m

Buoy width Bbuoy 4 m

Buoy length Lbuoy 3 m

Buoy area Abuoy 12 m2

Piston pump diameter DP 0.25 m

Piston pump Area AP 0.05 m2

Turbine rotational speed nT 3000 rpm

OUTPUT

Piston pump stroke at nominal
condition

Co 0.44 m

Piston pump length Cmax 2 m

Flow rate at nominal condition QP 3.7 L/s

Maximum flow rate Qmax 10.0 L/s

Turbine diameter DT 13 cm

Turbine nozzle diameter (maximum
opening)

Dn 1.2 cm

Pressure force at nominal condition Fp 51.7 kN

Pressure of the reservoir at nominal
condition

pres 9 Bar

Maximum pressure of the reservoir pres_max 40 Bar

Maximum rotational regime nTmax 6500 rpm
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finally a maximum rotational regime are also calculated.
In a first rough configuration, all the system input/output
parameters are reported in the next table (Table 3). In the

next sections, simulations regarding the piston stroke
trend and the power of the system are reported in differ-
ent conditions.

FIGURE 16 Trend of the piston stroke Co by changing the circular frequency and the pressure of the reservoir, for a wave of 0.4 m

height [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 17 Trend of the piston stroke Co by changing the circular frequency and the pressure of the reservoir, for a wave of 0.8 m

height [Colour figure can be viewed at wileyonlinelibrary.com]
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5.2 | Piston stroke trend

The following simulations are done by considering the
sizing procedure before applied for the site of Cetraro

which led to determine an area of the buoy of 12 m2 and
an area of the piston pump of 0.05 m2. Next figures, from
Figures 16 to 20, illustrate the piston stroke, Co, vs the
circular frequency of the wave, by changing the pressure

FIGURE 19 Trend of the piston stroke Co by changing the circular frequency and the pressure of the reservoir, for a wave of 1.6 m

height [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 18 Trend of the piston stroke Co by changing the circular frequency and the pressure of the reservoir, for a wave of 1.2 m

height [Colour figure can be viewed at wileyonlinelibrary.com]
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of the reservoir, pres. This analysis was repeated for wave
height changing from 0.4 m (Figure 16) to 2 m
(Figure 20) with step of 0.4 m.

The previous figures show that the trend of the stroke
of the piston pump is quite flat for low circular frequency
(high period of the wave) and for height of the waves
higher than 0.8 m. It diminishes with the higher pres-
sures of the reservoir. The pressure of the reservoir influ-
ences also the sinking zA of the buoy, as illustrated in
Equations (23) and (24).

5.3 | Power of the system

Next graphs, from Figures 21 to 25, illustrate the varia-
tions of the system power for different wave heights
(Hw = 0.4 m, 0.8 m, 1.2 m, 1.6 m, 2 m) by changing the
circular frequency ω = 2π/T and the pressure of the res-
ervoir pres = ρgHm. Each figure is composed by two
graphs, which show the same power variation: the left
graph shows the power curves vs the circular frequency
ω for different pressure levels, the right graph shows the

FIGURE 20 Trend of the piston stroke Co by changing the circular frequency and the pressure of the reservoir, for a wave of 2 m

height [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 21 Trend of the system power by changing the circular frequency and the pressure of the reservoir, for a wave of 0.4 m height

[Colour figure can be viewed at wileyonlinelibrary.com]
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power curves vs the pressure of the reservoir, for different
periods T = 2π/ω of the wave.

From the previous figures, it is clear that the lower
the circular frequency (long wave period), the smaller the

power of the system. At this point, it is necessary to
observe that not all frequencies have the same impor-
tance. Those that occur most often are more relevant for
the purpose of acquiring energy.

FIGURE 22 Trend of system power by changing the circular frequency and the pressure of the reservoir, for a wave of 0.8 m height

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 23 Trend of the system power by changing the circular frequency and the pressure of the reservoir, for a wave of 1.2 m height

[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 24 Trend of the system power by changing the circular frequency and the pressure of the reservoir, for a wave of 1.6 m height

[Colour figure can be viewed at wileyonlinelibrary.com]
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Anyway, for each circular frequency or T-wave
period, the optimal reservoir pressure guarantees the
maximum power.

The next figure, Figure 26, reports the powers related
to different wave height (from 0.4 to 2 m) by changing
the pressure of the reservoir both obtained with the sim-
plified Equation (52) and by the Simulink code (dashed
lines) and the optimal power line (red dashed line) which
connects the maximum values.

The curves of power obtained with the simplified for-
mula of Equation (52) have the same trend of those
obtained from the simulations even if the values are
slightly higher (maximum error of about 10%). Anyway,
the maximum values are approximately obtained for the
same value of pressure of the reservoir. These results are
very important because they confirm the validity of Equa-
tion (54), that is, the optimal pressure of the reservoir has
a linear trend with the height of the wave.27

FIGURE 26 Trend of the power obtained with the Matlab-Simulink @ code (dashed lines) compared with the simplified formulas of

Equations (52) and (53) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 25 Trend of the system power by changing the circular frequency and the pressure of the reservoir, for a wave of 2 m height

[Colour figure can be viewed at wileyonlinelibrary.com]
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In the specific case, having a buoy with an area of
12 m2, the optimal pressure expressed in bar is

presð Þopt =11Hw ð61Þ

5.4 | Energy output of the Cetraro site

The site of Cetraro has been introduced in the previous sec-
tion. Here a more detailed table, Table 4, reports for each
wave, characterized by a certain height and period, the
number of events averaged on 8 years. The total number of
events is 29 079, which implies about 3 measurements per
hour. The green cells contain, for each height of the waves,
the periods more frequent or peak periods. The trend fol-
lows more or less that proposed in Reference 12.

Anyway, by means of the proposed model, it has been
possible to calculate for each cell of Table 4 the power
of the system. Therefore, by considering the number of
events of the cell itself, the yearly energy is obtained by
multiplying the power by the number of events and
dividing by 3.

Figure 27 illustrates the energy of each wave height:
the maximum energy output is about 2000 kWh provided
by the wave of 0.7 m height (about the design value). The
total energy output is evaluated around 22 464.4 kWh/
year. This result, given by a buoy having 12 m2 area, is
encouraging since the site of Cetraro have not a great
potential energy.

Finally, the total capture width ratio has been evalu-
ated by considering the total amount of energy respect to
the ideal energy, as it follows:

CWR=100
Eout

Dbuoy
P

JHwne
=25% ð62Þ

The proposed technology does not require particular
interventions for shaping the seabed since it has a fixed
part on-shore and is developed in calm seas characterized
by low energy potential. For this reason, it is easy to
apply and cheap enough.28

Moreover, differently from other technologies, like
Pelamis24 or Archimedes waveswing (oscillating system),25

the proposed system is very easy to install, since the
workers have the possibility of laying their machinery on
shore.

The possibility of being integrated into breakwaters
makes the proposed solution even cheaper, since the
seabed shaping costs are attributed to environmental
protection.

To complete the present analysis, Table 5 reports a
rough costs estimation split into various items.

FIGURE 27 Yearly energy of each wave height of the Cetraro site [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Costs estimation

Basement and seabed modeling € 30 000

Pump and buoy € 10 000

Piping € 5000

Reservoir and tank € 3000

Micro Pelton turbine € 15 000

Power house € 7000

Total € 70 000
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The costs of the investment, by considering state
incentives of 0.34 €/kWh, could be recovered in little
more than 9 years.

6 | CONCLUSIONS

In this paper, a new system exploiting energy from waves
near the shore is proposed, composed by an oscillating
buoy, which incorporates a piston pump, able to deliver
water to a pressurized tank feeding a micro Pelton turbine.

The first part of the paper provides an extensive
mathematical approach, useful to simulate the motion of
the oscillating buoy (point absorber), which allows to
compute the power of the system in various conditions
related to waves having different heights and periods.

The mathematical model permitted to derive some
simplified formulas, valuable for defining a sizing proce-
dure for designing all the components of the system. That
is an important finding useful to enable designers to esti-
mate quickly the feasibility of the plant, starting from the
energy resource of the site.

Depending on the waves distribution, the system can
be scaled to small powers so being able to work in sites
characterized by waves with low potential energy. In
islands, it could resolve problems related to energy supply
and storage, being easily to integrate with other energy
sources in mini- or micro-grids.

A first design has been done for the Calabrian site of
Cetraro where a mean energy flux of 2.7 kW/m /year is
estimated. By applying the proposed sizing procedure, the
main identified components that is, the buoy, the piston
pump, the piping, the pressurized reservoir and the Pelton
turbine, were designed. Their dimensions are quite small,
given the height of the design wave of 0.8 m, below which
more than 77% of the waves occur in this site.

The system has been designed for working always in
optimal conditions: in fact, for each waves there is an
optimal value of the pressure of the reservoir, which
guarantees the maximum power.

The pressure of the reservoir has then to be changed
according to the height of the wave. For doing that, the
flow rate of the Pelton turbine is changed by opening or
closing the nozzle area.

However, at peak periods of the waves (most frequent
periods), an optimal opening of the nozzle area can guar-
antee this optimal working, being the incoming flow
rates of the piston pump, able to change the pressure of
the reservoir in the right way.

Waves from 0.1 m until 4 m are easily managed by
changing the pressure of the reservoir from 1 up to
40 bar. So doing, the power of the system changes from
3 to 36 kW.

Therefore, with the use of a buoy capture surface of
12 m2, it results that about 22 464 kWh/year could be
produced on the Cetraro site, so exploiting 25% (CWR)
of the overall energy source. The costs of the system were
estimated around € 70 000, with a payback period of
about 9 years.

Future works will regard an experimental phase, since
the authors are involved in setting up a small buoy proto-
type for testing it in a laboratory channel flow. The experi-
ments, done in different operating conditions even by using
diverse buoy shapes, will further validate the model results.
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NOMENCLATURE
Abuoy buoyant area (m2)
An turbine nozzle area (m2)
AP piston area (m2)
Apipe pipe area (m2)
b viscous damping coefficient (kg/s)
B buoy width (m)
CD drag coefficient (−)
Co pump stroke (m)
co spouting velocity (m/s)
CWR capture width ratio (%)
D buoy draft (m)
DB cylindrical buoy diameter (m)
Dbuoy characteristic size of the buoy (m)
Dn nozzle diameter (m)
Dp piston diameter (m)
Dpipe pipe diameter (m)
DT turbine diameter (m)
f pipe friction coefficient (−)
fcy wave frequency (Hz)
FA Archimedes’ force (N)
Fex exciting force (N)
Fex,a amplitude of the exciting force (N)
FW weight force (N)
Fp pressure force (N)
FPTO power take off force (N)
g gravity (m/s2)
h seabed depth (m)
Hbuoy buoy height
Hm reservoir pressure expressed in water column

meters (m)
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Hw wave height (m)
Hs, H1/3 significant wave height (m)
J average wave power (kW/m)
k specific turbine speed (−)
k wave number (m−1)
L buoy length (m)
Lmax absorption width (m)
Lpipe pipes length (m)
madd added mass (kg)
mb buoyant mass (kg)
Ncy wave frequency (min−1)
ne number of events (−)
nT turbine rotational speed (rpm)
pres pressure of the reservoir (bar)
Pav average power (kW)
PP pump power (kW)
PSystem system power (kW)
PT turbine power (kW)
QP pump flow rate (m3/s)
QT turbine flow rate (m3/s)
Sw wetted surface (m2)
Te wave period (s)
u peripheral velocity (m/s)
Vair air volume (m3)
VP pump volume (m3)
Vres reservoir volume (m3)
z vertical position of the buoy (m)
zA sinking of the buoy due to the pressure (m)
zw sinking of the buoy due to the weight (m)

GREEK LETTERS
β deflection turbine blade angle (�)
γ damping ratio (−)
φ phase displacement (�)
φv velocity reduction coefficient (−)
ηel electrical efficiency (−)
ηP hydraulic piping efficiency (−)
ηT turbine efficiency (−)
λ wave length (m)
ρ water density (kg/m3)
ψ velocity reduction coefficient (−)
ωo peak or natural circular frequency (rad/s)
ω circular frequency (rad/s)
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