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Abstract. In wave energy conversion one of the most important steps is building scenarios about
long term efficiency, taking into account that several factors are involved. Based on the assumption

that actually the weather conditions show important modifications year by year, analyses of wave

power evolution during the exploitation time range must rely on both prediction models and on

several options for the conversion device. From this point of view, the wave energy conversion

process can be considered a dynamic system. The dynamic system theory based methodology
approach systems behaviour through relationships between systems components. Comparing to

usual scientific approaches, which try to decompose the analyzed system, this methodology offers a

view of entire system behaviour The paper presents a method for building scenarios of wave energy

conversion, in the nearshore of the Black Sea, based on a model which includes also forecasts of the

weather influence.

1 Introduction

Despite its enormous potential, a rough estimation would
be 1TW worldwide [1], the wave energy still remains
un-exploited on large scale. This situation is due to
several reasons as: high values initial investment,
continuous weather conditions changing - the global
warming influence became year by year more important,
random wave height distribution over time and, not the
last or the less important - the conversion technology and
devices.

There are several wave conversion technologies,
based on different mechanical principles, all involving
besides the mechanical part also sophisticated electronic
modules [2]. The initial investment, i.e. the device price,
the price for manual installation and other expenses can
reach high values.

Other aspect linked to the wave energy conversion is
the random wave frequency and direction, this factor
being subjected to sudden changes, following the
weather changes. As consequence, there is no universal
optimal converter but for each location extensive studies
for establishing the best one must be conducted [3,4].

The problem of wave energy converting
implementation is more important for closed water areas,
where the waves deliver less power than in the oceans,
figure 1. In these areas the investment into wave energy
recovery must be very careful prepared, both from
mechanical design and from a financial point of view.
Even there are available software packages designed for
making these investigations [5] the input data, are
situation and location-dependent and cannot be used
worldwide.
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The present paper presents a methodology for
analysis of wave energy conversion, with common
devices, based on an original combination between
dynamic systems theory with neural network predicted
wave characteristics.
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Fig. 1. Wave resource distribution [www.aquaret.com]

2 Dynamic Systems Modeling

The dynamic systems theory [6] states that the system's
behaviour is influenced not only by the components
properties but also by the relationships established
between them. From this point of view the studies on a
system must be performed without breaking these links,
like regular scientific analysis methods recommend.
Following this theory, any system structure can be
represented with few basic elements: level, rates, flows
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and constants. Each element have a specific role into the
systemmodeling:

- Levels contain variable values.

- Rates performs flow control.

- Flows make the links between elements

- Constants contain constant values

. The systems limits are represented by boundary
conditions. Based on these components the system
structure is built and the appropriate relationships are
imposed through an equation editor.

Due to its particularities, the dynamic systems
method is very suitable for modeling and simulation of

large scale systems involving world energy dynamics [7],

climate changing [8], their impact on human life [9,10]
and the human activities impact on biosphere[11].

There are several dedicated software for systems
modeling. In the present paper the Vensim software [12]
was used.

2.1 Wave energy conversion model building

In order to build a model for the wave energy conversion,

the first step is to identify the appropriate system and
make the corresponding correlation with the basic
elements presented above.

Based on the energy flow - from the wave to the
converting device - in the system two level elements are
included, one for the wave energy and second for the
converted energy.

The wave energy component is feed with energy by
waves through a rate element - wave power, and is
discharged by another rate element - converter. The last
one feeds with electrical power the converted energy
level element. As a result, the base model for the wave
energy systemmodel is built, figure 2.

Wave S Converted
| Energy Conver‘tero Energy
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The second step in the model building is establishing
of mathematical equations that drive the system. Taking
into account that the waves have a randombehaviour, for
computing the available power on wave crest length, the
model presentedin [13] was used, equation 1.

P, = pg’Hy' Ty/64n (1)

where:

P, - wave power per wave crest length (W/m)
p - sea water density (1.023 kg/m3)

g - gravitational acceleration (9.8 m/s?)

Hj - significant wave height (m)

T - wave energy period (s)

Taking into account the variables involved in wave
power mathematical model, the conversion system
model must be completed with the appropriate elements.
As it can be observed, besides the four elements - the

backbone of the system - other components appeared,
both as constants and as auxiliary variables.

The final step is linking the system components, and
in this way the final diagram is obtained, figure 3.
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Fig. 3. Wave energy conversion system- full model

As constants, water density and gravitational
acceleration were inserted into the system model. Even
their values presents slightly variations following the
temperature and, respectively, the global position, these
can be considered as constants [13].

As auxiliary variables, significant wave height and
wave period are inserted into the model, as being linked
to the wave power rate variable, which feed the wave
energy level one.

The links between the components of the model
follow the real world correlations between the simulated
systems. From this perspective, it was assumed that the
wave power is generated under the simultaneous
occurrence of the wave height, wave period, water
density and gravitational acceleration. Meanwhile, the
wave height and wave period are functions of time, at
each time step (day) having different values.

On the other hand, wave height has an influence on
converter, since the converting devices work only below
some specific wave height values. As a consequence, in
the converter equation a conditional limiting function
must be used.

The converter type is an auxiliary Boolean variable
used to trigger between the converting device types,
since in this model only two devices were used. In order
to choose one or another device, in the converter
equation a conditional function was used.

2.2 Wave energy conversion model inputs

Once built, the wave energy model can be used for
simulation of the wave power conversion to electrical
power and for creation and analy ze o f different scenarios,
based on different converting devices, different wave
conditions etc.

For performing simulation, some inputs are needed:
time line of the simulation, wave characteristics -
significant wave height and wave period, converting
device characteristics - generated power as a function of
wave height and wave period.

The system evolution is time dependent. As
consequence, the beginning and ending of simulation
must be defined. The Vensim software has a built in
variable (time) allowing simulation control from this
point of view. The time line considered was one year,
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with a day as time step. In order to simplify the graphic
representation of the system, the time is declared as
shadow variable and, as a consequence, will appear
multiplied into the model diagram.

The wave characteristics, in order to take into
account the weather forecasted influence, are obtained
by neural network prediction, based on previous records
for the targeted location [14]. In the present paper a
location near the Romanian Black Sea shore was
considered and the prediction input data for the neural
model were records corresponding to previous years.
The results obtained are inserted into the wave energy
systemmodel as lookup tables, with daily values.

The converting device characteristics are obtained
based on specific technical data tables. In the present
paper two devices were considered: Aqua Buoy, as an
offshore recommended device with a 250 kW maximum
converted power and Wave Dragon, as an intermediate
water recommended device, with a 7 MW maximum
converted power. Only one device of each type was
considered.

In order to transform the technical data of the chosen
devices into mathematical correlations, usable in
system's model, a regression procedure was used. With
this purpose, the power matrix of selected devices [15]
were imported in Datafit software and subjected to a
regression procedure, with two independent variables
(wave significant height and wave period) and one
dependent variable - converted energy. As results, the
converted power - significant wave height - wave period
dependencies were obtained, as polynomial equations.
These equations will be inserted into the model using the
built-in equation editor of Vensim.

In figures 4 and 5 are graphically presented the
converting characteristic for the Aqua Buoy and,
respectively for the Wave Dragon devices.
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Fig. 5. Wave Dragon converter characteristic

During a simulation cycle, the wave energy level
element will cumulate the energy amount provided by
waves while the converted energy level element will
cumulate the amount of converted energy delivered by
the converting device. The converter element is

controlling the energy flow from waves energy to
converted energy

3 Discussion

After running a simulation, several information are
available. In figure 6 the wave characteristics are
presented, obtained by neural network prediction and in
figure 7 the simulated results for generated wave power
are shown.

In figure 6 it can be observed that during the January-
March period the significant wave height is higher,
leading also to a higher wave power, with a value of
approx. 9.4kW (figure 7). Also, in this period some
power peaks (approx. 80kW) are observed, but for a very
short time - days 25, 36 - due to storm generated waves.
Higher values of wave power did also occur in the period
October-December, with an average value of approx
SkW. In the warm period (April-September) the average
value of the wave power is low (approx. 2kW). As a
consequence, the average value of the wave power over
entire year, in the selected location, is approximately
4kW. All above presented values are consistent with
those found by other researchers [16] and proof that the
Black Sea wave power potential is relative low,
especially near Romanian shore.
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Fig. 6. Predicted wave characteristics a) significant height;
b) period;

If the daily wave energy over one year are cumulated,
(figure 8), the total potential available for the simulated
period is obtained: approx. 1.5 MWh.

The sinulation results will be presented in a
comparative way: AquaBuoy versus Wave Dragon.
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Fig. 8. Wave energy generated cumulated over one year

In figure 9 are presented the performances of those
two devices, considered as amount of converted power
from wave available power (figure 7). As can be seen,
the Wave Dragon device succeed to convert a larger
amount comparing with Aqua Buoy one.

Figure 10 shows the comparison of the cumulated
converted energy between the devices. Due to the
difference of values, two Y-axis scales were used: one
with 20kWh top value and one with 2MWh top value.

Looking now at figure 10, it can be observed that the
cumulated amount of the converted energy by Aqua
Buoy device, during the whole year, is approximately
10kWh, corresponding to an average value of 0.03
kWh/day.

The Wave Dragon device shows a better conversion
rate - approximately 3.2 kWh/day - leading to cumulated
converted energy of about .2MWh over whole year.

As a consequence, if the Aqua Buoy device is used, a
difference of approximately IMWh/year of energy will
be unused and, therefore lost. If the Wave Dragon device
will be used, the unused quantity of energy will be only
approx.0.3MWh/year.

If it is compulsory to use the Aqua Buoy device, in
order to convert as much is possible from the generated
wave energy, the solution is to use several devices. In
figure 11 it is presented a comparison regarding the
converted amount between one Wave Dragon and 50,
100 and 140 Aqua Buoy devices, parallel mounting.
Taking into account that a Wave Dragon device's price is
around 14238652 Euro and an Aqua Buoy device price
is around 169507 euro [17], following the information
from figure 11, the conclusion is that a Wave Dragon
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Fig. 9. Wave converter performance a) Aqua Buoy;b)
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Fig. 10. Aqua Buoy vs Wave Dragon converted power
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Following the amount of the wave energy available,
further solutions can be investigated, as the using of
other converter type as Pelamis (around 2638520 Euro)
for example [18].

3 Conclusions

Taking into account all presented above, some
conclusions can be drawn:

- In order to convert wave energy, which have an
enormous potential, several converting devices are
available. As these devices presents different
performances and costs, any attempt to transform the
wave energy into electricity should be preceded by a
modeling procedure, allowing the optimization ofdevice
selection and predictions of converting devices
performances, especially when the target area is located
in enclosed seas, as Black Sea, Mediterranean Sea,
Baltic Sea etc.

- In order to design an efficient wave energy
converting station, some simulations must be performed
also for weather prediction, linked to the spotted area.

- The dynamic system theory, allowing to simulate
systems not only by components, but also with links
between them, is a suitable tool for building models of
wave energy conversion systems, with the goal to
simulate the behaviour of these and take the appropriate
decisions.

- A way to improve the models accuracy, offering
this way a better view of future converting station
behaviour, in weather changing conditions, is the
combination of dynamic system theory with the neural
network based prediction method. In this purpose, the
neural network model must be accordingly trained and
validated [14]

- In the present study, using dynamic systems
simulation and neural network prediction, the evolution
of wave energy conversion was analyzed, using two
converting devices (Aqua Buoy and Wave Dragon),
during one year. It was found, comparing the values
presented in figures 8 and 10, that the best wave energy
converting device for target location (the near shore of
the Black Sea), taking into account the weather
conditions is the Wave Dragon converter, as this one
succeeds to transform 80% of the available cumulated
wave energy during one year. The Aqua Buoy device, in
the same period succeeded to convert only 15% from the
available wave energy.
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