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Influence of Sea State and Tidal Height on Wave Power Absorption
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Abstract—The wave energy converter developed at Uppsala Uni-
versity (Uppsala, Sweden) consists of a linear generator placed on
the seabed and driven by the motion of a buoy on the water surface.
The buoy is connected to the moving part of the linear generator,
the translator, which is made of ferrite magnets. The translator
moves vertically inducing voltage in the windings of a fixed com-
ponent, the so-called stator. The energy conversion of the linear
generator is affected by the sea state and by variations of mean sea
level. The sea state influences the speed and the stroke length of the
translator, while the variation of tidal level shifts the average posi-
tion of the translator with respect to the center of the stator. The
aim of this study is to evaluate the energy absorption of the wave
energy converter at different locations around the world. This goal
is achieved by developing a hydromechanic model which analyses
the optimum generator damping factor for different wave climates
and the power absorbed by the generator, given a fixed geometry of
the buoy and a fixed stroke length of the translator. Economic con-
siderations regarding the optimization of the damping factor are
included within the paper. The results suggest a nominal damping
factor and show the power absorption losses at various locations,
each of them characterized by a different wave climate and tidal
range. The power losses reach up to 67% and in many locations
a tidal compensation system, included in the design of the wave
energy converter, is strongly motivated.

I. INTRODUCTION

THE Uppsala University (Uppsala, Sweden) wave energy
converter (WEC) consists of a linear generator at the

seabed driven by the motion of a buoy on the surface; see Fig. 1.
The translator moves vertically inside the stator and induces
voltage in its windings [1].

The energy conversion of the linear generator depends on the
sea state at the deployment site and on variations of the mean sea
level. The sea state influences the speed and the stroke length of
the translator [2]–[4], while the variation of the tidal level shifts
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Fig. 1. Illustration of the wave energy converter (courtesy of Erik Lejerskog).

the average position of the translator with respect to the center
of the stator [5], [6].

Experiments have demonstrated that the motion of the trans-
lator in linear generators is affected not only by the sea state,
but also by the damping coefficient γ [4]. In fact, the trans-
lator speed ẋ and the power absorption P will be affected
by the generator electric behavior [7], which can be described
by the damping force defined as Fd = γẋ. This force will influ-
ence the hydromechanic model presented in Section II-A.

The first aim of this study is to calculate the value of the
damping coefficient that maximizes the power absorption of the
WEC for different dominating sea states. Linear damping, i.e.,
a constant damping coefficient, is studied. Once the damping
coefficient is optimized, the power losses of the generator due to
the tidal effect can be evaluated at different coastal sites around
the world. Today, the damping factor is affected by the wave
climate and the generator design. However, control systems to
regulate the damping in the WEC in real time could be developed
in the near future.
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Section II-B proposes an economic approach to the problem
of damping optimization; its goal is to estimate the viable in-
vestment cost for a generator upgrade. In fact, the design of
the generator needs to be adapted to the wave climate which
characterizes different geographical sites, independently from
the tidal effect.

II. METHOD

A. WEC Model

The model developed in this study couples the buoy hydro-
dynamic equation of motion (1) with the generator electrome-
chanical equation (2)

mbÿ = Fe − Fr + Fh − Fgb + Fb − Fw (1)

mtẍ = Fw − Fd − Fgt + Fes (2)

where mb and mt are the buoy and the translator masses, ÿ and
ẍ are the buoy and translator accelerations, Fe and Fr are the
excitation and radiation forces, Fh is the restoring force, Fgb and
Fgt are the gravity forces due to the buoy and translator masses,
respectively, Fb is the buoyancy force, Fw is the connection line
force between the buoy and the translator, Fd is the damping
force, and Fes is the end-stop force. These two second-order
differential equations are thoroughly described in many articles,
e.g., in [7] and [8]. However, a brief definition of the forces is
given below. In time domain, the hydrodynamic forces Fe and
Fr can be expressed, respectively, as

Fe(t) = fe(t) ∗ η(t) (3)

Fr (t) = m∞
a ÿ + L(t) ∗ ẏ(t) (4)

where fe is the transfer function which describes the relation
between the excitation force and the incident wave η,m∞

a is
the added mass at the infinite frequency limit, and L is the
impulse response function. L, fe , and ma are calculated by a
wave interaction analysis tool (WAMIT) on the basis of the buoy
shape and draft. Finally, the operator ∗ denotes the convolution
between two functions. The restoring force is calculated as

Fh = −ρgπr2y (5)

where r is the radius and y is the displacement of the cylindrical
buoy.

The connection line is modeled as damped single harmonic
oscillator

Fw =

{
kw (y − x) + dw (ẏ − ẋ), if y > x

0, otherwise
(6)

where kw is the spring constant and dw is the damping coefficient
of the wire.

The end-stop force is the sum of the contribution of the upper
end stop fu , the lower end stop fl , and the upper wall of the
WEC capsule fc . The force exerted by the hull of the WEC fc is
modeled as a stiff damped single harmonic oscillator, which the
translator hits when the stresses on the upper end-stop spring
start to provoke irreversible deformations, i.e., once the upper
end stop is compressed by the length li . The following equations

describe each contribution to the end-stop force:

fu =

{
−ke(x − ls/2), if x > ls/2
0, otherwise

(7)

fl =

{
−ke(x + ls/2), if x < −ls/2
0, otherwise

(8)

fc =

{
−kc(x − (ls/2 + li)) + dcẋ, if x ≥ ls/2 + li

0, otherwise.
(9)

The upper and lower end stops are springs having the same
spring constant ke , while kc is a fictitious constant for the wall, as
well as the damping factor dc . The stroke length of the translator
is ls , and the middle point of the translator when centered with
respect to the stator is found at x = 0.

The damping force Fd , defined in Section I, leads to the
calculation of the generator power output P = Fdẋ.

To simulate the WEC behavior, it is necessary to feed the
model with a wave input: the two-parameter Bretschneider spec-
trum is chosen to generate random waves [9]. The chosen pa-
rameters of the spectrum S(ω) are a combination of significant
wave height Hs and energy period Te

S(ω) =
5 ω4

m

16 ω5 H2
s e−5ω 4

m /4ω 4
(10)

where ω is the frequency in radians per second, and ωm is the
modal (most likely) frequency of any given wave, which is a
function of Te .

From the Bretschneider spectrum, time series of the poly-
chromatic waves are created. These are then superimposed onto
a harmonic wave with a much longer period and an amplitude
at = Ht/2, where Ht is the height of the tide at a chosen loca-
tion. The simulations are carried out in 407 coastal points around
the world, each one of them characterized by a combination of
Hs, Te , and Ht .

The data source for the first two parameters is The Euro-
pean Centre For Medium-Range Weather Forecast (ECMWF),
which produces the global atmospheric reanalysis data set,
ERA-Interim. ECMWF uses its forecast models and data as-
similation systems to reanalyse the observations, from 1979 to
present, with a temporal resolution of 6 h [10], [11]. The signif-
icant wave height and energy period used in the study presented
here are averages calculated over ten years of modeled data.
Fig. 2 shows the average Hs around the world and points out in
which coastal areas the highest wave power potential is located,
the available ocean power being proportional to the square of
the wave height [12].

The third parameter Ht is obtained by estimating a time series
of the tidal range in 28-h overlapping windows, then averaging
over one year. The 28-h window captures the range for the
variety of tides from purely semidiurnal to diurnal. The data set
of tidal range was generated from the TPXO7.2 global inverse
tide model [13], using the tidal model driver (TMD) Matlab
toolbox developed by Earth & Space Research and Oregon State
University. The Ht values in coastal areas around the world are
presented in Fig. 3.

The input parameters which characterize the L12 generator
are, among others, the stroke length of the translator (approxi-
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Fig. 2. Mean significant wave height calculated over ten years of ECMWF modeled data.

Fig. 3. Mean tidal range at coastal areas. Data acquired from the TMD model.

mately 2.5 m), and the mass of the translator and moving parts
(10 tons). Moreover, the Matlab model inputs the hydrodynamic
coefficients generated by the software WAMIT, which runs for a
cylindrical buoy with 3-m radius and 0.6-m draft [14]. All these
parameters and coefficients remain fixed during the simulation

process. The WEC model is fed at every iteration with a differ-
ent (Hs, Te,Ht) combination, each combination characterizing
a coastal point.

The first output of the model is a scatter diagram that contains
the generator damping factors γ∗

i , which maximize the WEC
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energy conversion P ∗ at the ith sea state, where P ∗ = γ∗ẋ2 .
Integrating P ∗ over one year, the annual energy production for
the L12 is estimated.

The second output of the model is the estimation of the WEC
energy production all over the world, with and without a tidal
compensation system, i.e., a device that adjusts the length of the
connection line so that the average position of the middle point
of the translator always corresponds to the center of the stator.
Including the compensation system in the modeling is equal to
say Ht = 0.

B. Economic Analysis

To optimize γ from a practical point of view, the generator
design has to be partially revised and, possibly, an upgrade
of the generator itself should be considered. This implies an
investment cost that the economic analysis here proposed aims
to estimate.

The spinoff company from Uppsala University, Seabased In-
dustry AB, was founded in 2001 to commercialize the wave
energy technology and build wave power parks consisting of
an array of WEC units. For the purpose of this study, a basic
economic assessment is performed for a single unit, the L12.
Using data obtained from the manufacturer, we estimate the
viable investment cost for a generator upgrade.

Two scenarios are here considered: a suboptimum case, cor-
responding to a γsub and an optimum case, corresponding to γ∗.
The capital expenditures (CAPEX) of the 50-kW WEC were es-
timated by Seabased to be about 0.25 M€, including operation
and maintenance costs. The lifetime of the WEC was assumed
to be 24 years in this analysis. Moreover, the net present value
(NPV), which provides an indication of how valuable an invest-
ment is, is taken into account and it can be used as a reference
to know how much it is worth to spend on R&D [15]. The NPV,
described in (11), has to be positive for a project to be profitable

NPV =
N∑

i=0

Ci

(1 + r)i
(11)

where Ci is the cash flow at year i, and r is the discount rate.
Another parameter commonly used to assess the desirability of
a project is the internal rate of return (IRR), calculated implicitly
as follows:

N∑
i=0

Ci

(1 + IRR)i
= 0. (12)

Equation (12) shows that the IRR is the rate at which the invest-
ment breaks even. The higher is the IRR, the more attractive is
the project.

III. RESULTS

A. WEC Model

As mentioned in Section II, the Matlab model couples the
hydrodynamic equation of motion of the buoy with the elec-
tromechanical equation of the generator. The buoy position, and
consequently the translator position, is influenced by the wa-
ter level displacement, which is due to the waves and the tide.
Fig. 4 shows the water level displacement generated by waves
with Hs = 2 m, Te = 8 s, and Ht = 8 m. This combination

Fig. 4. Simulated behavior of the buoy and the translator positions in semiran-
dom waves superimposed to a sinusoidal tide. The power absorbed by the WEC
is illustrated in the lower graph and calculated assuming γ∗ = 160 kNs/m.

was chosen for illustrative purposes. The tidal variability is rep-
resented here as having a 12-min period instead of the actual
periods of major tidal constituents which are between 12 and
26 h. The optimum choice of modeled tidal period will be dis-
cussed later.

Looking at the first section (section “a”) of the simulation in
Fig. 4, the buoy follows the waves until the water level reaches
a certain height; in this section, the translator, driven by the
buoy, follows the wave motion. In section “b,” the translator
pushes continuously against the upper end stop, pulling the buoy
underneath the water level; in other words, the translator does
not move and the generator does not produce any power. The
difference between the buoy and translator displacement curves
in section “b” is due to the elasticity of the connection line that
is modeled as a spring. In section “c,” the tidal level decreases
and the translator starts to move again inside the generator,
producing electricity. During a low tide, in particular in section
“d,” the buoy moves freely. Moreover, the draft decreases as
the translator is now resting on the lower end stop, hence, the
gravity force is balanced by the end-stop force: Fgt = −Fes .
Once again, the WEC does not produce any power because the
translator does not move.

The behavior of the translator position is influenced not only
by the buoy position but also by the damping factor. This means
that the energy conversion is affected by the instantaneous water
level elevation and by the choice of γ. To find the most suitable γ
for a certain wave climate, the simulation has been repeated for
different values of the damping factor and in the absence of tides.
The result of plotting the estimated annual energy production
as a function of the damping factor gives asymmetric convex
curves. The curves in Fig. 5 show a peak which corresponds to
γ∗ for a particular combination of Hs and Te , and for different
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Fig. 5. Annual energy production of one unit wave energy converter as a
function of the generator damping factor and simulation time. The wave climate
is characterized by Hs = 2 m and Te = 8 s. The red dots show γ∗

i .

simulation times (i.e., effective tidal periods). Knowing that
P = γẋ2 , the curves of Fig. 5 would show a limit of the energy
function which tends to zero for γ → 0. As the damping factor
increases, the energy increases until it reaches a peak. After that,
the motion of the translator is so damped by γ that its speed
decreases until it reaches zero again for γ → ∞. Note that the
simulations are always run over one complete tidal period, as
shown in Fig. 4. The selected periods range from 4 to 48 min. The
choice of such short tidal periods is due to the need to speed up
the simulations, because of their high computational cost. Fig. 4
shows the influence of the tidal period on the estimation of both
the annual energy absorption and γ∗. The optimum effective
period is a compromise between being much longer than a wave
period but short enough to be computationally feasible. The
short tidal period is, then, scaled to match a tidal period of
12 h, which characterizes a semidiurnal tide. Moreover, two
tidal cycles per day will be considered in the calculations of the
annual estimated energy.

Once a reasonable simulation time is chosen, the same proce-
dure is repeated for every wave climate, and the scatter diagram
in Fig. 6 is obtained. The scatter diagram becomes a new input
for the calculation of the annual energy production of the WEC
with and without the tidal compensation system for the 407 se-
lected locations around the world. The model compares these
two outputs and indicates how much power is lost due the tidal
effect on the generator (see Fig. 7).

B. Economic Analysis

The red curve in Fig. 5, characterized by Hs = 2 m, Te = 8 s,
and a 12-min tidal period, is chosen for the implementation of
the economic analysis. As mentioned in Section III-A, the short
tidal period is scaled to match a realistic tide. The suboptimum
scenario is selected to be γsub = 80 kNs/m, which corresponds
to an estimated energy production of 92 MWh/year per unit.
This translates to 1840 h of utilization time, corresponding to
a degree of utilization (DU) of 21%. The DU accounts for the
average annual energy delivered to the electric grid, and the
rated power of the WEC, which helps to recognize the potential
of a renewable source and its possible technical/economic com-
petitiveness [16]. Taking into account only the CAPEX as in

Fig. 6. Scatter diagram indicating the damping factors which maximize the
WEC energy output for different wave climates. The values inside the black
rectangle are obtained with simulation using an effective tidal period of 12 min,
while the other values use 6-min effective periods.

[17], and assuming a feed-in tariff of 200€/MWh, the payback
time would be about 15 years. In this first scenario, the NPV
is negative even with a low discount rate of 5% (see Table I,
Case I).

In the second scenario, where the damping factor is chosen
to be γ∗ = 170 kNs/m and the energy production reaches up
to 120 MWh/year, the utilization time increases to 2380 h and
the DU to 27%. Upgrading the system to 170 kNs/m results in
a payback time of 11 years (Case II), if we would not consider
any additional cost. Moreover, the NPV turns to be positive, and
the IRR to be about 7.6%. However, upgrading the system will
require an additional cost related to, among others, the increase
of the generator size, e.g., the number and/or size of steel plates
and magnets used to build a generator. For this reason, the cost
of improving the WEC is calculated by comparing not only
the NPVs but also different IRRs, as shown in Table I, from
Cases II–VIII.

IV. DISCUSSION

A. WEC Model

The hydrodynamic model coupled with the generator equa-
tion is able to estimate the wave power production during one
tidal cycle, as illustrated in Fig. 4. Electricity is produced as long
as the translator moves within the stator, while the production
drops to zero during significant high and low tides. During high
tides the buoy is submerged, while during low tides the buoy
does not feel the gravity force of the translator due to the slack
in the line.

For every wave climate, it is possible to establish the opti-
mum generator damping factor, which maximizes the absorbed
power. In Fig. 5, the γ∗ for the wave climate characterized by
Hs = 2 m and Te = 8 s is calculated. Each curve has been ob-
tained by increasing the simulation time from 4 to 48 min. As
the simulation time increases, the results in terms of γ∗ and esti-
mated energy start to converge. A reasonable period was found
to be 12 min: the result for that value is fairly close to 48 min
and the computation time is significantly reduced.
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Fig. 7. Percentage of power loss due to the tidal effect on the generator power absorption.

TABLE I
FINANCIAL INDICATORS FOR DIFFERENT SCENARIOS AND GENERATOR

UPGRADE COSTS

Scenario Case Upgrade Cost NPV IRR Payback
γ no. % ± % years

γsub I 0 – 4,8 15

II 0 + 7.6 11
III 5 + 7.1 12
IV 10 + 6.5 12

γ∗ V 15 + 6.0 13
VI 20 + 5.6 13
VII 25 + 5.0 14
VIII 30 – 4.7 14

The scatter diagram in Fig. 6 shows the γ∗ for every com-
bination of Hs and Te based on 12-min simulations within the
black rectangle, which includes the most interesting (Hs, Te).
Note that the damping factor increases with the energy period,
rather than with the wave height. In other words, the slower
is the translator motion, the higher is the damping required to
optimize the generator design.

The information contained in Fig. 6 is used as a new input
to the model that now aims to calculate the energy lost by the
WEC at different locations around the world. This is achieved
by comparing the annual energy production of the generator
with and without a tidal effect, i.e., with and without a tidal
compensation system. The critical areas highlighted in warm
colors in Fig. 7 correspond to sites with high tidal range (see
Fig. 3). Some of the areas which are subjected to strong tidal
effects are located at: the west coast of England and the Bay

of Fundy (higher than 60%); the Welsh coast (50%–55%); out-
side Bretagne, France (40%–45%); the south coast of Argentina
(55%–60%); the East China Sea (up to 45%); and the north-
west of Australia (up to 55%). The power loss can reach up to
67% and the economic incentive for a tidal compensation sys-
tem is likely to be high at these locations. Based on the available
power from the waves (see Fig. 2) and the power losses due to the
tides, the economic benefits of having such a system should be
considered.

B. Model Limitations

A brief description of the limitations of the model are here
discussed.

First, the buoy and some mechanical parameters of the gen-
erator are fixed. This means that the results are true only for
L12. If the stroke length of the translator were (subjunctive)
increased, the tidal effect could be reduced, but at the same
time the costs and the manufacturing challenges would increase.
Moreover, the specifications of the end-stops influence the γ∗.
If any of the fixed parameters previously discussed are changed
in the next version of the Uppsala WECs, the analysis should be
updated.

Second, the average wave climate chosen at each location
may affect the results of the study. Detailed analyses can be
conducted at specific sites to evaluate the goodness of the esti-
mation of the power losses when using the average wave climate
rather than the complete Hs − Te scatter diagram.

Third, the hydrodynamic model is based on the linear wave
theory, which loses its validity in case of wave runup and for
braking waves. However, the theory is assumed to be valid in
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section “b” of Fig. 4, because the result in terms of power
absorption is not affected.

The values of energy output from the WEC are also influenced
by the simulation time of one tidal cycle, as shown in Fig. 5.
The choice of using 12 min is reasonable, but more accurate
results could be obtained by increasing the time further, albeit
with increased computational costs.

Furthermore, the data points in Figs. 2, 3, and 7 are extrapo-
lated from a 3◦ × 3◦ grid to give a broad overview on the WEC
behavior. Their distances to shore are not always reasonable for
the deployment of the WECs. This fact motivates specific case
studies to be investigated to give more accurate assessments.

Regarding the modeling of the tide itself, the difference be-
tween diurnal, semidiurnal, and mixed tide has been neglected
to speed up the simulations. In a specific case study, the time
series of the tide could be added as input to the model.

C. Economic Considerations

The analysis considered the upgrade of a WEC from one
suboptimum scenario to the optimum scenario.

With reference to Table I, we first show a suboptimum sce-
nario where the damping factor is not optimized to give the
maximum absorbed power. Second, the analysis incorporates a
technology upgrade that results in the highest estimated energy
production (see Fig. 5). In the first scenario, corresponding to
Case I, the expected present value of the cash flow is negative.
In contrast, the second scenario brings additional value to the
investment. With an upgraded system (Cases II–VII), the WEC
energy production reaches up to 120 MWh/year, resulting in a
DU of 27%, a positive NPV, a higher IRR, and a lower payback
period, thus demonstrating the profitability of the project.

For the optimized system to be cost effective, the analysis
in Case V suggests that the additional expenditure required to
improve the performance of the WEC should be up to 15%
of the initial CAPEX, given that the accepted IRR for marine
energy projects can be as low as 6% [18]. Table I shows that the
payback period in Case V is almost half of the WEC lifetime
and gives a sufficiently high IRR, which is still attractive for
potential future investors.

V. CONCLUSION

The paper describes the performance of the present genera-
tion Uppsala University WEC, at different locations around the
world, i.e., for different combinations of significant wave height,
energy period, and tidal range. To carry out this evaluation, a
hydromechanic model which analyses the optimum generator
damping factor and the WEC power absorption is developed.

The L12 energy conversion has been simulated and the effect
of the tides estimated. The optimum generator damping factor
is calculated for different wave climates and summarized in a
scatter diagram.

An economic assessment is carried out showing the viable
additional investment of a generator upgrade. In the specific
case analyzed within the paper, an additional cost of up to 15%
of the initial cost of the WEC could be viable using an IRR
of 6% as a reference. Even though a basic economic assess-

ment is performed, the present study underscores the potential
benefits of upgrading the design, if necessary, and therefore the
importance of investigating the damping forces when dimen-
sioning the generator for a specific location.

The power loss of the WEC due to the tidal effect is evaluated
for near-coastal sites all around the world and critical areas are
highlighted for future investigation. The model described within
this paper can be used to describe the behavior of the WEC at
specific locations in more detail and with more accurate results.

Moreover, the energy loss per meter of tide can be estimated
and the findings will influence the mechanical design of the tidal
compensation system or the size of the translator stroke length.
In the future, this study could be extended from the analysis of
a single unit to a farm of WECs.
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