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Abstract- The potential of electrifying Offshore Oil and Gas platforms by Hybrid Renewable Energy Sources (HRESs) was paid
attention to recently. As sensitive loads, these installations require a high level of reliability, which requires special consideration
in modeling. This load sensitivity contradicts the intermittent nature of HRESs like winds and waves. Implementing batteries in
a similar energy system could help decrease the variation in the generated power. However, practical batteries are known to
degrade over many factors. In this article, a study is presented on quantifying the enhancement in the reliability of supply caused
by coupling of a Wind-Wave (WW) hybrid offshore energy converter (named: HOEC) unit with a Lithium-Based Energy Storage
System (LBESS), while considering LBESS’s degradation and load sensitivity, and optimizing the battery size and WW ratios.
The optimization is solved using a semi-analytical approach and compared against two heuristic algorithms, which are particle
swarm optimization and pattern search algorithm. Results demonstrate possible system reliability enhancement while optimizing
the system designed using the proposed approach.

Keywords Hybrid renewable energy systems, wind energy, wave energy, energy storage, lithium-ion battery, Offshore

installations.

1. Introduction

The Offshore Oil and Gas (OOnG) sector is the
foundation to many economies. OOnG platforms are massive
structures installed worldwide. They are typically in various
water depths and at different distances from the shore. It is no
secret that OOnG installations account for a great amount of
the Greenhouse Gases (GHG) emissions [1-4]. A key solution
to this problem could be the direct electrification of these
platforms [5, 6]. Nowadays, there are ongoing projects on the
electrification of OOnG platforms in the North and Norwegian
Seas, beside the ones electrified already [6]. An alternative is
making use of offshore clean energy sources [7 — 9]. Major
0OnG companies like Equinor, Shell and Eni producers have
started renewables businesses already [10 — 12]. Since
offshore wind industry initially leamnt a lot from OOnG
industry, OOnG could benefit from offshore renewables in
return [13]. Offshore wind energy has one of the highest
impacts on GHG emission reduction. Therefore, the thought
of using offshore wind energy to supply OOnG platforms
occurred to many researchers [2, 8, 9, 13]. What is more is,
recently, authors of [14] advocated the exploration of another

ocean renewable source, wave energy, for supplying OOnG
platforms. Consequently, we could benefit from generating
power from more than one renewable energy source to
improve their competitiveness, following similar applications
as proposed in [15-21].

1.1 Renewables for OOnG

In [22], the integration of 20 MW wind power was
assessed in terms of fuel consumption savings and reductions
in CO2/NOx. Moreover, authors have studied 9 simulations for
the grid stability after wind power integration. Then the
simulations have been compared to identify the optimum
amount of wind power output for integration. A case study on
five interconnected OOnG platforms and a wind farm of 100
MW was conducted in [23]. A case study was carried out on
wind power integration and without it, to compare the results.
The results were 21% to 30% reduction in the fuel
consumption, subject to the operational strategy of gas
turbines. Simulations were also done for reduction in
CO2/NOx emissions. In [24], the wind energy was integrated
to reduce GHG emissions, where wind farm technology was
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connected with different platforms. The system model
consisted of 5 OOnG platforms connected to 100 MW
offshore Wave Energy Converters (WETs) farm. Each
platform has two gas turbines working in parallel. Moreover,
two operational strategies were investigated for the gas
turbines. Results were 21-33% reduction in GHG emissions.
The exploration of WECs’ potential to be connected with
0OnG platforms has not been done rigorously yet. Authors of
[25] have concluded that offshore wind energy is the best
alternative for delivering power to the OOnG platforms. The
work presented numerical simulations for emissions reduction
and fuel saving. It was stated that the operational strategy
should be wisely chosen for getting stable and economic
operation. The work also presented wind farms working in
parallel with gas turbines with 40% wind energy share. Two
operational strategies were investigated: one for load sharing
and another start/stop strategy where one turbine is shut down.

Due to the strong correlation between winds and ocean
waves, they have been candidates for a combination. The
simplest way is co-locating WETs and WECs. This method
was rigorously presented in the literature [8, 20, 26], for
similar applications to OOnG loads. Authors in [26] have
studied the allocation of several WECs on a floating platform
from a hydrodynamic point of view. Through case studies in
different European cities, the benefits of combining offshore
wind and wave energies is reaching a less variable supply, but
with no battery option. "WindWec" is a device concept
introduced in [21] that was inspired by the success of offshore
floating WETs and Wave Star WEC [27]. It was concluded
that wave converters help reducing the structural loads caused
by the waves on the turbine's structure, while the turbine
structurally supports the converter.

1.2 Energy Storage for OOnG

Despite the improvement in the power output of the
combined wind-wave device compared to separate WETSs or
WEQC:s, it is still of low reliability. For the problems under
study, several works integrated energy storage units to the
energy system such as [26-31]. Researchers at Equinor
recently proposed Bat-Wind concept [32]. It makes use of the
turbine's body to install the battery packs along its body. An
alternative could be placing them on the WEC's body.

The main advantages of integrating energy storage with
0OOnG system supplied by renewable energy can be
summarized as: (i) increased generation reliability and
security, (ii) minimized the necessary installed capacity of
wind and wave energies, and (iii) improved stability of the
power system.

Nevertheless, the battery models used in previous
literature were all generic and fail to account for battery
degradation, which may delay the process of commercializing
the idea. In [33], an approach for including battery degradation
in the sizing problem was presented; however, this model
could be improved to include more of the factors that
collaborate in practical battery degradation: calendar and
cyclic.

Lithium-ion (Li-ion) batteries are emerging rapidly, due
to their high energy and power densities as well as maturity in
manufacturing [22-27]. Their utilization in large renewable
energy systems was previously investigated. The first

commercial lithium ion batteries were produced by Sony in
1990. Since then, improved material developments have led to
vast improvements in terms of the energy density (increased
from 75 to 200 Wh/kg) and cycle life (increased to as high as
10,000 cycles). Among all energy storage technologies,
lithium-based battery energy storage system (LBESS) was
selected in this research to represent the energy storage
element due to its various advantages [34, 35].

1.3 Paper Contribution

In this research, we build on the previous work in
renewable energy sizing and planning literature. We cover an
untapped area by investigating the effect of coupling a
HOEC with LBESS on the supply continuity for an OOnG
load, over a year-long period time, considering: (i) Battery
fading, and (ii) Load sensitivity. A case study with different
scenarios was carried out using real measured data of an
OOnG platform. Generation mixes covered several WW
ratios. Optimal battery sizes were obtained in each scenario.
Finally, all results were analyzed. All the simulation was
carried out in MATLAB environment.

The rest of the article consists of 4 sections. Section 2
covers the modeling aspects of the system and its different
components. Next, Section 3 presents the problem formulation
and the results are fully discussed in Section 4. Finally, the
conclusion comes in handy in Section 5.

2. System Modelling

The feeding system, the OOnG load and the energy
management will be discussed and modelled as follows:

2.1. Wave Energy Converter

Several wave-energy converting techniques exist today.
Among them, Wave-star [36] is selected as for its scalability
and suitability for a synergy with WETs. Furthermore, there
are available power matrices based on data from WECs
already installed in several locations [37]. The generator
machine is based on rows of floats which are all fixed by
leavers to a horizontal shaft, with one-way bearings. The
slowly revolving shafts are connected through a gearbox to a
generator, like the method used in a wind turbine. The length
of the row of floats is at least a wavelength. When a wave
passes, the first float is lifted upwards, because of the
buoyancy, and the leaver locks onto the shaft, when the speed
exceeds the revolving speed of the shaft. This generates a
torque to the shaft. When the wave descends, the grip of the
shaft is loosened, and the float moves freely down to a lower
position until the next wave appears. The next float in line,
adds a similar torque to the shaft. The shaft in this way
integrates the torque from all upward moving floats at a fixed
rotational speed — a speed that is determined by the gearing
and the generator speed.

In contrary to linear wave energy converting mechanisms,
the power produced by a certain Wave-star WEC (Py,4y5) 18
non-linear. It can be modelled by a 2D matrix, incorporating
significant save height (Hs), and average wave period (T, ) as
inputs.H is the average wave height (trough to crest) of the
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one-third highest waves. Hg is the most important parameter
for characterization of the statistical distribution of ocean
waves, and it is the parameter most often given in weather
forecasts. The production from the Wave Star prototype
depends strongly on Hg. In this piece of work, the four Wave-
star models published in [38, 39] were studied. The models are
summarized in Table 1.

Table 1. WEC models and their power ratings

WEC Model Nominal Power (MW)
Wave-star C 1

Wave-star E 2

Wave-star H 4

Wave-star K 15

For demonstration, Wave-star C, of 1 MW nominal
power, consists of 20 floats, each of a 6 m diameter and 12-
meter arm length. The device is of a power take off efficiency
equals 0.9. Power production starts at 1.5 Ty,,. The maximum
power production by this WEC is achieved at 4.5 T, and 2.25
Hg, or, 3.5 Ty, and 2.75 Hg, and continues with the increase of
Hgup to 3.5 Hg, beyond which the storm protection is applied.
For the same Hg, Py, 45 increases directly with the increase in
Ty, until a certain limit of Ty, (9.5 to 12.5 sec for model C, for
example). Beyond this limit, Py .,y decreases instead of
increasing. This reduction is a result of changed settings in the
Power-Take-Out system currently implemented.

2.2. Wind Energy Converter

Wind power (Py;np) Was modelled by the WET’s power
curve. In this sense, P, yp directly depends on the wind speeds
(WSPDs). Therefore, WSPDs were re-calculated and referred
to the turbine’s hub height using the following well-known
relation:

vi_ A M
v2 h2
Where vl and v2 are wind velocities at heights 41 and 42,
respectively. The value of 0.11 is chosen for the friction
coefficient z, according to [33], it was empirically determined
to be applicable most of the time over the ocean.

Pwmvp 1s modelled as follows:

Pyinp () =
Py v, S v(t) < Vpmax
(axvP(t) + )Py Vpin < v() <v, (2)
0 otherwise

where Py, yp(t) is the electric power generated by the wind
turbine at time ¢, Py is the nominal power of the turbine, Vi
is the cut-in speed of the wind turbine, v, is the nominal speed
of the turbine and vuax is the cut-out speed of the wind turbine.
The constants a, b and ¢ are determined for each turbine
separately by curve-fitting and interpolating each turbine’s
power curve data.

In simulation, all the technical data were drawn from the
manufacturers’ datasheets. WSPDs were corrected for
corresponding heights under investigation using Equation (1).

Two different large-sized commercially available floating
WETs, as shown in Table 2, were selected in this research. 9.5
MW is approximately the largest nominal power in the
available offshore WETs today, after the 10 MW Siemens
WET. The WETs were chosen of different maximum power
to enable different WW ratios in the study. Both WETs share
a v, of approximately 14 m/s. In addition, they are
characterized by vmin and vmax of nearly 3 and 25 m/s,
respectively.

Table 2. WET models characteristics

WET Model |SWT-2.3-93|V164-9.5
Manufacturer Siemens Vestas
Py (MW) 2.3 9.5
Hub height (m) 80 130

Vonax 3.5 3
v, 14 14
Vpnin 25 25

2.3. LBESS

Lithium-ion batteries are emerging rapidly, due to their
high energy and power densities as well as maturity in
manufacturing [39-42]. Their utilization in large renewable
energy systems was previously investigated. Among different
Li-ion chemistries, Lithium-iron-phosphate/graphite (LFP/C)
was the selected battery chemistry following [41]. It was
foreseen to suite our proposed application as it was tested for
a large-scale energy application. LBESS is modelled by its
state of charge (SOC) and produced power (Pg,r). Each
LBESS has a nominal capacity (C,) and nominal power
capability (Pgo) at (t=0) or the time of installation. In our
problem, as the resolution (Res) of the available data is one
hour, Py, is defined as the power the LBESS can deliver over
one hour. Accordingly, absolute values of Py, cannot be
greater than Cp, as absolute values. Inside LBESS, the
charging process is presumed to be identical to the
discharging, but in the opposite direction. The charging
efficiency is anticipated to be 0.95. LBESS’s depth of
discharge (DoD) was set to 0.8. For all instants, the following
two constrains must be satisfied:

SOCpn < SOC(t) < SOCpax(t) )

Poar min () < Ppae(t) < Ppor max(@®) . (D)

where SOCpny and SOCpux are the minimum and
maximum SOC limits, respectively, while Ppge yyy and
Ppat max are the minimum and maximum limits of Pg,. To
account for LBESS degradation, equations (5)—(8) [41] were
fused with the LBESS model.

Crade cat = 1.9775 x 10711 x 007511 T(®) x 1,639
B x 0-007388 SOC(t) y 0.8 (5)
PCrage car = 1.075x 10710 x g0069957()
X 0.02672 X SOC(t)**13 x t  (6)
= 2.6418 e—0.01943 SOC(t)
% 0.004 60'01705 T(t) (7)
x 0.0123 cd(t)%7162 x nc(t)>

Cf ade_cyc
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PCage cyc = 2.0947 X 1077 X e0047597T(®) x 3,853
X 107% X ¢d(t)%7891 X nc(t) (8)

Where the degradation factors are time (t), number of cycles
(nc), temperature (T), SOC and cycle depth (cd). Capacity fade
(Cfaae) is the maximum of LBESS capacity’s: calendar fade
(Crade_car) and cyclic fade (Crage cyc) at any moment. LBESS’s
power capability fade (PCrqq.) is the larger of both its cyclic
(PCrage cyc) and calendar (PCrqqe ¢q:) fades at any time. The
LBESS’s end of life (EOL) criterion was defined as 20%
capacity fading [41]. This model was preferred for being more
practical, as it was concluded from an accelerated ageing study.
Furthermore, it is thought to account for most ageing factors.

2.4. Load, and Reliability Index

Load power (P;) was modelled as a constant continuous
load, to represent the critical load. Equivalent Loss Factor (ELF)
index was chosen as the reliability constraint [43]:

1 L(t)
ELF = T X Zg:lm (9)
where L is, the loss of power at hour (t) and H is the total number
of hours in the year. ELF is a function of the supplied power
from the HRESs and LBESS, the load level and time; hence, it
reflects the overall system’s reliability. At any instance ELF
must not exceed the limit of 0.1 [42].

2.5. Energy Management of the System

As a step on the WW device synergy, the energy generation
system is modelled as a combined one WET and one WEC
system; being referred to as WW-HOEC from now on. If an
LBESS is included, it will be denoted as WWB-HOEC (Wind-
Wave-Battery HOEC). Fig. 1 shows the system under study,
which is similar to that in [43—46]. Wind and wave power
generators generate electricity from the oceans’ wind and
wave motion. Battery charges when there is excess of
electricity generation and supports the load when the
generation is low. The OonG platform is the AC load,
connected through a DC/AC converter. Dump load consumes
the excess energy when both the load and the battery are
satisfied. The system inverter’s efficiency is 0.95. For a wider
analysis, it was necessary to study different wind-to-wave ratios
in the WW-HOEC—these are different WET-WEC
combinations forming systems with a variety of nominal
powers, where P, is the rated power of the system.
Subsequently, all the combinations between the aforementioned
WETs and WECs in Tables 1 and 2 were used to form “WW-
HOEC models”, which are shown in Table 3, and Fig. 2.

DC Bus

Inside HOEC

DC/AC AC
Inverter Load

| Dump
Load

Fig. 1. The hybrid renewable energy system under study

Table 3. WW-HOEC models and their characteristics

HOEC Model | WW Powers Ratio | p o (MW)
A 2.3:1 33
B 2.3:2 4.3
C 2.3:4 6.3
D 2.3:15 17.3
E 9.5:1 10.5
F 9.5:2 11.5
G 9.5:4 13.5
H 9.5: 15 24.5

HOEC A
HOEC E

HOEC B
HOEC F

HOEC C
HOEC G

HOEC D
HOEC H

WETs

WECs

Fig. 2. Formulation of HOECs mentioned in Table 3.

As Pyopc 1s the output power from a WW-HOEC, the
following two equations hold up well:

Pren (1) = Pywinp (8) + Pwave(t) (10)

Pyopc(t) = Pren(t) + Ppar (1) (11)

Regarding the power flow of the generated power Py, the
highest priority is given for satisfying P, , followed by charging
LBESS, after that closing the line to the dump load. This
philosophy results in 5 possible states at any time:

a. Ppey(t) =P,
b. Py (t) > P, & SOCyax(t) > SOC(t) = SOCyy
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C  Prpn()> P, &SOCy4x(t) = SOC(t)

d.  Prpy () <P, & SOCy 45 (t) = SOC(t) > SOChyy

e. Prpy()<P, &SOC(t) = SOCyn
where in state a, Pggy will neither be supplied to LBESS nor
drawn from it, and all the energy will be used to fulfil P;.
LBESS will charge in state b, and discharge in stated.
Alternatively, in state c, the extra energy will be directed to the
dump load; while there will be some load loss in state e, and
only in this state will L(t) have a value. It is worth noticing that
in a grid-connected system, the dump load will be replaced by
the connection with the grid. Hence, the dumped energy will be
utilized by the grid.

3. Problem Formulation

The problem was formulated as a multi-objective
optimization problem and solved using a formulated heuristic
algorithm which is presented in Fig. 3. To demonstrate HOEC’s
performance as well as the improvement caused by integrating
the LBESS, three values were to be found while maintaining the
reliability condition:

i.  P,1: Maximum P, , that a WW-HOEC can satisfy.

ii. P,2: Maximum P,, that a WWB-HOEC can satisfy.

Optimum LBESS size for (ii): C,, and Py, .
3.1. Before Integrating the LBESS: Maximizing PLi

To find this value, algorithm 1 was designed (shown in Fig.
3: part 1). As illustrated, it is a simple semi-analytical-semi-
iterative optimization that is characterized, in addition, by
accuracy.
Objectivel: max(P,) =P, 1 (12)
As P, 1 cannot be of a negative value, the starting value of P,
is zero. At the same time, a “Maximum Res” value is set, while
the starting Res value is set to unity. The Res is the reciprocal
of AP,. which is the incremental step of P,1. After the
increment, the constraint ELF is calculated using equation (9)
and compared to the tolerable ELFy;5x as explained in section
II D. Depending on the previous step, the optimization sequence
either enters a new loop of increment or decrement to the current
value of P, by AP;. Next, if Maximum Res is not reached, the
Res is upgraded. The new Res is always ten times the older one.
If Maximum Res is reached, then the current value of P; 1 is the
desired maximum value.

3.2. After Integrating the LBESS: Maximizing PL2 while
Minimizing Co and Pso

The improvement caused after integrating LBESS can be
known by determining P;2 and optimum C, and Pg,. The
objectives of this multi-objective optimization are:

Objective2: max (P,) = P, 2 (13)
Objective3: min (C) = C, (14)
Objective4: min ( Pg) = Pgo (15)

For more simplicity, the objectives were analytically split into
two steps: finding P; 2, and optimal sizing of LBESS.

1) Finding P12

The logic behind this part is that incorporating LBESS in a
HOEC, should allow an increase in the level of possible P, to
be satisfied, under the same level of Pygy and same
constraints. Initially, the value of P, is set to P, 1, as found in
3.1, and the objective is as descried in Equation (13). Three new
unknowns appear here: Cg, ELFs and ELFyy. Firstly, Cgisa
vector of increasing LBESS’ C,, ranging from 0 MWh to UL
times P, the of the system; with UL being the upper limit of Cs.
Secondly, ELFs is a current optimization. Steps of this search
algorithm are illustrated in Fig. 3: part 2.

2) Optima LBESS Sizing for Pr2

By the optimal sizing of LBESS, we mean to optimally size
both its C, and Py, . Therefore, this is done in two stages:
Stage 1: Finding C,

The value of C (in C) corresponded to P, 2 is taken as a
starting point. Initially, Pz is set equal to C since it cannot be
greater than it in our problem. In each iteration, the values of
Cy and Py, are decremented by the set Res, and the constraint
is evaluated. The sequence continues, as in Fig. 3: part 3, until
C, (optimum value of C) isreached.

Stage 2: Finding Pg,

It is the only remaining value to determine. The starting value
of Py is set to that of C,. Then it decreases and the constraint is
evaluated, similar to the previous sequences. Py, (Optimum Pg)
is the output of the algorithm in Fig. 3: part 4.

4. Simulation Results

The main scope of the simulations is to investigate which
combination of WET-WEC-LBESS is the best candidate in
terms of power production, to become a single HOEC device.

For each combination, the simulation tried to maximize the
load supplied continuously, while optimizing the LBESS
parameters. To do this comparison, a case study was performed
using different scenarios (numbered 1-8) to resemble applying
eight different HOEC models (denoted by A-H), covering all
combinations of wused WETs and WECs. Standard
meteorological for Louisiana OonG port at 27 km from the
shore were obtained. For each generation mix as, problems
described in the previous Section were solved. All simulation
work was developed in MATLAB workspace environment. The
obtained results are threefold: customer-side or results, P,
generation results represented by Capacity factor (CF), and
finally LBESS results. Table 4 shows the P; results obtained in
the case study. P, 1 is P, for WW-HOEC without LBESS, while
P, 2 is that of WWB-HOEC.

Table 4. Case study maximum load results

Scenario | HOEC Model | P,1 (MW) | P2 (MW)
1 A 0.4544 0.5286
2 B 0.5244 0.6034
3 C 0.772 0.968
4 D 1.4866 1.6473
5 E 0.7293 0.9696
6 F 0.8304 1.086
7 G 1.3973 1.7293
8 H 2.2162 2.4833
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Res=

Maximum
Res?

Res = Yes
Maximum
Res?

Calculate Cs

[C‘ = C corresponding to ELF; min]

v
[ AC=1/Res ]4—[Res =Res x 10]

No

Part 4

Fig. 3. The complete sizing sequence,
part 1: maximizing PL1; part 2: maximizing PL2; part 3: optimum Co; part 4: optimum Pso.

For better analysis, two new factors were defined. They are
@ and @ which stand for (P,1/P,) and (P,2/P,) ratios,
respectively. In Fig. 4, a comparison between & and @ is
illustrated. It can be noted that integrating LBESS into WW-
HOEC allowed higher P, to be satisfied. The increase in the
load level, measured by (g-d), ranged from 0.93 to 3.11%.
The highest & and ¢ ratios were associated with the utilization

of HOEC models: A and C. The highest & was found to be:
13.77% for HOEC-A, followed by 12.25% for HOEC-C,
while @ values were 16.02% and 15.37% for the same models.

When it comes to CFs, Fig. 5 shows the values for each case.
Being able to achieve nearly 40% CF, model C seems to be
the fittest to implement. In the second place comes model A
with about 36% CF, which is about 12% more than the
smallest CF occurring with model D. It can be noted that the
trend says higher WW ratios do not necessarily exhibited
better generation performances. At this point models A and C
of WW- HOEC show the best performances from the points
of view of the generation and the load.
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Fig. 4. HOEC models d and  ratios

45%
40%
35% -
30% -
25% -
20% -
15% -
10% -
5% -
0% -

uCF

A B C D E F G H
Fig. 5. HOEC models’ CF values.

Next, a comparison between LBESS sizes is shown below
in Fig. 6. As illustrated, even though C, values are larger than
usual in offshore applications (7.3 MWh and larger), this issue
could be handled if additional constraints are included in the
optimization problem, in future research. Besides, it can be
noted that Model A required the smallest C, and Py, sizes
among all the models, with values of 7.3 MWh and 1.4677 MW,
respectively. Hence it is of a good candidacy for being the
reference model in future commercial scale. Moreover, the
effect of LBESS degradation represented by LBESS’s Cryqe
percentage per year and corresponding lifetimes are shown in
Fig. 7. These quantities mean LBESS would be typically
changed 6 times in a 25-years project. Finally, a summary of the
LBESS parameters’ results is provided in Table 5.

Table 5. Case study results

Scenario| HOEC Co Pro Ang 1 Ii]t?e]';:lrsnse
Model| (MWh) (MW) %) (years)
1 A 7.3 1.4677 5.13 3.9
2 B 9.5591 1.4358 5.16 3.87
3 C 17.0081 2.6529 5.41 3.69
4 D 21.4343 7.1217 5.21 3.84
5 E 21.6586 4.0749 5.02 3.98
6 F 24.1554 4.6823 4.88 4.09
7 G 30.2794 6.4187 5.18 3.86
8 H 35.3523 13.6818 5.22 3.83

40

s @c, MWH) ®Pso (MW)
30 -
25 i

A B C D E F G H

Fig. 6. WWB-HOEC models and LBESS sizes: Co in
(MWh) and Pso (in MW).

5,60

m Cfade (%)

5,40
5,20

5,00 4
4,80 -

4,60 -

(a)

4,20
4,10
4,00
3,90 -
3,80 -
3,70 -
3,60 -
3,50 -
3,40 -

m Lifetime (Years)

A B C D E F G H

(b)
Fig. 7. LBESS degradation: (a) Cpude per year (%), and (b)
LBESS Lifetime in years.

The performance of HOEC A, for a complete year, is
illustrated in Fig. 8-Fig. 10. In Fig. 8, the power generated from
each source (Fig. 8-a and b) and the power-production
performance of the LBESS (Fig. 8-c) are drawn for one year.
While the graph in Fig. 9-a illustrates the curve of the combined
generated powers by both the WET and WEC. Actually, the
power generation reaches the maximum of both WET and the
WEC several times, while the minimum generation is about 0.1
MW. Power production almost does not stop, except for a few
hours, throughout the year. In the interval of hours from 1 to
3000 -which corresponds to months January to early May-, and
hours 6500 to the end of the year —accounting for the typical
autumn season-, the power production from HOEC was at its
highest value. Nevertheless, the CF in the latter period was,
apparently, lower than that of the former; with the CF being the
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ratio between the actual energy produced by HOEC in total over
a specific period of time to the maximum possible energy output
over the same period. During a wintery high- energy day, power
production would reach the peak several times (illustrated in
Fig. 9-b). The period of hours from 3500 to 6000 was of a lower
energy production, which is the expected for summery weather
with lower wind speeds and waves, and steadier power
production. Fig. 9-c shows an example of a summer day with a
relatively low energy production.

Moving on, the behaviour of LBESS, in the same case
study, is demonstrated in Fig. 10. A slow but steady decrease in
the LBESS’s maximum SOC can be seen in Fig. 10-a, with the
LBESS exerting fewer number cycles in the summertime. This
goes in line with the previous observation that the power
production was lower at this period. Parts b and ¢ in Fig. 10
show a highly varying increase in the Cryqe and PCrgqe
percentages, respectively, all over the year, with a noticeable
rapid increase during the hottest period of the year. This is a
clear illustration of the synergy between all the participating
factors in the LBESS degradation process. Subsequently, for a
typical 25-years project, considering the LBESS EOL criterion,
replacement of the LBESS would be needed 6 times during the
project—considering even meteorological behaviour for all the
years.

To this point, all the HOEC models expressed good
candidacy, while model A shows the best performance in most
of the performance evaluation matrices, based on the sizing
results achieved using the proposed sizing sequence.

To further ensure the results of HOEC-A, LBESS sizing is
carried out using two of the famous optimization algorithms:
Particle Swarm Optimization (PSO), and Pattern Search
Algorithm (PSA). Results, shown in Table 6, demonstrate the
effectives of the proposed algorithm, in determining the
optimum LBESS parameters, mainly due to its strong analytical
component. The results ensure that the wind-wave mix in
HOEC A, augmented with LBESS, even with an optimized size
determined by the proposed sequence, the PSO or the PSA, isa
good candidate to start with for developing a single combined
Wind-WEC-LBESS device, in an approach that is like coupling
WindWec with Batwind [23] illustrated in Fig. 11.

Table 6. LBESS sizes for HOEC-A obtained using the
proposed sequence vs PSO and PSA

Method Co (MWh)|Pzo (MW)
Proposed algorithm 7.3 1.4677
PSO 7.6 1.4714
PSA 7.5999 1.4705

Future work on this Wind-WEC-LBESS synergy includes
improving the proposed approach in this research, to include an
additional constraint on LBESS weight with respect to the
dimensions of the WET and WEC. Further, new RES could be
added to the same device.
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Fig. 8. Individual power production during a year for
HOEC-A’s parts (WET, WEC and LBESS).
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5. Conclusion

In this research, a study on reliability of hybrid renewable
Wind-wave system augmented with LBESS for supplying an
OOnG load was conducted. LFP/C LBESS was implemented as
a solution to enhance power reliability. The LBESS model
accounted for capacity and power capability, as well as
parameters degradation. A case study with different scenarios
was carried out on LOOP location’s data. A semi-analytical-
semi-iterative search algorithm was designed to find the optimal
LBESS size for each case. Results demonstrate the
improvement in load level that could be satisfied with a typical
combined WWB-HOEC. In the studied location, the
improvements (¢ - d) started at 0.93% and were up to 3.11%.
LBESS lifetimes hovered around 3.9 years. Finally, the analysis
showed models A and C exhibited the best behaviors among the
different HOEC models. Simulations showed that the proposed
WWB-HOEC concept, regardless of the battery ageing, not
only saves area but also provides a good reliability level in an
OOnG environment. Besides, for HOEC-A, LBESS
optimization results obtained by using the proposed algorithm
are validated against those obtained using PSO and GA.

Therefore, integrating such WWB-HOECs could be a key
solution for cutting down GHG’ emissions from OOnG
platforms, and related applications. Future work could include
furtherly investigating the WWB HOEC single-device concept,
as well as incorporating other RESs, like floating PV and
marine current energies, into HOEC, which will open new
research horizons.
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