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HIGHLIGHTS

e HelioSea is a floating PV system specially designed for offshore conditions.
o HelioSea innovatively merges tension leg platform with dual-axis tracker.
o HelioSea reduces pitch motions, ensuring PV module alignment.

o HelioSea withstands 5 m waves and 30 m/s winds.

o HelioSea’s LCOE ranges from 160 to 270 €¢/MWh.

ARTICLE INFO ABSTRACT

Keywords: HelioSea is an innovative offshore solar energy concept that combines a dual-axis tracking system and a tension

Floating photovoltaic system leg platform (TLP) to maximize electricity generation and ensure structural reliability in challenging marine

l;)l;;/h environments. The tracker enhances energy generation by optimizing solar irradiance throughout the year, while
shore

also raising solar modules above the water surface to avoid wave impact and enhance cooling efficiency. The TLP
provides stability and minimizes wave loading on the structure, ensuring that the photovoltaic panels maintain
their optimal orientations, even under severe conditions. Numerical simulation reveals that relative pitch am-
plitudes are almost insignificant, with values of 0.6 deg. for waves with a height of 5 m and winds of 30 m/s.
Structural assessment shows robust safety factors, with potential for optimization in certain components. The
levelized cost of energy (LCOE) of HelioSea would range between 160 and 270 €/MWh. Bearing in mind the
incipient stage of development of this technology and the cost of other offshore energy systems, the proposed
concept can be considered a promising solution for offshore solar energy. To further enhance this conceptual
design, future stages should include experimental proof-of-concept to refine geometry, materials, and ultimately,
the cost of energy.

Marine renewable energy
Ocean energy
Tension leg platform

1. Introduction

Solar energy stands as one of the most promising technologies to
replace all the conventional energy sources, owing to its abundance,
cleanliness, cost-effectiveness, and inexhaustive nature [1]. Particularly,
solar photovoltaic (PV) energy is forecasted to be the leading renewable
due to its potential to fulfil the global energy demand and the recent
decline in the associated technology costs [2]. Nevertheless, large-scale
and ground-mounted PV (GPV) generation demands large amounts of
land that could otherwise benefit from other uses [3].

To address the increasing demand for land of solar energy, floating
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PV (FPV) technology has experienced a significant growth over the past
decade [4]. Commercial FPV technologies have been effectively
deployed worldwide, predominantly in onshore freshwater bodies,
where the wave exposure is minimal. The key components of any FPV
system consist of: PV modules to harvest the solar energy, a floating
system to provide buoyancy, a mooring system that forestalls the free
movement of the plant and electrical components utilized to transform
and transport electricity.
FPV plants offer several advantages over their GPV counterparts:
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e The efficiency of PV panels is enhanced due to a cooler environment
[5].

e The presence of water facilitates regular cleaning, mitigating soiling
losses [6].

e Shading losses are minimized due to the open nature of water sur-
faces [7].

e Freshwater deployments offer the benefits of minimizing evapora-
tion losses [8] and prevention of excessive algae growth [9].

Despite these advantages of FPV, with a levelized cost of energy
(LCOE) ranging from 50 to 96 €/MWHh, it remains higher than that GPV,
which typically range from 35 to 40 €/MWh [5]. On another note, the
application of FPV in freshwater is constrained by the availability of
water bodies and their seasonal water level variations [10]. Conse-
quently, there is a growing interest in harnessing the solar energy
resource on the vast and unoccupied surfaces of oceans [11] (Fig. 1).

In offshore environments, FPV systems show potential for contrib-
uting to the decarbonization of shipping and synergizing with other
marine activities and renewable systems [12]. For instance, floating
offshore wind energy represents a technology with an LCOE ranging
from 95 to 160 €/MWHh, currently standing as one of the most promising
marine renewable energy technologies [13]. The combination of
offshore wind and solar has proven beneficial for smoothing power
output and increasing the specific yield and capacity factor [14]. Other
marine renewables may also benefit from such synergies [15]. For
example, wave and tidal energy present significant theoretical poten-
tials; however, their LCOE estimates remain high, ranging between 225
and 1750 €/MWh and between 255 and 910 €/MWh, respectively [16].

In the transition of FPV to offshore, the primary challenge lies in
developing cost-effective technologies capable of withstanding the
harsh environmental conditions. While salt deposits on solar panels
seem to be non-critical [17], the combined impact of extreme waves and
wind conditions could significantly impact the survivability and oper-
ation of these structures. In light of this issue, a multitude of concepts
have been proposed (Fig. 2), most of them presenting a flexible and/or
modular design, similar to those effectively applied in freshwater envi-
ronments [18]. While several rigid FPV systems are currently under
development, the availability of information is limited, possibly due to
industrial property issues (e.g., [19]).

In this scenario, a novel offshore FPV system has been proposed:
HelioSea (Fig. 1). This innovative concept leverages the combination of
two distinct elements: a dual-axis solar tracker, maximizing solar energy
generation, and a tension-leg platform (TLP), ensuring structural sur-
vivability, offering a stable platform, and simplifying towing and
installation. The device is currently in its early stages of development,
corresponding a technology readiness level (TRL) of 2 to 3.

The aims of this article are threefold. First, the main features of this
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Fig. 2. Classification of FPV systems (adapted from [18]).

novel technology are presented for the first time through a compre-
hensive discussion of its advantages and limitations. Second, a proof-of-
concept is carried out to assess the performance of the device in terms of
structure and stability. To this purpose, a hydrodynamic numerical
model is applied to simulate the performance of the device in opera-
tional and survival conditions. Third, a cost estimation is performed
alongside a generation assessment to determine an approximated range
of values for the LCOE. Based on these results, the article identifies the
status of development and research needs for the technology.

The remainder of this paper is structures as follows. Section 2 pro-
vides a comprehensive description of the proposed offshore FPV system,
highlighting its key features and components. In Section 3, the motion
and structural analysis of the system are presented, preceded by an
explanation of the testing and design conditions, along with the methods
utilized in the analysis. An evaluation of the cost and energy production
of the device for operating and survival conditions is presented in Sec-
tion 4. Finally, Section 5 draws the main conclusions of the article and
outlines future research directions.

2. Conceptual design and fundamentals

The HelioSea FPV system is divided into two well-differentiated parts
or subsystems:

Fig. 1. Proposed offshore FPV system: main components (left panel) and a representation of an offshore solar farm (right panel).
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e a substructure consisting of a mini tension leg platform (mini-TLP),
and
e a superstructure that mounts a dual-axis solar tracker.

Both are presented hereinafter along with a discussion on the ad-
vantages they pose in terms of electricity generation potential and sur-
viving the extreme environmental actions the ocean environment
entails.

2.1. Substructure

The design of the substructure is based on the TLP, a type of tech-
nology that was developed for the extraction of oil and gas in offshore
deep waters and that, more recently, has been applied to offshore wind
turbines [20]. A typical TLP comprises a deck structure and a buoyant
hull that is commonly composed vertical cylindrical columns, sub-
merged horizontal pontoons, and, in some instances, tubular member
bracing (Fig. 3). They key aspect is that the net buoyancy force exceeds
the weight of the structure. This excess buoyancy is balanced with taut
tendons or tethers, that vertically moor the floating platform. As a result,
the TLP is compliant in the horizontal plane (i.e., it partially allows
surge, sway, and yaw motions), while it restrains the vertical motions
(pitch, heave, and roll). This feature ensures that the platform remains
virtually horizontal with limited surge and sway excursions (Fig. 4). The
TLPs present a series of advantages when compared to other offshore
platforms, namely [21]:

e Mobile and reusable.
e Minimal vertical motion.

e Low increase in cost with increase in water depth.
e Deepwater capability.

e Low maintenance cost.

Regarding their disadvantages, those more relevant are:

e High initial cost.

e High subsea cost.

o Fatigue of tension.

e Difficult maintenance of subsea systems.

The proposed TLP consist of a mast or pole and four pontoons con-
nected to the sea bottom through the corresponding taut mooring lines
(the “legs™). Although previous research on offshore wind technology
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Fig. 4. Behaviour of the substructure — a tension leg platform (TLP). The
movements of the platform are exaggerated for better interpretation.
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Fig. 3. Examples of tension leg platform (TLP) designs for oil and gas extraction (left) and for mounting an offshore wind turbine (right).
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indicated that TLPs might entail a more complex installation process
compared to alternative platforms such as semi-submersibles [22], there
is an anticipated lower LCOE [23]. The advantages of integrating this
substructure into a floating solar system are detailed and discussed
below.

2.1.1. Structural performance

Offshore FPV applications should withstand much harsher environ-
mental loads (due to tides, waves, and wind) than their counterparts in
smaller freshwater bodies such as lakes and dam reservoirs. Therefore,
the transition of solar energy generation to offshore requires the
development of ad hoc floating structures. Several concepts have been
proposed and are currently under development to achieve this objective,
with two contrasting design strategies: flexible and rigid [18]. The
former includes systems that rely on their compliance with waves, which
results in lower internal stresses within the structure, while the latter
strategy relies on the resistance of the structure to support the installa-
tion of PV panels [24]. The floating thin-film membrane proposed by
Trapani et al. [25] is probably the most representative flexible design,
while the SeaVolt concept is a good example of the rigid strategy [19].
Intermediate concepts include arrays of rigid floaters or pontoons with
flexible connection systems, such as the soft-connected lattice-structure
proposed by Jiang et al. [26] and the modular system developed by the
company SolarDuck [27].

Flexible designs necessitate the use of thin-film technology, which is
not yet cost-competitive with the low manufacturing costs of crystalline
silicon technologies [28]. In the case of modular systems, prior experi-
ence has demonstrated that designing flexible connections remains a
significant challenge that requires additional research and development
efforts [29]. Until these challenges are addressed, floating structures
without modular components and equipped with crystalline silicon solar
cell panels may represent the most viable solution for the development
of offshore FPV systems.

The proposed TLP substructure is independent and monolithic,
thereby eliminating the requirement for mobile components and in-
terconnections (apart from the mooring system). Although this feature
offers structural advantages, it may also present a disadvantage in the
design of offshore solar farms. To prevent collisions and allow mainte-
nance, the standalone FPV units must be spaced at a specific horizontal
distance (Fig. 1 and 4), which leads to a larger spatial footprint required
for the same installed power - i.e., capacity density. However, consid-
ering the significantly higher specific yield of offshore solar energy (up
to seven times greater than that of offshore wind according to reference
[14]), it is unlikely that the potential impact of this concern will have a
substantial effect on the feasibility of the concept.

2.1.2. Stability

The proposed substructure is intended to maximize the overall
electricity generation by providing a stable platform to place the PV
panels. Preventing rotational motions (pitch, roll and yaw) is crucial
since the subsequent panel misalignments (tilt and azimuth) can sub-
stantially reduce the efficiency of PV modules [30]. A recent study
focusing on the wave-induced motion of an FPV system revealed a
decrease in sunlight exposure, particularly during pitch motions [31].
Another study, which focus on the use of decommissioned FPSOs as FPV
plants, estimated great energy losses due to roll motions [32]. Some PV
platforms were design so as to minimize the response to wave excitation
and prevent panel misalignment [33]. The FPV response to waves is
highly dependent on the design of the floating system itself. As previ-
ously mentioned, the TLP minimizes the wave-induced motions, and
especially pitch.

2.2. Superstructure: Dual-axis solar tracker

The superstructure is based on the typical top-of-pole solar panel
mount used in terrestrial solar energy projects. Its main function is
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supporting the PV panels and accommodating the tracking systems as
well as signal processing units, sensors, electromagnetic & mechanical
motion control panels, and power supply systems, among other. The
pole holds a base frame of beams with a second frame of beams mounted
crossways. The PV panels are laid over the secondary beams.

While the concept is scalable, the proposed initial design mounts 138
bifacial PV panels with a rated power of Psy¢ = 545 W (Table 1) in 6
rows of 23, which results in a 75-kW rated power unit. This selection was
made as a compromise between structural integrity and total energy
production. It is important to note that, based on previous experience
with GPV systems, very large dual-axis solar trackers my face significant
challenges with wind exposure.

The vertical and horizontal trackers automatically adjust two angles
using servo motors throughout the day (Fig. 5):

o the solar panel’s tilt angle, by rotating the base frame of beams from
the horizontal plane (o), and

e the azimuth, or the direction the solar panels are facing, by rotating
the superstructure with respect to the substructure (5).

The HelioSea system maximizes the energy yield for a broad range of
conditions and scenarios by combining tracking and bifacial panels.
Future standardization and industrialization are expected to reduce the
manufacturing costs of both technologies and, subsequently, the LCOE
of HelioSea. The advantages of the proposed design and subsystems are
discussed below.

2.2.1. Dual-axis tracker

Dual-axis trackers maximize the amount of direct normal irradiance
(DNI) striking the front of PV arrays throughout the year. This results in
an increased annual energy yield and a smoother power output
throughout the day [34]. The simplest method for maximizing the
insolation received by a PV panel is to mount it on a fixed frame that is
tilted relative to the horizontal plane. Most FPV designs apply a fixed tilt
angle equal to the local geographic latitude (also known as latitude tilt)
and only a few systems include a tracking system (mostly single-axis
vertical trackers, e.g., [35,36]). However, it is well known that
tracking systems maximize the incident solar irradiance year-round.
Considering previous studies on ground-mounted solar trackers, the
energy return of single-axis and dual-axis trackers may reach 25% and
40%, respectively, when compared to the fixed PV systems [37].
Nonetheless, even though dual-axis solar tracking systems outperform
their single-axis and fixed counterparts, they require a more intricate
design with rotating components and control mechanisms. This entails a
greater cost and maintenance requirements [38]. For this reason,
different tracking strategies can minimize the LCOE depending on the
latitude and environmental conditions of the installation site. In any
case, dual-axis solar trackers are optimal in terms of maximizing the
energy yield.

Another key difference from previous FPV concepts is that the top-of-
the-pole configuration enables the PV panels to be installed at a suffi-
cient height to protect them from extreme wave impacts, a major chal-
lenge for offshore applications (as discussed in Section 2.1.1). Although

Table 1
Technical specifications of the reference PV module.
Parameter Value Units

Psrc 545 w
Efficiency 21.13 %
ap -0.35 %°C!
Length 2.27 m
Width 1.13 m
Surface 1.95 m?
Weight 28.9 kg
Material P type monocrystalline -

Manufacturer Jinko Solar -
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Fig. 5. Behaviour of the suprestructure — a dual-axis solar tracker.
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this feature may result in higher wind loads (the wind speeds increase
with height above the surface), a survival configuration can be adopted.
During extreme wind events, the frame of beams can be positioned
horizontally (@ = 0 deg), thus reducing the wind loads and positively
impacting the structural performance [39,40].

2.2.2. Bifacial panels

Another strategy to maximize electricity generation is mounting
bifacial panels rather than monofacial ones. These PV panels have a
marginally lower cost and can absorb the surface-reflected irradiance,
thus resulting in a higher energy yield to a reduced cost. Stein et al. [41]
reported bifacial gains close to 30% for a ground-mounted dual-axis
tracker. As for FPV systems, Tina et al. [30] reported bifacial gains of up
to 13.5% for panels with a fixed tilt angle. However, these results should
be considered with caution, as the benefits from bifacial panels in FPV
systems are still unclear and may be limited by a lower reflectance of
water surfaces with respect to land surfaces [42].

On most surfaces, light is reflected in a diffuse manner, which is why
the irradiance resulting from surface reflection is referred to as diffuse
irradiance. It is a function of the beam normal irradiance and sun zenith
angle, sky diffuse irradiance, and surface reflectance — i.e., albedo,
which depends on the properties of the surface. There are abundant
studies with a focus on the surface land albedo, while an accurate
determination of the ocean surface albedo is still a matter of research. In
the absence of measured data of reflected radiation from water, a default
albedo value of 0.2 is commonly assumed in the modelling of FPV sys-
tems [43]. However, recent research has suggested that using a default
albedo value of 0.2 in the modelling of the reflected radiation of FPV
systems tend to overestimate the total insolation [44]. According to
climate observations and models, realistic values of the ocean mean
surface albedo would be between 0.075 and 0.09 [45], ranging from
0.04 to 0.15 depending on the surface roughness (due to wind and
waves) and on the solar incidence angle [42].

Not only the albedo, but the mounting conditions have a direct in-
fluence on the bifacial gains. For GPV systems, it is well-known that
increasing the elevation of the installation reduces self-shading, which
optimizes the performance of bifacial solar panels [46]. A similar benefit
has also been reported for FPV systems [30]. In addition, the bifacial
gains can be boosted by minimizing the obstructions to light reaching
the panels from the back side [41]. HelioSea maximizes bifacial gains by
elevating the PV panels to a significant height above the sea-surface. On
these grounds, the beam frame layout should be optimized to avoid
shadows casting on the rear (Fig. 5). In addition, the wave- and wind-
induced translations of each unit in a solar farm demands large sepa-
rations between units in the arrangement, which may be beneficial in
terms of bifacial gains.

2.2.3. Cooling effects

A limitation of PV plants is their reduced efficiency during the hot
season due to the thermal drift effect. Apart from the incident solar ra-
diation itself, the cell operating temperature is determined by several
environmental factors that affect the radiative and convective heat
transfer. These are mainly the air temperature, the wind and, in case of
FPV systems, the water temperature. Of course, this heat exchange is
also influenced by the material properties of the panels and the
mounting structure.

The water-cooling effect is commonly claimed a major advantage of
FPV over ground-mounted PV systems and especially when the PV
panels are mounted directly on a floating membrane, which allows
thermal contact between panel and water [47]. However, while some
authors have reported a water-cooling gain between 5 and 15% (e.g.,
[48]), others have reduced this value below 5% (e.g., [5,49]). It has also
been suggested that the observed lower operating temperature for some
FPV systems compared to GPV systems is predominantly due to local
climate differences, since large water bodies provide lower ambient air
temperatures and higher wind speeds than many land locations [49].
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Given that the air-cooling effect intensifies as the wind speed in-
creases, a greater impact is expected in oceanic environments compared
to onshore areas. In addition, the wind speed increases with height
because of the wind shear. By elevating solar panels above the water
surface, HelioSea can benefit further from the air-cooling effect and
reduce the operating cell temperature. This cooling gain can boost the
efficiency as well as improve the long-term durability of solar panels
[501.

2.3. Manufacturing, installation, and operation

One advantage of HelioSea is that it employs well-established ele-
ments and materials with standardized manufacturing techniques,
thereby eliminating the need for any novel requirements or develop-
ment in this regard. The concept is designed so that a single design can
be used for locations with a wide range of climatic conditions. The latter
does not apply to the mooring system, which must be adjusted based on
the specific water depth of the installation site. This adaptability and
standardization enable industrialization and the repetitive
manufacturing of components to minimize the overall fabrication cost.

HelioSea is intended to resist multifaceted degradation mechanisms,
including erosion, abrasion, UV-induced deterioration, extreme tem-
perature fluctuations, elevated humidity, and, most importantly, salt-
water corrosion. During fabrication, a meticulous surface preparation
followed by a dual-layer protective system, involving hot-dip galvani-
zation and an appropriate coating, must be applied to each steel
member.

The TLP and the top-of-pole mount can be fabricated separately and
joined at dockside before being taken offshore. Unlike offshore wind
turbines, which require fabrication in port facilities due to the unaf-
fordability of transporting their large components over land, the
reduced dimensions and the rigid design of the system enable land
transport from workshops outside of port facilities with lower rental
costs, resulting in potential cost savings for manufacturing.

Once at port, HelioSea units are transported to the project site for
installation. Conventionally, ballast water is used to increase the overall
weight of TLPs, facilitating towing and anchoring operations. Prior to
anchoring, the tendons are securely fastened to a foundation on a pre-
pared seabed. Subsequently, de-ballasting is carried out to establish the
necessary net buoyancy and tension in the tethers. This conventional
installation process might present challenges due to the inherent free-
floating instability associated with TLPs [22]. The reduced dimensions
of HelioSea allow for consideration of shipping on a small-sized barge
instead of towing. Alternatively, this technology can leverage proced-
ures proposed for other TLPs (e.g., [51]). Regardless, conventional re-
sources including small tugboats, cranes, and/or barges are required for
commissioning, potentially resulting in significant cost efficiencies and
simplification of marine operations.

3. Motion and structural analysis

This section presents an initial proof-of-concept that aims to assess
the stability and structural behaviour of HelioSea under wave and wind
action. Several load scenarios were defined, and a response analysis was
conducted to structurally verify the main elements of the substructure.
The rigid-body motions and the force system on the structure were
solved in the time domain. Ansys Aqwa was used for this dynamic
response analysis. This code has been widely applied in the field of
marine renewable energy (e.g. to model wave energy converters [52])
and has already been applied to model other types of FPV structures
[53]. The results of the response analysis were the inputs of the subse-
quent structural assessment of the substructure. The structural assess-
ment of the superstructure lacks research interest since it has already
been developed and applied in onshore solar trackers.
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3.1. Testing design and conditions

The TLP allows multiple configurations and, therefore, an initial
reference design had to be defined for testing. Tubular steel members
were considered for the pontoons (rectangular cross section) and the
mast (circular cross section), and steel wire ropes (6 x 36WS-IWRC
made of AISI 316 steel [54]) were selected for the tethers. More detailed
specifications for each component are included in Table 2. Although
steel was considered for this analysis, future development may explore
other materials such as fibre-reinforced polymers. Regarding the su-
perstructure, it was modelled using a mass point and aerodynamic co-
efficients (defined in subsequent subsection). The structure has a total
mass of 37.3 t, a draft of 11.5 m and a displacement of 74.5 m®.

HelioSea was analysed under operational and survival conditions
representative of generic locations with a moderate climate (Table 3). A
fixed orientation to the south of the vertical tracker (# = 0 deg) and a
constant water depth of d = 35 m were assumed in both scenarios.
Steady wind and regular waves were defined in terms of wind speed (U),
wave height (H) and wave period (7). In both operational and survival
conditions, the wind direction (¢) was aligned to the wave direction (5)
to the north, opposing the vertical tracker. The latter was applied to
maximize pitch motions, as they have the greatest impact on the elec-
tricity generation (as mentioned in Section 2.1.2). For operational
conditions, the inclination of the horizontal tracker was set to a = 40
deg., while for survival conditions, the inclination was set to a = 0 deg.

3.2. Numerical method

The dynamics of the floating structure that make up the FPV system
can be described with the following motion equation:

Mx =f), +fy +f, +1, (@9
with M, the mass matrix of the structure; x, the instantaneous position of

the structure and X its second time derivative (acceleration); and the
following time-dependant forces on the structure:

o fp(t), the hydrostatic and restoring forces obtained as the balance

between the gravitational forces fg(t) and the buoyant forces, for the
instantaneous wet surface S(t):

£(0) =00+ pg | P(onas )
S(t

where p; is the instantaneous static pressure.

o fy(t), the wave forces on the submerged elements. Regular wave
conditions were simulated assuming the 2nd order Stokes wave

Table 2
Specifications of the main structural components: the mast, the pontoons and the
tethers [54].

Component Property [units] Value

Mast Length [m] 16.5
Cross-section diameter [mm] 2000
Thickness [mm)] 20
Material Structural steel
Yield strength [MPa] 275

Pontoons Length [m] 6.0
Section dimension [mm] 1000 x 1600
Thickness [mm] 10
Material Structural steel
Yield strength [MPa] 275

Tethers Length [m] 23.5
Nominal diameter [mm] 32
Material Stainless steel
Linear density [kg/m] 4.2
Stiffness [N/mm] 4800

Breaking load [kN] 715
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Table 3
Definition of the test cases considered.

Parameter Operational conditions Survival conditions
Wind speed, U [m/s] 5 30
Wind direction, 0 [deg] 180 180
Wave height, H [m] 1 4
Wave period, T [s] 7 14
Wave direction, 5 [deg] 180 180
Water depth, d [m] 35 35
Vertical tracker, f [deg] 0 0
Horizontal tracker, a [deg] 40 0

theory and both the substructure (mast and pontoons) and the
tethers were considered slender and therefore non-diffracting
(Fig. 6). On these grounds, the wave forces on the structure can be
obtained by integrating the fluid forces on the cross section of each
element by applying the Morison equation along with the extended
Wheeler stretching method [55]. For a given cross section, the
Morison equation reads

1
dFy = §p¢DCD|uf —uy| (ur — 1) + peps Contiy — pp (Cr — 1) 3)

with p, the water density; ¢p, the characteristic drag diameter; Cp, the
drag coefficient; uy, the transverse directional fluid particle velocity; us,
the transverse directional structure velocity; ¢4, the element’s cross-
sectional area; and Cp,, the inertia coefficient. Values of Cp = 0.75 and
Cy = 2 were assumed in this work.

o f,(t), the static wind forces on the superstructure, was estimated
through the following formula [56]

20,900 e}
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1
fw = EpUZSrefo “4)
where p is the air density, C¢is the overall force coefficient, and Sfis the
reference surface. The values of C¢ varies with wind direction (¢) as well
as with the inclination of the horizontal tracker (a). The values applied
are summarized in Table 4.

o (1), the forces in the mooring lines or tethers, modelled as linear
cables through their stiffness, initial unstretched length (Table 2) and
their corresponding attachment points: at the seabed and at the
endpoints of each pontoon.

A time step of 0.01 s and a duration of 500 s were considered for the
simulations. Once the all the forces were obtained for an instant of the
time domain analysis, the dynamic problem was solved through Eq. (1).
This is performed in Ansys Aqwa through a 2-stage predictor-corrector
algorithm. In the first stage the forces on the structure are calculated
as a function of time, position, and velocity. The position and velocity of
the floating body for the next time step is then predicted in accordance
with those forces. In the second stage, forces are obtained again as a
function of the new values of position and velocity, which are corrected
through Taylor’s theorem. The structure adopts its new position, and the
algorithm starts over.

Table 4
Overall force coefficients for the superstructure [56].

Horizontal tracker, a [deg] Wind direction, 0 [deg] Overall force coefficient, C¢

0 180 -0.5
40 180 —2.2

M2 ‘ M4
oo _%gmn 0.000(m)

Fig. 6. Various perspectives of the model implemented in Ansys Aqwa numerical model.



M. Lépez et al.

3.3. Response analysis

Upon completion of the time domain analysis in Ansys Aqwa, results
were retrieved in the form of time series of rigid body motions and
structural forces. The motions in the 6 Degrees of Freedom (DoF) are
shown in Fig. 7 for operational conditions. Negligible translational
motions were obtained for sway and heave, as it could be expected for
wind and wave directions in the x direction. The same applies for the
rotational motions of roll and yaw. As for surge and pitch, the structure
gets stabilized to a new equilibrium position within the first 100 s and,
afterwards, it starts a harmonic oscillation with amplitudes of about 0.5
m and 0.1 deg., respectively. Excessive pitch motions may change the
azimuth angle of the solar tracker and result in energy losses. Consid-
ering the low motions reached for operational conditions, significant
misalignment of the solar PV panels is unlikely. It should be noticed that,
for other wind and wave directions, the pitch values are expected to be
even smaller. This result confirms HelioSea’s capability to provide a
stable platform for the installation of the PV panels and avoid losses
associated to wave passing.

Fig. 8 shows the motions registered for survival conditions. Despite
the increased motions in all DoF, sway, heave, roll, and yaw remain
insignificant. Concerning surge and pitch, the structure oscillates around
the new equilibrium position with amplitude of nearly 5 m and 0.6 deg.,
respectively. Note that, in contrast to rotations, the translations of the
device have no impact on the performance of the solar panels.
Furthermore, the analysis of losses caused by movements during sur-
vival conditions is of reduced relevance, given their infrequent occur-
rence. Nonetheless, it is worth noting the low value of pitch obtained
even for survival conditions corresponding to a wave height of H=5m
and a wind speed of U = 30 m/s.

The motions of the structure obtained for survival conditions can be
considered to define a preliminary offshore solar farm layout. Assuming
a maximum horizontal translation of 5 m for the device and taking into
account that the horizontal projection of the proposed device spans 13.4
m, an estimate of the radius of the anchor swinging circle (depicted in
Fig. 4) yields 18.4 m. Accordingly, an offshore solar farm with a hex-
agonal arrangement (a packing density of about 0.91) and 75-kW rated
power units would present a capacity density — the ratio of the farm’s
rated capacity to its total area — of 64 MW,/km?>.

3.4. Structural assessment

Once obtained the characteristic loads from the time domain anal-
ysis, a global structural analysis was performed through classic beam
theory and considering the characteristic resistance of the main com-
ponents. The effects of shear deformations and rotatory inertia were
ignored, and beam deflections were assumed sufficiently small. This
approach was applied to the discretization of the Morison elements
shown in Fig. 6. Normal stress, resulting from combining flexural and
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axial stresses, along the main structural components was analysed. Shear
and torsion presented negligible values and were omitted from the
figure for the sake of simplicity. Bearing in mind the low TRL of
HelioSea, no standards were considered for the structural assessment.

The critical section of the pontoons, concerning maximum normal
stress was identified at the joint that connects the front pontoon (i.e., the
pontoon moored to M3 in Fig. 6) with the mast. Accordingly, the critical
section along the length of the mast corresponds to its base. Time series
of the maximum normal stress in the critical sections of each element are
presented in Fig. 9 for operational and survival conditions. It is impor-
tant to note that, at different time steps, the maximum stress may
correspond to various points along the height of a cross-section.

As expected, the normal stress levels increase substantially from
operational to survival conditions. The upwind pontoon experiences
stress levels reaching 70 MPa, while the mast’s maximum stress level
barely surpasses 25 MPa. The upwind pontoon experiences higher stress
than the mast because of its lower inertia and cross-sectional area (ac-
cording to the specifications provided in Table 2) and not because it is
subjected to higher load levels.

Fig. 10 shows the time series of mooring forces for operational and
survival conditions. Due to the symmetry of the structure in the direction
of wind and waves, the results are identical for moorings M2 and M4.
Consistent with the previous findings, the tether experiencing higher
forces is M3, the one attached to the front of the structure (upwind). The
maximum force in this line doubles from operational to survival con-
ditions, increasing from about 145 kN to 300 kN. The forces on the other
lines remain below 180 kN for both cases, being the line M1 (downwind)
the one that experiences lower force levels. To this regard, one of the
design conditions of the tethers is to prevent abrupt snapping, thereby
safeguarding their structural integrity and averting sudden failures that
could jeopardize the safety and stability of the entire system. As
observed, even under survival conditions and considering the line M1,
there is a consistent minimum load of 25 kN, which serves to keep the
mooring lines from becoming slack and subsequently avoiding any
subsequent snapping.

In general, all the structural components withstood the survival
conditions with a sufficient safety margin, as indicated by the global
safety factors displayed in Table 5. This result suggests that there is room
for an optimization of the cross sections of the main structural elements
of the substructure, which would result in a lower manufacturing cost (a
first estimation is included in subsequent section). A strict safety factor
of 2 was found for the mooring lines, which would require a larger cross
section. In any case, further structural assessment is required, and en-
gineering codes and standards should be applied.

4. Levelized cost of energy

A first approximation to the levelized cost of energy (LCOE) of a 75-
kW rated power device is presented in this section. The environmental
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Fig. 7. Motions in the 6 Degrees of Freedom (DoF) for operational conditions.
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conditions of the Port of Vigo (Fig. 11) were considered for the assess-
ment of the electricity generation. This selection was made based on its
favourable environmental conditions for the future demonstration of the
device. Its latitude ensures high irradiance levels throughout the year
and its 14,000 ha of calm waters permit the deployment of an offshore
solar farm in a moderate wave climate [57].

4.1. Production assessment

For the estimation of the electricity production, PVGIS was used
[58]. This tool is provided online by the European Joint Research Centre
and delivers information about solar radiation and offers several key
features for accurate PV system performance predictions [59].

The efficiency of photovoltaic modules depends on the module
temperature (T) and the solar irradiance (G). Generally, efficiency de-
creases with increasing air temperature (T,), and the irradiance. In this

100
t[s]

Fig. 9. Maximum normal stress at the critical sections of the pontoons and the mast (absolute values).

approach, the wind cooling effect is also considered. PVGIS uses a model
proposed by Faiman [60] to calculate the module temperature:

G
T=T,+

a 5
Uy +U-W )

where W is the wind speed and Uy and U; are empirical coefficients [61].

The rated power of solar modules is commonly defined under stan-
dardized conditions known as Standard Test Conditions (STC), estab-
lished by the IEC-60904-1 standard. These conditions correspond to an
irradiance of Gsyc = 1000 W/mz, a module temperature of Tsyc = 25 °C,
and a light spectrum similar to that of a sunny day with the sun at about
40° above the horizon and the module tilted about 40° towards the sun
[62].

PVGIS computes the power output of the PV modules using the
model proposed by Huld et al. [63]:
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Table 5 P= G/Aeff;wmeffrel(cyu T’) (6)

Global safety factors of the main components for survival conditions.

with G’ = G/Gsrc; A, the surface of the PV panels; T" = T — Tsrc; effnom =

Element Verification [units] Maximum value Safety factor 0.85, the module nominal efficiency; and eff;, the relative efficiency
Mast Bending - axial [MPa] 26.4 10 compared to STC conditions given by:

Mast Shear - torsion [kN] 95.0 133 L, ; , } ) , , } ,
Pontoon Bending - axial [MPa] 69.9 4 ef (G, T ) =14k In(G)+2kxIn(G )+ ks T +kyT In(G )+ 2ksT In(G ) +2ke T
Pontoon Shear - torsion [kN] 242.7 20 @
Tether Maximum load [kN] 312.0 2.3

where k; for i = {1,2, ...,6}, correspond to empirical coefficients
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depending on the PV technology.

The value of P obtained with Eq. (6) corresponds to the power
delivered by the module or array in the form of direct current (DC) and it
should be converted into alternating current (AC) using an inverter. To
account for the power losses in this conversion as well as in the cables, a
14% reduction in the power output was considered. Furthermore, the
power output of PV modules tends to decrease over its lifespan, thus a
loss of 0.5% of rated power per year of operation is typically considered
[64].

Assuming a lifetime of n = 20 years, an average annual electric en-
ergy generation of 154.62 MWh was achieved. It is important to high-
light that this value may be conservative since bifacial gains were
excluded in the analysis. Moreover, the cooling effects estimated by
PVGIS are derived from onshore locations and may underestimate the
benefits of offshore sites, where the presence of water and stronger
winds is expected to amplify this effect.

4.2. Levelized cost of energy (LCOE)

The Levelized Cost of Electricity (LCOE) was calculated by dividing
the entire lifecycle cost by the cumulative electricity generation using
the formula [65]:

OPEX
(140

CAPEX + >
LCOE = . 2y

(C)
Z’:] (lfr)'

where:

e CAPEX represents the capital expenditure, accounting for the in-
vestment in construction and comissioning.

e OPEX stands for the operation and maintenance expenditure,
covering the total annual operating cost per year t over the FPV
lifetime.

e r denotes the discount rate.

e E is the electric energy yield obtained by appliying Eq. (6) for year t.

Factors such as residual value, decommissioning costs, taxes, sub-
sidies/incentives, and interest during construction were neglected. A
value of r = 7.5% was considered, taking into account the weighted
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average cost of capital (WACC) for countries like Spain within the
Organisation for Economic Co-operation and Development (OECD)
[66].

The offshore FPV sector is still in its early stages of development and
its costs are not well-stablished, in contrast to the more mature GPV
sector and, to a lesser extent, offshore wind energy technologies. To
address this uncertainty, reference minimum and maximum costs were
established to define optimistic and conservative values for the LCOE.
Some material cost estimates considered industry experience and pre-
vailing market prices, while in some cases, data from previous studies
were assumed.

CAPEX was divided into substructure, superstructure, and commis-
sioning expenses as shown in Table 6. In the substructure, the costs per
unit of the mast and the pontoons were estimated by considering current
market prices and including the structural steel, the required protective
system (detailed in Section 2.3), the labour hours, welding, and bending.
A higher cost for the mast was anticipated based on experience.

For the mooring system, the cost of the wire ropes in the tethers was
assumed in the range between 0.02 and 0.09 € per meter of length and
kilonewton of minimum breaking load [67]. With a breaking load of 715
kN (Table 2), this results in a cost range between 14.30 and 64.35 €/m.
Four gravity base anchors of concrete, each weighing about 23 t, were
considered along with a market cost for concrete ranging between 36
and 52 €/t.

A unique value for the cost of the tracking mechanism was consid-
ered based on the previous study of Bahrami et al. on this topic [68]. The
cost of the electrical components and commissioning were obtained
from already existing GPV tracking systems, taking as a reference the
minimum and maximum cots from references [69,70], respectively.

OPEX was obtained as the sum of the operation & maintenance
(O&M) costs, the insurance costs (IC) and the inverter warranty exten-
sions (IEI). The minimum O&M cost was obtained by applying a fixed
rate of 10.34-10 3 € per Watt of rated power [66], and the maximum
was obtained as 11% of the electricity generation [71]. In addition, a 2%
annual increase rate in O&M costs was applied to account for material
aging, based on previous experience with GPV [66]. The minimum for
the sum of IC and IEI was defined by applying 1.4-10~3 € per Watt of
rated power [66], and its maximum as the 1.42% of CAPEX [72].

Once applied all the abovementioned values, it results a LCOE in the

Table 6
Maximum and minimum reference costs used in CAPEX estimates.
Component [units] Measurement Per-unit [€] Total [€]
min. max. min. max.
Mast [kgl 16,000.00 3.50 5.00 56,000.00 80,000.00
Pontoons [kgl 9700.00 3.00 4.00 29,100.00 38,800.00
Substructure Tethers [m] 94.00 14.30 64.35 1344.20 6048.90
Gravity base anchors [t] 91.74 36.00 52.00 3302.75 4770.64
Subtotal 89,746.95 129,619.54
Frame [kgl 7611.80 7.00 10.00 53,282.60 76,118.00
Tracking mechanism - 1.00 4500.00 4500.00 4500.00 4500.00
Superstructure Solar panels units 138.00 217.39 260.87 30,000.00 36,000.00
Electrical components - 1.00 4512.60 12,785.70 4512.60 12,785.70
Subtotal 92,295.20 129,403.70
Commissioning - 1.00 10,529.40 15,042.00 10,529.40 15,042.00
CAPEX 192,571.55 274,065.24
Table 7
Levelized cost of energy (LCOE) range for different renewable energy sources.
Renewable energy Lower LCOE [€/MWh] Ref. Upper LCOE [€/MWh] Ref.
Ground-mounted photovoltaic (GPV) 35 [5] 40 [5]
Onshore floating photovoltaic (FPV) 50 [5] 96 [5]
Floating offshore wind 95 [13] 160 [13]
Wave 225 [16] 1750 [16]
Tidal 255 [16] 910 [16]
HelioSea 160 - 270 -
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range between 160 and 270 €/MWh. Table 7 compares these estimates
with those for other renewable systems. The cost of energy for HelioSea
would be four to six times that of GPV and two to three times that of
onshore FPV, both mature technologies. Nonetheless, the proposed
offshore FPV system becomes highly competitive when compared to
other marine renewable resources. Its LCOE would be less than twice the
corresponding for floating offshore wind, a technology with a higher
TRL than the proposed concept. Moreover, if compared to wave and
tidal, HelioSea presents a much lower cost of energy.

These results demand careful consideration due to the large un-
certainties and the assumptions made during the LCOE analysis. The
characteristics of the installation site may significantly influence the
estimates. On another note, there is substantial room for optimizing
HelioSea, currently at its proof-of-concept stage, which could potentially
lead to a reduction in CAPEX. Furthermore, the advantages of this device
in terms of commissioning have not been thoroughly addressed yet. In
summary, while the results offer optimism and serve as a reference basis
for future developments, it is essential to approach them with caution.

5. Conclusions

HelioSea, a novel floating concept for harnessing solar energy
offshore, combines two key features: a dual-axis tracking system and a
TLP. Although the former is a technology that has been commonly
applied in GPV installations, the TLP has never been proposed before in
the design of FPV systems. This design seeks a dual objective: maxi-
mizing the electricity generation and providing a reliable structure to
survive the challenging marine environment. A comprehensive analysis
of the advantages and disadvantages of this system was presented for the
first time. A motion and structural analysis was performed through hy-
drodynamic numerical modelling, followed by an economic evaluation
in terms of the LCOE.

The dual-axis tracker maximizes the amount of direct normal irra-
diance striking the front of the array throughout the year. This special
design also allows increasing the height of the solar modules above the
water surface to avoid wave slamming and splashing. In terms of pro-
duction, this feature may not only result in an increase of the cooling
effect, but also in the levels of reflected irradiance that reach the bifacial
solar modules. On the contrary, the higher wind exposure may
compromise the superstructure, which is why HelioSea incorporates a
survival configuration wherein the panels are positioned horizontally to
minimize wind loading.

The TLP provides stability to the whole structure and, in conjunction
with the slender design of the mast, minimizes wave loading. The
mooring system ensures minimal variations in the azimuth and tilt an-
gles of the PV panels, critical for efficient solar energy conversion. Under
operational conditions (wave height, H =1 m, and wind speed, U =5 m/
s), pitch motion was negligible in terms of generation, with amplitudes
of 0.1 deg. Even under survival conditions (H = 5 m and U = 30 m/s),
pitch motion remained minimal, with amplitudes of 0.6 deg. Although
rotations were controlled, a large surge amplitude of 5 m was observed
under survival conditions. While translations do not affect the efficiency
of solar energy conversion, they do impact the required safety distance
between units. An offshore solar plant with 75-kW rated power HelioSea
units, and a hexagonal packing arrangement would present a capacity
density of 64 MW/km?.

The structural assessment revealed robust safety factors for the ma-
jority of elements in the substructure. Nonetheless, the tethers and the
pontoons demonstrated lower safety factors of 2.3 and 4, respectively.
These outcomes, derived from an initial design that lacks optimization,
confirm the overall order of magnitude of the substructure dimensions.
Furthermore, it is anticipated that some structural elements may un-
dergo section reduction in future development.

The LCOE assessment, considering uncertainties and assuming
reference costs from various technologies, places HelioSea in the range
of 160 to 270 €/MWh. While these values diverge significantly from
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those of ground-mounted solar systems, they align with a comparable
order of magnitude to offshore floating wind systems and are notably
lower than other marine renewable energies, such as wave and tidal
energy.

In summary, HelioSea introduces distinctive features, facilitating the
transition of FPV technology to offshore environments. While recog-
nizing areas for improvement, the promising results justify additional
exploration through numerical and experimental techniques. Subse-
quent efforts should focus on optimizing geometry, materials, and en-
ergy costs, encompassing a broader range of environmental conditions,
utilizing advanced numerical tools, and adhering to standardized
structural assessments.
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