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Offshore photovoltaic energy is possibly the most important future step in the harnessing of solar energy. Since no
long-term offshore photovoltaic installation exists to date, various unknowns are still present, creating a research
gap. For instance, floating structures will have some type of response to incoming waves. This response is highly
dependent on the design of the floating structure. This response will have some effect on the insolation on offshore
photovoltaic systems installed on floating structures. This research presents a simulation tool that would allow
an offshore system designer to assess this effect in order to minimize it and thus, optimize the energy yield of the

system. Furthermore, this simulation tool was verified with an experimental setup simulating sinusoidal wave
responses and the results are presented in this research. Finally, a parametric analysis was performed taking days
close to the 21% of each month of the year for photovoltaic installations facing south with fixed inclinations of 30 °
and 5 ° This research will improve the design of offshore floating platforms used for photovoltaic installations.

1. Introduction

Energy demands are predicted to increase globally by 33% between
2010 and 2030 [1]. Photovoltaic (PV) technology has become very pop-
ular nowadays and is recognized as one of the most reliable sources of
renewable energy. The majority of the world is striving to increase its re-
newable energy output with the European Union, among others, setting
a 2020 target of 20% renewable energy use.

In various areas around the world, land is limited and very expen-
sive. Land pricing has a big impact when considering large renewable
energy installations since this will prolong the payback period. Today,
PV modules using crystalline silicon technology occupy about 6 m? of
land per Kilowatt Peak (kWp). Amorphous silicon modules require twice
as much area [2]. Thus, a one MWp solar farm will require more than
6000 m? of land.

Furthermore, several countries like Malta are limited both geograph-
ically and economically in renewable energy options such as onshore
wind, geothermal or hydroelectric. Until today, photovoltaic installa-
tions in small islands are mostly limited to rooftops. However, not all
rooftops are suitable for PV installations due to their orientation and
shading from adjacent buildings. Furthermore, rooftops are also used
for other services, thus reducing the available space for PV installations.
Hence, these countries require other alternatives to keep increasing their
renewable energy share and manage to reduce their dependency on non-
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renewable energy sources. Therefore, the logical way forward is to ex-
plore and study the feasibility of offshore photovoltaic farms. Offshore
photovoltaics offer the potential, for small countries like Malta or other
densely populated large coastal areas, to launch large solar farms that
would otherwise not be possible on the limited available land. An MCST
funded project, SolAqua — R&I-2012-041, has established the viability
of offshore platforms and outlined the parameters under which they
would be feasible [3]. Floating solar technology is gaining popularity,
especially in countries which have land space limitations [4]. Recently,
China has installed 40 MWp and 70 MWp floating photovoltaic plants
[5] and are approaching completion of a 150 MWp project. Further-
more, an Indonesian power company is planning a 200 MWp floating
photovoltaic farm [6].

Floating PV installations have numerous advantages over land-based
installations. Previous studies have shown that efficiency and yield im-
prove due to the cooling effect of water and also the reduction in dust ef-
fects [7,4,8]. Moreover, on fresh water bodies, a floating installation can
be beneficial to the surrounding environment by reducing water evapo-
ration and improving water quality by inhibiting algal growth [9]. How-
ever, floating installations present various challenges especially when it
comes to the structure design and anchoring [4]. Other issues such as
high moisture levels, the durability and survivability of the installation
also need to be kept in mind when designing and installing floating pho-
tovoltaics [8]. Most of the floating photovoltaic installations so far were
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Nomenclature

PV photovoltaic

RES renewable energy share

kw, kilowatt peak

ag solar altitude angle

Vs solar azimuth angle

LST local standard Time

AST apparent solar time

B(B,y)  beam radiation on tilted surface

D(B,y)  diffused radiation on tilted surface

D,(B,y) diffused radiation from ground

Y azimuth of tilted surface

A active area of photovoltaic module

T, solar cell temperature (°C)

r distance between sun and earth (km)

€, eccentricity correction factor

5 solar declination angle

F;, F,  circumsolar and horizon brightness coefficients

NOAA  national oceanic and atmospheric administration

€ perez clearness coefficient

A perez brightness coefficient

Gpy solar radiation incident on the photovoltaic module
(W/m?)

® hour angle

0, zenith angle

0 beam radiation angle

) latitude of tilted surface

D,(B.y) Isotropic Sky diffused radiation

Pypp maximum power point (W)

Afyer photoelectric conversion efficiency at reference temper-
ature

Bo temperature coefficient

T, ambient temperature (°C)

I, deviation of Earth’s orbit from the circular (km)
equation of time

Rr_y ratio between beam radiation on tilted surface and hor-
izontal beam radiation

FPV floating photovoltaic

designed and installed on lakes, dams or reservoirs. Environmental and
climatic issues in these areas are not as severe as those found in ma-
rine environments [7] making the design of such systems less critical.
Offshore installations need to cater for constant exposure to corrosion
effects of salt and the mechanical forces from a combination of wind,
waves and tides [10]. Furthermore, the motion of the offshore floating
structure in response to incoming waves can have an effect on the in-
solation on photovoltaic modules with limited research quantifying this
effect.

The aim of this study is to investigate the effect of wave response
motion on the insolation on offshore photovoltaic installations.

2. Literature review

The maximum power, Pypp (W), delivered by a photovoltaic module
at a particular time interval is highly dependent on the solar radiation
incident on the module, Gpy (W/m?), the solar cell temperature, T, (°C),
the photoelectric conversion efficiency of the solar cell, nr,,,, and the
active surface area of the photovoltaic module, A (m?). Moreover, the
solar cell temperature is dependent on the amount of solar radiation in-
cident on the solar cells, the cells’ efficiency and the ambient conditions
such as wind and temperature, T, (°C). Hence, the maximum power out-
put is calculated using Eq. (1) [11] where 7, 7 is a reference temperature
(usually 25 °C) and f, is the temperature coefficient describing the effect
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of temperature on the efficiency of solar cells.

Prpp = ey A Gpy (1= Po(T, = Trey) o

Photovoltaic modules should be installed in such a way as to maxi-
mize power output. Two of the factors affecting the insolation on pho-
tovoltaics are the module’s tilt and orientation. A photovoltaic module
produces maximum power when placed perpendicular to incident sun
rays such that the power density on the absorbing surface is equal to
that of the sun. In order to find the optimal tilt angle for a PV instal-
lation, the position of the sun with respect to a point on earth must be
calculated.

The location of the sun relative to a point on earth is specified mainly
using the solar altitude angle (a ) and the solar azimuth angle (y,). The
solar altitude angle is the angle between the horizon and the position
of the sun [12]. The solar azimuth angle is the angle on a plane par-
allel to the earth’s surface measuring the sun’s position from true geo-
graphic south. Therefore, optimum tilt angles for photovoltaic modules
are highly dependent on the location of the installation. To calculate
the optimum angle for photovoltaic installations yearly solar radiation
data for that particular location is required [13]. Generally, a surface
with an inclination of 10° to 15° less than the latitude, receives maxi-
mum insolation in summer while in winter an inclination of 10° to 15°
more than the latitude is required for maximum insolation [13]. Mon-
dol et al. [13] studied the impact of array inclination and orientation
on a PV system installed in Northern Ireland under maritime climates
and through a TRYNSYS simulation showed the variation of total annual
insolation with different azimuth and tilt angles. This study concluded
that a surface oriented towards south and with a tilt angle of 30°, gets
maximum annual insolation. This study also showed that tilt has a much
higher effect than orientation on the insolation received by a surface. A
horizontal surface and a vertical south facing surface receive 9.05 and
28.7% less insolation, respectively, than a 30° south facing surface. Fur-
thermore, for a 30° tilted surface, a change in orientation of 30° from
the south results in an annual reduction of 2% surface insolation [13].

In a study based in Malta by Rebé et al. [14], it was found that al-
though a 30° tilt results in the maximum annual power generation, this
might not always be the most economical setup. When having a larger
space and a multi-row PV setup, a 15° tilt design angle can house a larger
number of panels due to lower separation between rows and thus result
in more photovoltaic panels per unit area and an improved rate of re-
turn. Another study in Hannover, Germany [15] found that tilt angle has
little effect on PV power output. However, in these studies a loss of 6%
in summer and 10% in winter was still observed for non-optimal angles.
A mathematical model [16] taking into consideration the variation of
global irradiance, shows that an increase in power output is possible by
varying a module’s tilt angle between cold and hot seasons in order to
compensate for the seasonal variation of the sun’s position with respect
to Earth. These improvements range from 3.5 to 26%, depending on
the level of hourly power uniformity required. Rao and Padmanabhan
[17] performed an experimental tilt angle study directly on a bare sili-
con solar cell under direct illumination from a laboratory light source.
Therefore, this study eliminated the effects of anti-reflection coatings
and glass covers in order to observe directly the behavior of a p-n junc-
tion at different tilt angles. This research showed that an inclination of
60 ° results in a 60% drop in power when compared to a horizontally
placed solar cell, perpendicular to illumination. As discussed above, the
theoretical response of a silicon solar cell to tilt variations is calculated
from basic geometry due to the fact that, in a lab scenario, an inclined
surface receives less insolation than a horizontal one. However, Rao and
Padmanabhan showed that the experimental results differ from theory.
A big part of this deviation was due to reflection losses possibly caused
by the cell’s surface texture. However, these reflection losses were not
quantified in this study. Another factor contributing to the deviation
from theory to practice is the apparent increase in junction depth. Fur-
thermore, both the transmittance and absorptivity are dependent on
incident angle. The relationship of solar transmittance to the incident
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Table 1
Solar transmittance for etched and Un-etched glass as a function of incidence
angle [12].

Transmittance by Incidence Angle

Type of Glass 0° 20° 40° 50 ° 60 ° 70° 80°
Etched 0.941 0947 0945 0938 0916 0.808 0.562
Un-etched 0.888 0.894 0903 0.88 0.854 0736  0.468

angle is also dependent on the surface texture of the material. Typical
values of solar transmittance, at different incident angles, for etched and
un-etched glass are shown in Table 1 [12].

Floating photovoltaic system installations tend to adopt a different
approach when designing the tilt angles of the installed modules. In the
case of such installations, one must consider a tilt angle adequate for the
environment in which it will be installed. Tilt angles for floating instal-
lations are governed by other facts than optimal power generation, in-
cluding esthetic impact, wind loading and available space. Researchers
from the National Institute of Advanced Industrial Science and Technol-
ogy installed floating photovoltaic modules at a tilt of 1.3 ° facing south
[18,19]. A system near Alicante, Spain [20] was installed with a tilt of
10 ° while the Solarolo project consisted of modules tilted at 8° in order
to reduce the footprint of the array and thus, increase the power den-
sity output [19]. The Lake Colignola’s installation included horizontally
mounted PVs with reflectors tilted at —60 ° and 60 ° positioned at the
north and south of the modules respectively [21,19].

3. Methodology
3.1. Research description

Non-tracking PV systems have a fixed tilt and orientation optimised
for the location in which they are installed. However, offshore photo-
voltaics will not always stay in the designed tilt and orientation due to
the response of the floating structure to incoming waves. Fig. 1 shows
the effect that the response of a floating structure to incoming waves
can have on the actual tilt of a PV module.

Hence, the effect of motion on offshore PV modules due to incom-
ing waves was studied parametrically and is presented in this paper. The
motion of PV modules was divided into three degrees of freedom namely
pitch, yaw and roll movements, as shown in Fig. 2. These three move-
ments were chosen in order to cover all the possible degrees of freedom
of a moving offshore photovoltaic panel. Any change in Yaw, Pitch and
Roll movements were translated into additions to the fixed azimuth and
tilt angles chosen for the photovoltaic installation. The effect of each
movement on the insolation on offshore PV modules was studied both
in simulation and in practice.

B = 30°

Fig. 1. Floating platform at steady state (TOP) and Floating platform respond-
ing to incoming wave (BOTTOM).
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Fig. 2. Pitch, yaw and roll movements on a PV panel.

3.2. Position of the sun

In order to predict the irradiance on a plane at any time during the
year one must know the position of the sun relative to a point on earth
at that given time. The earth follows an elliptical orbit around the sun.
This means that the distance between the sun and the earth, r, is not a
constant during the year and is denoted by Eq. (2) [22].

360(N — 93)

r=r,|14+0.017sin 365

@)
N is referred to as a Julian day, which is the day number starting from
January 1st and r, accounts for the deviation of the earth’s orbit from a
circular path. This deviation is usually adequately expressed by a mean
value of 1.496 x 108 km [22].

The position of the sun as seen by an observer on Earth usually does
not coincide with the local standard time (LST). Hence, in solar calcula-
tions, the Apparent Solar Time (AST) is used instead. The difference in
minutes between the Apparent Solar Time and the Local Standard Time
is given by Eq. (3) [12].

AST = LST =4(Lgp — Lypc) + E A3)

Where Lgr is the standard meridian for the local time zone and L; g is
the longitude of the observer’s location. The parameter E is the equation
of time given by Eq. (4) where B is given by Eq. (5) [12].

E = 229.2(0.000075 + 0.001868 cos B — 0.032077 sin B

—0.014615 cos 2B — 0.04089 sin 2 B) @)
360
B=(N-1)>22=
( ) 365 )

3.3. Total radiation on tilted surfaces

The total radiation on a tilted surface can be divided into two main
components, namely Direct (Beam) Radiation B(f,y) and Diffused Ra-
diation D(B,y). Diffused radiation is further divided in two main com-
ponents namely diffused radiation originating from the sky D,(f,y), for
example due to reflections of clouds, and diffused radiation originat-
ing from the ground Dy (f,y), example reflections from ground material
and buildings. The total radiation on a tilted surface G(,y) is given by
Eq. (6).

G(B.y) = B(B.v) + Da(B,v) + Dg(B.v) 6
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Egs. (7) and (8) relate the angle of incidence of beam radiation on a
surface to other known angles.

cos@ = sinésinffcos f — sin 5 cos @ sin fcosy + cos § cos @ cos ff cos @

+cos & sinff sin f cos y cos @ + cos § sin # siny sin @ (@)
cosf = cosf,cosf+sinb, sinﬁcos(ys —y) 8)

Where # the latitude of the tilted surface, y is the azimuth of the tilted
surface and w is the hour angle. Various sky models are available in
order to predict the total incident radiation on a tilted surface. These
can be divided in two main categories, namely the isotropic models and
the anisotropic models. The differences between these two model cat-
egories lies in the way they look at diffuse radiation. Diffuse radiation
can be divided into three parts namely isotropic radiation received uni-
formly from the entire sky dome, circumsolar diffuse which results from
forward scattering in the part of the sky closest to the sun and horizon
brightening which is concentrated near the horizon. The latter has more
effect in days with clear skies [12].

3.3.1. Isotropic model

The isotropic model is the simplest model to predict the total ra-
diation on an inclined surface. The basic form of this model assumes
an isotropic combination of diffuse radiation from the sky and ground-
reflected radiation. This means that diffused radiation on a tilted surface
is always the same regardless of orientation. An improved version of this
model is the isotropic diffuse model by Liu and Jordan [23,12] which
considers both isotopic sky diffused radiation, D,(8,7), and diffuse ra-
diation reflected from the ground, D,(f,y). This model gives the total
solar radiation on a tilted surface using Eq. (9)[12].

G(f.v) = BO,0)Rr_p + Do(B,v) + Dy(,7) ()]

Where: Dy(f.7) = D(O.0)(*5*E)And: D,(B.7) = G(0,0) X py x (<=52F)

3.3.2. Anisotropic model

Anisotropic models provide a more accurate calculation of the global
radiation on a tilted surface. Hay and Davies factor in the circumsolar
diffuse radiation and consider it incident from the same direction as
the beam radiation. The Perez Model [24,25] calculates in detail all the
three components of diffuse radiation and thus also includes horizon
brightening. The diffused radiation on a tilted surface according to the
Perez Model is given by Eq. (10) [12]

14+cosp

D(B,y) = D(o,O)[(l —Fl)( 3

>+F1% +F sinﬂ] (10)
and a = max(0, cos §), b = max(0, cos §,)where F; and F, are circumsolar
and horizon brightness coefficients. These coefficients are functions of
the zenith angle ¢, a clearness coefficient £ and a brightness coefficient
A. F; and F, are functions of statistically derived coefficients and they
are calculated by Eqgs. (11) and (12) respectively.

70,

A+ — 11
max (0, (f1; + f12 +180f13 (1

Fy

0
for+ [+ 2fzs (12)

F
2 180

Values for the coefficients mentioned in Egs. (11) and (12) are taken

from Table 2, according to the value of the clearness coefficient.
Therefore the complete equation derived from Perez Model repre-

senting the irradiance on a tilted plane is given by Eq. (13) [12].

G = BO.0OEL +D(0,0)[<(1 —F1)<1+—;°S”> +RS +Fzsinﬂ>]

z

+G(0,0)p<1_%sﬂ> (13)
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Table 2
Brightness coefficients for perez model [24,12].
Range of ¢ 1, £, fi3 £y, ) f3
1.000-1.065 —0.008 0.588 -0.062 —0.060 0.072 —-0.022
1.065-1.230 0.130 0.683 —0.151 —0.019 0.066 —0.029
1.230-1.5 0.330 0.487 -0.221 0.055 —0.064 —-0.026
1.5-1.950 0.568 0.187 -0.295 0.109 —0.152 0.014
1.950-2.800 0.873 —0.392 —0.362 0.226 —0.462 0.001
2.800-4.500 1.132 -1.237 -0.412 0.288 -0.823 0.056
4.500-6.200 1.060 —-1.600 —-0.359 0.264 -1.127 0.131
6.200-00 0.678 -0.327 —0.250 0.156 -1.377 0.251
Table 3

Comparison of simulation to practical data for isotropic and perez models.

Average Deviation from Real Average Deviation from Real

Type of Sky Data (Perez Model) (%) Data (Isotropic Model) (%)
Clear 2.34 6.93
Cloudy 2.02 6.74
Overcast 4.62 9.90

3.4. Simulation

Firstly, a simulation file was created in order to compare the perfor-
mance of Isotropic and Anisotropic (Perez) models in predicting irradi-
ance on a tilted surface from data of irradiance on a horizontal surface
obtained from a weather station installed at the Institute for Sustainable
Energy in Marsaxlokk, Malta.

A model from the United States National Oceanic and Atmospheric
Administration (NOAA) [26] was used to accurately find the position of
the sun on particular dates and at given times. This acquired position
was then applied to both Isotropic and Anisotropic (Perez) models in
order to derive the total irradiance on a tilted plane. Simulations were
carried out for a surface facing South at an inclination of 33 ° (G(33,0))
and compared to real data for three types of sky, namely, clear (Fig. 3),
cloudy (Fig. 4) and overcast. Fig. 5 shows the graphical user interface of
the simulation file and the result for overcast sky. Real data was obtained
from a weather station installed at the Institute for Sustainable Energy
in Marsaxlokk, Malta. An albedometer was used to measure the albedo
of the weather station area and was found to be 0.35. The deviation of
simulation models from real data for the three scenarios are tabulated
in Table 3.

As expected from literature [12], the Isotropic Model is the simplest
to implement but gives very conservative estimates of global radiation
on a tilted surface. Furthermore, the Perez model is more complex to
implement but gives results that are more accurate, although slightly
overestimated. Hence, the Perez Model was chosen to develop a simula-
tion file in Microsoft Excel in order to predict the loss or gain in yield due
to movements in pitch, yaw and roll. Other software would have been
easier to implement long simulation algorithms however, Microsoft Ex-
cel was chosen in order to provide a tool that can be accessed and edited
by the majority of potential users. This simulation focuses on the differ-
ence in the irradiance received by a fixed plane and a moving plane due
to incoming waves.

The user inputs an equation that characterises the response of the
offshore structure to incoming waves in terms of pitch, yaw and roll.
Hence, angles are extracted from this equation and added to the fixed
azimuth and tilt angles of the installation. Furthermore, weather data is
required for that particular day. The essential weather data required by
the simulation file are any two of the following:

e Global irradiance on a Horizontal Plane.
o Diffuse radiation on a Horizontal Plane.
e Direct Beam radiation on a Horizontal Plane.

Hence, the file runs two separate algorithms combining a model
by the United States National Oceanic and Atmospheric Administration
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G(33,0) - Isotropic, Perez & Measured Data Irradiance (W/m?) vs Hours from Midnight
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Fig. 3. Clear sky simulation.
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Fig. 4. Cloudy sky simulation.
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(NOAA) [26] to find an accurate position of the sun and Perez model
to find the global irradiance on a tilted plane. One algorithm derives
the global irradiance on a plane with a fixed tilt and orientation while
the other algorithm varies the tilt and orientation based on the response
equation inputted by the user. Finally, both results of global irradiance
are compared together. A parametric simulation was performed com-
paring a fixed installation on land with an offshore installation installed

on a floating structure moving as a response to incoming waves. A pure
sinusoidal wave was assumed for all movements. The parameters used
for the simulation are shown in Table 4. Hence, another simulation was
performed using a movement amplitude of 20 ° and taking a day from
each month of the year. The days chosen were close to the 21st of each
month in order to include equinoxes and solstices. However, care was
taken to choose days with the same sky clarity.
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Global Radiation Data Processing

Please complete the following fields : 70000

Latitude (1) | Longitude (1) |
35,834 14,543

Date | GMT+? 600,00
01/03/2019

Results :

Bldegl | yldegl | Albedo(p)
33 0| 0,35

Isotropic Model : Perez Model : 500,00

0,00
0,00/ 0,00 0,00 0,00
0,00 0,00 0,00 0,00
0,00/ 0,00 0,00 0,00
0,00 0,00 0,00 0,00
0,00/ 0,00 0,00 0,00
5,50 2,85) 521 537

112,00 5225 131,23 161,27

286,50 1us42| 34013 373,09

445,17 17093 51832 564,44

534,00 17,12 607,27 666,84

491,00 269,52 527,62 580,49

516,83 31967 5419 605,21

338,50/ 280,65 33196 359,64

464,17 23152 52064 575,60

244,50 193,68 241,92 258,29

69,50] 6025 6586 62,88

40,17 29,67, 38,06 36,35
5,83 0,00 553 537
2,67 0,00 2,53 2,65
6,67 0,00 632 657
533 0,00 5,05 534
2,67 0,00 253 272 000
4,00 0,00 3,79 4,08 s

Time [hours) | 6(0,0) (Wh/m?] | D(0,0) [Wh/m?] Gpa) | clpa)
0,00/ 0,00 0,00

400,00

300,00

Irradiance (W/m?)

200,00

100,00
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G(33,0) - Isotropic, Perez & Measured Data Irradiance (W/m?) vs Hours from Midnight
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——G(33,0) - PEREZ
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Hours from Midnight

Fig. 5. Comparison file user interface and overcast sky simulation result.

Table 4
Parameters used for irradiance comparison simulation.

Fixed Tilt Angle (p) Fixed Azimuth Angle () Movement and Amplitude
30° 0° Pitch 5 ° Pitch 10 ° Pitch 15 ° Pitch 20 °
Yaw 5 ° Yaw 10 ° Yaw 15 ° Yaw 20 °
Roll 5° Roll 10 ° Roll 15° Roll 20 °
5° 0° Pitch 5° Pitch 10 ° Pitch 15° Pitch 20 °
Yaw 5 ° Yaw 10 ° Yaw 15 ° Yaw 20 °
Roll 5° Roll 10 ° Roll 15 ° Roll 20 °

Fig. 6. Effect of waves on irradiance: experimental setup.

3.5. Experimental setup

The experimental setup, shown in Fig. 6, was designed in order to
verify simulation results in a practical scenario. Poly (methyl methacry-
late) material was used to construct two lightweight bases rotating on
two axis, similar to the construction of a two-axis solar tracker.

Matrix Solar Sol-A-Meter MK 1-G Pyranometers were attached to
these bases in order to obtain irradiance data. These are silicon pyra-
nometers with a spectral response from 0.35 to 1.15 pm with peak sen-
sitivity at 0.85 um. Their accuracy is + 5% with a full scale response time

of less than 1 ms [27]. High torque servomotors were used in order to
achieve the desired movement. Hence, an Arduino UNO board utilizing
an ATMEGA328 microcontroller was programmed in order to be able
to control the servomotors. The program asks the user to enter the de-
sired Amplitude and period and then outputs a sinusoidal wave using
the inputted parameters. This sinusoidal signal is transferred to the ser-
vomotors and the desired movements are achieved. Finally, a DATAQ
DI-808 data-logger was connected to the pyranometers and a sampling
rate of 10 Hz was set in order to accurately acquire all the data points
required to represent the response signal. Data was acquired with six
decimal places and an accuracy of + 0.05% of full range. The servo-
motors were able to perform movements of 1 ° and, due to the high
sampling rate, irradiance data was continuously acquired for all differ-
ent positions. Furthermore, it was ensured that the change in position
of the servo motor was slower than the pyranometers response time in
order to ensure the correct acquisition of all data points. Fig. 7 shows a
data sample representing the effect of pitch movements on the insolation
on offshore photovoltaic installations.

Initially a calibration procedure was performed for the two pyra-
nometers in order to get the same irradiance output for the same con-
ditions. It was noted that the available pyranometers’ outputs varied
slightly from each other and the variation was not constant during the
day. This small difference is due to instrument errors reflected in the
+ 5% accuracy rating and different deviations from factory calibration
over time. While this small difference will have no effect in the normal
operation of the pyranometers, it would have an effect on the results of
this experiment since the margin of error needs to be minimal. The per-
centage difference between the moving and the fixed pyranometers was
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Fig. 7. Data sample showing the effect of pitch movements.

——Irradiance on moving offshore installation

11 12

p=30"° Insolation deviation of Offshore Insolation deviation of Offshore
a=0° from Land (Simulation) from Land (Experimental) Average Error
between Simulation
Average Standard and Experiment (%)
Movement Minimum (%) Maximum Average (%) Minimum (%) Maximum (%) Average (%) Deviation
Pitch 20 * —2.418 —2.550% —2.484 —2.428 —2.655% —2.470 0.02165 0.037
Pitch 15° -1.365 —1.439% —-1.402 -1.351 -1.430% -1.381 0.00947 0.008
Pitch 10 * —0.608 —0.641% —0.625 —0.589 —0.640% —0.605 0.01375 0.012
Pitch 5° —-0.152 -0.161% —-0.156 —-0.123 -0.162% —0.145 0.01282 0.009
Yaw 20 ° -0.131 —0.329% —-0.257 -0.131 —0.346% —-0.262 0.01057 0.026
Yaw 15 ° -0.074 —0.186% —0.145 —0.072 —0.192% -0.139 0.01527 0.014
Yaw 10 ° —-0.033 —0.083% —-0.065 —0.033 —0.083 —0.065 0.00711 0.006
Yaw 5 ° —-0.008 —0.021% -0.016 —-0.008 —-0.021% —-0.017 0.01307 0.002
Roll 20 ° -1.800 —1.848% -1.83 -1.802 —1.850% -1.83 0.00600 0.009
Roll 15° -1.005 -1.041 -1.03 -1.003 -1.227% -1.09 0.00867 0.053
Roll 10 ° —0.458 —0.472% —-0.47 —-0.451 -0.471% —-0.46 0.00965 0.007
Roll 5° -0.072 —0.129% -0.10 —-0.074 -0.127% -0.10 0.01038 0.004

expected to be very small from simulation and therefore accuracy was
essential. Hence, a calibration procedure was performed immediately
before taking readings for each hour. This allowed both pyranometers
to start giving the exact same reading before the experimental proce-
dure, described in the flowchart in Fig. 8, was adopted hourly. Pitch
and Yaw movements for a tilted surface could be performed directly
with the designed setup. However, a slight modification was required
in order to perform roll movements for a tilted surface, where an ex-
tra piece of wood was added on top of the setup to create the initial
tilt of the pyranometers. Finally, data was analyzed and compared to
simulation.

4. Results and discussion
4.1. Verification of simulation data

The percentage insolation deviation of an offshore photovoltaic in-
stallation from a fixed installation on land due to Pitch, Yaw and Roll
movements can be seen in Fig. 9, Fig. 10 and Fig. 11 respectively. These
results were obtained in June 2019 for an installation designed with a
fixed tilt of 30° and a fixed orientation of 0 ° On one hand, Table 5 shows
the maximum and minimum insolation deviation of offshore installa-
tions from fixed installations on land, from data obtained from both
simulation and experimental setups. On the other hand, Table 5 also
shows the average errors between simulation and experimental results.

From these results, it can be seen that the largest yield loss is obtained
with pitch movements since these movements directly affect the actual
installation tilt of the PV modules.

4.2. Simulation of low installation angle

Parametric simulations were performed in order to analyze the ef-
fect of wave response motion on the insolation on offshore photovoltaics
installed with a designed fixed tilt of 5° This simulation is of interest
since a low angle might be the way forward for offshore photovoltaics
since this reduces the effects of wind on the installation and allows
more PV modules to be installed on each floating structure. Figs. 12,
13 and 14 show the effects of Pitch, Yaw and Roll movements respec-
tively. Additionally, Table 6 presents a statistical representation of these
effects.

4.3. Yearly simulations

Parametric simulations were also performed to analyze the effect
of Pitch, Yaw and Roll movements on the insolation on offshore pho-
tovoltaics throughout all the months of the year. Sinusoidal responses
with an amplitude of 20 ° were chosen for these simulations. In order
to perform these simulations, weather data for 2019 was taken for days
close to the 21st of each month in order to include the major solar events
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Statistical analysis of simulation data for the insolation deviation of an offshore
installation from land for a designed fixed tilt of 5 ° and orientation of 0 °

p=5°a=0" Insolation deviation of Offshore from Land (Simulation)
Movement Minimum (%) Maximum (%) Average (%)

Pitch 20° -2.409 -2.594 -2.532
Pitch 15° -1.360 -1.464 -1.429
Pitch 10° —-0.606 —-0.652 —0.637
Pitch 5° -0.152 -0.163 -0.159
Yaw 20° +0.016 / —0.019 +0.089 / —-0.055 —-0.022
Yaw 15° +0.009 / -0.011 +0.050 / —0.031 -0.013
Yaw 10° +0.004 / —0.005 +0.022 / —0.014 —0.006
Yaw 5° +0.001 / —0.001 +0.006 / —0.003 —-0.00
Roll 20° -1.881 —-2.020 -1.95
Roll 15° -1.039 -1.186 -1.10
Roll 10° —-0.448 -0.583 -0.48
Roll 5° —-0.051 -0.231 -0.12

namely equinoxes and solstices. However, another criterion that was im-
posed on the choice of day was that the sky clearness had to be similar
in order to be able to do a comparison between different times of the
year. Figs. 15 and 16 show the results of these simulations for fixed tilts
of 5 ° and 30 ° respectively.

4.4. Discussion

The parametric simulations carried out used the same albedo value
for both offshore and land installations. This was decided because the
offshore installations we are envisioning will most probably require
large floating rafts rather than installing PVs close to the sea surface, as
is usually done in floating photovoltaic (FPV) installations. However, in
the tool created, albedo can be varied for both offshore and land instal-
lations once such data is available. The results presented were simulated
based on weather data for the year 2019.

From the yearly simulations, one can note that Yaw movements in
December have a much higher negative effect on the insolation than the
same movements in May. This is because the irradiance on a tilted plane
follows a cosine function. Therefore, although the change in incidence
angle is actually lower in January than in June, the change in cos (©;)

Percentage Insolation Deviation of Offshore from Land vs Time
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Fig. 9. Comparison between simulation and experimental data: percentage insolation deviation of offshore from land due to pitch movements (03/06/2019, g = 30",

a=0°).
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a=0°).
Percentage Insolation Deviation between Offshore and Land vs Time

o -2.00%
(-4
©
)
° -1.80%
=
o
L
o -1.60%
£
%
b
Q -1.40% u Simulation 20
[
g W Practical Results 20
g -1.20% M Simulation 15
s . ® Practical Results 15
2 -1.00% il
© M Simlation 10
>
3 -0.80% ® Practical Results 10
5 B Simulation 5
& .0.60% W Practical Results 5
2
£
& -0.40%
S
c
g -0.20%
Q
a

0.00%

09:00:00 10:00:00 11:00:00 12:00:00 13:00:00
Time
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Fig. 13. Percentage insolation deviation of offshore from land due to yaw movements (10/06/2019, p =5 °, Fixed « = 0 °).
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Fig. 14. Percentage insolation deviation of offshore from land due to roll movements (13/06/2019, # =5 °, Fixed a =0 °).

is higher. Yaw movements had the highest negative effect of —1.41% in
December while a positive effect of up to 0.26% was observed in May.

It can be noted from Figs. 15 and 16 that pitch movements have
the highest effect on the insolation. This is because pitch movements
directly affect the actual tilt of the installation. Moreover, this effect on
an installation with a designed fixed tilt of 30° is more predominant in
December than in June. This is because the center of oscillations is closer
to the optimal installation tilt angle in June than in December. This is

10

evidenced again in Fig. 15 where, for low tilt angles, seasonal variations
in the effect of pitch movements on the insolation are minimal. Pitch
movements had the highest negative effect of —2.52% in December and
the least negative effect of —1.90% in June. Roll movements had the
highest negative effect of —1.41% in May and the least negative effect
of —0.65% in October. These movements had a considerable effect on
the insolation since they change both the actual tilt and orientation of
the PV modules.
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Percentage Insolation G(5,0) Deviation between Offshore and Land vs Month of the Year
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5. Conclusion

Offshore photovoltaic installations have various benefits; however,
being a new technological advancement, they also come with a set of un-
knowns. This study investigated the effect of wave response motion on
the insolation on offshore photovoltaic installations. A simulation tool
was created in order to allow a system designer to assess the impact that
the wave response motion of the floating structure will have on the inci-
dent solar energy on the photovoltaic modules. The simulation tool was
verified with an experimental setup that simulated sinusoidal wave re-
sponses. Finally, a parametric analysis was performed for photovoltaic
installations facing south and with fixed tilts of 30° and 5° This para-
metric analysis was also performed for each month of the year taking
days close to the 215t of each month to include the major solar events
while still keeping a similar sky clearness. Pitch movements resulted in
the most predominant negative effects on the insolation (up to —2.52%)
since these movements directly affect the tilt of the installation. Yaw
movements had a very small effect on low tilt angle installations (less

11

than —0.38%) since the effect of orientation on such systems is minimal.
Finally, this research showed that roll movements could have a consid-
erable effect on the insolation on an offshore photovoltaic installation
since these movements change both the actual tilt and orientation of the
PV modules.
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