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Abstract
Photovoltaic (PV) technology has the potential to be integrated on many surfaces in vari-
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ous environments, even on water. Modeling, design, and realization of a floating PV system have more challenges than conventional rooftop or freestanding PV system. In this
work, we introduce two innovative concepts for floating bifacial PV systems, describing
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their modeling, design, and performance monitoring. The developed concepts are retract-
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able and enable maximum energy production through tracking the Sun. Various floating
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PV systems (monofacial, bifacial with and without reflectors) with different tilts and
tracking capabilities are installed on a Dutch pond and are being monitored. Results of
the thermal study showed that partially soaking the frame of PV modules into water does
not bring a considerable additional yield (+0.17%) and revealed that floating PV modules
experience higher temperature special variance compared with land-based systems.
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Observations showed that the birds' presence has a severe effect on floating PV performance in the short term. Electrical yield investigation concluded that due to low albedo
of inland water areas (6.5%), bifacial PV systems must have reflectors. One-year monitoring showed that a bifacial PV system with reflector and horizontal tracking delivers
17.3% more specific yield (up to 29% in a clear-sky month) compared with a monofacial
PV system installed on land. Ecological monitoring showed no discernable impacts on the
water quality in weekly samplings but did show significant impacts on the aquatic plant
biomass and periods of low oxygen concentrations.
KEYWORDS

bifacial PV, ecology, floating PV (FPV), island, modeling, monitoring, onshore, partial water
soaking, photovoltaic (PV) module, PV system, realization, retractable, tracker

1

|

I N T RO DU CT I O N

brings important advantages concerning monofacial PV technology:
(1) lower land-use for the same watt-peak installation, (2) lower

Bifacial photovoltaic (PV) technology (cells and modules) can absorb

levelized cost of electricity (LCOE), and (3) smoother daily power

light simultaneously from the front and rear sides.1 This feature

profile. Having such advantages and lowering the manufacturing
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cost have increased the bifacial PV installation rapidly from

(1) location survey and accurate PV yield modeling, (2) innovative,

97 MWp in 2016 to over 5 GWp in 2019.2 The market share of

applicable, and modular design and realization of the floating con-

bifacial technology is expected to grow from 15% in 2019 to

struction and PV systems, and (3) monitoring for the systems. These

70% by 2030.3

three main steps are discussed in detail in Sections 2 to 4 of this

On the other hand, the expected increasing trend for the world

paper. In chapter 5, key messages of this research are highlighted.

population,4 and subsequently the need for food and energy, signifies

Throughout the study, several interesting facts about floating bifacial

the importance of the land. In such a situation, floating PV (FPV)

PV were proven and/or observed that some are in contrast with initial

systems either on off-shore or on-shore water areas seems like an

expectation.

interesting option to reduce the LCOE and the conflict with other landuser sectors such as agriculture and housing. Installation of PV systems
on ocean water brings several challenges such as harsh dynamics,

2

LOCATION SURVEY AND MODELING

|

storms, and difficult accessibility. Inland water areas could be instead
exploited for clean solar energy production in several countries,

2.1

|

Location

such as Germany, Finland, and the Netherlands. For the case of the
Netherlands, 17% of the land is covered by waterways, lakes, and

A storm water pond, located in Weurt, Eastern Netherlands, was

ponds.5 Moreover, in countries with high insolation rate and drinkable

selected for this research (see Figure 1). Based on the measurement,

water scarcity, FPV can produce electricity and prevent water evapora-

the basin has a minimum depth of 0.9 m and up to 1.9 m in the deeper

tion as well.6 For example, in Morocco, 3 m3 of water is evaporated

parts. Depending on the season and water retention plans, the basin

7

yearly per each square meter of water surface behind the dams. The

can occupy an area of 18 524 to 22 639 m.2

3

market share of the FPV system is expected to be >10% by 2030.

Combining these two trends in the PV industry, floating and
bifacial, could be a promising way forward. However, floating bifa-

2.2
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Horizon and sky view factor

cial PV has rather unique requirements, challenges, and opportunities. There is general understanding in the literature that FPV

Skyline-related information is an important input for PV yield model-

systems face wave and wind forces with various frequency and

ing that influences the direct and diffuse components of the sun-

domains,8

by

light.16 One key indicator is sky view factor (SVF), which is a unit-less

while they might benefit from

quantity that represents the ratio between the visible sky and a hemi-

the cooler working environment and sunlight reflection from the

sphere centered over the studied location.17,18 Skyline information is

experience

stronger

aging
9,10

moisture and harsh environment
11

mechanisms

caused

They should also meet the requirement for water ecology,

extracted using a hori-catcher (see Figure 2A)19 in and around the

release minimum or zero toxic material to the water, and enable

pond at several spots with different heights. Then, the captured hori-

mowing activities. Moreover, as with any novel technology, bifacial

zon was processed using Meteonorm software package20 using the

and FPV is still held back by a lack or inaccessibility of long-term

approach described in Stein21 and Keijzer.22 Further, by applying

field data to demonstrate its real-world performance under various

linear interpolation, a map of SVF was obtained, as can be seen in

conditions.12 Therefore, provided that the requirements are met

Figure 2B.

water.

and challenges were overcome, combining bifacial PV and floating
systems can bring additional energy yield and keep the land usage
rate low.

2.3

|

Albedo

The aim of this work is to model, design, and monitor floating
bifacial PV systems for inland water areas. To realize these research

Albedo is measured by dividing the incoming global radiant fluxes

goals, the INNOvative ZOn-pv op Water (INNOZOWA) consortium

reaching on the down-facing and up-facing parts of a surface. Loca-

was formed in 2017 by Delft University of Technology, Waterschap

tion, time, geometry, and weather conditions influence the value of

Rivierenland,13 Hakkers BV,14 and Blue21 BV.15 Main steps were

albedo.23 Albedo is spectrally dependent, and for PV applications, the

F I G U R E 1 Panoramic view of the
artificial pond located in Weurt, the
Netherlands (51.8514 N, 5.7950 E). The
pond is developed as a water retention
basin. The pond has a rectangular shape,
not perfectly aligned with the south. The
longer side of the pond is 42 deviated
toward the west (222 )
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F I G U R E 2 (A) A hori-catcher image at
one spot in the pond taken using an
upside-down camera and a mirror-like
spherical cap. (B) Interpolated map of the
sky view factor (%) for the pond area. The
sky view factor (SVF) changes between
97.9% and 99.3%, showing an almost free
horizon suitable for PV installation. One
meter above the water surface was
considered for SVF calculation as SVF
does not significantly depend on few
meters of change in the altitude

F I G U R E 3 (A) Broadband
(285-2,800 nm), and (B) spectrally
resolved (278–1098 nm) albedo
measurements at two different spots in
the pond

effective albedo, which considers the spectral response of the PV cell,

(water 1 m depth). Very low albedo of water predicts a low contribu-

should be taken into account.24 Accurate assessment of albedo

tion of the reflected light energy for bifacial PV installation and,

becomes more important for bifacial PV installations. Broadband and

therefore, suggests the necessity for using reflectors.

spectrally resolved albedos were measured both for the water in and
the soil around the pond. Figure 3 shows the Kipp&Zonen albedometer
(sensitive from 285 to 2800 nm, measures in W/m2) and Avantes spec-

2.4

|

Yearly irradiation modeling

trometer (sensitive from 278 to 1098 nm, measures in μW/cm /nm),
2

which were used, respectively, to measure the broadband and

Monofacial PV brings the advantage of simplicity and lower costs,

spectrally resolved albedos at various spots at the pond. Then, by

whereas bifacial FPV are expected to yield more.26,27 Therefore, in

applying the model described in Ziar et al.,23 which bounds the

our preinstallation study, we considered both monofacial and bifacial

geometrical and spectral features of albedo, maximum value of albedo

technologies. Monofacial PV modules can be either placed aligned

was calculated for various levels above the water surface at the pond.

with the pond orientation for better area usage (higher kWh/m2) or

The mapped albedos of the pond at 1 and 2 m above water level are

toward the south for better performance (higher kWh/kWp). For

shown in Figure 4. As it can be seen, the closer to the shore and the

bifacial PV, reflector type and orientation and its distance from the PV

higher from the water surface, the higher the albedo. Figure 5A shows

module are also becoming important.

the spectrally resolved reflected irradiance of the soil and the water at

During the preinstallation study, several design parameters (type

the pond, whereas Figure 5B shows two sky spectra: measured at the

and technology of the PV modules, BoS components, etc.) had not

site and standard ASTMG173. Figure 5C shows the typical response

been fixed; therefore, the focus was put on the irradiation modeling.

25

Using the information given

Since irradiation is the key component in PV yield analysis28 the

in Figure 5, the effective albedo of the soil and water are calculated

design that receives the highest yearly irradiation will yield higher

as follows: 15.64% (soil), 7.71% (water 0.5 m depth), and 8.11%

electrical output.

of a monocrystalline silicon solar cell.

4
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F I G U R E 4 Mapped broadband albedo
(%) for the pond area at (A) 1 m above
water level and (B) 2 m above water level

F I G U R E 5 Spectrally dependent data for effective albedo calculations. (A) Reflected spectrum measured at the pond for the soil and two
different depth of water. (B) Measured sky spectral irradiance and the ASTM G173 standard global irradiance.29 (C) Spectral response of HOQ
mono-cSi reference cell reported by Fraunhofer ISE.25 Measurements were done on November 29, 2017, under overcast sky condition, no rain,
ambient temperature 2 C, and the wind speed of 0.5 to 1 m/s. Effective albedo values for the soil, 5 m, and 8 m in the pond are, respectively,
calculated as 15.64%, 7.71%, and 8.11%. Considering ASTMG173 sky spectrum will change the values slightly (15.34%, 7.91%, and 8.32%). It is
worth noting that for assessing the effective albedo, when the target PV technology is known, relative response of that technology should be
used. Note that the front side and rear side responses of bifacial PV modules are different30

Using the location inputs described in Sections 2.1–2.3, several

Further, to assess the total yearly irradiation on bifacial PV mod-

preinstallation yield simulations were done, and the result is presented

ules, the PVMD toolbox was used.36 Several cases were studied with

in this section.

various tilt and orientation for the PV module and the reflector, from

The pond is located between five meteorological stations of the

which a few examples are shown in Figure 7. Simulations showed that

KNMI (Koninklijk Nederlands Meteorologisch Instituut) network31

putting a reflector very close to the bifacial PV module and relying on

(see Figure 6). By retrieving the 1-h resolution global horizontal irradi-

the light passing through the cells will not significantly contribute to

ance (GHI) data from the stations and applying inverse distance

the total irradiation and should be placed with a distance underneath

weighted (IDW) method,32 the GHI data at Weurt was interpolated

the bifacial PV module.

and then processed in Meteonorm (horizon was applied) and further

The only monofacial option (see Table 1) that can outperform the

broken into direct normal and diffuse horizontal irradiances (DNI and

tilted bifacial with a horizontal reflector (Figure 7F) is when a free-

DHI) through BRL decomposition model,33 which was shown to be

angle dual-axis tracking is done. However, this may not be mechani-

the most accurate irradiation decomposition model for the morphol-

cally feasible that tumbling a floating system might escalate the wind

ogy of the Netherlands.34 The location receives the irradiation of

force. Therefore, tracking should be done within a limited range of

989 kWh/m /year. Table 1 shows the calculated yearly irradiation

safe angles. This suggests that maybe a tracking bifacial PV system

for various fixed and tracking monofacial PV modules. The simulated

with limited angles can bring both safe operation, long life-time, high

tracking system was astronomically tracking the Sun position.

yield, and consequently low LCOE. Therefore, in the design phase, we

2
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aimed for a tracking bifacial PV system with reflector, among several
other design options, which will give conclusive results about the best
solution for floating bifacial PV.

2.5

|

Partial water soaking

Soaking a PV module in water changes the received sunlight spectrum on the PV module surface (negative effect) but reduces the
working temperature (positive effect).37 Therefore, for water soaking
applications, it is always important to find the sweet spot that keeps
the temperature low but does not drastically reduce the impinged
irradiance. This is normally dictated by the soaking depth in the
F I G U R E 6 Geographical representation of the five meteorological
stations around the target area. Inverse distance weighted (IDW)
method that is applicable to geographical areas with uniform
morphology (such as the Netherlands) was used to interpolate the
irradiance data. IDW method assumes that objects that are close to
one another are more similar than the ones that are farther apart

TABLE 1

water. Therefore, for a FPV, which is in the vicinity of the water, it is
worth investigating water cooling as a design option. However, as
shown in Section 2.4, using a reflector is essential to make the most
out of a bifacial PV installation. This implies that soaking a bifacial PV
module fully in water is not a logical approach because it would lead
to a very small contribution from the rear side. Hence, to study such

Comparison of received irradiation on various fixed and tracking monofacial surfaces at the target location

Fixed
θM = 0

Std. fixed
θM = 12
AM = 180

2-axis tracking
(limited angles)
3 < θM < 15
93 < AM < 267

1-axis tracking
(limited angles)
θM = 3
165 < AM < 195

2-axis tracking (no
limit) 0 < θM < 90
93 < AM < 267

Opt. fixed
θM = 31
AM = 180

Opt. fixed (aligned
with pond)
θM = 27
AM = 222

Received
irradiation
(MWh/m2/
year)

0.989

1.069

1.143

1.018

1.458

1.112

1.067

Increase (%)

−7.48%

0% (ref.)

6.92%

−4.73%

36.4%

4%

−0.19%

Surface
orientation
layout

Note: Because in the Netherlands the PV modules are normally installed at rather a low tilt angle of 12–15 ,35 this was considered as a reference case. The
optimum fixed tilt was 31 toward the south, whereas the optimum fixed tilt when putting the module aligned with the pond orientation was found to be
27 . 0 = North, 90 = East, 180 = South, 270 = West. Opt.: Optimum, Std.: Standard.

F I G U R E 7 A few of the simulated cases for bifacial photovoltaic (PV) to obtain yearly received irradiation for comparing various design
options. (A) Vertical bifacial PV aligned with the pond orientation (θM = 0 , AM = 222 ) with no reflector, the underneath surface has the albedo of
the water. (B) Vertical bifacial PV aligned with the pond orientation with an 80% reflective Lambertian reflector (reflector size = 1.7 m × PV
module length), the rest of the underneath surface has the albedo of the water. Reflectors are tilted 5 with respect to the ground; (C) 27 tilted
bifacial PV with no reflector aligned with the pond orientation. The underneath surface has the albedo of the water; (D) 27 tilted bifacial PV with
a close reflector aligned with the pond orientation. The reflector is tilted 5 with respect to the PV module and 80% reflective (reflector size = PV
module size); (E) 27 tilted bifacial PV with a close reflector aligned with the pond orientation. The reflector is tilted 22 with respect to the PV
module and is 80% reflective (reflector size = PV module size); (F) 25 tilted bifacial PV module orientated toward the South with 1 m distance
horizontal reflector (80% reflective, reflector size = PV module size) aligned with the pond orientation. For the South orientation and a horizontal
reflector underneath, 25 is the optimum tilt. To account for the light passing between the cells, the cell size, spacing, and the arrangement of a
60-cell LG Neon 2Bifacial was considered. The total effective irradiation falling on the bifacial PV module surfaces calculated as follows: front
irradiation + (rear irradiation × bifaciality factor). For the bifaciality factor 0.8 was considered. For the design options (a) to (f) the simulated results
for the total effective irradiation are respectively 943, 1202, 1085, 1091, 1138, and 1249 kWh/m2/year
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a possibility in this research, we investigated a partial frame soaking

3

DE SI GN AN D RE A L I ZAT I ON

|

of the PV module.
COMSOL Multiphysics was used to make a comparison between

3.1

|

Previous FPV concepts

a bifacial PV module placed above the water and a module with
direct water contact of the lower frame (see Figure 8). Water tem-

After the first FPV system built in 2007 in Aichi, Japan, several FPV

perature, as an input for the COMSOL model, was calculated using

concepts were developed.41 A FPV system normally consists of floats,

39

the empirical model suggested in Harvey et al.,

whereas the rest of

mooring, and anchoring system, PV modules, and balance of system

the weather inputs were obtained as described in Section 2.4. Mate-

(BoS) components. The most common float types are (1) pure floats

rial properties of the PV module layers were obtained from the litera-

with high-density polyethylene material and (2) pontoons (or hollow

ture38 and are shown in Table 2. Figure 8 shows a comparison for

cubes) with metal trusses.41–43 The first type is lightweight and thin

the two simulation cases for May 30 at 13:30 at the pond location.

with large water-plastic contact area (at least 50% of the plant size),

The temperature at the bottom part of the module is considerably

which increases the chance for plastic defoliation. The lightness of the

lower for the case where the module is placed in contact with water,

floats makes it vulnerable to high wind loads44,45 when wave force is

but this effect is hardly extended further to the PV cells placed at

present, increasing the chance for the wind to blow under the floats

the bottom. This is due to the low thermal conductivity of both the

and push them upward in a cascaded manner. The first type has a

EVA and the glass. Similar COMSOL simulations were done for the

complex mooring system, hardly customizable for sun tracking and

daylight hours of the hottest days of the months (data of the year

bifacial PV installation, and for a large surface, it is not sufficient to

2005), and further, the differences in the electrical yield were

anchor the system only on the perimeter. However, it is a cost effec-

calculated. Figure 9 shows the difference between the water and the

tive solution that enables large scale deployment. For example, the

air temperatures at the pond and the additional energy gain by lower

Hydrelio® floats developed by Ciel et Terre46 is used in the largest

frame soaking of the bifacial PV module. The total yearly gain is very

Europe FPV system (17 MW) in France.47 The second type suffers

minor, around 0.17%. Considering the low energy gain and the higher

from high cost and complex construction48 but brings the possibility

40

chance for the potential induced degradation (PID) effect,

this

option is left outside the perspective of a durable floating bifacial
PV system.

for vertical sun tracking, bifacial PV, and higher tilt installation. A good
example is the 450 kW FPV installation in Swiss Alps.49
Several concepts are introduced in the literature and patented
to implement sun tracking to the floats.50–52 They can be categorized as trackers with and without confining structure. Almost all
the FPV tracking solutions reported in the literature turns the
floaters (vertical-axis sun tracking) and do not tumble them (horizontal-axis sun tracking), driven mainly by safety reasons (tumbling
increases the wind load). However, turning an array of the PV
modules (changing the azimuth) while their tilt is kept low because
of the wind safely measures does not in principle contribute much
in electric yield increase. Note that there are approaches that tilt
the PV modules (not the floating structure) for horizontal sun tracking53 while keeping the floating platform fixed or even rotating it to
enable dual axis sun tracking.54
From wave point of view, there are four categories for the FPV
systems. The first three categories are for inland water areas,
respectively, for negligible, 1-m-, and 2-m-wave heights. The fourth
category is for the open seas for which the FPV systems should
withstand waves up to 10 m of height.55 Comparative projects running at various places in the world, such as in Oostvoornse-Meer in
the Netherlands,56 show that the technology readiness level is

F I G U R E 8 Temperature distribution (in kelvin) within the bifacial
PV module without contact with water (left) and with the bottom
frame in contact with water (right). The two cases are simulated using
the weather data of May 30 at 13:30 at Weurt, the Netherlands. To
reduce the computation burden, the simulated module was assumed
to have 2 × 6 cells. 60-cell LG Neon 2Bifacial datasheet was used for
the cell, spacing, and frame sizes. Properties of materials such as EVA
and the glass were added manually using the data shown in Table 2,
reported in.38 For the simulations, weather data of the year 2005
was used

higher for the lower wave categories; however, there is still
limited practical knowledge about the long-term performance and
longevity.
Further, accessibility to water areas is crucial for inland water
ponds, canals, and rivers. For example, mowing activities are regularity
done on inland water areas, and therefore, a sophisticated FPV system
must be movable while sustaining the maximum possible electrical
yield (to have a low LCOE) while being resilient to high wind and categorized wave forces.
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TABLE 2

Properties of the main materials within the PV module, used in COMSOL simulation
Thermal conductivity κ (W/m K)

Material

Density ρ (kg/m3)

Heat capacity CP (J/kg K)

Emissivity ε

Silicon

130

2329

700

-

Aluminum

238

2700

900

0.77

EVA

0.34

935

480

-

Glass

1.8

2700

750

0.84

Silver

429

10 500

235

-

F I G U R E 9 Air temperature, water
temperature, and energy gain comparison
of a frame-soaked floating bifacial PV
module with a case with no direct contact
with water. Hottest day of each month
(year 2005) was simulated in COMSOL as
the monthly representative of the PV
module thermal performance. Further the
electrical yield was calculated using the
temperature coefficients of the 60-cell LG
Neon 2Bifacial PV module

3.2

|

Introduced FPV concepts

3.4

|

Components and sensors

The available knowledge in the literature, the findings reported in Sec-

Installed monofacial and bifacial PV modules were respectively 60-cell

tion 2, mechanical restrictions, and the requirements for water mow-

LG Neon 2Black (LG330N1K-V5) and 72-cell LG Neon 2Bifacial

ing activities served as inputs to converge into two new FPV

(LG400N2T-A5). Each module is equipped with a SolarEdge P5050

concepts: (i) retractable system, and (ii) tumbler floating island. In the

power optimizer, and all are connected to a SolarEdge SE17K three-

design concept (i) PV modules are placed between four fixed pillars

phase inverter. This arrangement made it possible to monitor the DC

(as anchoring spots) and can be lined up and spread out (using two

yield of the PV modules and reduce the effect of BoS components in

winches) when needed. This concept resembles shopping carts where

the comparative study of the pilot systems.

the PV panels can be folded one against the other on a similar way as

Due to a lack of immediate supply for the desired white color

the shopping carts do in a supermarket. In the design concept (ii),

reflector, orange color reflector with aluminum reflecting coating was

however, the modules are installed on a floating island that is

utilized. Further, a series of indoor reflectance tests were done on the

anchored at one spot to the bottom of the lake. The island is occupied

reflector sample using LAMBDA 950 spectrophotometer. The effec-

with two tanks underneath to track the sun (in the horizontal axis) by

tive albedo for the reflector was calculated as 68.5% (see Figure 13),

pumping water from one tank to another. Both design options enable

which shows that the orange reflector has a comparable albedo with

regular mowing activities and access to the water surface. Both con-

respect to a weathered white reflector.

cepts are able to cope with water level variation even in extremely

The winch system is powered up by two PV + battery units located

low-water-level seasons. The designed concepts are shown in

at the two ends of the retractable system (see Figure 14). In this way,

Figure 10.

the power from the pilot system is not being used for retracting
maneuver. However, the power needed for tumbling the floating island
is driven from the grid, and to account for this, the pump energy con-

3.3

|

Realization

sumption was calculated. The tumbling system uses four pumps to distribute water between two tanks on the two sides of the floater (each

In summer 2019, realization of the introduced FPV concepts was

tank has two compartments). Each compartment has 1.3 m3 of space.

accomplished. Figure 11A–E shows a few snapshots of the realiza-

The tracking is based on the position of the sun and is done every

tion procedure. In order to monitor the performance of the FPV

15 min with the resolution of 2 using a predefined look-up table.

concepts and compare it with conventional PV systems, two land-

According to the tracking lookup table, on average, it takes 30 min to

based PV systems were also installed by the pond. In total, nine

fully pump the water from one compartment to another (tumble the

pilot systems with different features were installed, as can be seen

island for 27 ). This requires 2.6 m3/h of flow rate, 45 W of input

in Figure 12.

power, and according to the pump performance curve will lead to
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F I G U R E 1 0 The developed floating
photovoltaic (PV) concepts: (A) retractable system
and (B) tumbler floating island. The retractable
system has five rows of PV panels
(4.94 m × 2.29 m, 15 tilt) each with six PV
modules. The distance between the panels are
4.85 m. Panels can be lined up at either two ends
of the system. Reflectors (aluminum reflecting
coating) can be placed under any row of the
system (shown by orange arrows). The height of
the PV panel upper edge from the reflector
(trapezoidal shape with bases of 2.02 and 4.55 m
and height of 2.01) and the water levels are 1.58
and 1.94 m. The system has the overall dimension
of 25.42 m × 7.78 m. The tumbler floating island
has four panels (4.52 m × 1.04 m) of PV modules.
Two rows are horizontal, and the other two are
tilted for 15 . The lower and upper sides of the
last row are positioned 1.33 and 1.05 m above the
island surface, respectively, which is covered by
aluminum reflecting coating. The island can
tumble (lean to its sides) for maximum 27 to the
sides and has the overall dimension of
6.62 m × 4.51 m. Red arrows show the movement
capability of the deigned concepts

2.75 m of the pump head. Thus, on average every 24 h of tumbling for

with land-based PV systems mainly because of lower air temperature

sun tracking consumes 90 Wh resulting in 32.85 kWh per year.

above the water and higher wind speed.57,58 However, expect for Liu

Various sensors were installed at the site at different times of the

et al.59 that compared FPV systems with a nearby rooftop PV (proba-

monitoring period, including a visual camera, a horizontal irradiance

bly installed at different heights thus experiencing different wind pro-

sensor, a wind speed sensor, an air temperature sensor, an irradiance

files) and reported 1–3 C air temperature difference, these studies do

sensor to measure the reflected sunlight by the water, and an irradi-

not show a fair comparison as the PV systems do not experience the

ance sensor to measure the reflected light on the rear side of one bifa-

same weather condition. In Choi,60 the two monitored PV systems

cial PV panel with reflector. This sensor was placed on the retractable

were apart for 60 km, and in Golroodbari and van Sark,8 the implied

system. The sensors are shown in Figure 15.

distance between the hypothetical simulated PV systems is more than
150 km. In this research, however, we placed the land-based and the
FPV systems close to each other (50 m), which enables a fair com-

4
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MONITORING AND ANALYSIS

parison and a precise understanding of the long-term performance of
the FPV system. Moreover, a thorough performance analysis of the

It has been reported in the literature through monitoring and simula-

floating bifacial PV systems is barely reported in the literature so far,

tion that the fixed FPV systems can yield 11–13% more in comparison

mainly because of the complexity in both modeling and monitoring.

ZIAR ET AL.

F I G U R E 1 1 Snapshots of the realization procedure:
(A) preparation of the floating pontoons and the attached
metallic structures for the retractable systems, (B) preparation
of the metallic frame for the tumbler floating island, (C) moving
the retractable photovoltaic (PV) systems toward the
installation spot in the pond, (D) retracting and tumbling tests
on the floating concepts, and (E) operational retractable PV
systems (front) and the floating island (rear)
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F I G U R E 1 2 Pilot systems installed at the pond: (A) reference ground based systems by the pond and (B) installed floating photovoltaic
(PV) systems. There are nine systems: (1) fixed ground based monofacial PV system, (2) fixed ground based bifacial PV system with reflector,
(3) fixed floating monofacial PV system, (4) fixed floating bifacial PV system, (5) fixed floating bifacial PV system with reflector, (6) horizontal-axis
tracking floating monofacial PV system (0 tilt), (7) horizontal-axis tracking floating monofacial PV system (15 tilt), (8) horizontal-axis tracking
floating bifacial PV system (0 tilt) with reflector, and (9) horizontal-axis tracking floating bifacial PV system (15 tilt)

systems introduced in Section 3.3 is still an ongoing process. Several
interesting points were recorded, observed, and examined that are
discussed in Sections 4.1 to 4.6.

4.1

|

Drifting pontoon

Less than 1 month after the installation, the modules on the fourth
panel of the retractable system started to drift off and caused a drop
in the electrical yield (maximum 50%) produced by that panel. This
F I G U R E 1 3 Measured spectral reflectance of the orange material
(used in the pilot system) and a white weathered material (as a
reference for comparison). The average reflectance (300–1800 nm)
for the orange and white samples are 63.28% and 67.34%,
respectively. Considering AM 1.5 spectrum, the broadband albedo
(300–1800 nm) for the orange and white samples are 62.22% and
70.66% while the effective albedo (300–1200 nm, considering the
response of mono-cSi) are calculated as 68.49% and 73.96%,
respectively

effect was noticed both via the camera at the site and by the recorded
kWh by the optimizers. This issue started on the second week of
October, detected in 2 weeks, and resolved in the second week of
November (lasted for 5 weeks).

4.2

|

Storm events

The pilot systems experienced two storm events on February
Moreover, this research practically considers reflectors and tracking

9 and 16, 2020, storms Ciara and Dennis,61,62 with average wind

systems to give a broader understanding about the performance of

speed of 50 km/h recorded at the pond (maximum wind gusts,

various land-based and FPV systems. The monitoring of the nine pilot

measured at two of the closest meteo stations was 90–97 km/h

FIGURE 14

Components for the retracting system: (A) winch motor and cables, (B) photovoltaic + battery unit to power up the winch system
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F I G U R E 1 5 Sensors: (A) mete-unit consists a camera for occasional remote visual checks, anemometer to measured wind speed, temperature
sensor to record ambient temperature, and a working-class reference cell to measured global horizontal irradiance, (B) a working class reference
cell installed upside down to measure the sunlight reflected from the water, and (C) a working class installed at the rear side of a bifacial PV
module (on the fourth panel of the retractable system) to measure the rear side irradiance

for both storm events). The systems did not damage and

of the Lingewaard FPV park (molded plastic-based pure floats)

functioned normally during and after the storms with no yield

located at 10 km away from our pilot system was damaged by

interruption. It is worth noting that during the same period, 1.5%

these storm events.44

F I G U R E 1 6 Birds influence on the
floating pilot systems. (A) Horizontal pilot
photovoltaic (PV) system no. 6 is
considerably covered by birds droppings,
whereas the tilted system on the same
floater is much cleaner. (B) The tilted PV
modules on the retractable floaters are
barely influenced by birds. (C) Reflectors
of the retractable systems that are placed
horizontally and near the water level are
easily accessible for the birds and,
therefore, heavily fouled. On the left side
of the image, a bird nest is also visible.
(D) The reflectors on the floating island
are much cleaner than the ones on the
retractable system because the island
reflector regularly tumbles and is more
distanced from the water level

12

4.3

ZIAR ET AL.

|

Visual inspection

Another interesting aspect is the temperature difference between
the front and rear sides of the floating bifacial PV modules.

In May 2020, after almost 8 months of operation, a series of visual

Figure 17C,D shows the thermal images of the front and rear sides of

and thermal checks were done on the pilot systems. Visual checks

one module on the pilot system no. 9. Although the front side is

were performed using the NREL guidelines for visual inspection.63

experiencing a minor hotspot, the rear side has slightly (1.2 C) higher

(1) Slight azimuth misalignment was observed between the land-

average temperature with more temperature nonuniformity.

based pilot systems. It could be because of the storm event and/or
inaccurate installation. Also, tilts of the land-based system deviated
from the design (7 and 12.7 instead of 15 ). However, the tilt and

4.5

|

Irradiance monitoring

orientation of the FPV concepts were correct.
(2) Bird droppings were observed at several spots on the FPV

The irradiance sensors were used to monitor the real-time water

modules. The influence of the bird presence was more intense for the

albedo and the irradiance reflected on the rear side of the floating

surfaces that were closer to the water and less tilted. Remarkably, the

bifacial modules (to evaluate the contribution of the reflectors). The

reflectors of the retractable system (pilot system no. 5) and the hori-

sensors installed and started to operate in May 2020. Results of the

zontal monofacial PV modules on the tumbler floating island (pilot sys-

irradiance monitoring from May 23, 2020, to May 29, 2020, are

tem no. 6) were heavily covered by bird droppings and even a bird

shown in Figure 18A. For this duration, the daily average water albedo

nest (see Figure 16). It is worth noting that the other pilot systems

is about 11.6% with rises in the mornings and evenings because of

were slightly soiled with no heavy shading.

the high angular dependency (low Lambertian behavior) caused by the

A few passive actions can be done to reduce the birds' presence

low altitude of the sun. Also, it is interesting to observe that the water

effects such as increasing the distance of the reflectors from the

albedo increases during a cloudy day (May 24) with respect to a clear

water level and placing them slightly tilted in the retractable system

day (May 28) for about 4% absolute.

and keeping the floating island tumbled during the night time. How-

On daily average, the reflected irradiance on the rear side has a

ever, this observation suggests more active bird control techniques

share of 23.4%. This ratio slightly decreases during the cloudy day with

(such as laser-based bird control64) for inland FPV concepts.

respect to a sunny day as a result of two opposite effects: the diffuse

(3) Vicinity to water: It was observed that when the floating island

light in cloudy days increases the albedo of contributing surfaces

tumbles with high degrees, the monofacial modules on the (pilot sys-

(by casting less shadow on the ground23), but on the other hand, the

tems nos. 6 and 7) almost touch the water surface. In the long term,

sunlight spectrum is less favorable for the orange-colored reflector

this might boost the possibility for PID effect. However, this cannot

(a cloudy day spectrum has more share in the high-frequency region69).

be confirmed as long as electroluminescence or separate I-V measure-

In the mornings and evenings, PV systems receive low amount of

ments are done on the modules. This is out of the scope of the cur-

sunlight; thus, the contribution of high morning and evening reflections

rent study and is planned to be done after the full monitoring period.

in yield is very low; therefore, irradiance weighted albedo is a better
parameter (than the average daily albedo), which was suggested by the
literature.59 Figure 18B shows the measured irradiance weighted

4.4

|

Thermal inspection

albedo of the water and calculated irradiance weighted albedo of the
orange reflector over a period of 4 months. Knowing the fact that the

The thermal inspection was performed on the nine pilot systems on

sensor at the rear side of bifacial PV panel sees both water and reflec-

May 15, 2020, using a Fluke Ti32 thermal imager. Several points were

tor, we used view factors23,70 (assuming Lambertian behavior) to obtain

observed that are mentioned here.

the irradiance weighted albedo of the reflector: Reflected light ratio on

The 1-day thermal inspection does not bring conclusive remarks

the rear side = αreflector × VFreflector + αwater × VFwater, where α is the

about the temperature of the floating and land-based PV system.

albedo (no unit) and the VF is the view factor (no unit). View factors

However, it is postulated that there should not be an overall signifi-

from the rear side of the bifacial PV panel to the reflector and water

cant temperature difference between the floating and land-based PV

were calculated as VFreflector = 0.3313 and VFwater = 0.6687, which

systems when they are placed close to each other, as long as they use

show that for the retractable systems, the rear side of the bifacial mod-

the same PV technology. The reason is that the main cooling mecha-

ules see two thirds the water and one third the reflector. Now we can

nism in PV systems is convective cooling mainly driven by the wind

compare the effective albedo of the reflector before and after the

flow,65 and both systems experience similar wind speeds. Moreover,

heavy biofouling, which shows a drop from 68.49% to 24.21%, almost

due to the fact that the FPV modules are more exposed to the bird

three times smaller.

droppings, which cause shading66 and hotspot,67 in general, FPV modules compared with close-located land-based PV systems can even
experience higher temperature spatial variance. Figure 17A,B shows

4.6

|

Electrical yield comparison

the thermal images of the monofacial PV modules on the floating
island and the land. As it can be seen, heavily fouled PV modules on

The specific DC yield (Wh/Wp) of the nine pilot systems were moni-

the floating island experience higher spatial temperatures variance.

tored 1 year, October 2019 until September 2020. The overall

ZIAR ET AL.
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F I G U R E 1 7 Thermophotography of the installed floating and land-based photovoltaic (PV) modules: (A) land-based monofacial PV module,
(B) monofacial PV module on the floating island, (C) front side of one bifacial PV module on the floating island, and (D) rear side of the same
bifacial PV module on the floating island. The min, max, and average temperature values for the area surrounded by the polygons are shown on
the images. The temperature spatial variance, which is a key indicator of possible defects in thermal image-based diagnostics,68 for (A) to (D) are
7.38, 26.72, 1.19, and 0.97 C.2 Fluke Ti32 with coupled with SmartView software package was used to capture and analyze the thermal images.
The average GHI and ambient temperature during these measurements were, respectively, 768 W/m2 and 9.5 C

F I G U R E 1 8 (A) Global horizontal irradiance, the albedo of the water, and the ratio of the reflected light on the rear side of the bifacial
photovoltaic (PV) module, for one week in May 2020. The average daily water albedo and the rear side irradiance ratio of the floating bifacial PV
module equipped with an orange-color reflector are 11.6% and 23.4%, respectively. For clear and cloudy days of May 28 and May 24, the water
albedo is, respectively, 10.6% and 14.6%, whereas the rear side irradiance ratio is, respectively, 24.3% and 22.9%. The values were obtained
excluding the nighttime recordings. (B) Irradiance weighted albedo of water and reflector from May 20, 2020, to September 20, 2020. Mean
values are depicted on the graph, which shows bio-fouling severely reduces the effective albedo of the reflector from 68.49% to 24.21%
performance of the systems is shown in Figure 19 and further broken

outperform all the other systems by yielding 17.3% more than the

down into the monthly comparison in Figure 20. The comparison

reference land-based monofacial modules (system no. 1, as a refer-

shows that the tracking bifacial modules with reflector (system no. 9)

ence). In a month with more clear sky days (May 2020), this value
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5. Oxygen logger (September–December 2019 and March–July
2020)
The results of each cological measurement is discussed in the following five paragraphs.
For water quality assessment, total nitrogen (TN), total phosphorus (TP), chlorophyll-a, a measure of total phyto-plankton abundance
(Chl-a), and cyanobacterial chlorophyll, a measure of potentially toxic
cyanobacterial abundance (cyano-Chl), were measured by weekly
sampling. This traditional water quality monitoring showed no significant differences in relevant water quality parameters.
F I G U R E 1 9 Comparison of the overall specific DC yields of the
pilot photovoltaic systems after 1 year of monitoring (October 2019
to September 2020). The green bars represent the ground-based
system, the red bars the retractable system, and the blue bars the
tracker system. The gray error bars depict the range of the minimum
and the maximum energy yield of each module in the respective
system. GBS: ground-based system, TS: tracking system, RS:
retractable system, ref: reflector

High frequency monitoring of water temperature was carried out
using continuous loggers (HOBO MX2202; 5 min logging interval)
positioned at the top and bottom part of the water column (at test
spots 1, 4, and 5 in Figure 21A). Temperature did not differ greatly
under the FPV systems compared with the control site (spot 5)
throughout the winter period (<0.1 C). Spring temperatures where
around 0.2 C on average lower under both FPV setups. Summer
water temperatures under the FPV systems were also decreased by
an average of 0.8 C, which may cause less local evaporation74 and

reaches up to 29%. The bifacial modules on the retractable floater

have a local effect on the proliferation of phytoplankton.77

(systems no. 4 and no. 5), however, produce less than the land-based

Camara traps placed on and around the FPV structures revealed

bifacial modules (systems no. 2), proving the effect of low water

that the FPV systems were repeatedly visited by (water) birds (see

albedo and severe influence of the birds' presence on the reflectors of

Figure 21B). Although birds do visit the FPV systems, the number of

the retractable system. It is worth noting that the pilot systems

birds and the frequency of their visits seemed to be low. However,

no. 3 and no. 6 are, respectively, experiencing less favorable sunlight

even these low number of visits had consequences for the perfor-

and temperature. System no. 5 is regularly shaded over a few hours a

mance of the PV systems in short term (see Sections 4.3 to 4.5).

day by the front anchoring poles (caused 10% drop in energy pro-

Submerged aquatic plants are a vital part of a healthy shallow lake

duction), and system no. 6 can barely benefit from backside cooling as

ecosystem, hampering algal blooms, providing habitat for other organ-

it is attached to the surface of the floating island. To avoid shading, in

isms, and capturing suspended particles.78 Hence, the impact of the

the future designs, the front poles will be shorter, and when upscaling,

pilot setup on this biotic group is of great importance to understand.

there will be mutual poles between the retractable systems, which

A significantly higher biomass of aquatic plants was observed in

reduces the number of poles and the chance for shading.

between the FPV systems than under either of the two setups (see
Figure

21C).

Whereas

biomass

was

comparable

to

spot

5 (Figure 21C), the species of plants growing here were different

4.7

|

Ecological impacts

(resp. Elodea nutallii and Stuckenia pectinate). This shows that,
although plant growth was possible under the PV systems, it was

Knowledge on the ecological impacts of FPV systems is limited. Cur-

reduced by a factor three. These results need to be seen in the light

rently, most scientific work has focused on the technological advance-

of plant life cycles. The PV setups were installed after the plants had

ments, rather than the impacts to the environment.71,72 When

already established, that is, after their most critical life stages (germi-

environmental impacts are assessed, the focus is either on tempera-

nation and sprouting). Hence, although aquatic plant growth in

ture73,74 or fish production,75 rather than impacts on lake ecological

reduced form is possible under the PV setups, long-term persistence

functioning. Studies addressing the potential impacts of FPV on eco-

may still be hampered.

system are, to-date, theoretical in their scope.76 In order to under-

Low oxygen concentrations can lead to harmful effects for biota,

stand the effects of the installed pilot FPV systems on the ecosystem,

with concentrations <5 mg/L being harmful to fish populations and

a large number of measurements were made under and in the vicinity

<1 mg/L leading to large scale fish kills.79,80 Moreover, sediment anoxia

of the floating pilot setup (see Figure 21A for ecological tests spots in

(lack of oxygen) can lead to increased nutrient loading by breaking

the pond):

biogeochemical bonds between phosphorus and iron. The effectiveness
of these iron-phosphorus bounds is already compromised at levels of

1. Water quality (August to September 2019)

O2 < 6 mg/L.81 Also, methane (a powerful greenhouse gas) is produced

2. Temperature logger (September 2019 to July 2020)

under such anoxic conditions, leading to increased greenhouse gas

3. Camera trap, to register movements of animals (December 2019)

emissions from lakes.82 Two oxygen loggers were placed on the sedi-

4. Aquatic plants biomass (September 2019)

ment at test spots 1 and 5 to record oxygen dynamics. Overall, anoxic

ZIAR ET AL.
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F I G U R E 2 0 Monthly breakdown of the specific yield for the monitored pilot systems. The green bars represent the ground-based system,
the red bars the retractable system, and the blue bars the tracker system. The gray error bars depict the range of the minimum and the maximum
energy yield of each module in the respective system. In 1 year, the pilot systems on the floating island have produced 7.26 MWh in total. This
means sun-tracking consumes 0.45% of the production (see pumps consumption calculation in Section 3.4). GBS: ground-based system, TS:
tracking system, RS: retractable system, ref: reflector

F I G U R E 2 1 Results of ecological monitoring. (A) Spots in the pond where measurements were taken. Spots 1 and 2 are below the retractable
system, respectively, under the first and third rows of the panels; thus, one has reflector, the other has not. Spot 3 is between the retractable and
floating island. Spot 4 is under the floating island. Spot 5 (control site) is located out of the sphere of influence of the FPV structures. (B) Camera
traps captured a pair of Nile geese visiting the floating island structure. Within 2 weeks, the pair visited the floating island on four different
occasions. (C) Plant biomass in g/m2 for the different experimental spots. For each spot, four subplots were harvested. Further, harvested
material was dried for 96 h at 60 C and then weighted. The control site (spot 5), also showed a lower plant biomass than the site between FPV
structures (spot 3). However, the species growing at the control site was identified as Stuckenia pectinata whereas aquatic plant species found
both between and under the FPV structures were identified as waterweed (Elodea nuttallii). While both plant types are fast growers, Elodea is
known to be a very sturdy plant that does well even under disturbed conditions. (D) Temperature at the bottom and dissolved oxygen in mg/L
under the retractable PV system (spot 1) and at a control site (spot 5) averaged for both day and night

conditions (more than three consecutive measurements of <1 mg/L

the study location. Hypoxic conditions (defined as consecutive periods

anoxia) were found to occur 68 days or nights for the control site and

with more than three measurements of <6 mg/L O2 were found to

65 times under the FPV system. Hence, we can conclude that extreme

occur much more frequently underneath the PV setups compared with

anoxia was not found to be more likely underneath the FPV systems in

the open water site (spot 5) (resp. 157 times vs. 87) (see Figure 21D).
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Such an impact of FPV on oxygen concentrations in the water column

7. Results showed no significant differences in relevant water quality

can be attributed either to increased consumption of oxygen or

parameters (TN, TP, Chl-a, and cyano-Chl) and water temperature

decreased production. Plant growth was diminished underneath the

(<0.8 C) when FPV systems are installed. However, already

panels, which suggests that primary production through photosynthesis

established aquatic plants accumulate three times less biomass

will be lower under the PV setup. However, increase in microbial

under the FPV systems.

processes consuming oxygen cannot be disregarded, as changes in

8. Under the FPV systems, periods of hypoxia (<6 mg/L O2) are much

wind action around the panels may impact sediment formation

more frequent, and anoxia was not found to occur more

processes. Regardless of the cause of the increased hypoxia underneath

frequently.

the PV setups, its impact to the ecosystem (e.g., internal loading, impact
on fish, and greenhouse gas emissions) can be far reaching. Considering

The reported findings and the lessons learned will help the FPV

the small scale of the pilot setup and its open nature, these results

community to identify knowledge gaps, tackle challenges, and

show that increased attention for the environmental impacts of FPV

improve designs to achieve technological readiness of such setups for

systems is necessary.

the water sector.
AC KNOW LEDG EME NT S
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cial PV installation. Therefore, including reflectors is highly
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2. Frame soaking of the FPV modules has a very minor influence
(<0.2%) on the performance and, therefore, does not bring added
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3. Horizontal sun tracking is possible for FPV structures by adjusting
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the produced energy).
4. The birds' presence on the floaters show its effect in the short
term (e.g., bio-fouling reduced the effective albedo of the reflectors from 68% to 24% in 8 months). The surfaces that directly
(PV) and indirectly (reflector) play a role in the FPV irradiance capturing should be kept tilted and at a higher level than that of the
water. This reduces the birds' presence effects. Active bird control
techniques are also recommended.
5. FPV system experience higher bio-fouling rate and will suffer more
from temperature spatial variance compared with land-based PV
systems located close by. This will boost the aging procedure.
6. Quantitative yield monitoring and analysis revealed that only bifacial PV with a reflector and limited angle horizontal tracking can
outperform the conventional land-based systems considerably
(by 17.3%).
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