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Abstract

In May 2018, the Housing & Development Board (HDB) of Singapore piloted the
first locally-designed 100 kWp floating photovoltaic system at the world’s largest
floating photovoltaic cell test-bed in Tengeh Reservoir. This paper presents the various
aspects in the development of the floating modular photovoltaic system. This
innovative system comprises a number of standardised floating modules made of high
density polyethylene (HDPE) that serve as either photovoltaic (PV) panel floaters or
maintenance walkways. The structural performance of the floating modules and the
inter-modular connectors is assessed through detailed finite element analysis and
laboratory tests. The global response of the floating PV system under wave action is
investigated by conducting hydroelastic analysis. This paper also presents details of the
launching of the proposed floating photovoltaic system at the test-bed and assesses the

power generation of the system.
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1. Introduction

Singapore is an island country with only 721.5 square kilometres land area [1].
Although Singapore is land-scarce, the city-state is home to more than 5.8 million
people, making its population density the third highest in the world [2]. Like many other
mega cities in the world, urban development encounters challenges with regards to
availability of useable land space and the ever-growing demand for energy. Due to the
lack of natural resources, Singapore has been relying heavily on the import of different
fossil fuels to ensure a secure and reliable supply of energy over the past few decades.
However, the consumption of fossil fuels has led to environmental concerns. To reduce
carbon emissions in the power generation, Singapore started to explore alternative
renewable energies to diversify its energy sources and at the same time develop a level
of robustness in energy sufficiency. Solar energy was soon recognised as a potential
option thanks to the high average annual solar irradiance of about 1663 kWh/m? in the
region [3]. In recent years, Singapore has been making efforts to accelerate the adoption
and integration of solar energy in urban environment. To date, solar energy only
contributes to less than 1% of the total energy generation nationwide [4]. There is still
a huge opportunity for the use of renewable energy in Singapore.

Despite the high solar irradiance, it is not commercially viable for land-scare
Singapore to build large land-based solar farms to generate sufficient solar power.
Within densely developed city centres, the urban shading also limits the adoption of
solar energy on rooftops. Floating solar photovoltaic (PV) panels on reservoir turns out
to be an appealing alternative solution. Floating PV system enjoys several advantages
over its land-based counterparts including the natural cooling effect. As reservoir water
bodies are located far from tall buildings, structures and vegetation, the receiving of
sunlight by the PV panels is thus maximised. Naturally, power generating efficiency is
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expected to be higher [5,6]. In addition, the floating PV system provides a cover over
the water surface, which substantially reduces evaporation loss of water [7,8].
Furthermore, such shielding effect could also mitigate the undesirable excessive algal
growth thus improving the water quality [9].

The benefits of floating PV panels on water bodies soon attracted interests in the
energy sector and a number of demonstration and commercial projects have been
realised [10,11]. Early designs of floating PV system bear close resemblance to roof-
top installations with PV panels typically supported by metallic trusses spanning
between polyethylene floaters that are widely used for small floating marinas and piers
[12,13]. Presently, the industry is witnessing a growth in the adoption of standardised
tailor-made floating modules to house PV panels as well as provide support for
operation and maintenance walkways [14-16]. The modular designs permit the size of
solar farms to be scalable. Floating modules use less metallic supporting frames as
compared to land-based solar farms. Semi-rigid or flexible connectors are often used to
connect the floating modules together and to mitigate stress concentration at the
connection under wave actions. The allowance for rotation at the inter-modular
connection also facilitates the installation and launching of the floating PV farm from
a shore ramp to the waterbody. This can greatly shorten the entire construction and
installation duration.

Besides the abovementioned designs, many different techniques, design variations
and devices have also been introduced to the floating PV system designs. These include
submerged PV panels [17,18] which enjoy direct cooling by water, tracking-type PV
systems to maximise the collection of solar energy [19,20], and flexible thin film PV
panels that yield with rough waves in open sea and offshore conditions [21]. Although

various designs have been conceptualised or realised, there is unfortunately very limited



information available in the open literature regarding the design considerations,
structural and hydrodynamic performances of the floating system, the manufacturing
of floaters, as well as onsite installation and deployment. Such information is not only
valuable for researchers and engineers in their analysis and design of floating PV farms
but also important for project developers in their evaluation and decision-making.
Recently, Singapore launched the world’s largest 1 MWp floating solar PV cell test-
bed at Tengeh Reservoir with the aim to investigate the performance of various floating
solar energy systems. The field measurement of the power generation and study on the
effect of water environment were documented [22]. This paper focuses on the
development of a new floating PV system at the test-bed. The innovative floating
system is modular in design, formed by connecting tailor-made floating modules of a
single shape and size. The floating modules are made of high density polyethylene
(HDPE) that serve as either PV panel floaters or maintenance walkways. Detailed finite
element analysis is carried out to facilitate the design of the floating module.
Hydroelastic analysis is performed for the evaluation of the entire floating system under
wave actions. Laboratory testing is conducted to examine the structural capacity of the
floating modules. The installation and launching of the floating PV system at the test-

bed site as well as the prediction of power generation are also described in the paper.

2. The design

2.1. Design requirements

The new floating PV system installed at the test-bed site is designed for a service life
of 25 years. The site is next to an existing floating access bridge which will be used for
carrying electrical cables from the floating system to a nearby substation onshore. A

shore ramp was also available to facilitate the launching of the floating system onto the



reservoir. The key design requirements for the floating PV system are summarised
below:
(1) The floating PV system should meet a power generating capacity of 100 kWhp.
(2) High density polyethylene (HDPE) material is chosen for the design of the
floating modules in view of its material strength and durability in water bodies.
(3) Floating modules shall be able to support 1.65 m long by 1.00 m wide 270 Wp
double glass solar panels.
(4) Four inverters need to be supported by floaters next to the PV farm so as to
minimise the electricity loss arising from the cable transfer.
(5) A minimum 400 mm wide operation and maintenance access should be
provided.
(6) The design of the station-keeping system should cater for an average water
depth of 4 m, and up to a maximum of 4.7 m during monsoon seasons.
(7) The design should be cost-effective, lightweight and enable efficient installation
and launching of the entire floating system.

In addition, the tilt angle of PV panels should be considered. Since Singapore is
located close to the Equator, the optimal all year round fixed tilt is theoretically close
to zero degree. However, the local industry advises a 10-degree tilt angle to allow
rainwater to wash away the accumulated dust and possible bird droppings from the PV

panel surface.

2.2. Structural components

With the abovementioned design requirements, a floating PV system with an overall
planar dimension of approximately 60.9 m in length and 23.6 m in width was proposed,

as shown in Fig. 1. The floating system is modular in design. Figure 2 illustrates a



typical segment of the system. Dual-pitch configuration of the PV panels is adopted to
mitigate the shading effect of one panel to its neighbouring panels. The key structural
components include (1) standardised HDPE floating modules, (2) HDPE pillow
modules, (3) aluminium PV panel framing units and (4) station-keeping system. In total,
there are 888 floating modules, of which 368 floating modules are for supporting PV
panels and the rest are used as operation and maintenance access, electrical cable
routing and inverter support. Each PV floater is designed to carry one PV panel.
Figure 3 shows the isometric view of a floating module. The module has an overall
length of 1260 mm, a width of 400 mm and a height of 215 mm. The module is hollow
inside with a thin shell of minimum 3 mm thickness throughout so that it is lightweight
(around 6 kg) and buoyant. The top and bottom surfaces are corrugated with ribs and
troughs running along the width of the module. These ribs and troughs serve as
structural elements stiffening the module surfaces so that the module can carry the
imposed loading due to operation and maintenance activities effectively. Furthermore,
the corrugation also helps to mitigate possible accidental slipping of maintenance
workers. The lower troughs are cambered with a 1-degree slope to prevent stagnation
of water to avert mosquito breeding. The standardised modules are equipped with either
male or female connecting parts on the four sides so that the modules can be easily
interconnected in its longitudinal or transverse directions. The male connecting part
comprises a shear key whereas the female connecting part comprises a recess.
Connection between neighbouring modules is achieved by fastening the shear key with
a stainless steel bolt and nut. The shear keys are designed with rounded corners to
mitigate stress concentrations. The connection design aims to provide a stable floating

system that can withstand environmental and imposed loadings.



On the module top surface, eight M12 nuts are embedded in the ribs (see Fig. 2).
These embedded nuts are utilised when a PV panel is mounted onto the module. The
module when loaded with a PV panel is designed to a draft of 100 mm. The same
module if used as part of a maintenance walkway is also designed to a draft of 200 mm.
By using a single standardised design for the modules, there will be cost-savings as it
requires only one type of mould tooling kit. Quality control in the manufacturing of the
modules can also be better achieved. The shape and size of the module design is
optimized such that the manufacturing can be achieved through either rotational or blow
moulding technique.

Figure 4 shows a specially designed pillow structure to support the PV panels. The
pillows are made of HDPE with a minimum wall thickness of 3 mm and are designed
to be attachable. The attachment to the floating modules is secured by means of bolt
and nut connection. The pillow structure elevates the PV panel at one side so that a 10-
degree tilt is obtained. As explained earlier, the tilt is needed to allow rainwater to wash
off dust and bird droppings in order to maintain efficiency of PV panels.

Standard aluminium back frames and clamps are needed for the fitting of the PV
panels and transfer of wind loads to the floating modules. The frames are fastened onto
the floater module by bolting to the embedded nuts.

An important component of the floating PV system is the station-keeping system. It
has to be designed carefully to prevent the floating PV system from drifting away under
adverse environmental conditions. In view of the calm water condition in reservoir and
low wind speeds in Singapore, concrete sinkers are used as deadweight anchors. These
sinkers are distributed along the length of the floating PV system. A total of 8 concrete
blocks, each weighing 4 ton, is designed to resist the drifting force exerted on the

floating PV system. Durable nylon ropes are used to tie the floating system to these



concrete sinkers. The variation of water depths (see Section 2.1) has also been taken
into account when designing the station-keeping system. The maximum horizontal
movement is estimated to be 1 m along both the longitudinal and transverse directions

of the floating PV system.

3. Numerical analysis

The performance and design adequacy of the structural components are examined
with the aid of numerical simulation tools. The analyses and design checks include two
key components, namely (1) the static analysis of the floater module and (2)
hydroelastic response of the entire floating system under wave actions from possible
different directions. Note that the analysis and design checks of the pillow module and

PV panel frames were also carried out but omitted in the paper due to page constraint.

3.1. Static analysis of floating module

The floating module is the key structural component of the floating PV system. The
design of the module needs to satisfy the stability, buoyancy, strength and serviceability
requirements. As the module is standardized for two intended purposes, two cases of
load combinations need to be considered. When the module is used as a PV floater, the
key loads acting on the module include the hydrostatic buoyancy force, total dead load
including weight of PV panel, framing and mounting accessories, and imposed loads
including wind and inter-modular connection loads. When the module is used as a
walkway floater, the loads acting are the same except that the dead load comprises only
the self-weight of the module. In addition, the imposed loads shall include operation
and maintenance loads arising mainly from the weight of a maintenance personnel and

equipment carried. For the evaluation of the stress and deformation developed under



various load combinations, the finite element method is employed. Figure 5 shows an
example of the finite element model of a floating module. The three-dimensional model
of floating module is constructed using shell elements. The key inputs for HDPE
material properties are: density p = 952 kg/m3, Young’s modulus E = 500 MPa and
Poisson’s ratio » = 0.4. Area springs with stiffness accounting for the hydrostatic
pressure are applied at the bottom surface of the floating module. Various loading
scenarios were considered in the analysis. Combinations of actions as per Eurocode
requirements were accounted for in the design checks. Analysis results show that both
stress and displacement are within the allowable limits.

The moment-rotation behaviour of a typical connection between two floater modules
is also investigated. This was carried out using a finite element model of the region
surrounding a typical connection between two modules, as shown in Fig. 6. The HDPE
module and metallic bolts are discretized with thin shell elements and frame elements,
respectively. Nonlinear springs are applied to the connection interface between two
connected modules to represent the contact condition at the interface. Various
magnitudes of force couple are applied to create moments at the connection and the
corresponding rotations induced are obtained through nonlinear finite element analyses.
The moment-rotation relationship is plotted in Fig. 7, and as can be seen, the
relationship is found to be weakly nonlinear. An equivalent linear rotational stiffness
of 3.3 kNm/rad may be adopted. Next, a global finite element model of the entire
floating system comprising 888 floaters is created. In view of high computational cost,
the 3D floating modules are discretized using two-dimensional Mindlin plate elements
of equivalent flexural stiffness. The interconnection between modules are modelled
using rotational springs with stiffness derived from the previously obtained moment-

rotation relationship. Various load patterns accounting for the possible locations of the



operation and maintenance loads have been considered in the global model to evaluate
the hydrostatic behaviour of the entire floating system as well as the inter-modular
connection loads. The computed connection loads can then be used in the finite element
model of the connection between two modules to examine the strength adequacy of the
design. The entire design procedure as described is repeated to optimize as well as to
ensure compliance of strength and serviceability requirements of the proposed inter-

modular connection.

3.2. Hydroelasstic analysis of floating system

Unlike coastal and offshore environment that are exposed to open and rough seas, the
reservoir water condition is generally calm. However, waves due to wind and wakes
arising from boat passing by can still develop in reservoirs. These waves usually have
a short period below 4-6 sec [23] and they impose hydrodynamic forces on the floating
modules. When the floating modules are connected to form the floating system, the
flexural rigidity of the entire system becomes weaker as its planar dimensions grow.
Therefore, the entire floating system will exhibit elastic deformations similar to a
flexible plate subjected to wave actions. Hence, hydroealstic analysis is needed to
evaluate the wave induced displacement and stress developed.

In the numerical analysis, the floating system is modelled as interconnected Mindlin
plates representing the modules floating on an ideal fluid where the linear potential
theory is applicable. The rotational stiffness of the inter-modular connection evaluated
using finite element analysis is applied in this model. The hybrid finite element-
boundary element (FE-BE) approach [24,25] is employed to solve the coupled fluid-
structure interaction (FSI) problem in the frequency domain. Figure 8 shows the

hydroelastic displacement amplitude per unit wave amplitude A under a 5 sec regular
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wave propagating with three different wave headings. The corresponding von Mises
stress developed due to the wave action is plotted in Fig. 9. Generally, the edge and
corner floating modules experience larger hydrodynamic responses when compared
with the inner modules. von Mises stress concentrations are found to develop only on
modules located near the two end bays in the longitudinal direction under head sea and
beam sea waves. Under an oblique wave, high von Mises stresses are observed to
develop in the inner floater modules due to induced torsional effects. Note that the
representative significant wave height in Singapore water reservoirs is H=0.2 m (or A
= 0.1 m) [26]. Under such a benign water wave condition, the hydrodynamic responses
are small when compared with other analysis results from operation and maintenance
loadings. However, it should be noted that wave action and other design actions could
occur at the same time. The superimposed responses have been considered in the design

of the floating modules.

4. Manufacturing and laboratory testing of floating modules

The floating modules are manufactured using HDPE material. The unique design of
the floater and pillow shape makes it suitable to be manufactured using either rotational
moulding [27] or injection blow moulding technigque [28]. Rotational moulding is ideal
for making hollow articles as the technique ensures the uniform distribution of material
over the floater hull. However, blow moulding technique was eventually selected due
to the urgency to deliver a large quantity of floaters in a short time frame to ensure the
assembly of the floating PV system on time. Tests were performed by the manufacturer
to ensure the moulding quality and satisfactory material distribution of the fabricated

modules.

4.1. Structural laboratory tests
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In order to ensure that the structural capacity of the produced floating modules is
satisfactory, detailed laboratory tests on floating module samples were conducted. The
experimental tests include the structural testing of the following four different cases,
with all specimens tested to failure:

(1) asingle floating module under a monotonically increasing, concentrated vertical
loading applied at the centre of module top surface;

(2) two longitudinally connected floating modules under a monotonically
increasing, concentrated vertical loading on top of the inter-modular connection
interface;

(3) two longitudinally connected floating modules under a monotonically
increasing, concentrated lateral loading on the side surface of the inter-modular
connection interface;

(4) male connection part under a monotonically increasing, concentrated tensile
loading.

These experimental tests were conducted at the Structural Engineering Laboratory in
the National University of Singapore. The testing of the first three cases and the last
case was repeated three times and four times, respectively, on different specimens. In
total, there are 13 specimens tested. Table 1 lists the loading cases and the
corresponding specimens.

Table 1: Specimen label for each corresponding loading case.

Loading case Specimens tested

1: single module under vertical load SP1, SP2, SP3

2: connected modules under vertical load SP4, SP5, SP6

3: connected modules under lateral load SP7, SP8, SP9

4: male connection part under tensile load SP10, SP11, SP12, SP13

Figure 10 shows the experimental setup of a simply supported floating module under
a vertical point load acting at the centre of the module top surface. A horizontal plate

of the size similar to a human foot is inserted between the loading fixture and the
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floating module to prevent local indentations near the loading point at large
deformations. The testing procedure engages a 50-ton Instron universal testing machine
(UTM) to a displacement-controlled load at a constant rate of 1 mm/min, which is in
accordance to the recommendation in [29,30]. A linear variable differential transformer
(LVDT) is used for the monitoring of the vertical displacement along the load line at
the bottom surface of the module.

Figure 11 shows the corresponding load-deflection responses at the mid-span of the
floating module measured by the LVDT. Also plotted in this figure are the finite
element analysis results up to a loading of 1 KN. As can be seen, the floating modules
behave almost elastically for loadings not exceeding 1 kN. This is favourable in view
that the design load is below this value. For higher loadings, the floating modules
undergo plastic deformations, especially when the loading exceeds 1.5 kN for
specimens SP1 and SP3 as well as 2 kN for SP2. The ultimate load carrying capacity is
found to be 1.78 kN, 2.36 kN and 1.77 kN for specimens SP1, SP2 and SP3, respectively.
It is also observed that the specimens SP1 and SP3 exhibit similar load-deformation
responses, while the specimen SP2 demonstrates a higher stiffness and ultimate load
carrying capacity. Eventually, all three specimens failed due to severe plastic
deformations, as shown in Fig. 12.

The testing setup corresponding to the loading case 2, i.e. two connected floating
modules subject to a monotonically increasing, concentrated vertical load applied at the
inter-modular connection, is shown in Fig. 13. The same support condition, testing
machine and displacement-controlled load rate applied to loading case 1 are adopted.
This test aims to examine the rotational stiffness and moment carrying capacity of the

inter-modular connection.
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Figure 14 shows the load-deflection responses and the corresponding moment-
rotation responses of the inter-modular connection under a vertical concentrated load.
A linearised rotation stiffness of the connection may be derived based on the
experimental results up to a rotation level of 0.05 radian. This is found to be 3.1
kNm/rad, 3.5 kNm/rad and 3.2 kNm/rad for specimens SP4, SP5 and SP6, respectively.
These values are in a very good agreement with the 3.3 kNm/rad derived from the non-
linear finite element analysis results shown in Fig. 14(b), thereby validating the
numerical model constructed for the analysis and design of the floating modules. The
ultimate moment bearing capacity of the connection is found to be between 350 Nm
and 420 Nm. The local failure near the connection holes characterises the primary
failure mechanism, as illustrated in Fig. 15.

The loading case 3 is tested with the same configuration except that the load is applied
laterally to the connection, as shown in Fig. 16. The testing results plotted in Fig. 17
show that the specimen SP7 exhibits a weaker resistance to the lateral load when
compared with SP8 and SP9. This may be due to a slightly larger initial out-of-plane
eccentricity in the test setup for SP7, which escalates under increasing applied load.
The moment-rotation relationship of the other two specimens agrees very well with the
finite element analysis results up to a rotation of 0.05 radian. As expected, the rotational
stiffness and moment bearing capacity of the connection corresponding to a lateral load
are higher. Severe plastic deformations near the connection zone are observed,
characterising the failure mechanisms of the specimens (see Fig. 18).

The connection parts are critical in holding the connected floating modules in place
through tension as well as resisting the mooring forces. Thus, their capacity is also
examined experimentally. The tensile load carrying capacity of a male connection part

is tested by applying a tensile load through a loading pin while the floating module is
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fixed with two clamps, as shown in Fig. 19. The testing procedure engaged the same
UTM with a displacement-controlled loading at a rate of 0.5 mm/min.

Among the four specimens tested, only SP10 failed at a load of 9.4 kN when the
displacement reached 53 mm while others exhibit an increase in the load resistance as
the displacement further increases (see Fig. 20). Severe plastic deformations of the
connection parts are observed for SP11 to SP13, as shown in Fig. 21. The large
deformations in the connection parts engaged the membrane action in the material,
which explains the increased tensile load resistance with the applied displacement.
Nevertheless, the tensile capacity of all four specimens is far above the calculated
design connection load of 2.4 kN exerted by the mooring lines under most adverse
conditions.

Table 2 summarises the stiffness of the floating module and connection under various
load cases. Note that the stiffness is derived from a linear regression analysis of the
experimental load-deformation data up to the magnitude of the design loads. As a
comparison, Table 2 also lists the stiffness derived from the finite element analysis.
Generally, the experimental and numerical results match very well with each other, with
a marginal difference around 5% and below. However, about one third of the specimens
are found to exhibit a stiffness that is above 20% different from the others. Locally
uneven distribution of material due to fabrication imperfection and small dislocation in
the experiment setup may compose the main causes of such differences. This is further
discussed in the next section.

Table 2: Stiffness of floating module and connection.

Stiffness (load case) Experimental Numerical Difference
: : 56.2 kKN/m (SP1) 3.4%
Module be d”d'”g SMess 3o kN/m (SP2) | 543 kN/m 34.7%
(load case 1) 57.5 kN/m (SP3) 5.6%
Connection bending 3.1 kNm/rad (SP4) 6.5%
stiffness (load case 2) 3.5 kNm/rad (SP5) 3.3 kNm/rad 5.7%
3.2 kNm/rad (SP6) 3.1%
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10.2 kNm/rad (SP7) 23.5%

Connection bending

stiffness (load case 3) 12.5 KNm/rad (SP8) | 12.6 kNm/rad 0.8%
13.1 kNm/rad (SP9) 3.8%

316 kN/m (SP10)

Connector tensile 241 kN/m (SP11)

stiffness (load case 4) 247 KN/m (SP12)
254 kN/m (SP13)

4.2. Uncertainty analysis

Uncertainty analysis is important after experimental studies have been conducted and
the results from the laboratory test need inspection. In the laboratory test, there exists
many sources of uncertainties, for example, measurement errors, fabrication errors and
experiment setup errors. In general, the total uncertainty in the laboratory test can be
categorised into (1) systematic and constant bias errors and (2) random and varying
precision errors. The uncertainties mainly include the error due to geometrical
imperfection and the setup position of the module during the test. Unfortunately, it is
difficult and sometimes even impossible to carry out a complete uncertainty analysis
[31]. Therefore, only the important sources of uncertainty in the experimental study are
summarised and discussed.

To identify the uncertainties, repeating tests were conducted during the structural
laboratory tests. The comparison of stiffness of different specimens under the same load
case between experimental and numerical results gives a direct insight into the level of
uncertainties in the experimental test. The errors among the different specimens in each
load case have been summarised in Table 2. In general, good agreements can be found
between the specimens for the same load case. The results obtained from the repeat
tests in load case 2 show a very minor discrepancy up to 3.4%. However, there exist
some larger differences in the results of load case 1, load case 3 and load case 4. The

differences are discussed below.
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For load case 1, it can be found that the numerical and experimental results of SP1
and SP3 show good consistency. However, the stiffness measured using SP2 shows a
significant discrepancy at 34.7%. One major uncertainty which has a significant
influence is the geometry of the floating module. Due to fabrication imperfection during
the blow moulding process, the surface of floating modules may not be perfectly flat
for all specimens. The loading acting on the surface is, however, applied through a flat
plate beneath the actuator. This implies that the contact area between the loading plate
and the outer surface of the specimen may not be consistent, which could lead to
different stress distributions as the applied displacement increases. The presence of a
curved outer surface also requires a stringent control on the loading position. A small
difference in the loading position or plate position may therefore lead to a different
stiffness. Also note that the thickness of the modules, produced using blow moulding
technique, is hardly expected to be even everywhere. A local variation in the thickness
could also contribute to a difference between the results of repeated tests.

For load case 3, a 23.5% difference between numerical and experimental results has
been found. Since the load was applied to the side surface of the specimen, which is a
flat plane, such a significant difference could be due to how the load was applied.
Furthermore, another possible factor could be due to the tightening of the bolts at the
connection between two tested modules. Note that manual tightening, instead of
tightening by a machine, was used in the experimental test due to constraints of test
conditions.

For load case 4, results from the tests on SP11, SP12 and SP13 are consistent, and the
error is within 5.5%. However, the connector tensile stiffness measured using SP10 is

27.76% higher than the mean stiffness of the other three specimens. This error is
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suspected to be an outlier. As such, this particular result should be abandoned to avoid
the uncertainty which may mislead the conclusion.

The calibration of testing facility and sensors may also lead to different results
between the repeated tests. In the structural laboratory test, the load is applied through
a 50-ton UTM. A displacement-controlled load at a constant rate of 1 mm/min is applied
following the recommendation in [29,30]. The displacement was measured by LVDT.
The LVDT was calibrated carefully together with UTM before the laboratory test. So,
it is believed that the uncertainty from the testing facility and sensors is minor.

Through the uncertainty analysis, it can be concluded that the test results are of good
quality. The structural testing data validated the design of the floating module aided by
prior finite element simulations. The experimental tests showed that the floating
modules would basically behave linear-elastically under the design actions in a service
limit state. Furthermore, all specimens are able to develop plastic deformations,
resulting in an ultimate loading carrying capacity of the modules that is larger than the
design loads. The manufactured floating modules are therefore found to satisfy the

design requirements.

5. Project implementation

The photos in Fig. 22 show how the designed floating PV system was launched. The
floating modules were manufactured and delivered to the site in batches together with
accessories for modular connection and PV panel support. The floating modules were
assembled on the ramp covered embankment in accordance to the global layout. HDPE
pillows were then mounted onto floating modules to elevate the PV support frames at
one end in order to achieve a 1099nclination angle. The other end of the support frames

is designed with a hinge connection. The aluminum frame can be fastened onto the
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floating module using bolts and embedded nuts. The hinge connection allows PV panels
and support frames to be lifted for ease of installation, maintenance and dismantling.

As the overall dimension of the floating PV system is larger than the size of the ramp,
it was impossible to assemble the entire system on the ramp before launching. As such,
the assembly and launching of the floating system were carried out in stages. Firstly, a
part of the floating system was assembled on the ramp with mounted PV panels. Part
of the assembled floating system was then slid down the ramp onto the waterbody,
leaving space on the ramp for the assembling of the floating modules and mounting of
the PV panels to be continued (see Fig. 22a). This procedure was repeated until the
entire floating system was assembled. The inter-modular connection parts are designed
with rounded corners and a small gap between the contact surfaces is taken into account
for the manufacturing tolerance. These allowed a small rotation at the connection to
occur when part of the floating system was on water without inducing undesirable high
stress concentration at the connection interface.

In the meantime, buoys for positioning of the concrete sinkers were deployed. Non-
GPS surveying equipment was used to position the concrete sinkers. Finally, the
assembled floating system was towed to the site location (see Fig. 22b) and moored by
concrete sinkers. Electrical cable routing, earthing works, installation of inverters and
testing were subsequently carried out on the deployed floating system.

The entire project duration including testing and commissioning is less than 6 months.
As the floating system described here has recently been commissioned, the monitoring
of performance in energy generation has just started and therefore there is insufficient
field data for analysis. However, the annual electricity output E can still be estimated
using the formula below:

E=AxrxQxPR (1)
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where A is the total solar panel area in a PV system installation; r is the PV module
efficiency; Q is the annual average solar radiation; and PR is the performance ratio.
Given that A = 600 m?, r = 16.5% [32], Q = 1663 kWh/m? [3] and with PR set to 80%
according to the product manual [32] and relevant field monitoring results [22], this
100 kWp floating PV system installation is able to generate 131.7 MWh of electricity
in a year. This could reduce carbon emissions by about 55 tons per annum [33].

The local electricity tariff in recent years is relatively low when compared with the
historical data due to the declination in the price of natural gas for electricity generated.
However, there is a tendency for the electricity tariff to rise in tandem with the
increasing cost of natural gas. This would favour the increase in the net profit of the
pilot investment. In addition, an open electricity market programme was very recently
launched in Singapore. Opening up the electricity market to competition is expected to
bring both challenges and opportunities in harnessing solar energy. On one hand, the
electricity rate contestable consumers pay is expected to be lower than the current
prevailing electricity tariff. This could further bring down the commercial value of PV
installations as the renewable energy is still more expensive when compared with fossil
fuels. On the other hand, the government is putting efforts to support the adoption of
renewable energy. For example, a digital marketplace for the transaction of renewable
energy credits (RECs) has been launched in Singapore to support buyers who are keen
to reduce their carbon footprint. The development of the RECs aims to encourage the
production of green and sustainable energy, which is in line with Singapore’s low
carbon targets as part of the Paris COP-21 agreement. RECs would add a monetary

value to PV installations. This definitely lends support to the adoption of solar energy.
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6. Limitations and applicability

The implementation of the first locally-designed 100 kWp floating photovoltaic
system at the world’s largest floating photovoltaic cell test-bed in Tengeh Reservoir
was a success. It also created awareness and interests among the industry and research
in the energy sector, both regionally and internationally. Due to the time and financial
constraints, however, the design has limitations that can be further improved in the
future. Moreover, the lesson learnt throughout the entire project is also of great value
to both engineers and researchers in the energy sector. The main limitations of the
design, lessons learnt, solutions and suggested improvements are summarised below:

(1) In the current design, a standardised floating module is used as a PV panel floater
or maintenance walkway module. This “one size fits all” design has the advantage
of minimising the production cost by eliminating the need for multiple mould
tooling kits which is quite substantial for this small-scale pilot project. However,
due to the fact that the length of the module is governed by the breadth of a typical
PV panel, a sizable gap between adjacent PV panels, as shown in Fig. 23, is
inevitable with a 1.65 m long by 1 m wide panel used in this project. Depending
on the length of a PV panel to be mounted, this design may not be able to achieve
an optimal use of the water space, resulting in a less efficient global layout. The
gap may be narrowed by mounting PV panels with longer length. Alternatively, a
different size may be designed for the walkway modules such that the gap can be
reduced.

(2) An injection hole was created during the blow moulding of the floating modules.
The hole was plugged up with sealant at the end of the moulding, but it may pose
an area of weakness in the module if the sealing is not done properly. For the first
few batches of modules, the hole was left on the side of the modules. It was
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observed onsite that water seepage occurred for a very small number of modules
due to the improperly plugged up holes, resulting in a reduction of the carrying
capacity of the modules (see Fig. 24). A temporary solution may be to patch the
hole with adhesive material, but it may not last throughout the entire service life.
As a remedy, the mould tooling kit was modified to have the injection hole on the
top face of the modules. This reduces the potential risk of water seepage.
Furthermore, it would be easier for maintenance personnel to pump out the water
from top in case there is water seepage into the modules. An alternative solution
is to produce the modules using rotational moulding technique.

The design of the floating PV farm was based on the local environmental conditions,
as shown in Table 3. However, it is possible to employ the same design in other
reservoirs with similar environmental conditions worldwide. Appropriate modifications
to strengthen the pillow modules and the connections may be needed for wind speed
that is substantially higher than that described in this paper. The water current is usually
small in reservoirs. However, if strong current is anticipated elsewhere due to possible
water discharge, attention should be paid to the design of station-keeping system and
the strength of the connection of tethered modules. A representative wave condition
[26] was also considered in the design of the floating PV system. In case of harsher
wave conditions, which is rare for water reservoirs, the designer may need to increase
the freeboard of floating modules and raise the position of the PV panels to avoid
frequent water splashing. Besides water reservoirs, the floating system may also be
deployed at shielded coastal locations with similar environmental conditions. In marine
conditions, however, the biofouling and corrosion issues need to be accounted for in
the modification of the design. For example, additional freeboard of floating modules

is needed to accommodate possible marine growth. Alternatively, anti-biofouling paint
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or cover could be applied. Metallic parts may be replaced with suitable corrosion
resistant materials such as high-strength nylon members to avoid undesirable corrosion
in marine condition.

Table 3: Characteristic environmental conditions at Tengeh Reservoir.

Parameter Value
Fundamental basic wind velocity 20 m/s [34]
Current speed negligible
Significant wave height 0.2 m [26]
Wave peak period 4 s [26]

7. Conclusions

This paper presents the development of a new floating PV system for use in water
reservoirs. The innovative floating system is modular in design, comprising
interconnected floating modules. An innovative standardized floating module has been
proposed. The modules, made of high density polyethylene (HDPE), can function as
either PV panel floating modules or operation and maintenance walkways. The modules
are designed with both male and female connector parts which allows ease of
interconnection to form a desired global layout. Detailed finite element analysis is
carried out as part of the design and optimisation of the floating module. Hydroelastic
simulation is performed to investigate the hydro-structural response of the entire
floating system under wave actions. Structural testing results of the floating modules
are presented. The assembly and launching of the floating PV system at the test-bed are
described in detail. The power generation and corresponding reduction of carbon
emission are also assessed.

The key features enjoyed by the present design are listed below:

(1) The floating modules are made of HDPE material which ensures a service life of

25 years in water reservoir;
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(2) The floating module has a standardised shape and size which allows either
rotational moulding or injection blow moulding technique to be used. Only one
mould tooling kit is needed for the manufacturing;

(3) The floating module is lightweight and compact in size which is ideal for
transportation and storage in large quantities;

(4) A specially designed HDPE pillow can be easily mounted to transform the module
into a PV floater;

(5) Detailed structural finite element and hydroelastic analyses of the floating system
show that the design adequacy is satisfactory;

Although the floating system is originally designed for use in water reservoirs, the
design may be suitable for deployment of floating farms in coastal marine conditions
with appropriate adjustments to cater for harsher environmental conditions, biofouling
and corrosion issues. The project team is currently working on the development of one
of the world’s largest floating solar PV system at 5 MWp in coastal marine condition
[35]. The experiences gained for the 100 kWp floating PV system in Tengeh Reservoir
is invaluable as we seek to overcome the challenges in minimising the wave-induced
responses, optimising the mooring design and onsite installation procedure for the

larger 5 MWp floating PV farm off the coast of Woodlands.
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Figure 12. Failure mechanics for floating modules under vertical concentrated load: (a) SP1,

(b) SP2 and (c) SP3.
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Figure 12. (Continued).



Figure 13. Testing setup for loading case 2.
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Figure 14. Experimental results for inter-modular connection under loading case 2: (a) load-

deflection responses and (b) moment- rotation responses.
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Figure 15. Local failure in or near connection hole: (a) SP4, (b) SP5 and (c) SP6.
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Figure 15. (Continued).



Figure 16. Testing setup for loading case 3.



O | | | l |
0 20 40 60 80 100 120

Laterial displacement (mm)

(@)

1400 . .

1200 | L |

1000 o~ 1

T
N
kY
%,
v
-

0.0]

o)

o
T
~
1

600 | / |

Moment (Nm)

400 & ——Sp7 .

200 4/ e SP9 ]

i - Numerical

0 0.05 0.1 0.15 0.2 0.25 0.3
Rotation (rad)

(b)

Figure 17. Experimental results for inter-modular connection under loading case 3: (a) load-

deflection responses and (b) moment- rotation responses.
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Figure 18. Failure mechanisms for connection: (a) SP4, (b) SP5 and (c) SP6.



Figure 19. Testing setup for loading case 4.
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Figure 20. Load-displacement response of male connection part under loading case 4.



Figure 21. Failure mechanisms of male connection part: (a) SP10, (b) SP11, (c) SP12 and (d)

SP13.
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Figure 22. Installation and launching of floating PV system: (a) assembly on ramp and (b)

deployment on water.



Figure 23. Gap between PV panels.

Figure 24. Unplugged up injection hole on floating module.
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