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Abstract: Among the energy targets of the Vietnamese government, solar energy is expected to
become the main source of renewable energy in the future. Solar energy is moving forward, with
Vietnam outstripping Thailand and becoming the country that installed the largest capacity of solar
power generation in Southeast Asia, reaching 16,362 MW in new installations in December 2021. In
this study, we have experimentally analyzed and designed a capacity of 47.5 MW grid-connected
photovoltaic plant mounted on the floatation system at Da Mi hydropower reservoir in Binh Thuan
province. This was selected to be utilized as the first effort to develop the first large-capacity floating
solar power plant on a hydroelectric reservoir in Vietnam. A detailed examination of the electrical
analysis, including DC to DC converters, AC inverters to the transmission network, and PV module
connectivity configurations, are in scope. The present research has the potential to make a contribution
to the design of the DC electrical part, the AC electrical part, and the layout PV modules—Inverter—
Floatation system—Floating bridge of FPV plants which are less described in the former articles.
The performance of the plant after the first 2 years of operation has confirmed that it has met the
expectations and exceeded the investor’s target, with the power output of the first 2 years being
higher than the design by 102.58% to 105.59% and no serious damage has occurred to the equipment
from 1 June 2019 to 31 August 2021.

Keywords: FPV; floating photovoltaic; technical analysis of FPV system; FPV-hydropower systems;
hydro-PV hybrid; hydropower with FPV

1. Introduction

The production of the electric energy industry always goes hand in hand with the
development and application of science and technology. The exploitation of fossil energy
sources needs to be integrated with renewable energy sources such as wind energy and
solar energy to improve the efficiency of the energy system [1]. The consumption of natural
resources (fossil or fissile) inevitably reduces reserves and compromises their availability
for future generations [2]. The shift from traditional energy sources, such as coal power,
oil-fired power, gas power, and nuclear power to renewable energy will help countries
ensure energy security.

In the world context, climate change and environmental protection are issues of global
concern, from social organizations and financial institutions to national governments.
Approximately 58% of global emissions today come from developing countries [3]. Fossil
fuels are the main source of energy traditionally used by all countries, as reported by the
International Energy Agency (IEA) in 2015, noting that fossil fuels meet 80% of energy
demand worldwide and are responsible for 90% of associated emissions in the form of
CO, [4].
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On the basic commitments of the National Determined Contributions (NDC) at the
2015 United Nations Conference on Climate Change in Paris (Paris Agreement—COP21),
all countries have a step-by-step roadmap to eliminate the power sources using fossil fuel,
especially coal-fired power, as well as set targets for developing renewable energy instead.
The Indonesian government has encouraged the citizens to use renewable energy and
targeted 23% in 2025 and 31% in 2050, following Government Regulation No. 79 of 2014 [5].
The Republic of Korea has set a target of 30.8 GW of installed PV capacity by 2030 and 35%
of renewable energy generation by 2040 [6]. The overall goal of Thailand’s national plans
set 25% renewable resources of the total country’s consumption by 2030 [7].

Currently, there are two main types of solar power technologies: concentrated solar
power (CSP) and photovoltaic system (PV). Grid-connected PV plants have become a global
trend [8]. Studies on the response and efficiency of PV plants according to topographic
parameters and weather conditions at the plant site [9,10] to know the effects of temperature,
wind speed, and radiation intensity on the module efficiency. The PV system performance
can be described by the specific energy yield and performance ratio (PR) [11].

In recent years, research for whole-grid-connected PV systems has been increasing.
Extensive directional simulation studies on selecting the most suitable and economical
equipment minimize the system losses during the power generation period according to
the weather conditions of the installed area. For example, Yendoubé Lare et al. [10,12] show
how to select the inverters and other components to get high power output and minimize
losses using Matlab/Simulink software environments. Estifanos Abeje Sharew et al. [13]
studied power quality in terms of harmonic distortion to determine the level of voltage and
current harmonic distortion using ETAP software. Hassane Dahbi et al. [14] determined
the efficiency of a 6 MW PV plant from the available database of AC power, solar radiation,
ambient temperature, wind velocity, etc., in hot desert climate conditions.

Mohammed Amine Deriche et al. [15] evaluated four grid-connected PV systems
based on the different PV module technologies under environmental conditions in the
Saharan city of Ghardaia, Algeria. Two silicon technologies—monocrystalline silicon (m-5i)
and multi-crystalline silicon (mc-5i)—and two types of thin film technologies—cadmium
telluride (CdTe) and amorphous (a-Si). Henrik Zsiboracs et al. [16] supposed that the most
widely used PV technologies are the polycrystalline (p-Si), monocrystalline (m-5i), and
amorphous silicon (a-Si) ones based on their market share of about 90% in 2019.

At the end of 2016, the worldwide floating photovoltaic (FPV) installed capacity was
more than 94 MW,,. Japan took 60% of the world’s installed capacity 56 MW, followed
by China (20 MW),), the United Kingdom (10 MW),), and the Republic of Korea (6 MW,,)
(NREL, Solar Asset Management, 2018) [7]. FPV is an emerging approach to deploying
PV on water bodies (structure + floater). The overall global potential and the extensive
experience gained more than 2 GWp installed and 510 plants up to 2020, representing a
venue for expanding renewable electricity production worldwide [17].

FPV technology was first commissioned in Aichi, Japan, with a 20 MW capacity to
facilitate research in solar generation on water surfaces. Since 2007, It is attracting global
attention in utilizing the existing water surfaces to generate PV power, and their growth is
tremendously increasing [18]. The efficiency of the FPV plant is 11% higher and reduces
water evaporation by 70% [19]. Research revealed that FPV systems could decrease 25% of
carbon emissions annually based on CO, emitted from manufacturing till the installation
of PV systems on site (Trapani and Millar 2013) [20].

The advantages of water-based PV (FPV) plants vs. land-based PV (Ground PV—GPV)
plants, such as reduced land usage (very important), avoided competing with agricultural
or green zones, and limited impact on landscape [6,17,21-24]. FPV plants reduced many im-
pacts during allocation, such as deforestation (site accessing), bird mortality, erosion, runoff,
and microclimate change are expected to have lower influences on the implementation of
conventional PV facilities [21,22,25-27]. Another benefit pointed out in [6,21,23,25,26,28-32]
is that FPV will generate more electricity than conventional PV due to the cooling effect pro-
vided by the vapor that interacts with the back of the PV modules in the reservoir. On the
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other hand, humidity, together with temperature, play a main role in determining the mod-
ule’s degradation [21,33]. In addition, it has many other potential advantages [21]: radiation
balance (less shading, less soiling), grid access (exploit the existing infrastructure) [6,23], the
great potential combination of FPV with hydroelectric power (combine hydropower plants
(HPP) with FPV as hydro-PV hybrid systems) [6,18,22-24,34,35], water quality (expect
algae growth) [6,22,23,28], reduction of evaporation loss (water saving) [6,7,18,23,28,36],
rich application scenarios (integrate aquaculture and fish farming potential) [7], and huge
market potential (water body area suitable for FPV deployment is large). It is also easier
and cheaper for cooling veil implementation and cleaning mechanisms (the proximity
to water; however, this may be hindered in salt water) [23]. The main point is that the
mooring of floating systems can be installed and removed in a reversible way, unlike the
GPV foundations, which are far more intrusive and permanent [24,35].

Globally, hydropower plants still represent the largest share of renewable electricity
generation, over 1170 GW of installed capacity, thereof 328 GW is hydro Run-of-River
capacity, and the rest is hydro reservoirs (141 GW of which is hydro-pumped storage) [37].
The emerging FPV technology is the recent global attention due to its high efficiency [18].
In fact, approximately 25% of the electricity demand throughout the world can be supplied
by covering just 1% of natural reservoir surfaces by FPV systems (in 2014) [38]. The FPV
potential contributes significantly to the United States’ electric part. A total of 24,419 artifi-
cial water reservoirs (27% of the number and 12% of the area of artificial water reservoirs in
the contiguous US) were identified as suitable for FPV generation. FPV systems covering
27% of the identified suitable water reservoirs could produce 10% of the current national
generation [28]. Despite the positive trend towards the adaptation of PV energy, Pakistan
still has not a functional FPV plant which would have been a more sustainable choice
due to the solar irradiance levels and suitable water reservoirs [39]. A notable number of
existing water reservoirs in Africa are non-powered [40].

Developments of large-scale floating solar plants in the near future may pave the
way for offshore technology development [19]. Indian states are focusing on increasing
the total installed capacity of the FPV system [18]. The majority of existing capacity and
planted FPV growth is located in Asia, driven by land costs, land availability constraints,
and a large prevalence of hydropower paired with reservoirs [41]. One solution that
is currently developing in developed countries is FPV systems [26]. In the Philippines,
FPV’s potential is 11 GW from 5.0% of its water surface [42]. The market potential of
FPVs on dams and reservoirs in Indonesia reaches at least 3.9 GW [42]. The Electricity
Generating Authority of Thailand plans to install 2.7 GW of FPV capacity via 16 solar plants
on hydroelectric dams by 2037 [42]. FPV systems are likely to outperform PV systems on
land or rooftops [21]. Vietnam has large surface areas of many hydroelectric reservoirs
and nearly 7000 irrigation reservoirs which can also be used to install FPV plants. The
strategy suggested consists in installing FPV power plants equal to the existing HPPs to
decrease the hydro energy production during sunny hours and maintain the energy fed
into the grid at an approximately constant level [24,35,43]. For Southeast Asian countries
such as Thailand, Vietnam, and Indonesia, the decision to install FPVs would be based
primarily on the economics of existing grid infrastructure and land scarcity [42]. That has
been promoted by many researchers and agreed upon by the Vietnamese government.
Vietnam plans to hold tenders for up to 400 MW of FPV in 2018 [42].

The primary purpose of the PFCS is to improve the water and power efficiency of
irrigation reservoirs [27]. Both mechanical and electrical structures of these systems, many
studies have been conducted on fixed-type FPV and tracking type FPV [6,7,23,44-46],
integrated on grid [35,43] and off-grid FPV plants [46], small capacity FPV plants [36,37,41],
large capacity FPV plants [35,43], especially the combination operation of hydropower with
FPV plants [35,37,40,43,47] (estimate the global potential of FPV at 400 to 1000 GW and
paired with hydropower at 4400 to 5700 GW [38,48]), were analyzed based on a technical
point of view will help to predict and design the optimal FPV plant. Looking at the recent
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progress results provides a different view of the aspects from relevant publications, as

shown in Table 1.

Table 1. The recent progress results.

Study Sites

Researchers & Methodology

Technical Data

Remarks on Technical
Evaluation

The PV systems on the canals
in Gujarat, India.

Manish Kumar and Arun
Kumar [49] used a

single-diode PV model was
developed to characterize the

PV modules.

The performance and
degradation analysis of the
world’s first commercial
multi-crystalline silicon-based
10 MWp canal-top PV system.

The annual average
performance ratio and
degradation rate of 10 MWp
canal-top PV systems are
found to be 77.85% and
1.93 + 0.28%/year,
respectively.

Floating solar panels in
Palembang, South Sumatra,
Indonesia.

Benny Junianto et al. [26]
compared two 100 Wp
polycrystalline PV panels.

One system is installed on the
river, and another one is
installed on the ground. Data
is taken for seven days.

The passive cooling of the
FPV system can reduce
surface temperature by 2 °C
and increase the output power
(51.6 W) compared to a GPV
system (42.9 W).

Floating solar panels in
agricultural irrigation ponds
in semi-arid regions.

Qasem Abdelal [50] compared
the theoretical evaluation of

evaporation to observed
evaporation values.

The combined method is the
Penman equation relating
evaporation to net radiation
absorbed by the water body,
wind speed, vapor pressure
values, and a number of other
factors.

The power produced by the
floating system was higher
than that produced by land
mounted 55% of the time.
The water quality results are
in favor of using the FPVs.
Evaporation reduction of 60%
over the whole duration.

Tana is the
largest lake in Ethiopia, Debre
Mariam Island.

Biniyam Zemene Taye et al.
[51] designed a floating
System.

The data were collected from
NASA.

The generated power output
is 294.8 kW of the FPV system,
whereas 289.9 kW is generated

by GPV (increases 4.9 kW).

A PV panel over brackish
water in
Sunsang Estuary, South
Sumatra.

Andri Agus Sasmanto et al.
[30] proposed an experiment
that compares the output of

FPV to GPV panels.

The PV panel utilized in this
study is polycrystalline with
100 Wp each. One is floated in
the estuary, and another one is
ground mounted.

The electricity generated by
FPV systems are 11.89 W
higher on average compared
to the ground mounting. On
average, the efficiency of FPV
panels is 4% higher than that
of ground
installation.

Two zones: a temperate
maritime climate (the
Netherlands) and a tropical
climate

(Singapore).

Maarten Dérenkdmper et al.
[31] has used PVsysts version
6.86. Data have been retrieved
using the global climatological

database Meteonorm
version 7.2.

System (56 kWp) design
parameters in PVsyst for the
two modeled locations.

The best performing FPV
systems showed 3.2 °C
(Netherlands) and 14.5 °C
(Singapore) lower
temperatures compared to the
ground or rooftop.

The energy yield of FPV
systems compared to PV
systems, is up to 3% in the
Netherlands and up to 6% in
Singapore.




Energies 2023, 16, 3780

50f29

Table 1. Cont.

Study Sites

Researchers & Methodology

Technical Data

Remarks on Technical
Evaluation

At the western corner of
Tengeh Reservoir (1° N, 103°
E), Singapore.

Haohui Liu et al. [21]
moderate large-scale
deployment to utility PV
plants (500 recorded
parameters).

The 1 MWp consists of a
variety of different
commercially available
floating solutions and PV
system configurations.

Lower than that onshore by

about 1 °C to 3 °C, the FPV

are 5 °C to 10 °C lower than
rooftop.

The albedo on water is only
5% to 7% vs. albedo on the
rooftops 13%.

The system PRs range from
80% to 90%, up to 10% higher
than typical rooftop systems.

An innovative azimuth angle

The concept of the control of

Vladan Durkovi¢ et al. [52] control method and total an Azimuth angle FPPP
In the Balkans, the southeast used the NREL solar installed power of 90 MWp,  provides a production 27.68%
part of Europe. insolation database to consisting of 18 plants higher than the usual
ascertain. installed power of 5 MWp conceptual solutions of the
each. FPPP.
The use of cooled FPV

The weather conditions found

in the Brazilian semi-arid
region.

Elissandro Monteiro et al. [11]
used the electrical parameters
of two polycrystalline PV
modules and PVSYST.

modules in a fraction of the
area occupied by three
reservoirs—Castanhao, Ords,
and Banabuii—in the
Brazilian semi-arid region.

Efficiency gain varies from
9.52 to 14.5%. These values
are close to 11% found in
Korea [21] and higher than 8%
found in Japan [20].

Karasur Village, India.

Ankit Kumar Singh et al. [35]
used the 3D software
SketchUp Pro 2015 along the
array omatic_v1.11
component.

2 MW FPV plant can be
implemented in different
phases as it requires a decent
capital cost, including the
maintenance cost.

The high average annual
energy yield of 2658 MWh is
around 7.5% higher efficiency
than the land-based system.
It can save 6000 tons of CO,
during its life span of 25 years.

Around West Java Province,

Adimas Pradityo Sukarso and
Kyung Nam Kim [53] utilized
remote sensing results to

Creating 1 MW of solar PV
system is approximately 1.527
acres.

An 8 °C consistent annual

FPV efficiency was also shown
to be 0.61% higher than GPV
in terms of prediction. FPV
resulted in 3.37 cents/kWh

Korea. predict FPV efficiency and temperature difference lower leveled cost of
measure energy yield. between water and ground electricity (LCOE) and 6.08%
surface temperature. higher IRR compared to GPV.
The cost of an FPV is
The experience in China comparable to a GPV and is
. . Longyangxa Basin and its further reduced.
The first 20 largest Raniero Cazzaniga et al. [24] connected PV plant are The worldwide HPP basins

hydroelectric power plants
(HPPs) in the world.

analyzed the advantages of
coupling FPV plants with
HPP.

examined together with the
suggestion to install an FPV
whose rated power is equal to
HPP-rated power.

surface covered by FPV
would only be 2.4%, but the
increase in energy production
would be 35.9%, the Full Load
Hours from 3539 to 4800 h.

Aquaculture is most
sustainable when integrated
with multiple species.

Adam M. Pringle et al. [54]
analyzed the potential for
floatovoltaic-aquaculture or
aqua-voltaic systems.

A review of the theoretical
and experimental work of FV
and aquaculture, which
provides the backbone of this
aqua-voltaic concept.

FPV has been shown to reduce
evaporation by up to 85%.
The floating tracking cooling
concentrating systems
resulted in an annual
efficiency increase of 30% and
a cost comparative to ground
arrays.
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Table 1. Cont.

Study Sites

Researchers & Methodology

Technical Data

Remarks on Technical
Evaluation

Two different experimental
setups in Pisa (Italy) and in

the Suvereto (Livorno, Italy).

R. Cazzaniga et al. [55] are
based on simulation models
and experimental findings in

the last 8 years.

The 30 kW in the Pisa
platform (with tracking,
cooling, reflectors, as well as a
GPV installation for
comparison) and the 200 kWp
in the Suvereto platform with
a tracking system.

In floating plants in Pisa and
Suvereto, two cooling and
tracking effects have been

measured, and experimental

gaining up to 30% in energy.
For dry climate regions,
tracking systems together

with flat reflector systems can

lower the kWh cost.

FPV system covering 30% of
the total area of Vaigai
reservoir in India.

R. Nagananthini and R.
Nagavinothini [18] developed
the numerical model of the
FPV.

A capacity of 1.14 MW
generates 1.9 GWh of energy
at its optimum tilt angle.

Saving 42,731.56 m3 of water

annually and 44,734.62 tons of

CO,.

Reducing the CO, emission
annually, 13.09% higher than
the non-tracking system.
The energy yield by 13.39%
and 8.99% under portrait and
landscape orientations,
respectively.

In Tamil Nadu, India.

Nagananthini Ravichandran
et al. [34] numerically
analyzed various tilt angles,
mounting systems, and
tracking mechanisms.

The demonstrative FPV plant
in this study is also analyzed
from various angles in order
to assess its potential power
generation.

The potential CO, saving by
an FPV system with tracking
is 135,918.87 tCO,, 12.5%
higher than that of a
fixed-mount FPV system.

Jablanica reservoir with 13
km?2 HPP Jablanica with 180

Sedin Pagali¢ et al. [33]
analyze the possibility of

A modular installation with a
3 MW basic module was
proposed. It was considered
to have an adapter to the

On a surface of 380,250 m?,
there could be installed a PV
plant with a power of 30 MW.

This area amounts to less than

MW. building an FPV plant. network via the 20 kV /220 kV 3% of the surface of the
transformer. reservoir.
FPV can provide significantly
For the 2134 reservoirs more electricity (6270 TWh in
marked with hydropower, total) than HPP from
. - only 1768 list a number for the  reservoirs (2510 TWh in total)
Javier Farfan and Christian o
reported area. The rest of the at a coverage rate of 25%.
Breyer [37] used the database ir . o L
. unspecified area was The estimated 6.3% additional
Global energy systems. to compile all known water - - .
. . estimated according to a water available through
reservoirs for which the water . .
global average evaporation prevention can
level can be controlled. . :
volume-to-surface ratio; area increase hydropower
is a vital factor for FPV generation (about 142.5 TWh,
potential calculation. assuming 90% hydropower
efficiency).
FPV plants suggest a
HPP plants of the Sao Naidion Motta Silvério et al. A 1 MWp plant to obtain significant increase in output,

Francisco River Basin.

[35] used PVSyst software.

normalized energy.

varying from 51.2% to 105.6%,

for the hybrid power plants.




Energies 2023, 16, 3780

7 of 29

Table 1. Cont.

Study Sites

Researchers & Methodology

Technical Data

Remarks on Technical
Evaluation

Rapel Reservoir, an HPP plant
in central Chile.

J. Haas et al. [56] simulated
two models: the
hydrodynamics of a water
body and an optimization tool
for hydropower scheduling.

The framework is applied to
the Rapel Reservoir, which
was constructed in 1968 for
power generation (380 MW,
about 75 m of head). Itis a
dendritic and temperate
reservoir with a storage
capacity of 400 Mm?,
composed of three sub-basins.

Fractions below 40% have
little or no effect on both
microalgal growth and
hydropower revenue.
Covers (40-60%), algal blooms
are avoided because of the
reduction of light in the
reservoir.

A large cover can eradicate
algal blooms entirely and
result in severe economic
hydropower losses.

In southwest Netherlands.

D. Mathijssen et al. [57] based
on the Analysis of
Microbiological Safety of

The water storage reservoirs
of Evides, with an area of
approx. 8 km? could
potentially generate about 200

A water storage reservoir was
concluded from a worst-case
QMRA analysis that 10-30%

of the reservoirs can be

Three reservoirs in Indonesia.

Drinking water. GWh of powerona yearly covered.
basis.
The 1 MWp FSPV design is The potential of abundant

Chico Hermanu B. A. et al.
[58] did Modeling and
simulating for FSPV design.

arranged on four inverters,
with each having a 250 kWp
capacity spread over four
blocks and 20 strings.

water reservoirs in Indonesia
is one of the keys to providing
clean and environmentally
friendly energy with a large
capacity.

In South Africa.

Ioannis Kougias et al. [40]
used the PVGIS tool to
support the methodology.

The development of FPV
systems on the downstream
face of existing dams.

Ten dams have been selected,
and the capacity is estimated
at 42 MWp and expected to
produce annual electricity of
72 GWh.

In Brazil

Uri Stiubiener et al. [43]
analyzed the feasibility of
changing the hydro-thermal
model with the hydro-solar
model.

The 30 largest HEPPs were
identified. Only the six
greatest reservoir surfaces, for
each one, the authors assumed
a working hypothesis that a
PV-FPP would be installed on
the reservoir surface.

Using 10% of the surface, the
HEPP reservoirs can
accommodate PV-FPP
supplying demand during
peak irradiation times and
balancing grids with
hydro-power during
low/no irradiation times.

An FPV system comes from a combination of PV plant technology and floating tech-
nology [44]. The present study proposes a preliminary 47.5 MW FPV system on the water
surface at the Da Mi hydropower reservoir connected to the national utility grid 110 kV
in May 2019 and has been operating since then. The performance of the plant after the
first 2 years of operation has confirmed that it has met the expectations and exceeded
the investor’s target for the first 2 years. This selected to be utilized as the first effort to
guide estimating the achievable energy capacity, generation (GWh/year), suitable area for
deployment of a generation technology, performance ratio (PR) [18,33,34,49,59,60], topo-
graphic limitations, and environmental constraints. A detailed examination of the electrical
analysis, including DC to DC converters, AC inverters to the transmission network, and
PV modules connectivity configuration, are in scope. The present research has the potential
to make a contribution to the design of the DC electrical part, AC electrical part, and layout
of PV modules—Inverter—Floatation system—Floating bridge of FPV plants which are
less described in the former articles.
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2. Technical Analysis of the FPV System
2.1. Solar Radiation Data at the Plant Area

The best location is selected by comparing the available solar resources, nearby load,
storage of land, and performance parameters [61]. Solar irradiance data can be obtained
from various sources such as [16,18,35] obtained from NASA. For the FPV plant at Da
Mi hydropower reservoir (at 10°33/42” to 11°33/18” North latitude and from 107°23'41”
to 108°52'42” East longitude), meteo database has been chosen, and the data imported—
latitude, longitude, altitude, and time zone are displayed. If monthly meteorological
data are available, PVsyst performs a generation of hourly synthetic meteo data using
Meteonorm 7.2 algorithm. This data is aggregated and interpolated from measurement
stations combined with measured radiation data of satellites. Global horizontal irradiation
recorded at the Da Mi area is about 1777 kWh/m? /year, equivalent to 4.87 kWh/m? /day,
as shown in Figure 1.

Da Mi

La Da

La Ngau

kWh/m? .day

4.8
5.0

— - — - . Commune boundary

Reservoir boundary

Figure 1. GHI Map of average day recording at the plant area.

From NASA's free public data source (website: https://eosweb.larc.nasa.gov/sse/, ac-
cessed on 13 April 2017), the global horizontal irradiation at the plant area is 1874 kWh/m?/year,
equivalent to 5.13 kWh/ m?/ day.

From SolarGIS’s free available data source (at the website: http://solargis.com/, accessed
on 13 April 2017), the global horizontal irradiation at the plant area is 1846 kWh/m? /year,
equivalent to 5.06 kWh/ m?/ day.

Through research and evaluation, the article proposes to use data purchased from
SolarGIS. This is a commercial database measured from satellites in a long time series. It
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is aggregated and calculated to produce a typical meteorological value of a typical year.
The SolarGIS data source has been rated as the most reliable source by many independent
research organizations.

Data purchased from a SolarGIS source includes:

e TS: Average hourly meteorological value, measured from 1 July 2006 to 28 Febru-
ary 2017;

e  TMY P50: Typical meteorological value in the year of probability P50, calculated from
the series 1 January 2007-31 December 2016;

e  TMY P90: Typical meteorological value in the year of probability P90, calculated from

the series 1 January 2007-31 December 2016;

In which the data string includes:

GTTI: Global tilted irradiance (Wh/ mz)—Tﬂted angle 12°, South-facing;

GHI: Global horizontal irradiation (Wh/ mz) ;

DHI: Diffuse horizontal irradiation (Wh/m?2);

SE: The altitude angle (degrees);

SA: Sun’s azimuth (degrees);

WD: Wind direction (degrees);

TEMP: Air temperature at 2 m (°C);

WS: Wind speed at a height of 10 m (m/s).

Tables 2 and 3 summarize the main results from the SolarGIS data source and monthly
average GHI values of the data sources:

Table 2. SolarGIS data source summary.

Parameter TS TMY P50 TMY P90
GHI (kWh/m?) 1856 1777 1690
DHI (kWh/m?) 865 894 918
GTI (kWh/m?2)—tilted angle 12°, South-Facing 1895 - -
Air temperature at 2 m (°C) 245 24.6 244

Table 3. The monthly average GHI values of the data sources (kWh/ m?).

SolarGIS

Month TS TMY P50 TMY P90 Meteonorm NASA

1 153 146 141 154 170

2 168 159 158 155 168

3 186 178 172 174 193

4 180 172 168 150 180

5 174 162 161 157 164

6 148 144 136 150 144

7 144 138 133 156 144

8 151 147 135 153 133

9 133 136 118 129 135
10 143 140 121 136 144
11 137 129 123 126 145
12 139 125 124 137 153
year 1856 1777 1690 1777 1874

With results from purchased SolarGIS data, the plant proposes to use typical meteoro-
logical value in the year of probability P50 to calculate the plant simulation. The calculation
results of the PVsyst software will also give the results of the power output corresponding
to the probability P90 for comparison.



Energies 2023, 16, 3780

10 of 29

Radiation

2.2. The Grid-Connected FPV System

The direct grid-connected FPV plant consists of the components described as shown
in Figure 2 below.

Floats Power system

PV modules

Combiner box

. Transformer

LVMV &

MV/HV

Mooring system — .
Energy

meter
Inverter &

AC/DC swich

DC current ;
disconector

to inverter

AC
system

Converted
AC current

Figure 2. Overview diagram of grid-connected FPV power plant.

In FPV technologies, besides the Electrical components, including inverters, power
cables, and photovoltaic systems, there are also the floatation system, the structural system,
and the mooring system [23]. A direct grid-connected FPV plant includes the systems
described in Figure 2:

e Photovoltaic module (PV module): each photovoltaic module consists of many pho-
tovoltaic cells (PV cells); the PV modules will be connected in series (string or panel)
and parallel (array or system) to achieve the required DC output power;

Inverter: a powerful electronic device that converts DC current into AC current;
Step-up transformers: depending on the capacity scale and regional utility grid con-
ditions, the voltage can be changed appropriately (for example, 22 kV, 35 kV, 110 kV,
220 kV). High voltage levels will need two levels of transformers;

e  Floatation system (pontoon or mounting system): with the solution of installing
modules on the water, the rack system is replaced by a water-base floating system;
Structural system: connecting the floatation system and supporting the PV panels;
Mooring system: consists of mooring lines anchored to the anchoring blocks at the
reservoir bottom and the above pontoon bridge system to ensure stability during
operation, subsequent construction, and operation;

e Infrastructure for utility grid connection: the substation, including protection, meter-
ing, and controlling equipment.

2.2.1. PV Module

Silicone is a natural source of choice because it has a low production cost, stable
efficiencies, is naturally abundant, and is nontoxic [62]. The solar cell efficiency is as fol-
lows [63]: GaAs Thin-Film convert 24.1-30.8%, monocrystalline silicone convert 12.5-15%,
multi/polycrystalline silicone convert 11-15%. In general, PV converts 4-17% of solar
radiation into electrical energy. The high irradiation intensity increases the module’s tem-
perature and decreases the efficiency of the PV cell [12,38]. For silicon modules, a typical
reduction of efficiency with temperature is 0.4-0.5%/°C [58,64]. The negative temperature
coefficient is 0.45% per °C for crystalline and 0.2% per °C for amorphous silicon PV modules
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(Skoplaki and Palyvos 2009) [65]. Monocrystalline (c-Si) and polycrystalline (pc-Si) silicon
cells decrease the efficiency by about 0.45% and 0.25% for c-Si and pc-5i, respectively [66].
Table 4 shows the average efficiency and negative temperature coefficient of current PV
module technologies.

Table 4. Efficiency characteristics of photovoltaic cells.

Technologies  p-Si m-Si HIT a-Si CdTe CIGS/CIS
Efficiency 13-17% 16-21% 18-20% 6-9% 8-16% 8-14%
Temperature ., 50 0c _045%/°C  0.29%/°C  —021%/°C —0.25%/°C  —035%/°C
coefficient

Capacity/efficiency: high efficiency means an increase in capacity per module, which
leads to reduced construction-related costs and reduced space. For polycrystalline silicon
panels, the PV efficiency range from 15 to 17%. Crystalline PV modules are used for annual
performance degradation. For this research, it was set at 0.5%, which is the generally
accepted rate [67,68].

PV module efficiency is compared between the electricity generated and the solar
intensity incident, which is formulated according to [11,19] as follows:

Mmodule = Simij;v x 100% @
where 1yodule 15 electrical module efficiency (%), Pmax is the power generated by the PV
module (W), S is solar intensity incident in the PV module (W/ m?), and Apy is the surface
of PV exposed by radiation (m?).

Simulation software like PVsyst, HelioScope, ANSYS, OrcaFlex, and CFD can be used
in designing the layout, angle of tilt, plot size, designing of floatation system, anchoring and
mooring lines, placement of inverters, plant capacity, the balance of the system, estimates
of generations for the plant life, ... [34]. PVSOL can also be used as a designing tool as
well as a simulation tool [69]. The applied, comparative, and predictive studies for grid-
connected solar power plants have used PVsyst software for technical analysis, selection of
panels, inverters, and other components in the system, or designing PV systems [16,70-73]
by many authors. The main simulation results are the electricity output in the year, the
generating capacity, and the generation time used to design and evaluate the efficiency of
the plant. Calculation results of different capacities modules are presented in Table 5 below
by PVsyst software.

Table 5. Calculation results compared with silicon modules.

PVModule  Capacity (Wp) Efficiency (%)  Number of Modules  Yield (MWHh/Year) g:;gl‘;‘:fh‘;f)
255 15.58 186,264 69,259 3049
260 15.89 182,688 69,345 29.90
265 16.19 179,256 69,288 29.34

60 cell—poly 270 1650 175,920 69,287 28.79
275 16.80 172,728 69,391 2827
280 1711 169,632 69,292 27.77
300 15.46 158,340 69,428 30.72
305 1572 155,740 69,609 3022
310 15.98 153,220 69,552 29.73
315 1623 150,800 69,381 29.26

72 cell—poly 320 16.49 148,440 69,340 28.80
325 1675 146,160 69,500 28.36
330 17.01 143,940 69,519 27.93
335 1726 141,800 69,569 27,51
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The above calculation results show that with the same installed capacity when increas-
ing the efficiency/capacity of the modules, the power output basically does not change
(very small change under 0.5%); however, it can reduce the number of modules and factory
ancillary components (floats, brackets, cables, combiner boxes, etc.).

Therefore, in order to improve the efficiency of the plant and reduce the area and
the installation cost, the article recommends using the 72-cell type of silicon photovoltaic
module with a capacity of not less than 330 Wp, a module efficiency of not less than 17%,
with main parameters as shown in Table 6. This power and efficiency range is currently
popular globally.

Table 6. Main technical parameters of PV modules.

Electrical Characteristics Temperature Characteristics
Type (m-Si) or (p-5i) Nominal operating cell Temp. NOCT 45+2°C
Rated power Pmpp >330 Wp Temp. coefficient of Pmax —0.40%/°C
Rated voltage Umpp 378V Temp. coefficient of Voc —0.30%/°C
Rated current Impp 874 A Temp. coefficient of Isc 0.06%/°C
Open circuit voltage Upc 469V
Short circuit current Igc 9.14 A
Conversion efficiency 17%
Operating temperature range —40 +85°C
Max. system voltage (IEC standard) 1500 VDC
Max. rated string current fuse 15A
Power error 0+ 3%

2.2.2. Matching PV Arrays and Inverters
Total Installed Capacity of Inverter

The selected modules have a rated capacity of 330 Wp, which is the power measured
at standard conditions STC: radiation 1000 W/m?2, module temperature 25 °C, AM ratio
1.5[7,23,60]. However, in operating conditions, with radiation of about 1000 W/ m?2, the
working temperature of the panels is usually much higher (the operating temperature of the
module is usually 20-30 °C higher than the air temperature). The operating temperature of
the module is calculated using Equation (2) [52,54,74]:

2

NOCT — 20°
Tmoclule = Tamb + <> ‘S

800

where Tjoqule is the operating temperature of the PV module, T, is the ambient tem-
perature, and NOCT is the nominal operating cell temperature, around 45 + 2 °C (the
module type dependent test temperature at an irradiance of 800 W/m? with an ambient
temperature of 20 °C), S is solar irradiation (W/ m?).

The power loss of the module due to temperature is calculated using Equation (3) [64]

Produle = Pmpp(l - (Tmodule - 25) X Y)' (3)

where Pp,qule is the operating capacity of the module, Pypp is the rated power of the
module, Tpoqule is the operating temperature of the module, and v is the loss of PV module
by temperature, with the polycrystalline silicon module usually 0.4 < 0.5%/°C.

Using typical meteorological data in the year of probability TMY P50 to calculate, with
the installed 47.5 MW plant, the maximum output capacity of the PV arrays is shown in
Table 7.

The maximum output capacity of the PV arrays is approx. 41 MW, achieved between
11 a.m. =+ 12 a.m. in February and March. This data is used as the basis for selecting the
total inverter capacity of the plant.
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Table 7. Maximum output power of PV arrays in hours (MW).
Month Oh 1h 2h 3h 4h 5h 6h 7h 8h 9h 10h 11h
1 0 0 0 0 0 0 1.52 12.39 22.93 31.12 36.51 39.19
2 0 0 0 0 0 0 2.88 12.96 23.73 32.20 38.01 40.68
3 0 0 0 0 0 0 3.29 14.11 24.56 32.76 38.07 40.51
4 0 0 0 0 0 0.30 5.30 15.26 24.66 32.32 36.97 39.35
5 0 0 0 0 0 0.61 5.63 15.02 24.08 30.74 35.39 36.76
6 0 0 0 0 0 0.44 4.70 13.59 22.60 29.86 34.32 36.35
7 0 0 0 0 0 0.47 4.08 13.25 22.35 29.51 34.24 36.44
8 0 0 0 0 0 0 4.37 14.41 24.63 32.41 36.12 37.71
9 0 0 0 0 0 0.23 5.58 15.90 24.60 31.84 37.15 39.04
10 0 0 0 0 0 0.34 6.68 17.44 27.05 33.99 38.02 39.64
11 0 0 0 0 0 0 5.56 17.18 26.67 33.54 37.47 38.94
12 0 0 0 0 0 0 3.61 14.56 23.54 32.36 37.31 39.08
Year 0 0 0 0 0 0.61 6.68 17.44 27.5 33.99 38.07 40.68
Month 12h 13h 14h 15h 16 h 17 h 18h 19h 20h 21h 22h 23h
1 39.16 36.37 30.08 20.48 8.83 1.01 0 0 0 0 0 0
2 40.65 37.77 31.59 22.75 13.03 2.70 0 0 0 0 0 0
3 40.24 37.27 31.55 23.12 12.79 2.93 0 0 0 0 0 0
4 39.19 36.03 29.48 20.86 11.32 1.93 0 0 0 0 0 0
5 36.44 32.75 25.54 17.69 9.49 1.84 0 0 0 0 0 0
6 35.75 32.02 25.09 16.18 9.45 2.15 0 0 0 0 0 0
7 36.33 33.44 25.88 18.72 9.66 2.58 0 0 0 0 0 0
8 37.50 34.44 28.26 20.45 10.61 2.34 0 0 0 0 0 0
9 37.98 35.28 28.11 19.57 10.13 2.01 0 0 0 0 0 0
10 38.43 33.90 26.96 17.67 6.72 0.51 0 0 0 0 0 0
11 37.42 33.40 26.65 16.98 7.31 0.38 0 0 0 0 0 0
12 37.80 31.67 23.61 13.92 5.27 0.31 0 0 0 0 0 0
Year 40.65 37.77 31.59 23.12 13.03 2.93 0 0 0 0 0 0

Increasing the PV array/inverter ratio (which means reducing the installed capacity
of the inverter) can lead to a reduction in the residual capacity, increasing the electrical
capacity used for cooling and ventilation of the inverter as well as the surroundings, but can
reduce the total investment of the plant. Therefore, the article recommends that the total
selected inverter capacity is 42.5 MW. With this capacity, the plant ensures the transmission
of the entire output capacity of the PV array to the grid.

Main Parameters of Inverter

PV inverters are divided into three categories, including a microinverter capacity of
up to 275 W, string inverters that have a capacity of 100 kW, and central inverters beyond
100 kW [40], of which the second and the third models currently dominate the market [6]
(Figure 3).

Central Inverter

L |

Figure 3. Connection models of central inverter and string inverter.

)

String Inverter

{

()

The selection of inverter capacity depends on the power generated by the solar power
plant and the requirement of reactive power to which the plant is connected. Due to the
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manufacturing characteristics, the inverter is coupled from many smaller units with a
capacity of 500 kW or 600 kW to ensure the installation area conditions on the lake surface
with a 0.6/22 kV transformer and 22 kV electrical cabinet; the article recommends the
capacity of each inverter is 2500 kW, connected to 01 transformer and 22 kV distribution
cabinet system with circuit breaker to protect against short circuit.

Through the above analysis, the article recommends choosing a central inverter type
with the following main technical requirements in Table 8.

Table 8. Main technical parameters of the inverter.

Voltage range, MPPT (25 °C)
Max. system voltage (Voc)
Max. input current (25 °C)

Max. open circuit current

DC Input AC Output
850-1425 V Rated power (25 °C/50 °C) 2500 kVA /2250 kVA
1500 V Rated output voltage 440-660 V
3000 A Rated frequency 50 Hz
4300 A Max. output current 2624 A
Power factor adjustment range 0.8 (late to early phase)
Max. conversion efficiency (AC/DC) 98.6%

2.2.3. Calculation of Choosing Medium Voltage Transformer

Medium voltage transformers in PV power plants have the function of raising the
output voltage of the inverter to a medium voltage level for direct grid connection or
collecting for the high voltage transformer to upgrade to a higher voltage level.

The total capacity of the transformer is selected on the basis of the following;:

DC input power of the inverter;
The required power factor of PV power is 0.95;
Inverter efficiency is 0.985.

The total transformer capacity of 0.6/22 kV is determined using Equation (4):

Pin 40.7 x 0.985
=_—0985=———" =422MVA 4
Stians = 950985 0.95 ’ @

The transformer is selected according to the inverter capacity and electrical connection
diagram: the article recommends the capacity of the transformer combined with the inverter
as follows:
e  Connection diagram: 1 inverter connects 1 transformer; transformer capacity is

2500 kVA, a total of 17 transformers;

Total capacity of transformers: 42.5 MVA.

Rated high voltage 22 kV.

Rated low voltage 600 Vac.

The main technical parameters of the selected medium voltage transformer are shown
in Table 9.

Table 9. Main technical parameters of the transformer.

Technical Parameters Value
Rated input voltage 0.6 kV
Rated output voltage 22 kV
Rated capacity 2500 kVA
Rated input current 2410 A

Rated output current 66 A
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3. FPV Plant Design
3.1. Installed Design for PV Modules
3.1.1. Module Tilt Angle

The common rule is confirmed by computing the optimal tilt angle is determined
using Equation (5) [75]:
Bopt = 3.7+ 0.69|2], @)

The PV plant mounted on a floatation system at the Da Mi hydropower reservoir is lo-
cated at latitude 11.3° North. From PVsyst software, the optimal tilt angle is from 12-16°, the
azimuth angle is south-facing (0°), and the global tilted irradiance is 1.818 kWh/m? /year,
shown in Figure 4.

Field type |Fixed Tited Plane -

Field Parameters

Plane Tit [12.0 j‘[“]
Azimuth {0.0 illr]

Tilt 12° Azimuth 0°

West East
South
Yearly meteo yield
Dptimization by respect to = Transposition Factor FT 1.02
o “early iradiation yield él Loss By Respect To Optimum 0.0%
" Summer [Apr-Sep) Global on collector plane 1818 k'wh/m?

" wfinker [Oct-Mar)

% Show Optimization

Figure 4. Optimum tilt angle calculated from PVsyst software.

We chose a small tilt angle to reduce the loss of internal shading between the modules.
In addition, choosing a small tilt angle reduces the impact of storm winds on the system
structure, especially with the PV module mounted on a water base. Therefore, the tilted
angle of the panel is selected to be 12°, and the direction is south-facing.

3.1.2. Install the Modules

The distance between rows is determined by the tilt angle of the module. Not only
the shading effects but also those of the conductors must be taken into account to prevent
the hot spot effect and to utilize the area [76]. Shading limits the angle and the optimal
use of the area. When the sun angle is less than «, part of the module will be covered,
causing losses. A prerequisite for choosing row spacing is no internal shading at the zenith
(at noon) of the lowest solar day of the year (winter solstice, December 21), and that the
system has an internal shading loss of less than 1% is reasonable.

Through calculation, the result of choosing the distance between the rows of modules
is 0.5 m. The main parameters are shown in Figure 5:

Width of 1 row of rack: 1 m (equals to the width of 1 module);

Pitch distance (between 2 lower edges of 2 adjacent module rows): 1.5 m;
Tilt angle: 12°;

Shading limit angle: 21.7°;

Ground Coverage Ratio—GCR: 67%.
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Figure 5. Distance between module rows.

With the selected distance, the system met the condition of no shading at noon on
December 2021, as shown in Figure 6, and the internal shading loss is 1%, as shown in
Figure 7. In addition, the selected distance is also suitable for maintenance.

Shed Mutual Shading at Da Mi Reservoir, (Lat. 11.3°N, long. 107.8°E, alt. 326 m) - Solar Time
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--------
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=
B
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“z
ah 4: 20 Mar - 23 Sep heh
30 = 5:21 Feb - 23 Oct L
B 6: 19 Jan - 22 Nov T
7
7h et 17h
15| -1
Behind the Behind the
. plane i ; : . i . o : plulne
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Figure 6. Shading conditions on December 2021.
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Figure 7. Condition of shading loss.

3.2. DC Electrical Part Design
3.2.1. Minimum Number of Modules in Series

The minimum number of modules in a series is limited by the minimum operating
voltage of the inverter (850 V). The minimum operating voltage of the module is determined
at the point of the highest operating temperature of the module [77]. According to data
purchased from Solargis, the highest air temperature in the plant area is 36.2 °C. Normally,
the operating temperature of the module will be about 20-30 °C higher than the ambient
temperature. The article uses 60 °C as the highest operating temperature of the module
to design.

Operating voltage of the module at 60 °C : Vmpp,module_max_60 °.C = 33.9V

The minimum number of modules in a series can be computed using Equation (6):

Nimin = VMPP, inverter_min _ 850 _ 25, (6)
VMPP, module_max_temp 33.9

3.2.2. Maximum Number of Modules in Series

The maximum number of modules in a series is limited by the maximum allowable
voltage of the system (1500 V). The maximum open-circuit voltage of the module is deter-
mined at the lowest ambient temperature when the module is operating [26]. In the plant
area, according to the results of typical annual meteorological data TMY P50 purchased
from Solargis in the plant area, the minimum air temperature in the year is 12.8 °C and the
minimum air temperature in the presence of irradiation is about 13.3 °C. The article uses
the value 13 °C as the lowest operating temperature of the module.

Open circuit voltage of the module at 13 °C : Voc module_13 °c = 48.6 V

The maximum number of modules in a series can be computed using Equation (7):

Vimax_inverter < 1500 =30.8 )

VOC,mudule_min_temp — 48.6

Nmax =
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3.2.3. Maximum Number of Parallel PV Strings into an Inverter

The Maximum number of parallel PV strings in an inverter can be computed using
Equation (8):
Imppy,, _ 2466

Ngtring max > ImppPV =374 = 288.2, 8)

The maximum number of parallel PV entering an inverter is limited by the inverter’s
maximum working current (Impp, ). The working current of a string is equal to the
operating current of a module (Impp,, )-

3.2.4. Calculation of PV Array/Inverter Capacity

In most modern inverters, when the DC input power is greater than the inverter’s
power limit, the inverter will automatically shift the I/V operating point of the PV array (to
a larger voltage) to keep it equal to the rated power. Therefore, designing the input power
of the PV array to be larger than a part of the rated capacity of the inverter will not affect
the operation and the lifetime of the inverter.

When designing PV /inverter ratio greater than 1, part of the capacity of the PV array
cannot be transmitted to the grid because the inverter cuts. The PV array will not operate
at its best at this time because the load does not receive all the electricity generated from
the PV array, which will cause the PV array to be heated up a little. This portion of power
is called overload loss. The loss of the generated power to the grid will be compensated
for by reducing the number of installed inverters. Currently, in the world, the average
PV /inverter ratio ranges from 1.1 to 1.4 [54,77].

Through calculation by PVsyst software, the total selected inverter capacity is 42.5 MW,
so the PV /inverter ratio selected in Figure 8 shows:

e Rated PV arrays capacity (STC): 47.5 MWp;
e Maximum PV arrays capacity (50 °C): 46,476 MW;
e Rated inverters capacity (AC): 42.5 MWacg;
e PV/inverter ratio: 1.12;
e  Opverload loss ratio (total output): 0.0%.
Current [A] Array Voltage Sizing
10T T Ty Pokne’ ™!
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40,000f = R =
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1 =AY = B |
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Figure 8. PV /inverter ratio selection.
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The general design parameters of the PV arrays are in Table 10 as follows:

Table 10. General design parameters of the PV arrays.

Parameters 1PV String 1 Combiner Box 1 Inverter The Whole Plant
DC Rated power 9.9 kWp 158.4 kWp 2794 kWp 47,500 kW
AC Rated power - - 2500 kVA
Number of inverters - - 1 17
Number of combiner boxes - 1 17.64 300
Number of modules in a series 30
Number of parallel PV strings - 16 282.2 4798
Number of modules 30 480 8467.05 143,940
Rated current Impp 8.74 A 139.8 A 2466 A -
Short circuit current Igc 9.14 A 146.2 A 2580 A -

The design parameters of the PV arrays are shown in Table 10. The system consists of

17 inverters and 4978 PV strings; on average, each inverter will have 282.2 strings and 17 or
18 combiner boxes with 16 input conduits. So, the design option is chosen as follows:

Inverter 1-6: each inverter includes 272 PV strings and 17 combiner boxes with
16 input conduits;
Inverter 7-17: each inverter includes 288 PV strings and 18 combiner boxes with
16 input conduits;

3.3. AC Electrical Part Design

Connecting FPV may reduce the costs of transmission extensions, substations, and

other infrastructure requirements, as well as decrease time [78-80]. The AC electrical part of
the FPV plant at Da Mi reservoir includes equipment from the output of the inverter such as
low voltage electrical equipment, 0.4/22 kV transformer, 22 kV distribution equipment, and
the set includes circuit breakers, current transformers, measuring transformers, protective
equipment, controlling, and monitoring on the general cabinet ... .

The technological diagram of the AC electrical part design is expected to be configured

as follows:

Inverter station A:

Including 7 inverters connected to 7 transformers 0.6/22 kV;

The 22 kV distribution system has an electrical connection diagram of two busbars
with segments, including seven routes to the 0.6/22 kV transformer, two routes to the
110 kV substation, and two segmentation compartments;

Inverter station A:

Including 10 inverters connected to 10 transformers 0.6/22 kV;

The 22 kV distribution system has an electrical connection diagram of 2 busbars
with segments, including 10 routes to 0.6/22 kV transformer, two routes to 110 kV
substations, and two segmentation compartments.

Circuit breakers are equipped with electrical protection according to electrical equip-

ment regulations, including protection for difference, overcurrent, overload, and synchro.

The converter cabinets are equipped with over-current, directional over-current, over-

voltage, and under-voltage protections.

From the inverter connected to the 0.6/22 kV transformer, there will be protective

devices, including a circuit breaker, isolator, overcurrent functions protection, over-voltage,
under-voltage, and earth-fault ... . All these devices are usually built into the inverter.

4. The Layout of PV Modules—Inverter—Floatation System—Floating Bridge System
4.1. Site Conditions

The water-based configuration of FPV systems can be classified according to dif-

ferent criteria [79], such as position in relation to the water surface: i.e., over (floating
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system) [18,32] or under (submerged); type of water: fresh (reservoir, river), wastewa-
ter [36], or salt (seawater) [80,81]; type of PV module: rigid or flexible [21,32,55,82]. An FPV
plant can be set up on various water surfaces such as water tanks, artificial and natural
reservoirs, water canals, hydro accumulation, sea surfaces, etc. [19]. It is necessary to
combine PV plant technology and floating technology [33]. Da Mi hydropower reservoir
was built in 1997 and put into operation in 2000, and the site conditions affect the design,
construction, installation, and operation of solar power on the hydropower reservoir as
follows:

e  The maximum wind speed with a frequency of 2%: 11.3 m/s at an altitude of 3 m
above the water surface;

The reservoir is well-ventilated, without large trees or cliffs covering it;

Reservoir surface area: 609.6 ha at normal water level rise;

Farming activities on the reservoir: Yes;

Type of water: River water, clean, unpolluted;

Reservoir water depth: Average (59 m), Min (58 m), Max (62.5 m);

Elevation of reservoir water level: Average (324 m), Min (323 m), Max (327.4 m),
the water level fluctuation is small (max: 4.5 m); this is the main advantage that
Da Mi hydropower reservoir was selected to research and propose to invest in the
construction of an FPV plant.

4.2. The Layout of a PV Array and a Combiner Box

Each PV string will consist of 30 modules in series and located on the same row of
structure, each row of structure spaced a distance of 0.5 m as an operating passage. The
models in a series will be placed horizontally in succession, spaced 50 mm.

In addition, for the convenience of maintenance later, between two consecutive PV
arrays horizontally East-West) there will also be a distance of 0.5-1 m to make the operating
path and place the combiner boxes. Each combiner box contains 16 PV strings in parallel,
and each PV string includes 30 PV modules in series in Figure 9.

62,100
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Figure 9. The layout of a PV array with 16 PV strings.

4.3. The Layout of All PV Arrays and Inverter

The PV arrays will be arranged on the reservoir surface so that the distance to the
inverter station is minimal. Therefore, it is necessary to pay attention to the location of the
inverter station.

Through studying the topography of the Da Mi reservoir, there are two favorable
locations to place the central inverter stations as follows (Figure 10):
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e  The rocky snout protruding into the reservoir is located at the coordinates of 11.47°
north latitude and 107.846° east longitude. This position has the lowest elevation
of about 326 m, and the terrain is relatively favorable for leveling the ground; it is
guaranteed to be above the max elevation of reservoir water level (327.4 m). This
location was chosen to place inverter station A;

e  The floating island in the middle of the reservoir is located at coordinates 11.253°
North latitude, 107.846° East longitude. This floating island location is about 700 m
from the inverter station A, with a peak elevation of 335 m. This location was chosen
to place inverter station B; it is guaranteed to be higher than the max elevation of the
reservoir water level.

Figure 10. The chosen locations to place central inverter stations A and B.

After choosing the location of the central inverter stations as above, proceed to arrange
the PV arrays around the two central inverter stations. To ensure the structure of the
whole floatation system, it is necessary to divide the PV arrays to place the pontoon
bridges alternately. The anchor system will be connected to the floating bridges to link the
whole system.

In order to evenly distribute the inverters, some PV arrays located in the area of station
A can be connected to station B. The results of the PV array arrangement of the whole plant
are in Figure 11.

Where:

e Area A: connected to inverter station A, with a total area of about 18.2 hectares for
floating installation and an installed capacity of about 19 MWp. Inverter station A
has an area of 13 x 30 m and will install seven inverters 2500 kVA and seven step-up
transformers 2.5 MVA;

e Area B: connected to inverter station B, with a total area of about 27.3 hectares for
floating installation and an installed capacity of about 28.5 MWp. Inverter station B
has an area of 15 x 30 m and will install 10 inverters with 2500 kVA and 10 step-up
transformers with 2.5 MVA.



Energies 2023, 16, 3780 22 of 29

An array of
16 strings

L (154 kmp) C T T T ]

Figure 11. The layout of all PV arrays.
4.4. The Layout of the Floatation System (Pontoon) and Structural System

The floatation system is the key element of the system. It has to ensure stability
and buoyancy, and it is the basis of the FPV plant [27]. Floatation system: a floating
body (structure + floater) that allows the installation of the PV modules and mooring
system: can adjust to water level fluctuations while maintaining its position [6,44]. FPV
systems are categorized as PV modules mounted on floatation tanks with (a) structures
built with polymers and galvanized steel, then assembled to form a wide platform, or (b)
structures built entirely from polymers [23]. Floatation systems are compared to two types
of floats, namely prefabricated and assembled floats. Prefabricated floats with High-Density
Polyethylene material (HDPE) shaped by die casting are shown in Figure 12.

HDPE material
Inclination angle: 12°
Thickness: ~3 mm

ight: Length: max 1670 mm
Weisht.9.5ka HDPE material g IO
// = Non-slipping surface Frame thickness: 25~40 mm
£ Thickness: ~3 mm Cable length: 900~1200 mm
Weight: 3.5 kg ra Connector: MC4 compatibility

Fiberglass + PP material
Certification NFT 58 000

Aluminium or EPDM rail
Certification ISO 3302-1/1996

Figure 12. Layout of a prefabricated float system.
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Investment cost: by reference, this prefabricated float system costs about 0.28 USD/Wp.
In addition, the cost of transportation and installation is about 10%. Besides the option of
using prefabricated floats, the plan of using HDPE plastic floats and assembled steel floors
is also calculated for comparison. The investment comparison results of the two options
are shown in Table 11.

Table 11. The investment comparison results of two floatation system options.

Category Costs Prefabricated Float Option Assembled Float Option
8oty USD VND VND
Shopping 13,300,000 297,055,500,000 649,324,350,000
Transportation and installation (10%) 1,330,000 29,705,550,000 64,932,435,000
Total 14,630,000 326,761,050,000 714,256,785,000

Floating platforms are 100% recyclable, using HDPE, which can reduce UV light
and corrosion [19]. After extensive literature studies on the properties of polyolefins,
HDPE [58] is found to be a better material for this purpose. The tensile strength was
reduced from 23.22 MPa to 14.64 MPa after accelerated UV exposure. After 1000 h of
exposure to accelerated weathering, the material still has the tendency to hold a constant
load of 637.81 N without rupture, compared to the non-weathered sample (955.16 N) [83].
Realizing that the designed assembled float option has a much higher cost than the imported
prefabricated float option, the prefabricated float option uses the float system of reliable
manufacturers in the world, ensuring the structural strength and longevity of the whole
plant. Therefore, it is recommended to choose the prefabricated float option.

4.5. The Layout of the Floating Bridge System

Due to the specificity of the FPV plant installed on the Da Mi hydropower reservoir
with a large capacity, subject to the great impact of flows and waves, the float systems
themselves cannot bear the force to hold the entire floating arrays. Therefore, it is necessary
to design a floating bridge system to do the task of anchoring very large PV arrays to be
stable against the effects of wave, wind, and flow (Figure 13).

Electrical cable 500 2000

PV modul

7 S [
_ Waterlevel | = [
o f 7 —— ——— el

Mainfloar /  Awsliary float / / - .

“u‘ Mooring line

Figure 13. Representation of a pontoon bridge.

The floating bridge is a system of floats connected to each other to create passages for
project managers and operators. The float structure is a shaped HDPE plastic material with
a sheet size of 507 x 507 x 400 mm, a thickness of 3 mm with reinforced ribs, a permissible
load of 95 kg/float, and a product life over 25 years. The width of the floating bridge is
3.0 m (the width of the passage section is 2.0 m. The width of the power cable corridor on
both sides is 2 x 0.5 m = 1.0 m).

Da Mi FPV plant with an installed capacity of 47.5 MWp belongs to the energy
industrial building class 1, including six PV mounting arrays (array A-F). The total number
of modules is 143,940, overviewed in Figure 14. In addition, there are leading corridor
pontoons, cable support pontoons, navigation pontoons, etc. The total water surface area is
50 hectares.
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Figure 14. The overview of Da Mi PV Plant.

5. Results
5.1. Simulation Results

Using PVsyst 6.61 software to simulate the plant is a specialized software commonly

used in the world to design PV power plants. The simulation results are the electricity
production in the year, the generating capacity, the generation time used to design the power
system, and evaluate the efficiency of the plant. The plant’s declared input parameters
include the following:

Plant geographical location;

Typical meteorological data (from SolarGIS source);

Environment conditions: albedo, lowest ambient temperature, and highest opera-
tion temperature;

Module installation configuration: tilt angle, azimuth, distance;

System design: selection of panels, inverter for calculating the number of devices,
capacity, and wiring;

Declare loss values: temperature loss, AC and DC conductor loss, dirt, irradiation, PV
quality, system difference, self-use, and attenuation factor;

Declare shading based on a topographic map.

After conducting the simulation, the main results of the Da Mi PV power plant are

shown in Table 12.

Table 12. Plant simulation results.

Parameters Results
Number of modules 72 cell—330 Wp 143,940
Number of inverters 2500 kW 17
Installed capacity (energy capacity) 47,500 kWp
Area of modules (suitable area) 279,294 m?
Power output in the first year (generation) 69,990 MWh
PR (Performance ratio) 81.43%

Typical power output of the plant 1473 kWh/hWp/year
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5.2. Operation Results

FPV systems covering under 10% of Da Mi hydropower reservoir surface, the owner
has not recorded any unusual phenomena of environmental impact in the plant area.
The real electricity production after 2 years of operation is measured and summarized
as follows:

e  The real electricity production of the plant in the first year (from 1 June 2019 to 31 May
2020) reached 74.18 million kWh with a real PR of 83.40%, which is 4.19 million kWh
higher than the design electricity production of 69.99 million kWh with design PR of
81.43%, equivalent to 105.95%;

e  The real electricity production of the plant in the second year (from 1 June 2020 to
31 May 2021) reached 71,293 million kWh, about 1794 million kWh higher than the
design, equivalent to 102.58%. However, the Da Mi FPV power plant had to cut out
2.94 million kWh of real electricity production due to an excess of the national power
grid from November 2020 to 31 May 2021.

During the operation period until 31 August 2021, there has been no serious damage
to the equipment.

6. Conclusions

According to solar irradiation data TMY P50 from SolarGIS source in the plant area,
a preliminary 47.5 MW FPV system on the water surface at Da Mi hydropower reservoir
connected to the national utility grid 110 kV in May 2019 was proposed, which examines the
electrical analysis including total rated DC PV arrays capacity (STC) of 47.5 MWp total rated
DC converters of 47,500 kW, 17 inverters (2500 kW per set), 17 transformers (2500 kVA per
set) and 143,940 PV modules (72 cells—330 Wp per module) interconnection configuration.

The DC electrical part design consists of 17 inverters, 17 PV arrays, and 4978 PV strings.
Thirty PV modules connected in series form a PV string, 16 PV strings connected in parallel
form a PV array connected to a combiner box, and 17-18 combiner boxes connected to one
inverter. On average, each inverter will have 282.2 strings and 17 or 18 combiner boxes
with 16 input conduits. AC electrical part design consists of 17 transformers 0.6/22 kV
connected to the 22 kV distribution system and has an electrical connection diagram of two
busbars with segments by seven routes and two routes to the 110 kV substation.

The layout PV modules—Inverter—Floatation system—Floating bridge of the FPV
plant is divided into area A connected to inverter station A and has a total area of approx.
18.2 hectares for floating installation with an installed capacity of about 19 MWp (inverter
station A has an area of 13 x 30 m and will install seven inverters 2500 kVA and seven
step-up transformers 2.5 MVA), and area B connected to inverter station B has a total area of
about 27.3 hectares for the floating installation with an installed capacity about 28.5 MWp
(inverter station B has an area of 15 x 30 m and will install 10 inverters 2500 kVA and
10 step-up transformers 2.5 MVA).

FPV systems covering under 10% of Da Mi hydropower reservoir surface could
produce 74.18 million kWh with a real PR of 83.40% in the first year, which is 4.19 million
kWh higher than the design electricity production 69.99 million kWh with a design PR
of 81.43%, equivalent to 105.95%. In the second year, this FPV system could produce
71,293 million kWh, about 1794 million kWh higher than the design, equivalent to 102.58%.
However, 2.94 million kWh of real electricity production had been cut out due to an excess
of the national power grid in the second year.

These planning activities help decision-makers assess how hybrid systems could sup-
port through conservation of hydropower resources. This work contributes a systematic
review of associated benefits and environmental constraints [22] and an assessment of
technical potential developing a method to apply FPV-hydropower systems configura-
tion assumptions.
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