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Vietnam’s promising economic growth has led to energy shortage, growing coal imports, and increasing carbon
emissions. The country’s electricity demand annual growth rate has been 12% in recent years and is projected to
be 8-9% by 2030. In Vietnam 40% of the land is dedicated to agriculture and thousands of inland water bodies
are used for agriculture/aquaculture. Utilising even a small portion of them for Floating Photovoltaics (FPVs)
would mitigate land-use conflicts and benefits agriculture and aquaculture. To demonstrate FPVs’ potential, we
selected a hydropower dam reservoir in the North and six irrigation reservoirs in the South. System Advisor
Model (SAM) software was used to simulate the electricity generated if we cover 1%, 5%, and 10% of surfaces of
these reservoirs. The results show a potential capacity close to 1 GWp and annual potential generation of 1.4
TWh if 1% of these surfaces were covered by FPVs. We also evaluated FPVs potential for four different types of
water bodies in Vietnam: Lake, Lagoon, River and Without Classification. The results showed that the potential
capacity, considering use of only of 1% of these water surfaces for FPVs is 3.7 GWp, and provides 5385 GWh
generation, which highlights the significant contribution that FPVs can make to the renewable energy sector in
this country. However, FPVs face some socio-technical barriers, including regulatory ambiguity about water
rights, uncertainty about economic policies and limited information about their environmental impacts that

could hamper the expansion of this technology, and need to be addressed through further research.

1. Introduction

Vietnam’s gross domestic product (GDP) has increased 55 times in
the past 30 years, from 6.5 billion USD in 1990 to 362 billion USD in
2021 [1]. This growth has been accompanied by a high electricity de-
mand annual growth rate. From 2012 year by year the electricity de-
mand growth has been between 9 and 12% [2], except for 2020 which is
attributed to COVID-19. This value has increased again to 9% in 2021,
which is faster than any other comparable Asian economy, and is pro-
jected to be 8-9% annually till 2030 [3]. Since 2016, coal has become
one of the most crucial energy sources in the country, and its use in
2013-2018 grew 75%, faster than any other country in the world,
despite political resistance to coal due to local pollution concerns [4]. In
addition, we have seen an increasing trend in investments in new
coal-fired plants, which could result in a technological lock-in due to the
long operational life of these plants.
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The share of coal in electricity generation in Vietnam has increased
36.5 folds from 3.0 Terawatt hours (TWh) in 2000 to 109.5 TWh in
2021, which corresponds to an increase from 11.5% to 51.3%. The
percentage shares of hydro and gas as the second and third sources of
electricity generation in Vietnam between 2000 and 2021 has changed
from 56.1% to 25.6% for hydro and from 15.9% to 11.6% for gas [2,3].
The share of Solar PV in Vietnam’s electricity supply was about 0.01% in
2018 [5], which has increased to 2.3% in 2019 and 10.6% in 2021. Fig. 1
illustrates electricity generation by source in Vietnam in TWh and per-
centage share.

To maintain its economic growth and follow the Paris Agreement on
Climate Change, the country has pledged to reduce its greenhouse gases
emissions by 8% by 2030 [6]. Vietnam needs to have access to secure
energy supply and sustainably shift its energy resources from fossil fuels
to renewables. A process that has been initiated since 2018 with sup-
porting policies for investment in Solar PV and has been reaffirmed in
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Vietnam’s commitments to COP26, where the country announced its
aim to stop deforestation by 2030, phase out coal fired power generation
by 2040 and achieve net-zero carbon emission by 2050. This process
also involves introducing stronger measures to reduce the country’s
greenhouse gases emissions.

Some studies suggest that the generous feed-in tariff (FIT) that the
government announced in 2017 for solar projects has had an instru-
mental role in expanding solar PV in Vietnam [7]. The FIT stated that PV
solar plants grid-connected before July 2019 would be able to sell their
electricity to the state-owned Vietnam Electricity (EVN) at a FIT of US
$93.5/MWh for 20 years. Such policy had a significant impact on
increasing the installed capacity of solar PV, which changed from 0.02
TWh at the end of 2018 to 22.65 TWh by the of 2021 [3,7] In April 2020,
the new purchase price for electricity generated by ground-mounted PV
plants was announced as US $70.9/MWh for 20 years [8].

Nevertheless, Vietnam faces other challenges when it comes to solar
energy, which cannot be merely addressed through providing financial
incentives. High population density (310 people per km?), land
morphology, and geography make allocating land for renewable
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energies, particularly solar farms, quite challenging. As Fig. 2 suggests,
the densely forested highlands in the central part and mountains in the
far North and Northwest [9-11] has caused the highest population to
cluster in two deltas in the North and South, where Hanoi with more
than 8 million and Ho Chi Minh City with more than 9 million pop-
ulations are located respectively. Such geographical characteristics
make land conflicts a common issue in rural areas in Vietnam. These
challenges sometimes go beyond the villagers and involve the govern-
ment seizure of agricultural land for development and use of police force
to evict farmers in rural districts [12]. The significant presence of inland
waters (lakes, wetlands, and ponds) also adds to the land scarcity and
makes land-use conflict a major concern in Vietnam.

Moreover, the crucial sector of agriculture exacerbates land shortage
for solar farms and makes such installations against the interests of
farmers and villagers. Vietnam has been transformed from a food-
insecure nation to a world-leading exporter of food commodities [13].
About 40% of Vietnam’s inhabitants are engaged in agriculture, making
this sector the major employer before services and industries. Among all
farmers nearly 90% are small family farmers, of which more than 65%
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Fig. 1. Vietnam’s electricity generation by source from 2000 to 2021 according Ember Climate and Energy Think Tank data [2].



H. Pouran et al.

Hanoi <

o,
Haiphong

B eonen

Temporary

Surface Water

§
5

< "Hai Phong
£ Nam Dinh

7 Dong He

Photovoltaic

Radiation Potential
kWh/kWp

L. &, Da Nang

2.6 Daily sum

949 Yearly sum

Hydropower
Dams

Renewable and Sustainable Energy Reviews 169 (2022) 112925

Elevation
Map

Coal Power Plants ey

Guinghias

Vietham

Fig. 2. Vietnam’s surface water and elevation maps, hydrology map, hydropower dams and coal power plants and solar radiation potential.

are situated in rural areas. In addition to agriculture, aquaculture (the
farming of aquatic organisms) is also a key sector in Vietnam that con-
tributes to achieving food security, alleviation of poverty, sustainable
livelihood creation, economic growth, and rural employment genera-
tion. Vietnam is the 4th major producer of fishery and aquaculture in the
world with export of more than 9 billion USD per year [14]. In this
country about 8.5 million people derive their main income directly or
indirectly from fisheries, and around 30% of the dietary animal protein
consumed by people is in from different aquatic products [15].

These numbers show the vital role that agriculture and aquaculture
play in Vietnam’s economy, development, and food security (which is
increasingly important considering the population growth). However,
the land areas dedicated to farming and the growing energy demands by
this sector and other parts of the economy make it challenging for
Vietnam to maintain its growth while reducing greenhouse gases emis-
sions. Both agriculture and aquaculture sectors actively rely on different
types of water bodies, which are extensively available across Vietnam.
Fig. 3 illustrates the trends the we have seen in coal consumption,
population, agriculture and aquaculture growth [16].

Vietnam’s vast water surfaces could be used for deploying floating
photovoltaics (FPVs) technology, which is an emerging and innovative
approach in generating clean electricity. The country has successfully
deployed local power generation through small and mini hydropower

before, which has supported agricultural developments in Vietnam.
Such small-scale hydropower plants have been widely used for rural
electrification, where the operators require much lower training, and
these generators could be locally managed. While some of small hydro
powers haven’t performed as expected, nevertheless, overall generated
electricity through these systems has increased agricultural productivity
in Vietnam and provided clean energy [17,18]. This experience shows
the potential of small or even micro scales FPVs in Vietnam. Particularly
now that Vietnam has completed various stages of electrification
development and has achieved above 99% universal access to electricity
across country the clean electricity generated by FPVs, can serve the
entire nation regardless of the location of the power plant [19].

The purpose of this research is to show the significant role that FPVs
technology can play in addressing Vietnam’s energy needs, considering
the challenges that this country faces including growing population,
economy, electricity demand, land use conflict and commitments to
Paris Agreement. Here we provide a case study and evaluate FPVs
deployment potential on some of the important water reservoirs in
Vietnam. We use System Advisor Model (SAM) for simulation.
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Fig. 3. Vietnam’s information about energy, agriculture, population, and aquaculture [16].

2. FPVs role in providing a cost-effective, low carbon, and
secure energy supply for Vietnam

2.1. What is floating PV technology?

Floating Photovoltaic (FPVs) systems provide a unique opportunity
for Vietnam to address its growing energy demands and transition to a
low carbon economy by utilising only a small portion of water surfaces
available for this purpose. FPV is an innovative application of PV tech-
nology deployed on water surfaces from very small to large scales that
can provide clean, cost-effective, reliable, and secure energy. The great
potential of FPV technology lies in its flexibility and adaptability with
different permanent and seasonal water bodies that allows deploying
them even on drinking water reservoirs. In principle, FPVs are an array
or combined arrays of photovoltaic panels placed on floating structures
that keep them above the water surface [20]. In the long term, such
floating infrastructures might be affected by the potential environmental
risk that could damage their performance over the years, namely, severe
earthquakes, tsunami, and destructive storms. Even considering such
concerns, which are highly unlikely in non-marine environments, the
strong performance and reliability of the existing floating solar farms
have convinced many countries to express their interest in this system.

A study by US National Renewable Energy Lab (NREL) suggests that
the floating solar technology could potentially provide about 10% of the
US annual electricity needs. This evaluation is based on conservatives
assumptions that consider only man-made reservoirs and those that do
not face any legal or environmental barriers, which corresponds to about
24,000 water bodies [21]. The FPVs significant potential is not limited
to the US, even 1% of the surface coverage of the existing hydropower
reservoirs in Africa could produce an additional 171 GWh of electricity
and increase the electricity output by 58% [22]. A report by the World
Bank indicates that if 1% of the total surface area of man-made reser-
voirs is covered by floating solar, the FPV capacity would reach more

than 400 GW globally [23]. Different scales of FPVs power plants have
been installed globally, however, east, and southeast Asia are the regions
with the highest number of floating solar projects, at various stages of
development. China, South Korea, and India are of the biggest investors
and operators of FPVs in the world.

2.2. What makes FPVs different from common PV solar

The latest figures regarding global deployments of FPVs belong to
International energy agency (IEA) Photovoltaics Power Systems Pro-
gramme (PVPS) report that suggests by 2021 the installed capacity of
FPVs has surpassed 3GWp globally, which more than 20% of it has been
achieved in 2020 alone [24]. This technology delivers several tangible
socio-technical and environmental advantages that contribute to sus-
tainable economic growth and achieving energy trilemma that often
translates as affordability and access, energy security and resilience, and
environmental sustainability [25]. Some of these benefits, like job cre-
ation, are similar to common ground-mounted PV farms; however, there
are other advantages, which are unique to FPVs, and not occupying
habitable or productive areas is one of them. These versatile systems can
even be deployed on drinking water reservoirs and seasonal water
bodies, including rainwater retention ponds, and reduce land-use con-
flicts, which is a concern for deploying renewables in Vietnam and many
other countries. Moreover, the cost of land for renewables or the slopes
and hilly areas that increase the challenges of installing PV solar farms
can be eliminated using FPVs [26]. Preserving surface albedo is also
another important advantage of FPVs [27].

Covering the water surface with PV panels and float structures re-
duces the water temperature and evaporation from the covered areas.
Water scarcity is a major challenge, and even in countries like Vietnam,
the impacts of climate change, including heatwaves and reduced annual
precipitation, could affect water availability. Covering the water surface
with FPVs can effectively reduce the evaporation of reservoirs and
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mitigate this problem [28]. The clean energy generated by these systems
could also be used for water treatment and improving the quality of
water.

Ground mounted PV solar farms require extensive land preparation
that could add to deforestation, and loss of fauna and flora [29], while
FPVs require minimum land preparation and land occupation is only
limited to the energy transformer substations and cable ducts. The visual
impacts of FPVs compared to more common PV are significantly less as
they sit on the water surface, which is perfectly flat, does not require
preparation, and reduces the effect of mutual shading of the rows of the
modules.

FPVs could also mitigate algal bloom. Algae, simple plants that live
in the sea and freshwater, can grow out of control and cause algal bloom,
with toxic or harmful effects on people and the environment [30,31].
These blooms occur through photosynthesis and receiving a high
amount of sunlight is crucial for such growth [32]. Covering the water
surface with FPVs reduces the sunlight penetration underwater, as well
as the water temperature. The shading provided by the FPV can mitigate
algae proliferation and improve the water quality [33-35]. The extent of
the impact of FPVs on mitigating algal bloom depends on the different
characteristics, including the nature and size of the water bodies, nu-
trients availability, the areas covered by the FPVs, and the design of
FPVs.

The other FPVs advantage is reducing the PV panel temperature.
When the photovoltaic panels receive sunlight, they generate heat as
well as electricity. The increased temperature of the solar panel cells
reduces the efficiency of the panel and, therefore, the energy output.
Previous studies have shown that reducing the solar panel temperature
and ambient heat would improve the energy outputs [36]. In FPVs, the
cooling effect of water would result in a more efficient and
cost-competitive system. A recent study in Indonesia on FPVs based on
remote sensing analysis has shown that there is an 8 °C difference be-
tween the surface temperature of a lake and its surrounding environ-
ment (annual average) [37]. FPVs can also be integrated into future
hydropower or the existing ones. When the high temperatures and
evaporation reduce the reservoir’s capacity, FPVs systems compensate
for the hydropower reduced electricity generation while benefiting from
the existing infrastructures and gridlines.

A slightly comparable technology to FPVs is installing PV panels on
the top of water canals that could reduce water evaporation particularly
in arid regions. However, in this method PV panels are not sitting on
water surface and are ground mounted. A good example of this approach
is the 10 MWp utility-scale grid-connected canal-top photovoltaic power
plant in India [38]. Interestingly this canal-top system has shown to
generate slightly lower electricity than a similar scale PV power plants,
which has been attributed to the high humidity that the PV panels
experience because of their ambient environment [39]. However, this
could be case dependent scenario and variations depend on the design of
these systems and environmental conditions. The key benefit of these
canal-top systems beside generating electricity is saving water. A recent
study that has simulated the benefits of canal-top PV installations in
California shows that such system could potentially reduce annual water
evaporation by an average of 39 + 12 thousand cubic meter per km of
canal [40].

Fig. 4 is a schematic presentation of an FPV plant.

2.3. Some of the challenges for FPV implementation

It is worth noting that FPVs are an emerging concept, and despite the
unique opportunities that they provide, scarce information is available
about their socio-technical and environmental impacts [20]. They cover
only a small portion of the water surface, and it is unlikely that they
affect the biodiversity as much as land-use intensive large-scale solar PV
infrastructures that might cause habitat loss [42], however, further
research on their impacts on ecosystem and water chemistry particularly
in engineered reservoir and small lakes are required. Rare and unlikely
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Fig. 4. Schematic representation of an installed floating solar power plant like
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solar system.

events like overheating and fire due to man-made or natural phenomena
(e.g., heavy storms similar to what happened in Japan in 2019) [43] are
possible, and if the fire spreads on FPVs, the combination of electricity,
fire and water makes tackling the blaze difficult. In early 2022, the 17
MW FPVs in Southern France experienced a fire accident, which has
been attributed to the floating photovoltaics exposure to several days of
strong winds and repeated frictions of cables. This minor incident shows
the effects of wear and weather risks even in the short term [44]. The
vulnerability of the floats to damage which could cause such floating
structures to sink also adds to the risk.

Public perception and acceptance of floating photovoltaics as a new
technology is a topic that might hamper the expansion of FPVs. This is a
largely unexplored topic and negligible or no published research that
addresses the social or societal implications of FPVs is available [45].
The diverging use of waterbodies by different stakeholders affect the
concerns that public has about the FPVs based on the perceived impact
on their activities and interests. The uncertainties on possible impacts
and the newness of FPVs could cause stakeholders’ reluctance toward
this technology [45]. Acceptability of FPVs deployment by public and
different stakeholders particularly in rural areas is a concern that if not
addressed could hinder successful expansion of this technology despite
the government’s supportive policies.

In terms of maintenance, complex anchoring might be required as
well as diving. The electrical safety of the equipment and potential
environmental impacts of the reduced sunlight on the aquatic life in
small reservoirs or possible release of chemicals from the panels or floats
also need to be considered. The current focus of FPV technology is
mainly on onshore floating photovoltaics as being exposed to harsh
marine environments for such systems could jeopardise their stability
and long-term performance.

3. Methodology

Vietnam has truly extensive water surfaces, which includes thou-
sands of hectares of large lakes, wetlands, ponds, and more than 2360
rivers with a length greater than 10 km and 16 major river basins with
an average catchment area over 2500 km? each [41]. Water is of primary
importance as a major resource for economic activities, including agri-
culture, forestry, fisheries, and energy production in this country.

In the following sections first, we provide a case study to demon-
strate the potential impacts of FPV technology in Vietnam based on
seven selected reservoirs and then using the same methodology we
calculate potential FPV capacity installations and generations for
different types of water bodies in this country. The estimated electricity
generated by FPVs for each of the above scenarios have been presented
in the 4. Results section.
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3.1. Reservoirs selection for demonstrating the FPVs potential as part of
Vietnam clean energy supply

To demonstrate the potential impacts of FPV technology in clean
energy production in Vietnam we have selected seven reservoirs (Fig. 5)
to carry out a case study. The one in the North is one of the largest
hydropower plants in the country, located close to capital Hanoi. The
other reservoirs are in the South and are usually used for irrigation. This
region receives the highest irradiance in the country, as seen in Fig. 1.
We used System Advisor Model (SAM) software [46] to simulate the
electricity generated under three different scenarios; if we cover 1%,
5%, and 10% of the water surface of these seven reservoirs.

Because of the latitude and longitude proximity of some of these
reservoirs, the solar resources of these places are similar, and they could
be grouped in the same weather data information:

e Group 1: Hoa Da Den, Ho Song Ray, Ho Bau Can, Ho Cau Moi
e Group 2: Ho Da Ton, Ho Tri Na
e Hydropower Plant: Ho Binh Hydropower

The selected reservoirs, as shown in Figure, as well as their respective
location and areas can be seen in Table 1.

To calculate the potential installed capacity and estimate electricity
generation, we need to know the composition and size of the FPV plants.
For our calculations, we used the FPV systems based on the Sungrow
company designs [47]. The floats’ characteristics are as follow: material
composed of high-density polyethylene (HDPE), resistant to
UV-radiation, temperature tolerance from —40 °C to 85 °C, anti-fatigue
and wave resistance, 25-year lifespan, and an adjustable area for
different panel angles. The FPV system design is shown in Fig. 6.

The floating system parts, applications, dimensions, quantities of 1
MW system, and the surface area occupied are shown in Table 2. From
the size and composition data of the FPV system, it is possible to

Two iftigation reservoirs -
(Group2) :

Ho Cau Mr

‘t;

Ho Bau Can Jr

Four Irngatlon reseNonrs
iy (Eroup 1,
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Table 1
Location and areas of selected reservoirs in Vietnam for the case study.
Group Water Body Location Total Area
. ) (km?)
Latitude  Longitude
1 Ho Da Den 10.6253 107.1752 3.53
Ho Song Ray 10.6740 107.3583 7.38
Ho Bau Can 10.7463 107.1364 1.95
Ho Cau Moi 10.7677 107.1175 1
2 Ho Da Ton 11.3258 107.4753 2.95
Ho Tri An 11.1397 107.1414 218
Hydropower Hoa Binh 20.8083  105.3238 208
Plant Hydropower
Total - - 442.81
 —) > Aisle Floating
— . Multi-function
| Floating body
| [
PV Module
-’ _-_> Conection
T floating body
Main Floating Body
- - (below panel)
= [

Fig. 6. Schematic representation of the floating photovoltaic system [48].

calculate the area covered by 1 MWp installed.
Atotar is the sum of base areas (BA) of a quantity (Q) of each type of
floating piece “i” that make up the floating PV system of 1 MWp. For this

Hydropower Plant Hydropower Plant

‘Hoa Binh Hydropower Plant

inh Hydropower Plant

Y

Jrio TriAn

t
- Six irrigation
Flrrigation reservoirs
. - reservoirs
S = i Ho Da To";tl_o Tri An "

Song Ray Lake, u.° Bau'Can
Ho Cau’Moi

Ho Cay Mol *

Ho Bau (m‘ 4

-1l

JO2 Denake,

Fig. 5. Selected reservoirs in this study. A hydropower reservoir in the north and six irrigation reservoirs in the south have been selected (Credit Google Maps, 2021).
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Table 2

Parts, functions, dimensions, and quantity for composing 1 MWp of the FPV system [48].

Awa= (0 x BA) m

Parts Function Quantity for 1 Unit Size Occupied area for 1
MW MW (m?)
Support PV modules 2436 1110 x 880 x 190 mm (base area = 0.9768 m?) 2379.5
e
-’
Connection of support floats 2520 1212 x 410 x 205 mm (base area = 0.4969 m?) 1252.2
9 >
e
h SR 1 A
O&M technician pathway 2604 880 x 410 x 205 mm (base area = 0.3608 m?) 939.5
Multi-function floats 84 1110 x 880 x 205 mm (base area = 0.9768 m?) 82.1
s -
- Y
~
-
4

PV module 410 Wp, monocrystalline Boviet 2436 2008 x 1002 mm 4901.3
Solar Technology
Inverter support 1 4003 x 2470 x 2912 mm (base area = 9.9 mz) 9.9

Estimated dimensions*

1 MWp floating PV system, modules of 410 Wp arranged in 84 parallel
strings of 29 modules per string, 2436 modules in total covering an area
of 4663.2 m? or 4.663 x 10~ km?. This potential installation design of
FPVs was considered for the above reservoirs, and three scenarios of
surface coverage were evaluated. These scenarios were: 1%, 5%, and
10% of the covered surface with FPVs. The details for surface area for
each of the reservoirs were obtained from the Google Earth Pro. The
capacity potentials for each reservoir under different scenarios were
calculated using Equation (2).

Ages X %Cres x 1 MWp @

Pprpy = A

Pppy is expressed in MWp and represents the potential capacity of
floating PV considering the reservoir area (Aggs), generally expressed in
km?, m? or ha; %Cggs is the percentage of reservoir covered, and Ajpw)p
is the area occupied for 1 MWp installation, generally expressed in km?,
m? or ha.

We estimated the potential electricity produced in one year for each
water body using the System Advisor Model (SAM) program based on
ground-mounted systems. Several studies have compared the efficiency
of ground-mounted (GM) PV and FPV systems and described a higher
efficiency of the latter one suggesting an increased efficiency ranging
between 0.79% and 15.5% [49-53] In this study, we considered a 10%
higher efficiency for FPV compared to ground-mounted PV systems.

The weather data used in SAM to calculate the potential energy
generation are obtained from National Solar Radiation Database (NSRD)
from National Renewable Energy Laboratory (NREL) [54]. The technical
data inputs in SAM consist of location data, module and inverter chosen,
system design, shading and layout considerations, energy losses, and
grid limits set up. The module characteristics for the potential electricity
generation in the chosen reservoirs can be seen in Fig. 7.

The inverter technical characteristics for the proposed 1 MWp FPV
system are shown in Fig. 8. The ratio of total inverter DC to total AC
capacity is an important factor in solar PV projects. Traditionally, pro-
jects have sized the DC to AC ratio around 1.25, not representing a
significant clipping loss, the loss of energy in a solar PV system because
of the inverter derating its output to meet either its maximum power
rating or the maximum allowable power at the grid connection, which is
often less than 1% of power output. The nominal capacity of PV array is
only reached under standard testing conditions (STC); solar radiation of
1000 W/m?, cell temperature 25 °C, and Air Mass 1.5, when the array
produces above 80%-90% of modules nominal capacity [55]. Meeting
STC rarely happens in a real environment. In this analysis, an inverter
with a maximum DC capacity of 838 kW, i.e., a DC to AC rating of 1.23
was considered.

An electrical configuration of 29 modules per string and 84 strings in
parallel, in total 2436 modules for each MW installed, was adopted in
this system. The PV modules’ tilt adopted was equal to latitude local,
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rModule Characteristics at Reference C

Reference conditions: | Total Irradiance = 1000 W/m2, Cell temp = 25 C

Boviet Solar Technology Coltd. BVM6612M-410L-H

=)
T

Maodule Current (Amps)
v
T

0 L L L I
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Module Voltage (Volts)

Nominal efficiency 20.6367 |%
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Fig. 7. Technical characteristics of the modules that were considered for deployment in this analysis (Image obtained in SAM simulation).
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Fig. 8. Technical characteristics of the inverter that was considered in this analysis for 1 MWp FPV (Image obtained in SAM simulation).

and the azimuth used was 180° facing south. This FPV system design has
no tracking system.

The following equations [56] were used to estimate reduced evap-
oration in the studied reservoirs. These equations aim to show the
reduced evaporation because of the surface water coverage.

e=1—(1-a)’ 3)
A
a:A—SCx 100% (€)]

In Equation (3), ¢ is the efficiency of evaporation reduction, given in
% and o is the percentage of the covered area calculated by the surface
covered area (Agc) concerning the total area of the reservoir (Ares). As
mentioned before, we have considered three scenarios for surface
coverage of the reservoirs: 1%, 5%, and 10%. Considering the above
equations would achieve an evaporation reduction of 0.7%; 3.4% and
6.8%, respectively. It is worth noting that this is an estimate and an
accurate evaluation of the reduced water evaporation can only be ach-
ieved through field studies that involve considering a range of variables,
e.g., temperature, humidity, wind speed, and air pressure.

3.2. Floating PV potential of different types of water bodies in Vietnam

To estimate the FPV technical potential across Vietnam we could use
geoprocessing tools. For this purpose, we have taken three main steps,
similar to our previous publications [57]. These steps include evaluating
meteorological data of the area of interest, determining the priority

areas of installation, and considering the system generation character-
istic and technical limitations. The estimated long-term PV power gen-
eration in Vietnam, considering average solar radiation, and air
temperature has been provided by Solargis and published by the World
Bank [11]. This evaluation considers systems of 1 kWp, grid connected,
ground based and free-standing structures with losses in the PV
crystalline-silicon modules with dirt and soiling about 3,5% added to 7,
5% of losses of mismatch, inverters, inter-row shading, cables, and
transformers. This map which shows PV power potential in kWh/kWp in
Vietnam can be seen in Fig. 9 [11].

After obtaining the data of PV potential power generation across
Vietnam, it was necessary to cross compare the data with the location of
Vietnam water bodies. The information about inland water bodies in
Vietnam was obtained from Stanford University EarthWoks that pro-
vides a search tool for geographic information systems (GIS) and data-
sets [58]. According to this dataset the water bodies are divided into four
categories: Lake, Lagoon, River and Without Classification. While
deploying FPVs in rivers is challenging and adds to the complexity of
anchoring systems and further adjustments, nevertheless we have
included rivers in our calculations. We used QGIS software for geo-
processing. In QGIS the intersections of the waterbody layers and PV
potential power generation were obtained for each water body. The
generated data through this approach was exported and the technical
potential of FPV systems in Vietnam water bodies were calculated. The
following assumptions were considered as part of calculating FPVs
potential:
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Fig. 9. Photovoltaic electricity potential in Vietnam [11].

o If the area of a water body e.g., lake was large enough to receive
different levels of solar radiation, the average FPV potential of that
water body was calculated. Then all FPV potentials of that category
across Vietnam were added to represent the total FPV potential for
that type of water body.

e A 10% gain was added to the energy yield values as they represent
floating photovoltaic systems and the electricity generation esti-
mated by Solargis [11] is based on ground-mounted systems. This is

because of higher efficiency of FPVs due to the cooling effect of water
[20].

e The estimated FPVs potential is based on covering only 1% of the
surface of each type of the water bodies mentioned above.

e The quantity of kWp installed depends on the size of each water
surface and the size of floating PV system. This paper considers the
same FPV system proposed by Lopes et al. (2022) [28], were 1 MWp
of PV system contains 3125 PV modules of 320 Wp, one central
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inverter and the system are on Sungrow floating model that occupies
10,512 m?/ MWp installed.

The potential of FPV capacity for each waterbody was calculated
based on Equation (2) that was mentioned in the previous section.

4. Results
4.1. Potential FPVs electricity outputs for the selected reservoirs

Table 3 shows the potential FPV capacity for the chosen reservoirs
considering the three scenarios of water surface coverages. The simu-
lation of the electricity generation by the FPVs was performed using
SAM.

Fig. 10 indicates monthly electricity generation for a 1 MWp FPV in
each of the selected reservoirs’ locations. In other words, it demonstrates
the impact of geographical location on the energy output of an FPV for
the selected regions.

The annual average energy generation for 20 years was calculated
considering the degradation of PV panels of 2.5% in the first year and
0.6% in subsequent years. Table 4 indicates the energy production for
the first year (based on the results from SAM) and the average energy
production for 20 years expected lifespan of the FPV project for a 1 MWp
installed (see Table 5).

The potential capacity installation for each of the reservoir surface
coverage scenarios was obtained based on SAM simulations. An addi-
tional 10% efficiency was added to each output, because of the expected
increase in efficiency of FPVs due to the cooling effect of water [20,28].

4.2. Electricity generation potential by FPVs for different types of water
bodies in Vietnam

As described in the previous section, methodology, we calculated the
technical potential of FPVs deployment capacity and electricity gener-
ation for four different categories of water bodies in Vietnam: Lake,
Lagoon, River and Without Classification. The results are presented in
Table 6.

According [59], Vietnam has 149 water bodies catalogued, with a
total area of 3889 km?. The total potential capacity, considering use of
only of 1% of available water surface areas by FPVs is 3.7 GWp, and
provides a generation of 5385 GWh. Considering annual per capita
electricity consumption in Vietnam of 2218 kWh [2,4] the energy
generated by 1% of water bodies cover could supply more than 2.4
million people. If the potential of installation in River were removed due
to the likely technical difficulty for installing FPVs in water bodies with
current, the estimated generation could still provide electricity for more
than 1 million people.

In such large-scale projects, the floats can be manufactured locally,

Table 3
Potential capacity of FPV installation in the selected reservoirs considering
different water surface coverage scenarios.

Group Water Body Total Area Potential FPV installation
(km?) (MWp) for various surface
coverages (SC)
1% 5% 10%
SC SC SC
1 Ho Da Den 3.53 8 38 76
Ho Song Ray 7.38 16 79 158
Ho Bau Can 1.95 4 21 42
Ho Cau Moi 1.00 2 11 21
2 Ho Da Ton 2.95 6 32 63
Ho Tri An 218 467 2337 4675
Hydropower Hoa Binh 208 446 2230 4460
Plant Hydropower
Total 442.81 949 4748 9495
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which reduces the logistic costs. Also, considering the low depths of the
water bodies, which lowers the anchoring costs and relies on the local
labour force, achieving close to 1 USD/Wp for FPV costs is realistic. This
estimate is based on a compatible technology that has been used for the
70 MW Anhui project in China [20] and consulting with industry leaders
in FPV technology.

In May 2019, the Electricity of Vietnam announced the grid-
connection of 20.5 MW solar power capacity as phase one of an envis-
aged 47.5 MW FPV plant [60]. Limited information is available about
the challenges faced by this first FPV project in Vietnam; however, a
report published by The Asian Development Bank (ADB), which has
invested in this project, considers understanding the power purchase
agreement (PPA) and the differences that it may have with those in other
more developed markets as one of the challenges of investing in FPVs in
Vietnam. At the same time, there seem to be no major technological
challenges in terms of deploying FPVs [61].

In 2020 to encourage private sector investment, the Vietnamese
government introduced 7.69 US cent FPVs FIT, which is 8.5% higher
than ground-mounted PV solar [8], and it seems to have had positive
impacts on FPV development as two large-scale floating PV systems
were grid-connected at the end of 2020 on two irrigation lakes in the
South of Vietnam as seen in Fig. 11 [62].

By the end of 2021 Sungrow stated that the company has deployed
approximately 125 MW in Vietnam [63]. The country also aims to build
a new major FPV project, which is likely to be commenced in 2022. This
500 MW floating PV known as Tri An floating PV solar park, is currently
in permitting stage and when pass this step it will be deployed in Dong
Nai near Ho Chi Minh City in the south [64].

4.3. How FPVs can help agricultural growth in Vietham

About 90% of all farms in Vietnam are small family farmers, of which
more than 65% are in rural areas. Small scale FPVs on water surfaces
used in agriculture/aquaculture would enable smallholders as producers
and consumers (prosumers), and the electricity generated can be used by
the owner/operator or sold to the grid. Also, according to FAO, one-third
of the farms in Vietnam are headed by women [13]. In the long term, the
benefit of deploying FPVs on energy supply and security, rising income,
and living standards in the rural areas will have a bigger impact on
alleviating the poverty and inequality for women, especially because the
primary beneficiaries of this project will be communities involved in
farming in the rural areas. Electricity generated by FPVs would provide
more opportunities for the farmers to modernise and mechanising their
farming; for example, it could be used for the irrigation of the farmlands
and help to shift reliance on rain-fed agriculture to managed and effi-
cient agricultural practices.

5. Conclusions & policy implications

Population density, geography, resources, nature of the economy,
and land use make the energy challenges faced by Vietnam unique and
complex that can be addressed only through relying on innovative
technologies. Floating photovoltaics (FPVs) is a technology that can
significantly contribute to the renewable energy sector in Vietnam. Also,
Decentralisation of energy supply through the integration of small scale
FPVs make the entire energy supply more resilient, when faced natural
hazard e.g., extreme weather events. FPVs could contribute to sustain-
able management of Vietnam’s vast water resources, particularly
through diversifying investments in infrastructure for the water sector,
deepening public participation and involvement, and improving
compliance and enforcement.

FPV is a promising technology yet its socio-technical impacts and key
economic, regulatory, technical, and environmental barriers that it faces
are largely unknown or have not been fully addressed yet. For example,
uncertainty about water rights is one of the issues that may add to the
costs and make investors reluctant about such projects. Cautiousness
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Fig. 10. Monthly electricity output generated by 1 MWp FPV in different regions across Vietnam. In this Figure (a) is Group 1 (b) Group 2 and (c) hydropower

plant reservoirs.

Table 4

Annual energy production and energy yield for the first year and an average of 20 years for a 1 MWp FPV installed.

Group Electricity output in year one Annual average electricity generation over 20 Annual average electricity generation over 20
years years considering 10% more efficiency
Annual energy Energy yield (MWh/ Annual energy Energy yield (MWh/ Annual energy Energy yield (MWh/
(kWh) MW) (kWh) MW) (kWh) MW)
1 1,595,222 1595 1,480,195 1480 1,628,215 1628
2 1,538,301 1538 1,427,379 1446 1,570,117 1591
Hydropower Plant 1,259,032 1259 1,168,247 1168 1,285,072 1285
Table 5 about economic policies, lengthy/costly approval processes, and the
able

Potential electricity generation based on different FPVs surface coverage sce-
narios in selected reservoirs.

Group Water Body Total area Potential FPV generation
(km?) (GWh) under different
surface coverage scenarios
1% 5% 10%
1 Ho Da Den 3.53 13.0 61.9 123.7
Ho Song Ray 7.38 26.0 128.6 257.2
Ho Bau Can 1.95 6.5 34.2 68.4
Ho Cau Moi 1 3.3 17.9 34.2
2 Ho Da Ton 2.95 9.5 50.9 100.2
Ho Tri An 218 742.6  3716.4  7434.3
Hydropower Hoa Binh 208 573.1 2865.6 5731.3
plant Hydropower
Total 442.81 1374 6875 13,749
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hybrid hydropower FPVs ambiguity of ownership and operation are
potential challenges that could hamper FPVs development. Such barriers
are not unique to Vietnam and are common among many other countries
[65]. Addressing these issues would also strengthen the policy and
institutional frameworks for integrated water resources management,
which is a crucial aspect of sustainable development and has been re-
flected in different UN sustainable development goals.

To improve the share of FPVs in Vietnam energy mix the government
needs considering complementary policies beyond the existing drivers
and the electricity demand growth. The Vietnamese government should
also investigate and support investigations for better understanding of
the economic, regulatory, technical, and environmental barriers that
could potentially prevent FPVs deployment. Different policy setting
sectors at government level — including energy, agriculture and water
managements — need to collaboratively address investors and users
concerns about potential uncertainties. Incentivizing the electricity
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Table 6

Renewable and Sustainable Energy Reviews 169 (2022) 112925

Quantity, areas and technical potential of installation and generation of FPV in Vietnam.

Classification Quantity Area (km?) 1% Waterbody Area (m?) Potential Capacity (MWp) Estimated FPV Generation (GWh/year)
Lake 13 992 9,921,353 944 1401

Lagoon 2 203 2,029,274 193 268

River 37 2156 21,557,748 2051 2996

Without Classification 97 538 5,383,311 512 720

Total 149 3889 38,891,686 3700 5385

Fig. 11. One of the two large-scale 35 MW floating solar farms that were connected to the grid at the end of 2020. Both are placed on irrigation lakes (Credit Google

Earth Pro, 2021).

generated by FPVs for modernizing the farming process and equipment
is also needed to encourage smallholders to invest in small scale FPVs.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This material has been produced under the Climate Compatible
Growth programme, which is funded by UK aid from the UK Govern-
ment. However, the views expressed herein do not necessarily reflect the
UK government’s official policies.

References
[1] The World Bank. Vietnam | data 2022. https://data.worldbank.org/country/VN

(accessed July 2, 2022).

EMBER. Viet Nam | Electricity Transition | Ember. 2022. https://ember-climate.

org/countries-and-regions/countries/viet-nam/. accessed July 2, 2022.

The US Department of Commerce. Vietnam - power generation, transmission, and

distribution. Power gener transm distrib. 2021. https://www.trade.gov/country-c

ommercial-guides/vietham-power-generation-transmission-and-distribution.

accessed July 2, 2022.

Dapice D, Program M, Kennedy JF. Vietnam’s crisis of success in electricity options

for a successful clean energy mix. 2018.

International Energy Agency. Data tables — data & statistics - IEA. 2021. https:

//www.iea.org/data-and-statistics/data-tables?country=VIETNAM&energy=Elect

ricity&year=2018. accessed September 23, 2021.

UNFCCC. Intended nationally determined contribution of Viet Nam. 2015.

Do TN, Burke PJ, Baldwin KGH, Nguyen CT. Underlying drivers and barriers for

solar photovoltaics diffusion: the case of Vietnam. Energy Pol 2020;144:111561.

https://doi.org/10.1016/J.ENPOL.2020.111561.

[2]

[3]

[4

=

[5

—

[6]
[7]

12

[8] PUBLICOVER B. Vietnam finally unveils new FITs for large-scale, rooftop, floating
PV. PV Mag; 2020 (accessed April 24, 2021), https://www.pv-magazine.com/202
0/04/07 /vietnam-finally-unveils-new-fits-for-large-scale-rooftop-floating-pv/.
SERVIR-Mekong. Surface water mapping tool. SERVIR-Mekong; 2021. http://s
urface-water-servir.adpc.net/.

World Resources Institute. Global power plant Database v1.2.0. Glob power plant
Database. 2021. https://resourcewatch.org/. accessed October 14, 2021.

The World Bank Global Solar Atlas 2.0 Solargis. Solar resource map of Vietnam. Sol
resour map Vietnam. 2021. https://solargis.com/maps-and-gis-data/downloa
d/vietnam. accessed October 14, 2021.

Toan L. Lessons learned from Vietnam’s Dong tam standoff — the diplomat. 2017.
FAO. Small family farms country factsheet the context of agriculture and the role of
small family farms. 2017.

Minstry of Agriculture and Rural Development. Vietnam world’s fourth biggest
seafood exporter. 2019. accessed July 2, 2022. https://www.mard.gov.vn/en/
Pages/vietnam-world’s-fourth-biggest-seafood-exporter.aspx.

FAO. FAO fisheries & aquaculture - fishery and aquaculture country profiles - the
socialist republic of Viet Nam. 2021. http://www.fao.org/fishery/facp/VNM/en
accessed September 23, 2021.

Global Change Data Lab. Vietnam - our world in data. Glob Chang Data Lab; 2021.
https://ourworldindata.org/country/vietnam#search—energy. accessed October
14, 2021.

Li X, Leng H, Tian K, Nguyen XT, Hoang VH, Aminullah B, et al. Potential of
developing an energy self-sufficient village through mini hydro powerplant
technology. IOP Conf Ser Mater Sci Eng 2020;767:012044. https://doi.org/
10.1088/1757-899X/767/1/012044.

Baumiiller H. Building a low carbon future for Vietnam technological and other
needs for climate change mitigation and adaptation, trade, finance and climate
change: building a positive agenda for developing countries. 2010.

Come Zebra El, van der Windt HJ, Nhumaio G, Faaij APC. A review of hybrid
renewable energy systems in mini-grids for off-grid electrification in developing
countries. Renew Sustain Energy Rev 2021;144:111036. https://doi.org/10.1016/
J.RSER.2021.111036.

Pouran HM. From collapsed coal mines to floating solar farms, why China’s new
power stations matter. Energy Pol 2018;123:414-20.

Spencer RS, Macknick J, Aznar A, Warren A, Reese MO. Floating photovoltaic
systems: assessing the technical potential of photovoltaic systems on man-made
water bodies in the continental United States. Environ Sci Technol 2019;53:
1680-9. https://doi.org/10.1021/acs.est.8b04735.

Gonzalez Sanchez R, Kougias I, Moner-Girona M, Fahl F, Jdger-Waldau A.
Assessment of floating solar photovoltaics potential in existing hydropower
reservoirs in Africa. Renew Energy 2021;169:687-99. https://doi.org/10.1016/j.
renene.2021.01.041.

The World Bank. Where sun meets water floating solar market report. Washington,
DC: World Bank.; 2019.

Masson G, Kaizuka I. IEA PVPS report - trends in photovoltaic applications 2021.
2022.

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]


https://ember-climate.org/countries-and-regions/countries/viet-nam/
https://ember-climate.org/countries-and-regions/countries/viet-nam/
https://www.trade.gov/country-commercial-guides/vietnam-power-generation-transmission-and-distribution
https://www.trade.gov/country-commercial-guides/vietnam-power-generation-transmission-and-distribution
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref4
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref4
https://www.iea.org/data-and-statistics/data-tables?country=VIETNAM&amp;energy=Electricity&amp;year=2018
https://www.iea.org/data-and-statistics/data-tables?country=VIETNAM&amp;energy=Electricity&amp;year=2018
https://www.iea.org/data-and-statistics/data-tables?country=VIETNAM&amp;energy=Electricity&amp;year=2018
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref6
https://doi.org/10.1016/J.ENPOL.2020.111561
https://www.pv-magazine.com/2020/04/07/vietnam-finally-unveils-new-fits-for-large-scale-rooftop-floating-pv/
https://www.pv-magazine.com/2020/04/07/vietnam-finally-unveils-new-fits-for-large-scale-rooftop-floating-pv/
http://surface-water-servir.adpc.net/
http://surface-water-servir.adpc.net/
https://resourcewatch.org/
https://solargis.com/maps-and-gis-data/download/vietnam
https://solargis.com/maps-and-gis-data/download/vietnam
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref12
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref13
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref13
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref14
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref14
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref14
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref15
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref15
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref15
https://ourworldindata.org/country/vietnam#search=energy
https://doi.org/10.1088/1757-899X/767/1/012044
https://doi.org/10.1088/1757-899X/767/1/012044
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref18
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref18
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref18
https://doi.org/10.1016/J.RSER.2021.111036
https://doi.org/10.1016/J.RSER.2021.111036
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref20
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref20
https://doi.org/10.1021/acs.est.8b04735
https://doi.org/10.1016/j.renene.2021.01.041
https://doi.org/10.1016/j.renene.2021.01.041
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref23
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref23
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref24
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref24

H. Pouran et al.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Jing R, Lin Y, Khanna N, Chen X, Wang M, Liu J, et al. Balancing the Energy
Trilemma in energy system planning of coastal cities. Appl Energy 2021;283:
116222. https://doi.org/10.1016/j.apenergy.2020.116222.

Obane H, Nagai Y, Asano K. Assessing land use and potential conflict in solar and
onshore wind energy in Japan. Renew Energy 2020;160:842-51. https://doi.org/
10.1016/j.renene.2020.06.018.

Ziar H, Sonmez FF, Isabella O, Zeman M. A comprehensive albedo model for solar
energy applications: geometric spectral albedo. Appl Energy 2019;255:113867.
https://doi.org/10.1016/J.APENERGY.2019.113867.

Lopes MPC, de Andrade Neto S, Alves Castelo Branco D, Vasconcelos de

Freitas MA, da Silva Fidelis N. Water-energy nexus: floating photovoltaic systems
promoting water security and energy generation in the semiarid region of Brazil.
J Clean Prod 2020;273. https://doi.org/10.1016/j.jclepro.2020.122010.

Choi YK. A study on power generation analysis of floating PV system considering
environmental impact. Int J Softw Eng Its Appl 2014;8:75-84. https://doi.org/
10.14257/ijseia.2014.8.1.07.

Olson NE, Cooke ME, Shi JH, Birbeck JA, Westrick JA, Ault AP. Harmful algal
bloom toxins in aerosol generated from inland lake water. Environ Sci Technol
2020;54:4769-80. https://doi.org/10.1021/ACS.EST.9B07727.

Chapra SC, Boehlert B, Fant C, Victor J, Bierman J, Henderson J, Mills D, et al.
Climate change impacts on harmful algal blooms in U.S. Freshwaters: a screening-
level assessment. Environ Sci Technol 2017;51:8933-43. https://doi.org/10.1021/
ACS.EST.7B01498.

Paerl HW, Otten TG, Kudela R. Mitigating the expansion of harmful algal blooms
across the freshwater-to-marine continuum. Environ Sci Technol 2018;52:
5519-29. https://doi.org/10.1021/acs.est.7b05950.

Sahu A, Yadav N, Sudhakar K. Floating photovoltaic power plant: a review. Renew
Sustain Energy Rev 2016;66:815-24. https://doi.org/10.1016/j.rser.2016.08.051.
Cazzaniga R, Cicu M, Rosa-Clot M, Rosa-Clot P, Tina GM, Ventura C. Floating
photovoltaic plants: performance analysis and design solutions. Renew Sustain
Energy Rev 2018;81:1730-41. https://doi.org/10.1016/j.rser.2017.05.269.

Haas J, Khalighi J, de la Fuente A, Gerbersdorf SU, Nowak W, Chen PJ. Floating
photovoltaic plants: ecological impacts versus hydropower operation flexibility.
Energy Convers Manag 2020;206. https://doi.org/10.1016/j.
enconman.2019.112414.

Brinkworth BJ, Sandberg M. Design procedure for cooling ducts to minimise
efficiency loss due to temperature rise in PV arrays. Sol Energy 2006;80:89-103.
https://doi.org/10.1016/j.solener.2005.05.020.

Sukarso AP, Kim KN. Cooling effect on the floating solar PV: performance and
economic analysis on the case of west Java province in Indonesia. Energies 2020;
13. https://doi.org/10.3390/EN13092126.

Manoj Kumar N, Chakraborty S, Kumar Yadav S, Singh J, Chopra SS. Advancing
simulation tools specific to floating solar photovoltaic systems — comparative
analysis of field-measured and simulated energy performance. Sustain Energy
Technol Assessments 2022;52:102168. https://doi.org/10.1016/J.
SETA.2022.102168.

Kumar M, Chandel SS, Kumar A. Performance analysis of a 10 MWp utility scale
grid-connected canal-top photovoltaic power plant under Indian climatic
conditions. Energy 2020;204. https://doi.org/10.1016/j.energy.2020.117903.
McKuin B, Zumkehr A, Ta J, Bales R, Viers JH, Pathak T, et al. Energy and water
co-benefits from covering canals with solar panels. Nat Sustain 2021 47 2021;(4):
609-17. https://doi.org/10.1038/541893-021-00693-8.

Rivers and lakes open development Vietnam. 2018. https://vietnam.opendevelop
mentmekong.net/topics/rivers-and-lakes/. accessed September 24, 2021.
Rehbein JA, Watson JEM, Lane JL, Sonter LJ, Venter O, Atkinson SC, et al.
Renewable energy development threatens many globally important biodiversity
areas. Global Change Biol 2020;26:3040-51. https://doi.org/10.1111/gcb.15067.
Bellini E. Japan’s largest floating PV plant catches fire after Typhoon Faxai impact
- pv magazine International. PV Mag; 2019. https://www.pv-magazine.com/
2019/09/09/japans-largest-floating-pv-plant-catches-fire-after-typhoon-faxai-
impact/. accessed April 23, 2021.

Beyer M. Akuo speaks out on recent fire accident at its 17MW floating PV plant in
France — pv magazine International. PV Mag; 2022 (accessed May 1, 2022), https

13

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]
[55]
[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Renewable and Sustainable Energy Reviews 169 (2022) 112925

://www.pv-magazine.com/2022/03/01/akuo-speaks-out-on-recent-fire-accident-a
t-its-17mw-floating-pv-plant-in-france/.

Bax V, van de Lageweg WI, van den Berg B, Hoosemans R, Terpstra T. Will it float?
Exploring the social feasibility of floating solar energy infrastructure in The
Netherlands. Energy Res Social Sci 2022;89:102569. https://doi.org/10.1016/J.
ERSS.2022.102569.

NREL. System advisor model (SAM) 2021. https://sam.nrel.gov/(accessed
September 24, 2021).

SUNGROW. Floating PV system. 2021. p. 8. https://en.sungrowpower.com/S
olutionsDetail /1088.

Padilha Campos Lopes M, de Andrade Neto S, Alves Castelo Branco D, Vasconcelos
de Freitas MA, da Silva Fidelis N. Water-energy nexus: floating photovoltaic
systems promoting water security and energy generation in the semiarid region of
Brazil. J Clean Prod 2020;273:122010. https://doi.org/10.1016/j.
jclepro.2020.122010.

Mckay A. Floatovoltaics: quantifying the benefits of a hydro-solar power fusion.
scholarship.claremont.edu/pomona_theses/74. Claremont, California: Pomona
College; 2013.

Majid ZAA, Ruslan MH, Sopian K, Othman MY, Azmi MSM. Study on performance
of 80 watt floating photovoltaic panel. J Mech Eng Sci 2014;7:1150-6. https://doi.
org/10.15282/jmes.7.2014.14.0112.

Do Sacramento EM, Carvalho PCM, De Aratjo JC, Riffel DB, Da Cruz Corréa RM,
Neto JSP. Scenarios for use of floating photovoltaic plants in Brazilian reservoirs.
IET Renew Power Gener 2015;9:1019-24. https://doi.org/10.1049/iet-
rpg.2015.0120.

Aryani DR, Khairurraziq TA, Ramadhan GR, Wardana NS, Husnayain F, Garniwa L.
Simulation of stand-alone floating photovoltaic and battery systems. IOP Conf Ser
Mater Sci Eng 2019;673:1-6. https://doi.org/10.1088/1757-899X/673/1/012059.
El Hammoumi A, Chalh A, Allouhi A, Motahhir S, El Ghzizal A, Derouich A. Design
and construction of a test bench to investigate the potential of floating PV systems.
J Clean Prod 2021;278:123917. https://doi.org/10.1016/j.jclepro.2020.123917.
NREL. NSRDB: national solar radiation Database. NSRDB; 2022.

Folsom Labs. Understanding DC/AC ratio. Helio Scope Help Docs 2021:1-3.
Assouline S, Narkis K, Or D. Evaporation suppression from water reservoirs:
efficiency considerations of partial covers. Water Resour Res 2011;47:1-8. https://
doi.org/10.1029/2010WR009889.

Lopes MPC, Nogueira T, Santos AJL, Castelo Branco D, Pouran H. Technical
potential of floating photovoltaic systems on artificial water bodies in Brazil.
Renew Energy 2022;181:1023-33. https://doi.org/10.1016/J.
RENENE.2021.09.104.

Stanford University. Vietnam - EarthWorks . Earthworks n.d. https://earthworks.
stanford.edu/?featured=geospatial_data&q=vietnam (accessed July 3, 2022).
International Steering Committee for Global Mapping. EarthWorks. Stanford Libr;
2016.

Bhambhani A. 5 MW floating solar capacity online in Vietnam. TaiyangNews.
2019. http://taiyangnews.info/markets/20-5-mw-floating-solar-capacity-online-in
-vietnam/. accessed September 24, 2021.

Asian Development Bank. Inside southeast Asia’s first large-scale floating solar
project. Asian Development Bank. ADB; 2019. https://www.adb.org/news/feature
s/inside-southeast-asias-first-large-scale-floating-solar-project (accessed September
24, 2021).

Bellini E. Vietnam sees 70 MW of floating PV come online — pv magazine
International. PV Mag; 2021. https://www.pv-magazine.com/2021/01/06/viet
nam-sees-70-mw-of-floating-pv-come-online/. accessed September 24, 2021.
Bellini E. Floating solar array powering recreational park in Vietnam — pv
magazine International. PV Mag; 2021. https://www.pv-magazine.com/2021/
12/21/floating-solar-array-powering-recreational-park-in-vietnam/. accessed July
5, 2022.

Tri an floating solar PV park, Vietnam n.d. https://www.power-technology.com/
marketdata/tri-an-floating-solar-pv-park-vietnam/(accessed July 5, 2022).
Gadzanku S, Beshilas L, Grunwald U, Bryn). Enabling floating solar photovoltaic
(FPV) deployment: Review of barriers to FPV deployment in southeast Asia.
(United States): Golden, CO; 2021. https://doi.org/10.2172/1787553.


https://doi.org/10.1016/j.apenergy.2020.116222
https://doi.org/10.1016/j.renene.2020.06.018
https://doi.org/10.1016/j.renene.2020.06.018
https://doi.org/10.1016/J.APENERGY.2019.113867
https://doi.org/10.1016/j.jclepro.2020.122010
https://doi.org/10.14257/ijseia.2014.8.1.07
https://doi.org/10.14257/ijseia.2014.8.1.07
https://doi.org/10.1021/ACS.EST.9B07727
https://doi.org/10.1021/ACS.EST.7B01498
https://doi.org/10.1021/ACS.EST.7B01498
https://doi.org/10.1021/acs.est.7b05950
https://doi.org/10.1016/j.rser.2016.08.051
https://doi.org/10.1016/j.rser.2017.05.269
https://doi.org/10.1016/j.enconman.2019.112414
https://doi.org/10.1016/j.enconman.2019.112414
https://doi.org/10.1016/j.solener.2005.05.020
https://doi.org/10.3390/EN13092126
https://doi.org/10.1016/J.SETA.2022.102168
https://doi.org/10.1016/J.SETA.2022.102168
https://doi.org/10.1016/j.energy.2020.117903
https://doi.org/10.1038/s41893-021-00693-8
https://vietnam.opendevelopmentmekong.net/topics/rivers-and-lakes/
https://vietnam.opendevelopmentmekong.net/topics/rivers-and-lakes/
https://doi.org/10.1111/gcb.15067
https://www.pv-magazine.com/2019/09/09/japans-largest-floating-pv-plant-catches-fire-after-typhoon-faxai-impact/
https://www.pv-magazine.com/2019/09/09/japans-largest-floating-pv-plant-catches-fire-after-typhoon-faxai-impact/
https://www.pv-magazine.com/2019/09/09/japans-largest-floating-pv-plant-catches-fire-after-typhoon-faxai-impact/
https://www.pv-magazine.com/2022/03/01/akuo-speaks-out-on-recent-fire-accident-at-its-17mw-floating-pv-plant-in-france/
https://www.pv-magazine.com/2022/03/01/akuo-speaks-out-on-recent-fire-accident-at-its-17mw-floating-pv-plant-in-france/
https://www.pv-magazine.com/2022/03/01/akuo-speaks-out-on-recent-fire-accident-at-its-17mw-floating-pv-plant-in-france/
https://doi.org/10.1016/J.ERSS.2022.102569
https://doi.org/10.1016/J.ERSS.2022.102569
https://en.sungrowpower.com/SolutionsDetail/1088
https://en.sungrowpower.com/SolutionsDetail/1088
https://doi.org/10.1016/j.jclepro.2020.122010
https://doi.org/10.1016/j.jclepro.2020.122010
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref49
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref49
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref49
https://doi.org/10.15282/jmes.7.2014.14.0112
https://doi.org/10.15282/jmes.7.2014.14.0112
https://doi.org/10.1049/iet-rpg.2015.0120
https://doi.org/10.1049/iet-rpg.2015.0120
https://doi.org/10.1088/1757-899X/673/1/012059
https://doi.org/10.1016/j.jclepro.2020.123917
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref54
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref55
https://doi.org/10.1029/2010WR009889
https://doi.org/10.1029/2010WR009889
https://doi.org/10.1016/J.RENENE.2021.09.104
https://doi.org/10.1016/J.RENENE.2021.09.104
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref59
http://refhub.elsevier.com/S1364-0321(22)00806-1/sref59
http://taiyangnews.info/markets/20-5-mw-floating-solar-capacity-online-in-vietnam/
http://taiyangnews.info/markets/20-5-mw-floating-solar-capacity-online-in-vietnam/
https://www.adb.org/news/features/inside-southeast-asias-first-large-scale-floating-solar-project
https://www.adb.org/news/features/inside-southeast-asias-first-large-scale-floating-solar-project
https://www.pv-magazine.com/2021/01/06/vietnam-sees-70-mw-of-floating-pv-come-online/
https://www.pv-magazine.com/2021/01/06/vietnam-sees-70-mw-of-floating-pv-come-online/
https://www.pv-magazine.com/2021/12/21/floating-solar-array-powering-recreational-park-in-vietnam/
https://www.pv-magazine.com/2021/12/21/floating-solar-array-powering-recreational-park-in-vietnam/
https://doi.org/10.2172/1787553

	Evaluating floating photovoltaics (FPVs) potential in providing clean energy and supporting agricultural growth in Vietnam
	1 Introduction
	2 FPVs role in providing a cost-effective, low carbon, and secure energy supply for Vietnam
	2.1 What is floating PV technology?
	2.2 What makes FPVs different from common PV solar
	2.3 Some of the challenges for FPV implementation

	3 Methodology
	3.1 Reservoirs selection for demonstrating the FPVs potential as part of Vietnam clean energy supply
	3.2 Floating PV potential of different types of water bodies in Vietnam

	4 Results
	4.1 Potential FPVs electricity outputs for the selected reservoirs
	4.2 Electricity generation potential by FPVs for different types of water bodies in Vietnam
	4.3 How FPVs can help agricultural growth in Vietnam

	5 Conclusions & policy implications
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


