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ABSTRACT

ASSESSING THE TECHNICAL, ECONOMIC, AND ENVIRONMENTAL
FEASIBILITY OF FLOATING SOLAR POWERGENERATION ON WATER
RESERVOIRS IN VIETNAM

Phuong Anh Bui

Vietnam has been developiagenergy pathinvolving increasedenewable
energyuse With over7,000 existing watereservois, Vietham has great potential to
install floating solar photovoltaid=PV) plants that will protect productive lands, reduce
greenhouse gas emissgand reduce water evaporation gafehis study investigates the
technica) economi¢ and environmentdéasibility of installing FPV in threeeservois in
Vietnam: Hoa Binh, Tri Apand Dau Tieng.

The capaciesof the FPV plardassessed fdhreereservois range from 96 MW
to 4,300 MW. Theyearly solar generation frothethreereservois ranges fronr900
GWh to 13,700 GWh, and investment sosinge from 690 to 18 billion USD,
dependent on theeservoirsize and FP\area coveragef 1%, 5%, 1%, and15%.The
payback period of the FPV systemdhathree reservoirs could range frdho 14 years
Theestimated_evelized Cost of Energ COE)f or Hoa Binh reservoir:
ranges from $60to P5/MWh, while the other two reservoéis L Grarige from #0to
$70MWh.

These systemsoulds uppl y 4 % prédictéd023 eneaggpndesrarahd

would avoidapproximately 1 million tons of CQe emissionger year The shading



provided by the FPV systersansaveup to136 million m® of water annuajl. If the
watersavings areouplal with hydropowemon Hoa Binh and Tri ArReservoir, the

whole facility could generate aamdditionall2 GWh per yearFuture study should include
more indepth research into facgsuch as the impact of substation upgradescost
variable interest rates, and econesof scaleon projecteconomis; environmental
impacs such as changes in hydropower operation on aquatiafitthuman social and

economic displacement due to FPV infrastructure land and water occupation.
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INTRODUCTION

According to the National Renewable Energy duattory(NREL), Floating Solar
Photovoltaic (FPV) technology is an emerging technology that has been shown to provide
benefits in energy production and in land and water conservation (Spencer et al., 2018).
FPV plantsdé feasi bi | yhaue beerairsstalleceirevariost udi e d,
countries, with 80% of installations located in Japan. Globally, there are approximately
265.7 thousand square kilometers of hydropower reservoirs that, at 25% coverage, have
the potential capacity to host 4,400 gigawaB%\) of FPV plants, potentially generating
6,270 terawathours (TWh) of electricity per year (Farfan & Breyer, 2018). This number
can be extended to 8,000 TWh if all water reservoirs (for hydropower and for other
purposes such as recreational and irriggtiiave a 25% FPV coverage, serving
approximately 30% of the 2018 global energy demand (Farfan & Breyer, 2018;
International Energy Agency, 2018heEnergy Sector Management Assistance
Program (ESMAP) of the World Barand theSolar Energy Research Irtstie of
Singapore (SERIS) estimated tladsome hydropower reservoirs across the world, such
asthe 8,500 kn? Volta Reseroir in Ghan#he 4,250 knt Guri Dam in Venzuela, aritie
820 knt Attaturk Dam in Turkeycombining a hydropower plant with a solaami that
covers just 31% of the reservoirs could add enough solar generation capacity to match
the hydroelectric generation capadi®018). In addition to its electricity generation
benefit, FPV does not compete with other land uses and possibly Idklps keater

evaporation rates in specifically tropical climate due to its surface coverage, protecting
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t he water from heat and wind. This is cruc

land uses and water resources. Vietnam, a country in Southegdtassexcellent
potential for FPV on 7,158 reservoirs that are currently used for flood control, energy
storage, hydropower generation, daily water usage, fishing, and irrigation (Directorate of
Water Resources, 2019). Hydropower in Vietnam is a signtficamponent of the
countryds power resources. The government
production from hydropower and 10.7% from renewable energy in 2030 (The Socialist
Republic of Vietham, 2016). Thus, the use of reservoirs for FR\halp meet the
renewable energy target of the country and take advantage of the already existing
infrastructure of the hydropower plants (The Socialist Republic of Vietnam, 2016).

The goal of this study is to assess the technical, economic and envitahmen
feasibility of installing FPV orthethree water reservoirs in Vietham, based on analysis
of their PV output potential, the payback period and LCOE, and GHG emission reduction
and evaporation savings. The cost of the FPV plant can be more expensitrethece
of groundmounted PV system due to the cost of equipment specifically designed for
floating devices (ESMAP & SERIS, 2018)his study approaches an assessment of value
through a cost comparison between future FPV projects in Vietham by 208%eand
revenue from a feeh-tariff (FIT). The first two sites for the study are the Hoa Binh and
Tri An Reservoirs, which are components of existing hydropower power plants, while the
third site is Dau Tieng Reservoithe largest mamade reservoir in \@tnam and

Southeast Asia. A discussion with the Director of the Directorate of Water Resource
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revealed that Dau Tieng Reservoir has excellent potential for an FPV installation due to

the governmentodés interest (T."2009uyen, pers



LITERATURE REVIEW

Thesecti on gives an overview of Vietnamo:
the Vietnambs electricity sector. 't al so
benefits and potential in Vietham, and literature gaps in F&Med. The description of

each of the study reservoirs was discussed last.

Vietnam Energy Outlook

For decades, Vietnam, a country with a population of approximately 95 million,
has been one of the fastggbwing economies in the region and the world (M &ank,
2017). The energy sector has been playing
development. The Vietnam Ministry of Industry and Trade (MOIT) and the Danish
Energy Agency (DEA) forecastedl&( increase in national energy demand, from 54
million tons of oil equivalent (MTOE) in 2015 to 134 MTOE in 2035 undelbtsness
asusual (BAU) scenario, in which the average GDP growth reaches 6.7% per year
(MOIT & DEA, 2017). In 2015, electricity consumption was31e00GWh. It was
projected to b&48,000GWh by 2025 and 65000GWh by 2035increases of 143% and
364%, respectivelfMOIT & DEA, 2017).In other word, the demand for electrical
energy is projected to increase by more than twice as much as the increase in the total
energy demanby 2035 To manage the expected demand growtk Vietnamese

government has laid out several policies and strategies to increase the use of domestic
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fossil fuel resources, renewable energy (hydropower regarded as a source of renewable
energy), and energfficiency (MOIT & DEA, 2017).

One of the most crucial policies for the power sectwr,2004 Electricity Law
whichl ai d out the countryds powestratpgf@nni ng
energy infrastructurghe structure of thelectricity maket, andtherights and obligatios
of electricity market participantsvill be discussed iVietnamElectricity SectorThe
Socialist Republic of Vietham, 2004). In ZQQ@he NationaEnergyDevelopment
StrategyUp To 2020 with2050 Visionwas developed with specific objectsmuch as
securing adequate energy supply to meet the demand ofesammiomic development,
increasing the reliability of the power supply, devatgpoil refinery plants, and ensuring
the national strategic reserve of oil for 60 day2020 and 90 daylsy 2025. It
emphasized the importance of 100% electrificatibrural and mountain areay 2020,
thedevelopment ofong-term environmental objegks and standards, and the formation
of a competitive retail power market after 2022 (The Socialist Republic of Vietham,
2007).

In 2011, the National Power Development Plan VII (PDP 7) was approved for the
period 20132020 withavision to 2030 (MOIT, 201). The Prime Minister approved an
adjustment to PDP 7 (now called PDP 7 revision) in 2016 that focused on the energy
development from 2016 to 2030, with highlights on renewable energy development and
liberalization of the power market. The strategy aitrth@ mitigation of GHG emissisn
reduction of fuel imports, and an increase in total renewable energy generation to

approximately 10.7% of totallectricity production in 2030 (The Socialist Republic of

ar
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Vietnam, 2016)With more guidance from thgovernnent and incentives for renewable
energy that will be later discussed, #iectricitysector has tremendous potential in

reducing emissions with investment in renewable technology.

VietnamElectricity Sector

To understand howenewable generation, especidllyating solar power
generatonc an contri bute to Viet,kowdlgeofel ectri ci t
Vietnambés electricity sector, its structur
provides an overview of Vietnains el ectr i city structure with
and current development in the electricity market, and the advances and challenges in

adopting renewable energy

Overall gructure

The primary national electricity buyer and suppliEectricity of Vietham
(EVN), was established in 1994. EVN owns the entire national power transmission and
distribution system and is responsible for all wholesale and retail energy sales
countrywide (EVN, 2016). According to EVN, up to 99.97% of the comeswand
98.69% of rural households had access to electiic2p17(2017)

Vi et namds Eof 2004 provided directioh teward developing a
competitive electricity market that involved unbundling the EVN monopoly,
commencing singlebuyer for mwer scheme, establishing a competitive wholesale

market andultimatelya competitive retail markeEVN has been restructuring to
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encourage private participation (The Socialist Republic of Vietham, 2004; ADB, 2015).
In 2008, the National Power TransmissiGorporation (NPTC) was establishétds
100% owned by EVN and is responsible for managing the power transmission grid. The
Electricity Power Trading Company (EPT@dthe National Load Dispatch Center
(NLDC) established at the same timesrealso parof EVN. However,thgg over nment 6 s
hope waghatNLDC would soon separate from EVN at the start of the competitive
wholesale marketvhich has not yet begun

The singlebuyer model was established in 2012 with generating companies
(Gencos) andhdependent Power Providers (IPPs) competing in a power pool to sell to
EPTC. The three power Gencos (Gencd, And 3), also established in 2012, are
operating within a holding company structwith EVN and allowing mixed ownership
with private particiption through equitization (EVN, 2017h other word, EVN still
owns the outstanding stock of Gencos, while the rest of the stocks can be owned by
private companied he structure of the power sector as of 2015 is showigimre A 1.
EVN has been working towards the creation of a competitive electricity market with the
start of wholesale competitive market pilot in 2015, and a retail competitive market pilot

in 2021 er Decision 63/2013/QDTG (The Socialist Republic of Vietnam, 2013).

Wholesale Electricity Market

The Vietnam Wholesale Electricity Market (VWEM) pilot project, initially
pl anned to start in 2015, is Vi etutaaendbs ef f

regulations, and operations of an electricity wholesale market. According to EVN (2017),
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the VWEM becamdully in operation starting in 2019, instead of 2017 as planned (The
Socialist Republic of Vietham, 2013). As of 2015, 90% of sales in thergigon and
wholesale markets are negotiated through starfuaserpurchaseagreemerg (PPAS)
between the generators and the single buyer. Femigredbuild, operate, andransfer
power plantgBOT) andindependenpowerproducers (IPPs) sell all outpto a single
buyer (in Viet na #ednscontractsprces, depémdignt om the dase.n g
These contracts range from 10 to 20 yearsfocal IPP to 25 years for a BOT (ADB,
2015). Special tariffs apply to renewable generation, providing préifgrpricing for
renewable power (ADB, 2015), whietill be discussed more in the next section.

The whol esale market price ofFigWielet namods
To convertvaluesinto US dollas (USD), for example, the exchange rate in June 2017
was approximately 22,500 Vietnam Dong (VND) to 1 USD (International Monetary
Fund, 2018). Thus, the wholesale market price for June 2017 was estimated at

$0.026/kWh.



Monthly Average System Marginal Price and Full Market Price (VND/kWh)

2016 : _

1500

Market price

v {— (——

I

1300

1308
—= 1318
~, 1213
1277
00
1201

/ 1167

S gQ @ o
A s N & e
8/ \x 3 . g \ = § S =
Nl e &~ "\ 1o
ES8 o [V A [\
52 52 / N 2 g/ =/
——\& — 3 = y 5 &/ 3 3 \2 =4 R 900
j \V x<- v_ = ‘ — 7 {. ~/ R / \\ gs
gl 2 / N 700
? =/ A{S \re © o 5
§ § 5/ \\.n/ Vi \N 8 5 2 % \
<, \ 5% g %/ : /
— = o 500
I I I I I I I I I ;)
I 100
reoo - or = B T I I i
FR22E g = 2 e 2F ¢ ; 2 - PRP2-orPERER
mmm  System Marginal Price ~—— Full Market Price
Y rg

Figurel. Average system marginal and full wholesale market price from July 2012 to Jun
2017 (EVN, 2017)The line is the full market pricethe price that energy is sold into the
wholesale market, while the bars are system marginal price or cost for theglamts

which should be lower than the wholesale market price.

The installed capacity of all the generatitrat were eligible to participate in the
wholesale markawas 42,135 MW in 2015. The installed capacity is expected to be
60,000 MW in 2020, 96() MW in 2025, and 129,500 MW in 2030 (The Socialist
Republic of Vietnam, 2016). At the end of 2016, the 142 MW of installed solar and wind
energy generation capacity accounted for less than 0.4% of total energy supply, fourteen
times lower than the PDPr@vision target (EVN, 2017Figure2 presents the percentage
of installed capacity by source for the years 2016, 2020, 2025, and 2030 as listed in PDP

7 revision.
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Figure2. Percent of Vietnam power sources in total installed capacity from 2016 to 2030
(EVN, 2017; Gover nme RIT@).RenPveabla epdrgy inclutes . 4 2 8/
smaltscaled hydro, wind, solar, and biomass powtehould be noted that even though
the percentage contribution of coal and hydro in the power mix might decrease, it does
not signal a decrease in the total amount of generation capacity. It means that
hydropower, coal, and gas power will grow at a sloraéx than renewables

By 2017, there were 12,900 MW of installed ebedd power plants in operation
in Vietnam, accounting for 33.5% of total electricity supply (EVN, 2016). The revised
PDP 7 authorized the addition of another 42,000 MW of coal plgri2980 to meet the
fastgrowing demand of the economy. Thus, 42.6% of the total power sources capacity
and 53.2% of the countryds total electrici
Socialist Republic of Vietham, 2016). With more coal plants eoting to the grid, there
will be an increase in greenhouse gas emissions within the energy sector (GHG

emission). According to Rosa Luxemburg Stiftung (RLS), an NGO focusing on civic

educati on, Vi etnamdbs annual GHGctensof s si ons
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carbon dioxide equivalent (tG6), or approximately 2.8 tG® per capita (2016). GHG
emissions from the energy sector accounted for about 52% in 2013 compared to 30% in
1994 (The Socialist Republic of Vietnam Ministry of Natural Resources and
Environment, 2019)In 2015, 2016, and 2017, it was estimated that GHG emissions from
allVi et npawarbgeneration sources to be 0.795, 0.834, and 0.852A@®@h,
respectively or 0.830 tC@e/MWh average for the thrgear period The Socialist
Republic ofVietnam Ministry of Natural Resources and Environment, 204€cording
to the World Bank, the average grid emission factor in 2017 was 0.8%2B/AIWH
(World Bank, 2018)If the expansion goes as planned in PDP 7 revisiong@@issions
in the electridiy generation sector are likely to increaseftad by 2030 compared to
2010 (RLS, 2016).

PDP 7 revision, however, also emphasized on the development of renewable
energy, with a planned increase in its contribution to the power mix. At present, small
scale renewables, such as small hydropower, hold the largest share amongst all the
renewable energy sources, followed by wind and biomass (StoxPlus, 2018). With high
solar, wind, and biomass potential, renewable energy development is expected to play a

significant role in the countryds generat.

Retail Electricity Markée

Currently, retail electricity prices are capped and mostly only increased in
accordance with inflation. Based Bigure3, the average residential tariff was 1,660

VND/KWh in 2017 (~ $0.074/kWh) (EVN, 2017). UNDP (2012) considéied the
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average electricity price needito rise to $0.08.09/kWh to allow the s#or to operate
on a sustainable financial basis, which PDP7 is planning to achieve by 2020. In March
2019, the retail electricity price was increased by 8.36% to $0.08/kWh after two years of
the unchanged rate (VNEXxpress, 2019). The retail tariff isssetdoon various factors, as
shown inFigure A 2. Average retail electricity tariffs are calculated based on generation
cosk (the most significant component), transrossand distribution costand sector
administration cost Tariffs are revised only if there are changes in fuel cost, exchange
rate fluctuation, and generation capacity charges. Increases more than 5% would require
approval from MOIT and the Prime Mités (ADB, 2015). The goal of the electricity
market, in the end, is to have all generators sell on the competitive generating market,

under PPA contracts based on benchmarked costs.
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Figure3. Vietnam retail electricity price fra 2009 to 2019 (VNExpress, 201%he
price increased in the range of 4 to 7% gradually every year, from 4.1 cents/kWh in 2009
to 8 cents/kWh in 2019
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The Vietnam Retail Electricity market (VREM) was planned to be introduced in
2021 as a pilot and iiull operation by 2023. In this phase, the distribution company will
work on network management and operation, retail, and giveigsd the option to
choose their supplier (ADB, 2015). The future final Vietnam electricity market is shown
in Figure4, with the System & Market Operator (SMO) regulating the bidding and
dispatcling of generators, similar to an Independent System Operator (ISO) in the United
States that cadinates, controls, monitors the electric grid, and act as a marketplace
operator in a wholesale power (Federal Energy Regulatory Commission, Tee&nd
users will paythe Transmission Network Owners (TNO), who then pay SMO. SMO pays

the generators, vehthen continuously deliver energy to the customers through TNO.

| BOT/PPA

BOTs

EVN  p—
: ) Bidd
| (BOT Trader) 5 —
: End Users
> EVN/SMHPs =3
: : e CPC End Users
—— GENCO 1 : v
: | SPC g End Users
—» GENCOS.. | ! —
: HANOIPC End Users
> GENCOSn | : HCMPC ’ : End Users
; : ——)
Bilateral CfD contracts for mitigating market risk

Figure4. Vietnam near future model for power market structB@Ts are the
organization thabuild, operate andransfer power plants, SMHPs is the StrategictMul
purpose Hydro power plants, GENCO are the Gener@argpanies, SMO is the system
market operator, TN®arethe Transmission Network Owners. NPC, CPC, SPC,
HANOIPC, HCMPC are the transmission owners subset of J({R€nadi, 2018)
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Transmission Networks

In 2011, the transmission and distribution networks or the transmission network
owners (TNO) were split into five corporations: Northern Power Corporation
(EVNNPC), Central Power Corporation (EVNCPC), Southern Power Corporation
(EVNSPC), Hanoi City Power&@poration (EVNHANOI), and Ho Chi Minh City Power
Corporation (EVNHCNC) (EVN, 2017). These companies wdrk with endusersto
collectpaymentsandreturnthemto the SMO, who will then paythe generators. As of
December 2016, the national power transiois system has approximately 26,100 MVA
of 500 kV substatiaos, 7,446 km of 500 kV lines, 41,538 MVA of 220 kV substasipn
and 16,071 km of 220 kV lines. From 2020 to 2030, EVN is planning to expand the
transmission system with another 50,000 MVA of 580skibstatios and 65,000 MVA
of 200 kV substatios(Figure A 3). By the end of 2019hirteensolar power plants with
a combined capacity of 630 MW are scheduled todmnected to the grid, raising the
total number ofsolar power plarstin the country to 95 (Power Technology, 2019). With
all thisnew generation connected to the grid, not mentioning other technology,
transmission network upgrade planning is cruciakcoammodating theenew power

sources.

Vietham Renewable Energy development

As highlighted in the PDP 7 revision, electricity production from renewable
energyplanned tde roughly 6.9% in 2025 and 10.7% in 2038pecific renewable

generation targeinclude 1.2% and 2.1% from biomass, 1% and 2.1% from wind with
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total capacity of 2,000 MW and 6,000 MW, 1.6% and 3.3% from solar with total capacity
of 4,000MW and 12,000 MW4nd the rest arieom small scaldechnologesby 2025 and
2030, respectively (The Socialist Republic of Vietnam, 2016)

SolarProjectsPotential

Of all the renewable energy technologies, solar photovoltaic (solar PV) is one of
the most rapidly developinthatcould potentially surpass the cheapest fossil fuel
alternative by 2020 (IRENA, 2018b). Even though currently the weighted average LCOE
of solar PV in Southeast Asia is still one of the most expensive worldwide, recent
declinesin costsarerapidly bringing the cost down to the range of fodsiel technology
which hasstrengthened the economic case for the adoption of this technology (IRENA,
2018a). Vietnam hagsotential for solar PV with annual averadgly global horizontal
irradiance(GHI) at 34 kWh/n/dayin northern parts of the country, 3.8 kWR/dayon
thenorth-central coastPolo et al., 2015). These number are considered low compared to
areas at the same latitude glob&WWorld Bank Group, 2019)Annual average daily GHI
for the soutkcentral coast, central highlands, and southern regioreranad 4.8
kWh/n?/day (Polo et al., 2015). With the realized potential, solar development by 2025
and 2030 will comprise most of the renewable energy generation mix (The Socialist
Republic of Vietnan, 2016). However, as of 2016, installed solar and wind energy
generation capacity (which comprised of mostly wind) accounted for less than 0.4% of
the total annual energy supply in Vietham (EVN, 2016).

In April 2017, the Prime Minister issued a decision on FIT for solar energy called

the ADecision on the Support mechani sms

f

o
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in Vietnamo valid until 30 June 2019 (The
hasthe obligation to purchase all-gmid solar power generated for-g@ar period from
the beginning of operation (Campbetlal, 2018). The electricity price is set at 9.35 US
cents per kWh ($0.0935/kWh) or 2,086 Viet Nam Dong (2,086 VND), excluding value
added tax, and is subject to fluctuations of VNIBD exchange rate. This rate applies to
on-grid projecs that had solar cell efficiency of more than 1,&%if the projects have a
variety of solar celtypes, thecumulative efficiencynust bel5% or higheat Standard
Testing Condition (STC)The Social Republic of Vietham, 2017). This FIT rate for
renewable energy was higher than the electricity retail price of 2017 ($0.074/kwh).

Currently, there are various ietives issued by the Government to support

renewable energy development to reach the ambitious target. Accordiaghabell et
al. (2018), under the Law of Investment, renewable energy projects are eligible for
investment incentives, such esporateincome tax preferencesnportduty preferences,
andlandrelated incentives. Under corporate income tax preferences, renewable energy
production will be subject to corporate income tax at 10% for the first 15 years. For raw
materials and manufactured maaégithat will be imported to construct fixed assets such
as solar farms, there is an exemption from import duty. According to the Law on Land,
investors can be exempted from land rents and water surface rents. All land lease and
land allocation projects Wi be handled by the relevant
(Campbellet al, 2018).This information was further confirmed through conversation
with Mr. Gabisch' the ADB project officer and investment specialist on the Da Mi

project FPV plant, located iBinh ThuarProvince, south Vietham (Msabisch, personal
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communication, April 23rd, 2019).and leases and allocation for the transmission
infrastructure for the Da Mi FPV projectwareEVN and Bi nh Thuan pr o\
Committee scope of workVhatthis meant was thinances, ADB, Canadian Climate
Fund for the Private Sector in Asia, and L
(LEAP) did notfinancethe land leases and the bulk transmission facil{tesGabisch
personal communication, Ap23¢, 2019).The Binh Thuan province Pe@pl s
Committee worked with EVN to ensure the construction of the bulk transmission
facilities did not significantly alter the livelihood of the people and the ecosystems in the
region (M.Gabischm personal communioat April 239, 2019)

In February 2019, MOIT proposed a new feedariff (FIT) rate that would be
applied after the current FIT expires on 30 June 2019. For FPV in four regions of
Vietnam, the tariff will range from 6.85 cent per kWh to 9.44 cenkdén, which are
0.18 to 0.24 cents per kWh higher than greumalinted solar projects and approximately
1.04 to 1.43 cents per kWh lower than rooftop solar projects. Higher tariffs are proposed
for regions with lower solar irradiance (primarily the northemd north central provinces
of Vietnam). The reverse is true for the regions with higher solar irradiance, so there are
lower feedin tariffs for the central highlands and southern provinces of Vietham (Baker
McKenzie, 2019). The tariffs illustrate the Gov n ment 6 s pol i cy to dev
security across different regions and diversify the geographic distribution of investment
(Baker McKenzie, 2019Despite the incentives and favorable tariffs, there are still
various questions and challenges associatddfinancing and developing renewable

projects in Vietham that deter investors in this sector.
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Development challenges

Accordingto the Asian Development Bank (ADB), thenesignificant
challenges in financing renewable energy, namely siggsidies for fossil fuels and low
electricity prices that prevent investment from the private sector (ADB, 2018a). In
addition, Vietnam still has an immature financial system incapable of sustaining long
term loans and innovation effectively, with a prefece for shortaturity bonds, and
inadequate capacity to assess risk and evaluate new technologies. Vietnam still relies on
public institutions, such as traditional donors and development arfksid the
infrastructure investment (IRENA, 2018a). Soof¢hese energy development
institutions that are active in Vietham are GIZ and ADB. There are also concerns that the
giant stateowned enterprise Vietham Electricity (EVN) is operating at a loss due to its
low energy prices, thus affecting its creditwamtéss (ADB, 2018a). As of 2017,
wholesale electricity prices are higher than retail priaeshown irfrigure1 andFigure
3(MOIT & DEA, 2017, EVN, 2017; VNExpress, 20)9

Currently, there are many concerns about solar PPA in Vietnam. Circular
16/2017/TFBCT issued in September 2017 includes templates of moded feP4rid-
connectegrojectssuch agesidential/commercial/industrial rooftop projects (The
Socialist Republic of Vietham, 2017b). In the Circular, it was mentioned that VND/USD
currency fluctuation will be applied in tariff adjustment. However, there is no clear tariff
adjustment mechanism in this respect, such as Consumer Price Index (CPI) to address
inflation risks. The PPAs do not specifically state in which currency payment shall be

made by EVN. Per Vietnamese law, the tariff must be payable in VND and then
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converted tde repayments of shareholder loans in the case of foreign investor. It is also
unclear how power distribution prices are calculated as sellers are responsible to pay
EVN this price. Thus, the sellers bear the risk of transmission and distribution
interrupton, and there is no provision on any compensation in cases of such interruption
(Campbellet al, 2018).

Cumulatively EVN has been maintaining a retail price below @esbvery
|l evel s. This has a significantNnoaopgombut on t
to increase the debt to meet capital needs (Maweni & Bisbey, 2016). Thus, the debt
equity ratio for renewable projecin Vietnam is one of the highest in the Southeast Asia
region (Lee et al., 2019; M. Gabisch, personal communicatipnil 23rd, 2019).
There are also problems in EVNG6és planning
infrastructure. Recent news showed that electricity transmissionNgresoverloadeth
Ninh Thuan and Binh Thuan provinces, which currently have 38 solar péaves pvith
a capacity of 2,027 MW. This was due to thereased powesroductionfrom renewable
power projects withouhcreasing the capacity of thi@nsmissiorsystemand
substatios. Mr. Lam, deputy director of the Southern Corporation, affirmedthiest
were working on its 16 110 kV lines at a total cost of $52.1 million (Viet Nam News,
2019).

Despitethesechallenges, the investment in renewable projects in Vietnam is still
increasing especidy in FPV (Bellini, 2018). The advance iechnology, favorable

economis, and beneficial environmental impaelscontribute significantly to this rise.
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Floating PhotovoltaiSolarGeneration

This sectionfocuses on the tresdh floating solar technology, the advantages, the

challenges, and itsurrent development and potential in Vietnam.

Technology

FPV has only received significant attention in the last ten years (Nguyen, 2017).
The first FPV came online in 2007, but the majority of the current 198 MW FPV systems
started operation around 2044dd 2016 (Spencer et al., 2018). From 2016 to 2018, about
100 MW of FPV systems were installed globally (Cazzaniga et al., 2017). There have
been more than 100 projects around the world where FPV is instaltedermois for
hydroelectric dams, mostly dapan. Some key floating solar players, compiled as of

2019, are shown iRigureb.
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Figure5. Major FPV playersNotedthat some floating structure vendors produce their
own mooring and anchoring solutio$owever, the mooring and anchoring vendors as
listed only produce these produ@@ox, 2019)
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Sujayet al.(2017) gave examples of various installed FPV plants, ranging from
the small system (up to 500 kWp) to medium size plants (500 to 1500 kWp), and large
size power plants (above 1500 kWp). There are also many projects being studied and
assessed for feasiiyl. A potentiall MW FPV system in Korea assessed using the
System Advisor Model (SAM) software showed the productidce/@MWh/year,
covering 87,650 fof water surface (Song & Choi, 2016). A gtidd 2 MW FPV and
electric transportation facility thabvered £€00 square meters grof areservoirthat
would generate, 885 MWh annually, cost around 1.6 million USD with a payback
period of 6 years in Pondicherry, India (Singh et al., 20Qvgrall, feasibility studies for
FPV have been derin variouscontinents, showing high potential in energy generation
and competitive payback per@aith other generation technologies.
Coupling FPV witha hydropower plant can lead to an increase in the plant's overall
installed generationapacity (ESMAP & SERIS, 2018). According to the International
Hydropower Association (IHA), this hybrid model was proven successful at the
Longyangxia hydragroundmounteal solar farm plant in Chinandatthew o r Ifidtd s
hybrid pumped hydroFPV plant builtin Portugalatthe Alto Rabagaaeservoirn(2017).
Under a complimentary control system, the variation in solar output was smoothed by
hydropower generation. The hygrower plant can reduce its production when the solar
output is high and increagis productionvhen solar output is lovDverall,there is an
increase irtotal energy generaticandimprovement in theeliability of the power output
to meet the grid needlie to the smoothing of output variatigfrarfan & Breyer, 2018;

IHA, 2017).Another benefit of the hybrid model is the increased utilization of the
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transmission linedDue to low water flow during the dry season, the turbines and
transmission lines ardten underutilized. The etmcation will help solve the problem
partially by linking the FPV to the hydropower plant's existing highage grid
connection, saving additional costs of transmission infrastrutstpieally faced by new
generatiorprojects In addition, the water saved from evaporation due to FPV coverage
can also be used for hydroelectricity generation (IHA, 200YD. mat ch wi t h r e s e
capacity, FP\oes not need to cover a lot of reservoir &fedlel), showing that the
technology has the potential to scale up and provide more auxiliary benkeéits.are
approximately 265.7 thousand square kilometers of hydropower resegiodiadly, that,
at 296 coverage, have the potential capacity to host 4,400 gigawatts (GW) of FPV
plants, potentially generating 6,270 terawadtirs (TWh) of electricity per year, meeting
30% of the global energy demand in 2018 (Farfan & Breyer, 2018; International Energy

Agercy, 2018).
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Tablel. Reservoir areas required to match dam's hydropower capacity (ESMAP &
SERIS, 2018)

Dam/Reservoir Country  Reservoir Hydropower  Percentage of reserv
size (kn?) (GW) area required for

floating solar tamatch

damés hydr

capacity (%)
Bakun Dam Malaysia 690 2.4 3
Lake Volta Ghana 8,500 1.0 <1
Guri Dam Venezuela 4,250 10.2 2
Sobr adi nho Brazil 4,220 1.0 <1
Aswan Dam Egypt 5,000 2.0 <1
Attaturk Lake and Dan Turkey 820 2.4 3
Narmada Dam India 375 1.5 4

FPV systemsire usually comprised of a racking assembly mounted on floating
structures on an enclosed water body (Cazzaniga et al., 2017). The components included
are floating structures, a mooring system that can adjust to water lestabtions, and
cables, as shown Figure6 (Nguyen, 2017). The mooring system is a permanent
structure that the system can be secured to, such as quays, wharvesngiensbuoys,
and mooring buoys. Due the strong wing and big waves common on large
hydropowenreservois, FPV faces more challengeshose locationthanon small scale
irrigationreservois. Under these conditions, the mooring design often getdtand
usually is the highest BOS component cost (IHA, 2017).

Most of the projects commissioned sotiavenot usedunderwater cables, with
most wiringbeingabove water. Properly rated cables and waterproof junction boxes are
crucialabove water, whil&ransformers aneny associatedatteries remain on land.

From there, higtvoltage transmission lines are used to connect the power to the
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substation, then to the grid (Sa¢iual, 2016).The power producing components of FPV

are almost the same as amgundmounted PV system.

Transmission *

Central

Lightning Protection ;
inverter (from other arrays)

System (connected PV modules
to metal frames /

supporting modules
and grounded) ” ”

= Combiner box
<*—— Mooring lines —————>

T — Anchonng

Floats/
pontoons

Transformer

Figure6. The layout of a typical floating PV system (ESMAP & SERIS, 20IBg PV
module is attached on top of the floats/pontoon. There is a lighting protecting system
(connected to metal frameapporting modules and grounded). The floats is anchored to
the reservoir floor with mooring lines and anchors. All the electrical wires go to a
combiner box, which is then connected to a central inverter on a float. The inverter is
then connected a tramsmer on land. A transmission line runs the electricity from the
transformer to the grid.

Figure7 demonstrates a typical floating structure, developed by Ciel & ,Tenee

of the leading FPV floating structure developers.
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Aluminium or fiberglass + PP rail
Certificated IS0 3302-1/1996

" HDPE material
&P, Inclination angle: 12°

Length max 1670 mm max 1975 mm

31 Width 990 +3mm 990 +3 mm
Cable length | 1000~1200 mm | 1200~1300 mm
.. Connector MC4 compatibility | MC4 compatibility

e Fiberglass + PP material
e Certification NFT 58 000

HDPE material
Non-slipping surface

Figure7. Ciel & Terre main float structure supporting solar module. (Ciel & Terre, n.d).

The position of the sun in the sky at the location is crucial in planning a PV
sygem. The availability oincidentsolar energy is a key criterion in determining solar
energy and consists of three forms: Direct Normal Irradiance (DNI), Diffuse Horizontal
Irradiance (DHI), and Global Horizontal Irradiance (GHI). While DNI is the amotint
solar irradiation received at a surface that is always held perpendicular to the direct solar
beam, DHI is theadiation reflected from the sky (NREL, n.d(apHI is the total
amount of DHI and DNI in which:

"00000000 QAT & Q)

where Z is the solaenith angle which it angle between the direction of the sun and

the zenith (directly overheadiNREL, n.d.(a)). However, GHI is not the only determinant
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of PV output. Other factors needed to be consideredde especially in this study:

solar panels materials (crystalline silicon, thlm, cadmium telluride, etc. with different

panel efficiencies), total solar panel areas, inverter efficiency, and performance losses due
to soiling, shadingmodule terperature, and other factdiBVGIS, 2017a).

The transmission connection with the power grid is another crucial component of
the entire FPV system. The new transmission required can be divided into three main
parts: spur transmission, Point of Interconnent(POIl), and bulk transmissifrhe
University of Texas at Austin Energy Institute, 2QIIMe POI is the facility that allows
the connection between the spur line and the bulk grid. There are several options for
connecting POI withihe grid througtbulk transmission, as shown kigure8 (The
University of Texas at Austin Energy Institute, 2Q17)

Genaratar Spur transmission POl Bulk transmission

— A vy A

@ Few_spmine
\ IN-aN bulk transmission
Existing bulk transmission

Figure8. Transmission network scheme for ngenerator. (The University of Texas
Energy Institute, 2017)

In the case of Da Mi, the project include22-kV spur transmission line

22/110kV boosting voltage transformer near the shoreline, aa8-kV spurline
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connected to the natioingrid (ADB, 2018c) These aforementioned substations and
transmission lines are expected tacbastructed and upgraded by EVahdareusually

not considered in the financingdfi et na md s nmojecs(ADB, 2048&h | e

Economis of FPV

All-in cossfor FPV applicatios aretypically more expensive than ground
mounted applicatiadue to the high structural balance of system costs (BOS), including
the floating structurandmooring and anchoring system, while the coghefolar
modules and invertsrare comparabl€ompared to convential grousmlounted solar PV
systems, aew set of riskss involved, in whichthe BOS equipmeninmust be engineered
and designed based on the waésel variation, extreme weather conditgpand many
other factors (C0x2019).

Floating structure cosusually account for 25% to 34% of the total building cost
for the plant, buthese are stilless than the cost of acquiring equivalent land dvka (
Gasbich personal communication, May 23rd, 2019; Cox, 20A8kording to Ranjbaran
et al (2019 andSahuet al.(2016), operational and maintenance ctst$PV systems
are lower tharfior groundmountedsystemspartially due to theeadily availablevater
needed for cleaning. Due to the lower ambient temperatutke reservojithe system
components areooler, leading tétower maintenance castHowever, Cox2019)found
that soft cos, including labor, design & engineerirendsupply chain logistics,
contribute to the higher cost of FPV araty across practs. Thauncertaintyaround

these costs can deter developers and investars 2019).



28
Most FPV projects are financed with local currencies with local or regional banks,
mostly in China, Japan, and Taiwan (ESMAP & SERIS, 2018). However, the
involvement @ large international commercial banks and multilateral development
finance institutios such aghe Asian Development Bank arlde World Bank is already
happening. ADB has allocated $3 million of technical assistant to Azerbaijan,
Kyrgyzstan, and Afghantian, based on the approval of the Floating Solar Energy
Development project in August 2018 (ADB, 2018d).
Most of the economic analysis did raansider requiredpgrads of the

transmission networiSong & Choi, 2016; Singh et al., 2017, R&dat et al.,2017)
The cost of spur transmission is generally a small expenditure, roughly 5% of the overall
plant capital expenditure (CAPEX) (The University of Texas at Austin Energy Institute,
2017). In Vietnam, the average co$the bulktransmission linés in the range of
$300,000 to $500,000 per kmtbe 500-kV line and $150,000 to $250,000 per kifrthe
220-kV with the average cost shownTiable2 (Maweni & Bisbey, 2016)Based ordata
from theWestern Electricity Coordinating Council in the United States, a soigiait
230-kV line wouldcost approximately $600,000/km, while a 800 line wouldcost
$1.2 million/km (2014)Table2 demonstrate that tteansmission and substatioast in
Vietnam is relativeljow compared to the U.§he amounts nonetheless represent large
investments for the local economy, although thAeynot unreasonable given that many

projects in Vietham involve areas that are difficult to access.
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Table2. Unit cost for transmission and substation assets in Vietham and the U.S.
(Maweni & Bisbey, 2016; WECC, 2014a; WECC 120)

Asset Vietnam u.S Units
500 kV lines 356300 1,200,000 $/km
230 kV lines N/A 600,000 $/km
220 kV lines 173500 N/A $/km
500 kV substations 35500 105,700 $/MVA
230 kV substations N/A 56,500 $/MVA
220 kV substations 33,100 N/A $/MVA

* the cost of the U.S substations was assumed based on WECC transmission capital cost
calculator (2014b). The cost of the 230 &¥bstatiorwas calculated fos 138/230 kV
transformemvith a 200 MVA rating, and the cost of the 500 kV substation was calditata
230/500 kV transformer with a 200 MVA rating.

Details on theexising and planned transmissidinesand substations could be
found on The World Bank's VietnaimElectricity Transmission Network website (2016).
The investment needed for Vietnarmansmission network upgrade and expansion for
20112020 was estimated at $8 billion (ADB, 2012). However, the development of new
transmission lineor upgradingof substations potentially can pose as an economic
challenge for EVN, whose financial struauras not yestablized and is wholly reliant
on debt to fund many of its ambitious capital progsélbaweni & Bisbey, 2016)In
order to ensure the grid capacity to accommodate new geneesmtially renewable
generationmore economic analysis shdue done to understand the current and future

investmenscenariogor transmission infrastructure

Environmental

One of the major benefits of FPV ogservois is the conservation of land that

can be used for other purposes, such adamdpnd pastureland, alleviating the land
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demand of traditional grounthounted systems (Spencer et al., 20T8g shading
provided by the PV panels can also significantly reduce water evaporation, conserving
water for other purposes, along with reducing algeowth in theeservoir thus
improving water quality (Farfan & Breyer, 2018). Santafe et al. (2014) studied a
irrigation reservoirin Agost, Spainwith an area of 4490 fiwhich was 100% covered by
FPV. Theyestimateda water evaporation reductions@00 n/yr or 25% of the
reservoibs st or age cangascarhoh savisgil A4S0, from renewable
electricity generatioin its 20year lifetime. Mittalet al.(2017a)estimateda savings of
64 to 496 million litergor 64,000 to 496,000 thannually for four differenteservois
with sizes ranging from 0.1 knto 1.5 knt with differentdegreesf coveage(5%, 10%,
15%, and 20%) that produce between 3 M@&7 MW. A 1MW FPV plant at Kishore
Sagareservoirin Rajasthan, India (one of thesevoirs studied by Mittal et al20173
couldin one yeaproduce up to 18.5 GWh, save 37 million liters of water, and reduce
1,700tCO; of emissiors (Mittal et al, 2017b). An assessment of water evaporation in
Sout h A dosrwwasgewaterabéasms concluded that FPV can reduce evaporation by
90%, such that aurface coveng roughly 69,000 rhor 0.069 km could save up to
124,000 rmYyear (RoseClot et al, 2017). In addition, in coupling FPV with existing
hydropower plants or punegd storage, solar powean begenerated during the day for
consumptiorand the output from the hydropower plant couldbeailedduring that
time. Water, thussouldremain stored in theeservois and bereleasd during peak
demandperiods The FPV syem can take advantage of existing transmission

infrastructure at the hydropower plant, resulting in additional savings for investors
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(International Hydropower Association, 2017). As mentioned earlier, Vietham has great

reservoirresources that can be wéd for FPV power generation.

Additional benefitand disadvantages

As an additional benefit, water cooling of the FPV array has been used as a
method to increase PV module efficientya neshadingor-faults condition, a high
operating temperature dmeduced incoming irradiance due to soiling can affect the
panel s6 efficiency. The body of water can
water), or actively used to cool the panéls.water bodies provide an area free of trees
and shading ahcontribute to dower ambient temperature, PV deploymbanefits
(Sahuet al, 2016).The water taken from the water body supporting [EBN beactively
sprayeddr used to create a water veiito the module when the temperature is too high,
or irradiarce is too low due to soiling (Cazzaniga et al., 20dHdwever, this method can
reduce the water available for other benefits such as irrigation, drinking water, or
hydropowerChoi (2014) showed thag¢lative to grounanounted systemsPV could
have an average efficiency of 11% highada capacity factor that is 7.6% to 13.5%

higher. Capacity factor (CF) was calculated in Choi (2014) by:

60 (2)

A VietnamJapan Joint Evaluation Team reported that the existing hydropower
plant onDa Mi Reservoir has the capacity of 175MW with two 87.5MW generating units

and a dam height of 72m (2008). They also reported that from 2001 to 2007, the average
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yearly volume of water used to run the generators were 1,528 million cubic meters, ran
for aveage 6,780 hours, generating on average 590 GWh per year(Z8a@83d on this
data and Equation 2, the capacity factor of the Da Mi power plant averaged 37% in the
period 2001 to 2008. According to ABD, this number is 46% (20I3g.to low rainfall

to support the hydroelectric facilities, in 2011, EVN incurred a significant financial loss
(World Bank Group, 2016). Thusg-generation with solar PV will enable better
utilization of the already existing transmission network at the hydropower plant, save
water from evaporation that can also be utilized for hydropower generation, and
potentially increase the capacity factor of the facility.

FPV, however, has some disadvantages. The system is prone to threats such as
storms and corrosion of the metallicstruer ¢ whi ch can reduce the
September® 2019, Japands | argest FPV plan, a 1
caught fire in the aftermath of Typhoon Faxai (Bellini, 2019). Theesome
environmental concerns such as the reduction of fighetration that can affect the

growth of aquatic life (8hu, et al, 2016).

Literature Gaps

Due to the novelty of FPV system, there are still gaps in research on the

productivity, economis, and environmental impact of the system.

! These numberare inconsistent. The theoretical power available at Da Mi reservoir based on

dam height, the water flow and operating hours to calculate flow, is 44.2 MW, suggesting the

pl antdéds efficiency at 25 %, Thefngiredringdioobox] ow f or h
2008. However, using the energy generation and operating hours, the theoretical power avaliable

i s 87MW, suggesti ng t(hheEngrleaimgtT@okbox®d8f i ci ency at
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The maintenancscheduleand cost of FPV are not readily available for research
and comparison. Besides the standard PV site maintenance such as module cleaning,
general site maintenance such as road management, security equipment maintenance,
equipment and perimeter fencirgpair, orsite measurement such as weekly or monthly
meter reading, string measurements, thermal inspectidhsuive tracing, FPV possibly
requires more maintenance than a gremuinted or rooftop system (SolarPower
Europe, 2018).

The economy o$cale for FPV system is not yet clearly observed and studied, but
was assumed in various studies (IHA, 2017; Cox, 2019; ESMAP & SERIS, 2018).
However, according to Bollinger & Seel (2018), there was weak evidence on the
economy of scale of solar PV basedtbeir sample size studied. This statement was
supported by the Institute for Local S&eliance (ILSR), which stated that the cost of
transmission and distribution of largeale solar projestargely underminé gains from
scale(ILSR, 2016).

Ecosystenimpacts of FPV omeservois are also not yet addressed, namely
effects of water retention ieservois on river hydrology and ecosystems due to the use
of FPV during the dayinstead of hydroelectricityThere is no current research
addressingpossiblealgal growth on FPV panels, which can potentially increase
maintenance cosind reduce PV output, when lake water is sprayed on the surface of the
modules for cooling

FPV is a rising market, still early in its deployment and needs more attention in

the uggcoming years. Despite some challenges and gaps in knowledge, the rapid
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development of FPV will provide researchenore data to investigate thgstembenefits

anddisadvantageandalso address other questions

Vietnam Floating Solar Generation Potahti

Construction for the 47.5 Megawatt peak (MVFBV power planon Da Mi
Reservoir, Viethamvas finished in late May 2@ as seen ifrigure B 1 (M. Gabisch,
personal communication, Septemb@é).M.Gabisch noted that the loan was signed after
the construction due to the rush to meet the FIT deadline of Jiin@@m.On Oct. 29,
the loan was signedhis wasfirst FPV project in Vietnanand in Southeast Asigaving
the paths for many future projects (ADB, 201&dDB is loaning 20 million USD to Da
Nhim - Ham Thuan Da Mi Hydropower Joint Stock Company (DHD), a dependent
accountng unity ofEVN to develop the FPV projeon thel75 MW Da Mi hydropower
plant (Asian Development Bank, 2018b). DHD is entering into-ge20PPAwith EVN
under the solar power feel tariff (FIT) regime.

A floating central inverter, a lardlased subation, and a new 3:kilometer, 110
kilovolt (kV) transmission line are the additional facilities at DaRdiservoirto support
the FPV plantThe total footprint of the project is 51.55 hectares, (bath on landand
water This project has been estimadt® reduce greenhouse gas emissions in carbon
dioxide equivalent (Ce2) units by 30,302 metric tons annually due to the renewable
energy generation (ADB, 2018&ccording to ADB, the land acquisition for the lines
and access road will result in the ecomo displacement of 42 households, including

three households that will lose more than 10% of their agricultural land permanently due
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to access restrictions and 25 households that will lose land access temporarily due to
transmission line construction. Toeewill be no physical displacement in which
households have to moeempletelyfrom their landsDuring the planning process, ADB
mentioned the development of Livelihood Restoration Plan and the Community
Development Plan to mitigate and measure the enanionpact within the local
community(ADB, 2018c) The plans, suggested by ADB, included sraadle
agricultural supportor economically impacted families, linked job opportunities from
theproject, and various support programs for cbenmunity (ADB, 2018). However, it
is unclear whether any prograsas yet implemented

FPV has promisas a renewable energy technology with widespread adoption
potentialin Asia (ESMAP, & SERIS, 2018). Thereeacurrently more approved and
registered FPV projects in Vietnam since Da Mi project approval, according to Mr.
Stelter fromDeutsche Gesellschaft fir Internationale ZusammengBEyY) Vietham
(seeAPPENDIXB). The biggest project has the rated capacity of 530 MW, while the

smallest is at 5 MW, mostly located in the southern part of Vietnam.

StudyReservois

Thereservoisthat are the focus for analysisthis stug werelocated in two
main regions of Vietham: Hoa BirfReservoirlocated in Hoa Binh Province, northern

part of Vietnam, while Tri ArReservoirand Dau Tiendreservoitboth located in the
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southern part of Vietnam, in Dong Nai Province and Tay Ninh Preyimespectively

(Figure9).
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Figure9. Locations of reservoirs acquired from GRanD database and additional Dau
Tieng ReservoirDa Mi Reservoilis number 7. The ones in studied are number@a
Binh Reservoir 8- Tri An Reservoirand 9-Dau Tieng Reservair
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At HoaBinh Reservoir Hoa BinhDamhas been in operation since 1994 and
the largest hydroelectric dam in Vietham, with pogenerated by eight turbines with a
capacity of 240 MWor atotal installed capacitgf 1,920 MW. The maximum discharge
through all the turbines are 2,400 cubic meter per secotid)((Ngo, 2007). The
effective head of the plant is 109 mat@EVN & Japaninternational Cooperation
Agency or JICO, 2004 he efficiency of the systenthereforejs approximately75%.
From 2010 onwards, the power output of the Hoa Binh hydropower plant averaged at
10.1 TWh per year. In 2017, the output set a record high.@86IWh (EVN, 2018)The
operation and regulation of tiheservoirwith a capacity of 9 billiom® has tremendously
aided in controlhg flooding in Red River Deltdn addition, the water discharged from
thereservoirprovided 6570% of the irrigation foagricultural production oRed River
Delta provincegEVN, 2018)

At Tri An Reservoir Tri An Damhas been imperaton sincel988andhas 400
MW of hydropower installed capacity, utilizing four 100 MW turbines. As of 2012, the
averageelectricity production at the facility was 1.74 TWh per year with the maximum
discharge through all the turbines at 88@smvith an effective head of 52 meter (EVN &
JICO, 2004)The efficiency of the system, is similar to the Hoa Binh Dam, at T5P%o.
AnReserwviochdess in biodiversity constitutes
with various economic activities such as tourism, agricultural crops, and fisAIS(

Vui Song Moi Ngay, 2014).
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Dau TiengReservoiwas a marmade effort meartb increaseice production by
providing irrigation for a large area from its 26,000 hectaré&60km? reservoirthat can
store up to 1,050 cubic meter{nof water (The World Bank, 1991). Thus, it does not
have the key features of flowing water to crealtgdropowereservoir However, based
on conversation with Mr. Nguyebjrector of Vietnam Directorate of Water Resource
(personal communication, March,32019),Dau TiengReservoithas high potential for
FPV project approval.

The threestudyreservois, each has its distinctive fea&s, including solar

radiation,FIT rate, ancenvironmentafunctionality, are proven as potential hogfer

new FPV projects.
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METHODS

This study assessed the technical, economic, and environmental feasibility of FPV
projects at each of the three case study sites. Tradksled analysis of a) PV generation
potential at each of the three case study gilea Binh, Tri An, and Dau Tieng
Reservoir) usingPVGIS software andseographical Information System (GiBased
sdar data, b) the associated payback period and levelized cost of electricity (E@@OE)
each systerbased on the economics of solar projéttgeneralindspecifically
informed bythe first FPV project in Vietnam on Da Meservoir and c)some of the
reaulting environmentabenefitsfrom operating the systerfgcusing mainly orthe
reductions in GHG emissions arekervoirwater evaporatigrandon theadditional

electricity generated from water saved from evaporation.

Technical feasibility

Technical feability was assessed basedthe estimated power generation from
the FPV plant and the requirements for transmission strucfthiesarea of the reservoir
that is covered by FPV is the main variable for determining the overall scale of a project.
In orderto accurately assesstbealeo f t he system, tfise reservoi
calculatedhroughacquiring the shapefiles of the reservoirise shapefiles of the two
hydropowereservois, Hoa Binh and Tri Anyere acquired through the National
Aeronautic and Space Admi ni sResewdiandDam (GRanB)A) 6 s Gl

database (NASA, 2011). Since the GRanD datati@ssot have the shapefile for Dau
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Tiengreservoir the shape of theeservoirwas digitized from Google Earth Pro and
converted frona Keyhole Markup Language Zippédkmz) file formatto anESRI
shapefile (.shp)-or consistency, thehapes of all theeservois in this study were also
manually digitizedat five-kilometer granularityn Google Earth Pro to confirm the value
with the GRanDdatabase values.

To assess the geographical condition at each reservoir and possible impact of

transmission lines passing through the surrounding areas, land cover data and substation

location data wre usedLand cover datan raster formfor the ®uthern region of
Vietnamwere downloaded atE0-meter(Northern Viethampand 15meter(Southern
Vietham)r e s ol ut i o nAd¥ancedhand @hserving Satellite 2 (ALOS 2), also
called Daichi 2Rasters are matrix of cells (or pixels) organized ini&, grhere each cell
contains values representing information, in this casestyfdand (ArcMap, 2016).
Rasters for theeservois 6 associ ated regions within
new raster and the land cover type was reclassified ineoaaitegories: water, urban and
built, rice paddy, crops, grasslands, orchabpdse landforest and mangrovelherasters
use a series of cells to represent locations on the aadtthive the properties of each cell.
The electrical substation coordinst@ere extracted from Google Mapsshow their
locations These data was then used to choos@dlsible geographical coordinates of

the FPV installation that are cl@s¢o the substation infrastructure, which will further

reduce cost for transmissianés and other necessary land acquisition (The University of

Texas at Austin Energy Institute, 2016).

at
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Yearly GHI and PV output magpwerecreated based on yearly output from
SolarGIS solar resources GEOTIFF data at a spatial resolution of 258 (BetaiGIS,
n.d). SolarGIS PV output potential was calculated based on awegradgelectricity
energyproduction from a 1 kWp gridonnected solar plant from 206 2016. The PV
system for SolarGIS calculatisnonsistedf groundbasedree-standingstructures of
crystallinesilicon PV modulesEachsystemwasmounted atfixed position withatilt
ranging from 5° to 24° towards the equator to maximize the energy yielduningdative
losses fromdirt, cables, inverterandtransformersvere assumed to 886 (SolarGIS,
nd).The plantdés avail a0k (SolyGIs,sed)consi dered t

Thepeak power angotentialannualenergygeneration in Gigawatiours
(GWhyr) was determined fagach ofthe three study locations and Da Mservoir,
usingtheEur opean Commi ssion Institute for Ener
Geographical Information System version 5 (PVGISER)ropean Commissiorz012).
As the main variable for determining the overall scale of a prdfectyater arface
coverage of 1, 5, 10, and 158&s assumed inthisstudyREL6s st udy on fl o
potential in the United States used a coverage of 27% based on the median coverage
value of FPV projects internationally (Spencer et al., 2008).r st umhged6s cov e
assumption was kept conservative but had potential to 3daee reservoir coverages
werealsoused to calculate evaporation savings

Using those coverage percentages pueels areawerecalculatedollowing
these next stepEirst, the floatingstructure for solar panels alone was calculated as a

percentage of lake coveragecountingor the walkways and spacing between modules.
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Then, the actual panels asegerecalculated based on the floating structure for solar
panels and the tilt of theanelsFinally, the peak power of each system i@sndbased
on the panéb area and partlefficiency.Using the peak power as an input variable in
PVGIS, the potential energy generatioeathstudy site was generated.

Usi ng Da Mi p re@gareexaimpiles thesanea of flatingstructure
was found based on the tilt of the pan&lse Da Mi project used 143,940 PV panels with
dimensions of 1956 mm length and 992 mm width, which would cov@h27or 6.5%
of thereservoirsurfacef they werein a horizontal positionAll the panels at Da Mi
project are soutffiacing panels with I° tilt (M.Gabisch, personal communicatid@dgt.
27,2019. The typical mounting angle for floating solar system i$(Mow, 2018. The
actualpanelsareaor floatingstructureof the solar panels alone will be

b1 BN ¢ OO Wi QAPOMDE A iDE D IQGEA T 6 "QudQa ‘W)

Thepercentage of lake coverage oé floating structurefor the panels for all the
projects in this studwasfoundo ased on Da Mi 0 sBasedoo Egeatian di me
3, the actual area da Mi Laked Boating structure for panels 274 ha.However, the
actual coverage of thetal floating infrastructue came to approximately 44.9 ha or
164% of the panel areas alone (ADB, 2018i)us, the actual areas of modules alone
were calculated by using only the inverse of 164861% of each of the four coverage
percentages

b1 B ¢ O O0NS MOOINAE @ id pp P & HRAL L QI OQQ)
Using Equation 4then Equation 3 again, the panels area for each project in this

study was calculated he calculation for peak power of each FPV plant was baséueon
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panels areganel efficiency and assumption on peak G¥iminal power or peak
power of the PV modules was measured under Standard Test Conditions (STC) in the
laboratory or at the factoriffhe peak power is the power claimedrbginufacturer of the
module measured at 1000Wfsio | ar i r r a d anaimmass of 1.8.TkisCGneans n d
that if the modulavere100% efficient, the system size only needs to bétbrachieve
peak power of 1kWat STC Since the modules are not 100%@ént, for example, a
10% efficient modulevould need 10rfito achieve a 1kWp system (PVGIS, 2017b).
Hayter & Kandt(2011)found that thesTC efficiency for polycrystalline is roughly 1326
17%, andor monocrystalline 14%19%. The efficiency of the panel the field for this
study was assumed to be 17% at STC before all other losses, same as the Da Mi project
panels as shown ifable B 3. The value of 17%s an averagefficiencyfor crystalline
silicon technologyHayter & Kandt, 2011)

Theinstalled peak PV power (kWp) for easervoirwas calculated based an
PVGIS simplified equationassumingaverage irradiancer peak GHlof 1kw/n? on a
100% efficient panel on lizontal plang2017):
power (kW) = peak GHI (1 kWn?) x panelsarea (nf) x efficiency at STC (%) (5)

Themounting position was set to fratanding (the other option in PVGIS is
building-integrated which was not in the scope of work}. il and @ azimuth was
chosen for PVGIS to calculate the PV module positioning that correlates with typical
FPViit,ard current Da Mi Whén\PVmobutesrt thheuntedz i mut h.
outdoors, the conditions will be very different than the standard conditions. Thus, there

are also other losses associated with the system, called system losses. The calculations in
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PVGIS ony showed the power delivered at the connectors of the array (PVGI®)2017
However, there aralsopower losssassociated with AC current by the inverters, cgbles
and the transmission lines (PVGIS, 281 1n addition, the power of PV modules tends
to decrease slowly with age (Jordan & Kurtz, 2013). It was found that PV modules
typically have approximately 0.5% decrease in power per year of operation. With an
expected lifetime of 20 years, this means that the power on average over 20 years would
be 95% dthe original power, with 90% of original power at the end of 20 years (Jordan
& Kurtz, 2013). PVGIS took these into consideration as system losses for its yearly
average production output. The suggested system loss by R¥SIS4% including
losses frontables, inverters, transmission lines, degradation, temperature variation, and
excluding snow, dust and dirt, and partial shadowing (PVGIS,&0TIfis number is
comparable to PVWatts, another PV generation model created by NREL (NREL, n.d (b)).
The default system loss values in NREL for Hanoi, Vietnam Wg%é, including2% for
soiling, 3% for shading, 0% snow, 2% mismatch, 2% wiring, 0.5% connection, 1.5%
light-induced degradation, 1% nameplate rating, 0% age, 3% availability (NREL, n.d
(b)). Thi s study used the PVGIS 14% system | oss

Since the study sites are in Vietham, PVGIS automatically chose the PVGIS
SARAH solar radiatiordatabase which coversiebpe, Africa, most of Asia, and parts of
South America. fie time period for the data is 20@B816. The data has hourly time
resolution and a spatial resolution cdi@minutesor approximately &m grid resolution
(PVGIS, 2013). The PV technology chosen for the study was crystalline silBased

on all inputdata, PVGIS calculated the average yearly output of the sysesm
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APPENDIXC). These data were then compared with Vietde®025 forecasted energy
demand teestimatethe contributionsof FPV in meeting the national energy demartie

land cover and nearby substation maps are shoARHENDIXD.

Economicfeasibility

The project alsonicluded an economic analysis, usagayback period model. A
payback analysis of FPV was conducted for each of the study sites to determine the
economic feasibility, based on the new proposed FIT rate as described in Literature
Review and trend in solaMPand FPV cost in Vietnam. Thanalysis excluded the costs
of substation upgrades to accommodate the new voltage and currents. These upgrades are
under EVN jurisdiction, not the project developers (Mr. Gabisch, personal
communication, May 2% 2019). EVNcurrently alreadyasplans to upgrade the
substations across the coyntdowever, the project developers or sellers are responsible
for the spur transmission ligeaccording to the PPA (The Socialist Republic of Vietnam,
2016).Thecostsof the spur linegienerally comprisa small portion of the overall
projectcost (Mr. Gabisch, personal communication, Mayl,Z919).The spur line cost
at Dau TiengReservoiwasincluded in its payback model due to the lack of hydropower
substation nearby and the extension needed to reach the closest substation. T
installation cost of the system was validated based on the contract cost of the Da Mi
project and the global utilitscale solar PV cost projection from the International

Renewable Energy Agency (IRENA, 2016; IRENA, 2017)
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The threeeservois are in three different regions in Vietnam, and etgrefore
hasa different economic payback. While Hoa Bi@servoiris in the northern region that
has higher FIT based on the nemwseMdklaltEés pr o
both in the southern provinces that have a lower proposed FIT.
The simple payback period was calculated using the Equ&tianluding the

10%corporate tax on production:

0 00D i = = @

According to Mr. Gabisch, Da Mi project has ayidar loa tenor(i.e., theperiod
to repay the loan)with a loan payment period of 14 years (year one is for construction).
The payback periodalculated or Da Mi was compargaer t o Da
payback estimation to validate the result (M.Gabiscrsgrel communication, July"4
2019).

The simplepaybackperiodis an attractive calculation because it is
straightforward and easy to understand and explain. However, there are limitations since
the calculation ignores the time value of money, changesergy price, variable rate
electricity pricing, etc. In the case of Vietham, the energy price paid to developers for the
project should remain the same for the lifetime of the project under the PPA (The
Socialist Republic of Vietnam, 2017b). However, tinge value of money based on
inflation, opportunity cost, and risk are not factored in (Hay, 2016).

The levelized cost of energy (LCOE) of the system, which is the minimum price

at which energy must be sold for the project to breakeven, is usuallyatatital
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understand the value of the technolagg bigger economiscale.This helps developers
and policymakers understand the economic viability of these prog@ct® market
prices and trend. Thus, the LCOEtbé FPV projects at threservois inthe study was
calculated based dhesimplified LCOE equation?):
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where

“‘@j,investment expenditures in the ye&b}
0 dO&M expenditures in year($)

"0 fuel expenditures in yean($)

‘O: energy produced in yeatNMWh)

i ddiscount ratg%)

odexpected lifetime of the systefyears)

There are several assumptions used in this m@telexpected lifetime of the
system or number of annuities receivedn this case, assumed to be the same as the Da
Mi 6 s T POR/éarsThediscountrate reflects the r o j reskcproéiles Mr. Gabisch
suggested thahediscountrate rwould beclose to the spread of Viethamese government
bond yield, averagg 5.56%. The project is not able to haadower risk than the
country in which it is located, thus the sovereign risk rating is a good benc{ivhark

Gabisch, personal communication, Jih 2019).Discountrates for projects can be

based on various factors. According to Professor Fisher at Humboldt State University
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sometimegliscount ratewvill be based on government bond ratag often they are
higher than the governmelbndinterestrate due tdahe riskiness of the project.

However, if experts use the government bond rateraéteshould be adequately reliable
to assume (W. Fisher, personal communication, Jufig2®19. Thus, the analysis in

this study assumed the higher endh&f interest rate or discount rate suggestelliby
Gabisch 6%.Different discount rates wediscussed and analyzedthe Resul section
Therearepresumably no fuel costad variable O&Massociated with renewable
projects.This study also assumed @akablefixed O&M cost for each of the three FPV
systens, at $24.6¢kW/year, which was the input provided by ASEAN Centre for Energy
to NREL for solar PV installatiom Vietnam(Lee et al., 2019). This number is high
compared to the O&M cost in the United States, at $13/kW(yeget al, 2018). The

high solar PV O&M cost was acknowleddgeylLee et al., 201,%ut the reasons for the
high cost was not explaine@ihe fixed O&M cat for FPV might be potentially higher
due to the limited knowledge on system functioning after installation in Southeast Asia
(Da Mi FPV project was the first FPV project in Southeast A§ial).this study, the
$24.6/kW/year for fixed O&M cost was assum8ensitivity analysis by changing PV
outpd, fixed O&M costthat results in changes in th€EOE was performed to investigate
the range of variability in this studilore details of economic analysis are shown in

APPENDIXE.

2 In the report, the O&M unit is cited &kW/year. However, in Table-A of the report, the
number possibly mistaken put in as $/MW/year.
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Environmentafeasibility

The environmental impacts of the FPV plants also played an important role in
determining the feasibility of the project&e environmental factors that this study
focused o were GHG emission, water resource conservation, and potential ecological
impacts.During its feasibility study, ADB found that theneereno criticalnegative
environmental impaston the fish habitat, water qualityt biodiversity associated with
the Da Mi FPV plant installation (2018b). Nonetheless, a literature review and calculation
about the various potential FPV environmental impacts was completed.

An assessment of potential GHG emission reductions compaiteel tcorrent
grid mixwas conductedlsae d on t he potenti al PV generat.
lifetime and theemissions that would have occurred from producing an equivalent
amount of electricityrom the current grid mixThegrid power emission factor (EF) was
calculatedn moredetailsin APPENDIXF, based on data retrieved from The Socialist
Republic of Viethnam Ministry of Natural Resources and Environment Equa&jon (

T

00 - 1]

Another likely environmental benefit of FPV to tteservoiris the reduction in
water evaporation from threservoir The conservation of water is critical to megtthe
demands of irrigation and daily domestic water usage and can sometimes be overlooked

in environmental impact assessments. The evaporation rate (E) in millimeter per day
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(mm/day) was calculated using the variation of Penman formula developed bytaéaian
(2006) that requires relative humidity, mesntemperature, windpeedand solar
radiation data:
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where

| dwater albedo or reflectivity0.08

“Y the mearair temperaturg°C)

Tmax:themaximum air temperatuf@C)

Tmin: the minimum air temperatuéC)

'Y "Othe relative humidity (%)

'Y i theglobal horizontakolar radiation (MJ/siday)

Y dextraterrestrial radiation (MJAfday).

0: wind speedit 2 m above the water surfaea/s)

@ dptif using Linacre (1993) and 1 if using Penman (1948)

The mean temperature was derived from the averagieeshaximum andhe
minimum temperature instead of an average daily (Valiantzas, Zl&}emperatures
were acquired from TerraClimaitea dataset consists of different climate variables and
climatic water balance for global terrestrial surfaséh a 4km or 1/24" degree spatial

resolution (Abatzoglou et al., 2018).



51
Daily total sunshine hours (mereestimatedased on the monthly sunshine
duration at th&Seneral Statistics Office of Vietnastation closedb thereservois
divided by thenumberof days in that monthQ@eneral Statistics Office of Vietnam
,2017a). For Hoa Binheservoir the Ha Noi sttion was used; for Tri An and Dau Tieng
reservois, Vung Tau station. Monthlys®as calculated based on monthly &aylight
hours (N), andlaily total sunshine hours (hy Valiantzas, 2016
Y Y ™ T8 V- p Tl
ExtraterrestriatadiationRor t he r adi ati on received
atmosphere on a horizontal surfataifferent latitudes relative to tiheservois are
provided by Food and Agriculture Organization of the United Nations (H298) N
was calculatedor each montlibased orthe following equationby Valiantzas, 2016
0 THOEM & pHuv p ¢ pp
where:
i: rank of the monthg.g.January has rank 1)
n :latitude of the site (radians), positive for the Northern hemisphere.
Relative humidity was calculated based loa Wwater vapopressureusingthe

formula:
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leOIwm@qullopln'd[ P e

Saturation vapopressurdor water washown inAPPENDIXG. It is important

to note that Penman (1963), Linacre (19@8)dCohen et al. (2002) suggested the

at
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incorporation of wind function testimate potential evaporation from open water, which
appears in equation 8 gs

QO T oap po
The wind speedt 2 m above the er surfacevas found based on the equatfon
windspeed at different heighgrovided by FAO (1998):

5 T8 X
I lp @ v8 ¢

where:
0 :measured wind speed at z meter above ground surface (m/s).

For each of the three reservoirs, the windspeed at 50 meteexquired from
Global Wind Atlas (DTU Wind Energy & The World Bank Group, n.d). @kerage
speedshownwas assumed to be the wisgeed at eaateservoir(seeAPPENDIX G).

The evaporation volume (m®/year) was calculated based on the equation:
O 01 £ QQOGHD OQNIQL@N &1 B6-Q¢ &—— pU
The potentiabnnualenergythat could be generated via hydropower usiveg
water saved from evaporatidv (kWh) was calculated to quantify thileeoretical power
available(J) of the combined hydropowiPV facility and coverted into GW({The

Engineering Toolbox, ZB):

Ww Mm 6 C E A (o))
Where

w : energy (GWh)



m: water density (1000 kg/ftn
V: volume of water (r#s)
CDacceleration of gravity (81 m/g)

E deffective head (m)

Q : ef fi ci e nassyminy BimilarhoeHoat Binlh dnd Twi &n Dam, a®45
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RESULTS

This chapter includethe resultdor thetechnical, economic, and environmental
feasibility of floating solar power generation on the three water reservoirs in Vietnam.
The topics covered are the potential energy production, the LCOE, the potential GHG

emission, and evaporati reduction of each project.

Technical feasibility

Table3 shows the average yearly electricity production (kWh/kWp) of FPV for
three study reservoirs along with Da Mservoir that has already ha&PV plant
installed, using PVGISAPPENDIX B shows the current location and specifications of
theDa Mi project. The reservoir coordites, PVGIS configuration examples at 15%
reservoir surface coverageand the PV output of all four reservoirs FPV system are

shown inTable G 1.

3 PVGIS gave out a warning when the system size input was greater than, RORVGIS

version 4. It recommended consultation from more data providers dedgiomal assistant from

PV performance experts. In PVGIS 5, this warning did not appear, and the layout of the results
was different between the two versions. However, the results were comparable between the two
PVGIS versions.
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Table3. Comparison of yearly solar resources (kWh/m2) and production (KWh/kWp)
from FPV installation at three study reservoirs and Da Mi reservoir, using two solar data
sources PVGIS and SolarGlIS.

Reservoirs Area Annual solar  Annual  Annual solar  Annual
(km?)* resources  SolarGIS resources PVGIS

GHI based average  GHI based average

on SolarGIS production on PVGIS  electricity

(kWh/m?)  (KWh/kWp)  (KWh/n?) production

(KWh/kWp)
Hoa Binh 91.1 1,340 1,055 1,490 1,125
Tri An 277.4 1,873 1,478 1,960 1,471
Dau Tieng 235 1,914 1,505 2,000 1,486
na M 7 1,844 1,444 1,900 1,425

*Reservoirés area for the three study resert
while for Da Mi was from Binh Thuan government website (2012)

In the case of Da Mi project, 47.5 MW of FPV panels @nadnverter system take
up 45.25 hor 0.4525 km, which is approximately 6.5% of tmeservoirarea (ADB,
2018c; Binh Thuan government, 2012). The areas of HoarBs#rvoir Tri An
reservoir andDau Tiengreservoirwere estimated to be 91(GRanD) 277.4 (GRanD)
and 235 krA(Google Earth polygon measurement), respectively. However, there was
some discrepancy on theservoirsurface areas. The Vietnam Directorate of Water
Resources database hasedfrom 7,168eservois in Vietnam, but only has a
measurement of the watershed area and not the surface aregesttheis. It should be
noted that aeservoib s sur face area and volume fl uct ua
variation in inflow and atflow characteristics such as precipitation, inflow river
discharge, discharge from riparian communities, evaporagservoiroutflow and water

percolation, etc. (Geraldes & Boavida, 2005; Ratnayaka, Brandt, & Johnson, 2009;
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Busker et al., 2019). Daa al.(2010) mentioned Tri Aneservoirsurface area to be 323
km? without citing sources. In addition, there is currently no extensive research on these
reservoirareas. The water levels arebervois areas should vary, dependent on seasons
and hydropoweoperation. On August 9 Da Mireservoib s ar ea measur ed i
EarthProwas 6.12kin ¢l ose t o Binh Thuaéservagrameaer nme n
measured on Google Earth Pro was 276, lalose to the measurementiie GranD
reservoir databas (277.4 knf) .  H o aresBriomarea was 80 kfA{not considered
the length of the wide tributary which is Da River). For simplification, this study assumed
thereservoirareas as shown in GRanD database for Hoa Binh and Treg&nvoir and
Google Earth polygon measuremér Dau TiengReservoir

Theland cover map and the locations and the voltages of the existing substations
within 5 to 10 kilometers of the threeservois are given iiRPPENDIX D, showing the
existing electricity infrastructure that FPV can connect to. For Hoa Binh and Tri An FPV
projects, there are currently substation located atetbervois due to the hydroelectric
facilities. These substations can be updated, or a new substation can hetamhat in
the case of Da Mi project (ADB, 2015&pr Dau TiengReservoiy additional
transmission lines to the nearest substatld®kV Dau Tieng substatigrwas
consideredor economic analysi@-igure D 3).

Figure9, Figurel0, andFigurell demonstrate the locations of stuggervois,
GHI and expected yearly PV generation across Vietnam based on the SolarGIS map.
Table3 shows data on electricity production and the difference in electricity production

(kwh/kwWh) between two data sources (PVGIS results and SolarGIS), along with the
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anrual GHI resources from SolarGIS. There is a s@&lo difference in electricity
production between the two sources. For this study, PVGIS softwarerdiémd of
SolarGIS,was used to calculate the total electricity production.

The average yearly prodian of Da Mi plantas predicted by PVGI$ising the
current tilt andazimuth, is 8,400 MWh/yeamwith yearto-year variability of 2190
MWh, relatively close to the production amostdatedn the Initial Environmental and
Social Examination Repoprepaed by ADB at69,990 MWh/year (ADB, 2018cT.he
number provided by ADB is 4% higher than the PVGIS output. If the variability is taken
into consideration, the difference can be as low as 0.6%, and as high as 6%. Even though
there is some discrepancy, the®8 methodshows high validity due to its precision to

the predicted output by ADB.
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Figurel0. Global Horizontal Irradiance (GHI) yearly (kWh/m2) across Vietnam and the
locations of the GRanD reservoirs (SolarGIS, n.d)
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Figurell. PV potential output (kWh/kWp) across Vietnam and the locations of the

GRanD reservoirs (SolarGIS, n.d).
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Table G 2, Table G 3, andTable G 4 summarize the PV optit from the three
study reservoirs. The tilt and azimuth angle for all the panels at the three reservoirs were
assumed to be the same at 11° and 0°, respectively. It is interesting to note that the
monthly output in Hoa Binh (the northern reservoir) dgitine summer months (May to
October) was higher than during the winter months (November to April). At the other
two reserervoirs (Tri An and Dau Tieng), the summer month outputs were generally
lower than the winter month outputs.

Tri Andés F P Vhaw thelargeshareacayvdrage out of the three
systems. Hoa Binh system has the smallest area coverage and the lowest yearly
production potential (kWh/kWp) as shownTiable4 due to its northern locatioiiable4
shows that dependent on tieservoircoverage, if all the FPV plants in all three study
reservois are developed by 2025, they will cover from 0.26% to 3.94% the 2025
forecasted national eleicity demand which is 347,527 GWh (MOIT& DEA, 2017).
Table4. Percent 2025 energy demand coverage from all three reseRmiesaseted

national energy demand cover in 2025 is 347,537 GWh (MOIT & DEA, 2017)
Percent coverage  Sum of expected annue Percent of 2025

(%) production from all forecasted national
threereservois (GWh) energy demand cover (%

1% 914 0.26

5% 4571 1.32

10% 9140 2.63

15% 13700 3.94
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Economic feasibility

The project installation cost of the 47.5 MW Da Mi plant in 201@ragectedn
contract was $62 million USD, which translated into $1.3/W (ADB, 2018b). According
to Mr. Gabisch, the revenue from the hydropower plant will serve as the collateral for the
project(personal communication, April #32019) The price for the floating structure
would substitute for the land acquisition paymdémas in the long run, the finance of
land and floating project will ultimatelyge comparable. Mr. Gabisch believea:tf62
million was largely overpriced asbaidget contingencyHe suggested that thetal
project cosfor the current FPV plant in Vietham woubeé approximatéey USD $750,000
to $1 million per MW installed (inverters and land acquisition included$075/W to
$1/W. This would bring the cost of the Da Mi plant to approximately $35.6 to $47.5
million. The FPV plant construction was finished by June, 2019. Howevé&ctmiber
24 2019,ADB signed the loan with DHD for $37 million. Mr. Gabiscbted that this
was an equity risk to sign after the construction. However, a lot of renewable piroject
Vietnam began construction before the loan wasesigmreach completion by June 30,
2019i the FIT deadline (M.Gabisch, personal communication, Octol&r2oa.9).
According to engineering firm RETTEWOGS
the U.Swhile FPV projecs arestill more expensive than groumdounted projes the
costswereestimatedto decline toapproximately $1.5/Wy mid-2019(Trabish, 2019).
However,data are not yet available ¢onfirmthe actual price of FPV in the U.S by mid

2019.In the case of Da Mi project in Vietnaiy. Gabisch confirmed the floating
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infrastructurepanels, and inverters for tia Mi projectweremanufactured in China.
This was considered one of tlssvestprices on the market, factoring in transportation
anda Vietnam tax exemption for manufactured materials éhatmported to construct
solar fams. In the future, the costs of FRYe expected tdecrease even further
(M.Gabisch, personal communication, May'23019).

Between 2010 and 2017, the global average installed cost for-atititg PV
projects (inverters not included) decreased by @B%ure12). From 2015 to 2025, the
installed cost for utilityscale groundnounted PV system was forecasted to diéfh 5
from $1.75 to $0.75/WIRENA, 2016). Fron2015 to 2017, the price already dropped
approximately 20%, from $1.75/W to $1.39/Widure12) (IRENA, 2017).If this trend
continues, the 2025 forecasted price folitytiscale projects by IRENA will ultimately

reach $0.75/W

4 These cost estimatisiy IRENA wereanalyzed from the perspective of private investors, excluding
government incentives or subsidies or any merit order effect sygigencostsavings (IRENA, 2017).
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Figurel2. Total installed costs for utilitgcale solar PV projects and global weighted
average 2012017 (inverter cost not includedjhe 3" and 9%' percentilerange of the
LCOE declined from $0.18/kWh and $0.60/kWh in 2010, to between $0.07/kWh to
$0.31/kWh.(IRENA, 2017

Based on IRENA (202), the cost of utility groungmounted solar PV i$1.39/W,
higher than the range &SMAP & SERIS (2018)lata onthe FPV investment cost,
which is in the range of $0.8 to $1.2/Wp, dependent on location, depth of the water body
and the size of the FPV system. Tisislue to the fact thaRENA data verebased on
global averagealues while ESMAP & SERIS datanly focused on Asia. Calculated on
a pretax basis, the LCOE of a 50 MW FPV was found to not differ significantly from a

groundmounted system due to the higher energy yield (ESMAP & SERIEB) The
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LCOE comparison betweexb0 MWp groundmountedsystemanda FPV system at
different discount rates shown inTableb.

Table5. Levelized cost of electricity comparison between a 50 MWp gronodhted
PV system and floating PV system (ESMAP & SERIS, 2018)

Dam/Reservoir Ground Floating PV (fixed tilt)
mounted PV
(fixed tilt)

Electricity produced first year (GWh) 75.8 79.6°

Increase in performance from grounabunted fixed 5%*

tilt

LCOE $/MWh)

At 7% discount rate (base case) 50 56

At 8% discount rate 52 57

At 10% discount rate 54 60

* These numbers were taken from ESMAP & SEREmpilation of 50 MWp system,
both grouneémounted and floating solar

Assuming the Da Mi proposed project cost was the price in 2017 and the cost
trend predicted from IRENA for utiliggroundmounted PV (IRENA, 2016; IRENA,
2017), the cost of the FPV dgm by 2025 is forecasted to be $0.70/W, which is
approximately 90% of the 2017 contract cost ($37 million) of the Da Mi project and
closely matched the IRENA PV projects forecast (without inverters) of $0.75/W

The price for each component is calculatetividually and combined to compare
withMr . G a buggested $ystem cost. Figurd BEhows the global average selling
prices for Chinese Tier drystallinesilicon modules. By 202, the high case scenario
shows the cogbr modulego be $0.8/Wp, while the average case cost is ¥VEp. The
balance of system (BOS) costs and installation cost comprises of the remaining costs of a
PV system, including the inverter, mounting and racking of PV system, combiner boxes

and miscellaneous electrical componeite preparation and installation, system design,
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management, permit feesjpply chainany upfront financing costs and other overhead.
The representativeodule cost o& standard utilityscale groungnounted system is
roughly 40-50% of theentire system costetween 2016 and mi2l019in the United
StateqSolar Energy Industries Associatid19. As shown in Figure £, central
standalone invertsiare projected taost roughly $0.05/Waand threephase string
invertes are projected toost $0.12/Wain 202. Combining all the necessary hardware
of a solar PV systerfthe panelsandthe BOS)the 2022 total system cost to install
Chinese Tie1l crystallinesilicon modulegusing the higher end of the panel ¢ost
$0.28/W, and assuming thismiakes ughe 4®%6 of the project costjan be up to $@0/W,
exactly matchindRENA delineatedcost of $0.70/W. This study used $0.7044/the
capital costo assess the economic feasibility of the three FPV projéstsould be
noted that this cost isibthalf of the cost in the United States, predicted by RETTEW
(Trabish, 2019).

This study also assumed a scalable figpdration and maintenan@&M) cost
for each of the three FPV systems, at $24.6/kW/year, which was the input provided by
ASEAN Centrefor Energy to NREL for solar PV installatism Vietnam (Lee et al.,
2019).The20-year periodD&M cost for each system was scaled baseiismassociated
peak powerThe transmission cost was assumed to be zero for the cimeHufa Binh
and Tri Anreservois, at which the hydropower substations were located at shore, near
the Hoa Binh and Tri Adanms (APPENDIX D). For Dau Tiendreservoir the cost of the
transmission line wasstimatedased on the closesi0kVs ubst at i onds di st a

closest shoreline, which was approximately 7dway Since theravere no available
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cost catafor a 110kV transmission line in Vietnam in the literatuiieable2), the study
assumed a conservative cost estiniat¢heline based owlata for &220-kV transmssion
line, at $173,500/knfMaweni & Bisbey, 2016).. The cost wasaled up based on the
percentageeservoircoverageFor example, at 1% coverage, the cost of the transmission
line is approximately $1.2 million, while at 5% coverage, the cost is $6Gmilfithe
new proposed FIT rate mentioned3olarProjectsPotentialis accepted, the rate for Hoa
Binh Reservoir will be $0.0944 /kWh. For Tri An Reservoir and Dau Tieng Reservoir,
the rate is $0.0728/kWh (Baker Mckenzie, 20F3yback period results are shoiu
APPENDIXE. Table6 is an example of payback period for each reservoir at 1%
coverage.

Table6. Payback period of each reservoir at 1% coverage

Output (GWhl/year) Variability Payback period
(GWhlyear) (years)
Hoa Binh 108 5 9.9
Tri An 430 16 9.8
Dau Tieng 376 11 9.7

An example ofthe paybackperiod (years), calculated based on Equatiiof
theHoa BinhReservoif-PV system that covers 1% of tteservoirwith 96 240kWp

and generates yearly averad#,000,00&kWh, is shown below:
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The simple payback peristor all the systems are roughly years, regardless of
the percentage of area cover. Dau Tipr@ecthasa slightly lower payback period, 2
months earlier than Hoa BinReservoir which has the highest payback period. Tri An
Reservoithas the highest yearly revenue due to the bigger system peak power (kWp) and
the high solar potential (kWh/kWp).

The capital costesult can be compared to varsoeconomic feasibility studys
shown inTable7. The capital cost of the project is low, compared to other projects,
partially because of the delineated FPV capitat co¥ietnam in 2025, instead of using
data from the current year.

Table7. Capital cost of LMW floating solar PV projects globally, retrieved from
feasibility study

Study Location Capital cost ($)
1MW of Hoa BinhReservoir Hoa Binh, Vietham $ 700,000
Singh et al. (2017) Pondicherry, India $ 800,000
Song & Choi (2016) Gangwon Province, South Korea $900000
RosaClot, et al. (2017) Adelaide, Australia $ 990,000

Using Equatiory, the LCOE for all FPVsystems in 2025 were calculated to be
approximately $3.3MWh for Hoa BinhReservoir(Table E 4), $66.0MWh for Tri An
reservoir(Table E 5), and $5.7/MWh for Dau Tieng reservoifT@ble E 6). According
to NREL,thelowestLCOE value for the Southeast Asia region, alsanim@mumfor
Vietnam, is $64/MWHLee et al., 2019Howevert hi s st udrgslls L COEs
approximately 35%dwer than the results frothe Renewable Energy Data Explorer, an

NREL interactive softwarpackageunderthe Moderate Tehnical Potential Scenario, at
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6% interest and 82.5% detat-equity ratio(NREL, 2019) For Hoa Binh Province, in
which Hoa Binh Resenir is located, the LCOE for the system is $119/M\iithe
Dong Nai and Binh Duongrovinces where thdri An and Dau Tiengeservois are
located respectivelythe LCOE is $88.4/MW (NREL, 2019). The LCOEs of FPV
systens in this study are comparable withose used by ESMAP & SERIS (2018). At a
7% annual discount rate, the global average of LCOE of FPV was $56/MWh (ESMAP &
SERIS, 2018)However, tlis number only indicated the global average,thetvaluegor
specific locatios asin theNREL analysis The total PV output (kWh}he total installed
cost ($), and the payback period (years) for each scenario were calculated and shown in
APPENDIXE.

Overall, the economic viabilitgnalysisdemonstrates that FPV has the potential
to be expanded in the next five to ten years as a leading renewable technology in

Vietnam.

Environmental feasibility

The environmental impact of renewable energy infrastracsitbeing studied
more intensively to quantify the holistic benefits of such systems. One of the most
pronounced benefibf solar PV system is the avoided emission compared to the
emission from fossil fuel plants. In addition, in regions that facing $aarcity and

water, FPV proves as a prominent solution as it utilizes the water surface and reduces

evaporationduetohedi t h t he government ds PDP 7 pl an
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construction otoakfired power plantFPV poses as an alternative that mdy avill help
the country meets its national energy demand, but also provides more water for other
purposes.

In 2016, the total capacity of 14.5 GWaufatfired power plarg in Vietham
provided roughly 34.3% of total electricity supply, or 61,000 GWaleftical energy
In 2020, 131,000 GWh of electricity is expected to be produced from 26 @dabf
fired power plard, 4,400 GWh from 9 GW of natural gas pléhhe Socialist Republic
of Vietham, 2016)By displacing new fossil fuelonnectinghe grid,FPV will help
redue the emissioaof the Vietnam electricity gridAssuming the grid mix in 2025 is
almost the same as 2017 emissibe, émissioriactor (thousand tC&/MWh) of the
2025grid were calculated following Equation Yhegrid emissions avoidkby FPV at
eachreservoirfor different coverage scenarios are showmable F 2. If all the
reservois in this study are all 15% covered with FPV, they will prodl@&&00 GWh per
year, or 8.6% of all the planned additional epalvered plant productions and help
avoided 1 million metric tons C@e. To put this number into perspectivejng the
Rosenfield number as At he el,eheamouncneeded s av i
to replace the annual generation of a 500 MW-€oalr e d p o weaatined ant o, tF
power plantavoidedcapacityis 2.3 GW (Chao, 2010).

The evaporation reduction benefits are showhahle G 4, Table G 6, and
Table G 8 with variables calculated based equationg9) through(15). Tri An
ReservoirFPV has twicehereduction potentiaih cubic metes of water(m?®) per year

than Hoa BintReservoirdue to its thre¢gimeslarger area. However, the evaporation
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savings (M) per PV area () of Hoa Binh Reservoir is 20% higher than Tri An
Reservoir Dau TiengReservoithas a slightly lower evaporation quantity than Tri An
Reservoir The water saved from evaporation can be utilized for various purposes such as
drinking and irrigatingThe estimated evaporatioate in artificialreservois in Vietham
in 2011totalled1.36 kn¥/ year (United Nations Food and Agriculture Organization
UNFAOQO, 2011). The evaporation reduction from the thieservois with FPV projects
(assuming that 15%ovelageor 91.28 ki of FPV areawill be approximately 119
million m3/year, 0.119 krhper year, or 8.7% dhe estimatedbtal 2011 evaporation
lossesComparison with different literature is shownTiable8. If the amount suggested
by Santafe et al. (2014) foraservoirin Spain was scaled up, Hoa Binh amount of
evaporation i56% higher than Santafe et al. (2014). Compared withebervois
studied in South Australia (Ro€zlot, Tina, & Nizetic, 2017), the result of the study is
3% lower. According to project WATCH (Water and Global Change) with more than 25
ingtitutions in European countries taking part in, they&&r evaporation average for
Vietnam from 1985 to 1999 for each month is in the range of 40 to 130 mm (Centre for
Ecology & Hydrology, n.d). This range is compatible with the result of the study wehich

in the range of 75 to 170 mper month
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Table8. Evaporation savings comparison among study

Study Location FPV Evaporation Evaporation
areas (M) savings savingg(m?®)
(m3/year) perunit area
(m?) per
year

Hoa BinhReservoir 1% cover Vietham 910,000 1,587000 1.74
Tri An Reservoir 1% cover Vietnam 2,770,000 3,981000 1.44
Dau Tieng Reservoir 1% covel Vietham 2,400,000 3,536000 1.47
Santafe, et al. (2014) Spain 4500 5,000 1.11
RosaClot et al. (2017) Australia 69,000 124,000 1.80

To put the savings into perspective, in Asia, according to United Nations

Population Funga household use 95 liters per person per(@a92) Binh Duong

province, in which Dau TienBeservoitbelongs to, has a population of 2 million people

in 2017 (General Statistics Office of Vietnam, 2017b). The water savedfaam

T i e regpposation per yeat 15% reservoir covagecan be used to provide drinking

water for this population for approximatéynonths. The water withdrawal rates for

agriculture purposes is between 15,000 and 35,G0targear (UNFAO, 2011). Using an

average of 25,000 ¥ha/year, if use for irrigationhe evaporation savings from all three

reservois at 15% cover can provide water ugptd40ha of landn a year According to

The World Bank, in 2016, Vietnam had 12 million ha of agricultural @t World

Bank, 2016)To put this into perspective, theater saved from evaporation can irrigate

006% of Vietnamds agricultur al |l and per year
Il n addition, based on each dambés effect

energy output of the hydropowEPV combined facilityUsing Equation 15the



72

theordical additional output associated with water saving for Hoa Biebervoiranges
from04t05.3GWhor033% of Hoa Bi nh 6andfordriAnReseRafr out put
range frorD4t06.4GWhor011% of Tri Ands tot al PV outpu
The environmental efféof the FPV on wildlife currently has not received
systemwide assessment. Literatures on wildlife activities along with floating structures
in tropicalreservois are scarce. According to Mr. Nguyen Huu Phuoc, deputy manager
of forest service departmeatt Dong Nai National Reserve, there are various aquatic life
on Tri AnReservoirand 72 different islands used as agriculture land and tourism (VTV3
Vui Song Moi Ngay, 2014). ThReservoilis home for a variety of fish species, including
marble goby ©xyeleotris marmorat8leeker), silver carpHypophthalmichthys
molitrix), bighead carpAristichthys nobili}, common carpQyprinus carpi¢ and grass
carp Ctenopharyngodon ideljaThere is an abundant of food resources for the fish such
as phytoplankto, benthos, detritus, small wild fish and prawns (Luong, Yi, & Lin, 2005).
On Hoa Binhreservoir in 2018, 4,000 fish cages were reported. fHservoirproduced
approximately 1 thousand tons of captured fish and 3 thousand tons of cultured fish (The
Socidist Republic of Viethnam Ministry of Agriculture and Rural Development, 2018).
There are studies that compared the difference between artificial structures and natural
habitat, with contradictory results. However, currently, there are limited studies on th
effects of artificial shading, especially from novel structures such as FPV, on tropical
freshwater fish species. Helfman (1982) pointed out that fish are attracted to floating or
hanging structures because they give the fish advantages over predastissseen in

pelagic species. More studies needed to be done in each indnaderloirin the study
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to ensure the species natural habitat are not threatened by the installation of a floating

structures.

Sensitivity analysis

The feasibility of FPV depwls on a range of factors that were studied in this
work. There is uncertainty iassumption$or thesethat ultimately affect the analyses of
PV output, economic feasibility, GHG emissions, and evaporation sa@agsitivity
analyses were conducted &sass the influence of thaain factos: variation inPV
output, projectapital costost,0&M cost, anddiscountrateon each of t he r e
FPV system associated payback period and LCOE. | first assessed the variation and
uncetainties in PV outpuThen, | assessed the changes in payback period and LCOE
based on the main factors, gathered from V

data. The uncertainties in evaporation savings were addressed last.

Payback period and LCO&Ssumptionandsensititivity analysis

In technical analysisf this study the output was determined based on PVGIS 5
assumptioa The lake coverage was assumed at 1%, 5%, 10%, and 15%. The coverage
percentage was conservatifAojects byCiel & Terre aleading floaing solar developer
in the world,usually cover 30% to 60%f the water surfac@.d). The solar panels had
the same technical specification as the panels frodthe Mi 6 s pr oj ect, t he
was164% of thearea of the paneland system lossas ¥%. Therewasnumber of

effects that would influence the estimated energy output but were not considered in the
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calculation, including dust and dirt in the area and partial shadoWirggsolar radiation
data used in the study was available-kn® resoluton. The shapes of the reservoirs were
digitizedor tracedat the zoomeaut 5km resolution using Google Earth Pro. The
granularity ofPV output data is at monthly average and yearly varialibese model
assumptionscontaining uncertainties and inacaciesultimately affectthe actual output
of solar panels

A comparisorbetween output of the reservoirs using the same system peak
power, 96000k Wp ( Hoa Binh reservoir 0 proqudien®t power
TriAnand Dau Tiengreservairr € 3 1% hi gher t hproducibaa Bi nh
The higher FITin draftwas supposed to incentivize solar investment in less sunny parts
of the coutry, however as seen Table9, the payback period of the southern reservoirs
(Tri An and Dai Tieng)have almost two years less simple payback period than Hoa
Binh. Ths is becaus@&ri An and Dau Tiendreservoirare geographically close together
or have asmall difference in latitude, thus sharing more commonality in solar radiation
and temperature characteristt@e¢APPENDIX C). Theannual GHI solar resources at
these two southern reservoirs are approximately 50% higher than Hoa Binh Reservoir
(Table3). Table9 demonstrates the production, output variation or standard deviation,
and payback period of daproject, using the same peak power at appoximately 96,000

kWp.
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Table9. Outputusing the same 96,240 kWp FPV system capacity between three study
reservoirsVariability is the standard deviation of energy generation

Output Variability Payback period
(GWhlyear) (GWhlyear) (years)

Hoa Binh 108 5.0 9.9

Tri An 141 54 7.0

DauTieng 143 4.2 7.0

Othersensitivity analysis for the payback period and LCOE was conducted based
on the historical solar output, PVGI S5 var
different possible economic outcom&genario 1 is the output from the broad 30%
addition tothe PVGIS 5 output based on the actual output difference of the Solar Park
farm in California.The Solar Park farm has a capacity of 747.3 MWp and 579MW
with system losses of 22% that produced an average 1,685 GWh per year-202817
(SunPower, 20LE&EIA (US Energy Information & Administration), 2019a; EIA, 2019b).
This output was approximately 30% higher thiamprediction from PVGIS 5 tool, using
the same locatiorscenario 2 is the output from adding PVGIS 5 variability for each
reservoir as shavn in Table G 2,Table G 3, andTable G 4. Scenario 3 is the output
from subtracting PVGIS 5 variability. The next two scenarios, Scenario 4 and Scenario 5,
show changes in the project cost, instead of PV output. Scenario 4 sha\8%ahe
decrease in project price to $0.4/W, which aligned Wwitlure E 1 delineated costs in
2022 for the medium scenario for a Chinese Tier 1 crystalline silicon meduote
inverters Scenario 5 shows an increase in project price, from $0.7/W to $1/W, a 43%

increase. Scenario 6 demonstrates the increase of system losses to 20% from the 14%
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baseline. Scenario 7 has a system loss ofA®2RPENDIX E shows the PV output
variability (standard deviation of the energy generation) between the Scenarios 1, 2 and
3. Scenario 8 uses a lower 5% discount rate, projected by Trading Economics by 2020
(Trading Economics, n.d (a)). Scenario 9 shows the increase to 7% discount rate, based
on Vietnambs average discount rate from 20
Economics, n.d (a)). Scenario 10 use©&M cost at $12/kW, approximately half ofeh
cost used in this study and close to the O&M cost for utility grenndnted solar in the
United States at 13/kW/year (Fu et al., 2018). Scenario 11 demonstrates the O&M cost at
$6/kWlyear, based on the cost suggested by M.Gabisch for Da Mi projeclQ@3@@r
year, or $6.3/kW/year (M.Gabisch, personal communication, Ma&y 2619).Table10
providesasummary of all theensitivityscenariosFigure13 shows the simple payback

period and LCOE for all the scenarios.
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Table10. Summary of the sensitivity scenarios

Scenario description

Scenario 1
Scenario 2
Scenario 3
Scenario 4
Scenario 5
Scenario 6
Scenario 7
Scenario 8
Scenario 9
Scenario 10

Scenario 11

Increases the PV output by 30%

Adds the PVGIS5 output variability (standard deviation)
Subtracs the PVGIS5 output variability (standard deviation
Decreases the project price to $0.4/W

Increases thproject price to ¥W

Increases the system losses to 20%

Decreases the system losses to 8%

Decreases the discount rate to 5%

Increases the discount rate to 6%

Decreases the O&M cost $12/kW/year

Decreases the O&M cost to $6/kW/year
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Figurel3. Payback period with sensitivity analysi$ie asdine is the model this study

used. Scenario 1 is thesultfrom adding 30% to the PVGIS 5 output. Scenario 2 is the
resultof adding PVGIS 5 variabilityoeachreservoirs | i st e &cerdaNbo3®sut put
theresultof subtracting PVGIS 5 variability. Scenad hasa project cosof $0.4/W.

Scenaric shows the increas# project cost to $1/WScenarios 6 and 7 have system

losses of 20% and 8%, respectively. Scenario 8 and 9 shows the payback period at 5%
and 7% discount rate that is the saamehe baseline scenario. Scenario 10 and 11
demonstrate the lower O&M cost, $12/kW/year and $6/kW/yeapectively

The simple payback period ranges from 6 to 14 years for all the prdjaets.
factors thatntroducethe most sensitivitarethe capital cost, followed by additional 30%
yeaty output, and the O&M cosThe payback period for Scenario 4 which theresut
contained the additional 30% PVGIS 5 original PV output, was approxintatelyears
shorter than the baseline. For ScenariwtZre PVGIS variability was added, the

payback period was close to the base case, + half a year. The ppghadkfor
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Scenario 2 for three reservoirs were close together, insteadistinguishedlifferent
among the reservoirs. However, in Scenario 3, when the PV output decreases, the
payback period slope among the reservoirs gets bigger, showing moreatsgre
bet ween their payback periods. This is bec
size with highePV outputvariability or standard deviation in energy generatiéven
though the FIT for the two southern reserv@r30% lower than Hoa Binlthe northern
reservoir, the increase in PV output of the southern reservoirs make them an economic
match forthenorthern FPV project. The system losses did not change the payback period
significantly. The changes in project cost significantly alter thlyg@ek period, which is
the same as saying that the payback period is highly sensitive to the project cost
assumptions (Scenario 4 and 5). The payback period of all projects increases to 14 years
with 43% higher cost, while the it decreases to approximétgbars with 43% lower
cost, showing the payback period is influenced tremendously by the project capital cost.
In other words, the payback period is most sensitive to changes in capiah ¢bist
study.

In LCOE analysis, the study used a constant interest rate of 6%, with the O&M
cost assumed unchanged throughout the lifetime of the system. The LCOE was calculated
under the assumption that there is no economy of scale. Due to the recent investment in
FPV, thereare not yet credible data on the CAPEX of the systems. However, as more
FPV systems are installed across the glolesetdatavould potentially become
available (World Bank Group, ESMAP & SERIS, 2018gurel4 demonsrates the

LCOE for all the scenarios previously used for payback period calcidation
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Figurel4. Levelized cost of energy (LCOE) with sensitivity analy$ise tasdine is the

model this study used. Scenario 1 is tesultfrom adding 30% to the PVGIS 5 output.
Scenario 2 is theesultfrom adding PVGIS 5 variability for each reservoir. Scenario 3 is
theresultfrom subtracting PVGIS 5 variabilityll these three scenarios have same

LCOE as the baseline because the PV output does not affect the system cost. This is also
the case for Scenarios 6 and 7 that have system losses of 20% and 8%, respectively.
Scenarict has theproject cosbf $0.4/W.Scenaridb shows the increas® project cost to

$1/W. Scenario 8 and 9 shows the payback period at 5% and 7% discount rate that is the
same as the baseline scenario. Scenario 10 and 11 demonstrate the lower O&M cost,
$12/kWlyear and $6/kW/year, respectively.

The LCOE fortheHoaBinh Reservoir FPV system rargfeom $50 to
$95/MWh, whilethe LCOE for the Tri An and Dau Tiengeservoir FPV systegranges
from $40 to $70/MWhEven thoughhe payback periabf all the FPV systesare
within proximity, there is at least$10/MWh dizrepancy between the northern reservoir
Hoa Binh and the southern resengifiri Anand DauTieng Thi s studyds s ma

system sizéor theHoa Binh FPV compared to the other two FPV systend its higher
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FIT tariff rate compensated for its lower outputhe payback period analysis. As shown
in Table9, if the FPV system size is the same amondhakthree reservoirgdhe payback
period of Tri An and Dau Tiengesevoirs are approximately two yesless tharthe
payback period for théloa Binh ReservoirAs seen irFigure14, LCOE is the most
sensitive to the capital cost of the system, simil@ahémayback period sensitivity result.
Scenario 4, in which the capital cost is reduced to $0.4/W, has the lowest Wb{@E
Scenario 5, with the capital cost of $1/W, has the highest LLOBE isalso sensitive
to O&M cost, witha cost reductiorof 15 to 20% compared to the baseline cddbe
O&M cost declines byalf to onefourth of thebaselinecost If the PV ouput of all
projects improves or declines by 1%, the LC®RIso changaapproximately 0.8%,
accordingly.

The FIT rate was kept static in all the scenarios. Howeveainiplay an
important rolan project developets i n v e s t n\étmavery$thl0kWwb ahange in
FIT ratefor each location, the simple payback perbdnges by approximately one and
a halfyeas. The higher FIT in the Northern region of Vietham halpsipensate fahe
higher LCOE cosbr lower enegy productionof the Hoa Binh proje¢tshown in the
almost similar payback periethetween the reservoirds of 2014, the LCOE of other
renewable projects, such as hydropower at $44/MWh and biomass at $838ik¢h
onefourth and haHower than the solar LCOE, at average $220/MW8anthast Asia
(ASEAN Center for Energy, 2018)Vith lower O&M coss (Scenario 10 and 11)
projects at Tri An and Dau Tieng can be comparable with the cost of hydropmjeats

that are already installe@he projected_.COEsin all the scenarmandDa Mi projectaos
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$50/MWh (using$37 million capital investment, $6/kW/year, and 5% discount rate)
surpassheaveragd COE of combined cycle power plantsSoutheast Asia, at
$113/MWh in 2014ASEAN Center for Energy, 2016§ven though there is uncertainty
in the future cost of fossil fuekPV has alreadghown the potential to replace future

fossil fuel plantswith alow future cost

Environmental analysiassumption andensitivityanalysis

For environmental assessmehgre are variougssumptions made to calculate
GHG emission and evaporation savings.

First, the GHG emission avoided was based on the nationahgtiemission.
Currently, there is no available datiathe level ofegional emissioto compare with the
national emissionin addition, the grid mix emission factor is not yet quantified for 2035.

Secondly, lhe equation useid quantifyevaporation was a simplified model of
PenmarMonteith equation, leading to some discrepancy in model output. However,
Valiantzas (2006) stadethat the differencbetween Penmaklonteith modelsvas
negligible when testedn othercase studies. Windspeed data was assumed based on the
mean winddatafrom DTU Wind Energy and The World Bank Graus G| o b al Wi nd
Atlas at 50 metesabove ground and &apolated to 2 metefor the total yearHowever,
this yearly windspeed was used to calculate evaporation for each month, thus leading to
monthly inaccuracied heevaporation losses underneath the solar panelsalsareot

factored in in the study



83

Sensitivity analysis with regards to the effect of wind on evaporation was
conductedAccording to DTU Wind Energy & The World Bank Group (n.d (b)), there
are uncertainties associated with the windspeed. The validation between Global Wind
Atlas and wind flonmodeling software WAsRurrently performed in Vietham, showed
an approximate 20% higher mean wind speed value in Global Wind Atlas. Decreasing the
mean windpeed by 20% shew?2 to 3% decrease in evaporation saviigshould be
noted thathe temperate and relative humidity used were historical weather data in the
region, not dir ec s These datadonotinecéssarilyneflecsther e me n t
accuracy of the current and future dathis level of analysis is currently out of the scope

of this gudy and should be addressed through actual data collection.
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DISCUSSION

South Vietnam has 50% higher solar resource (and PV potential) than the North
Even with the proposed higher FIT at $0.0944/kWh for reservoirs in the North, compared
to $0.078/kWh for reservoirs in the Central and Southern Vietnam, the payback period
and LCOE analyses demonstrate that Dau Tieng and Tri An project is a better
invesment.If the Vietnamese government is interestethgentiviang more investment
in the north, one possible mechanism is to increase the northern FIIT ttage.
government 6s interest aligns more with mee
alternative is to build more FPV in the southern part of Vietham and raise the
transmission capacity of the grid that connects to the north.

The simple payback period of the projects are in the range of 6 to 14 years, which
is still lower than the possible 3@ar lifetime of the systenThe LCOE of the projecis
2025are in the range of $40 to $95/MWh, whiclb@%blower thanN R E L2019
analysis of PV LCOE in Vietnam for the three provinces that the researeiccated in,
with the range from $90 to $1201Wh (Lee et al., 2019)f solar project cost continues
to decrease (e.g., by 43% by 2025, extrapolated from 2016 analysis of IRENA (2016)),
the projected LCOE of the projects in 2025, based on current 2019 NREL data, will be
comparable with the predictedst in this studyThe average global FPV cost range of
$50 to $60/MWh in 2018, compiled by ESMAP & SERIS (2018), alreBgonstrated

potential of thidloating solar systeracross the globe, and now in Vietnam.
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The O&M cost of the systemas potentialor reduction. If the cost is as low as
$6kW/yearas projected by Mr. Gabisch, the simple payback period of each system can
be as low as 8 years, similar to the predicted payback period of the Da Mi FPV project
(M. Gabisch, personal communication, May 25th, 20A8)moreFPV projectsare
awaiting approvieor arealready approved by the governmédeAPPENDIX B), there

will be opportunities to learn and potential tduee O&M along with other costs.
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CONCLUSIONSAND RECOMMENDATIONS

All threereservois studied Hoa Binh, Tri An, and Dau TierftgavegoodPV
potential. Dependent on the coverage tthel PV potential othethree systesirange
from 900 GWityr to 13,700 GWHyr, andcapitalcoss range front$690 to $10,300
million USD and O&M cost from $15 to $240 million USDDut of all thereservois, Tri
An reservoirhas the highest PV potential but also the highest installed cost if project
developergonsiderusingreservoirarea coveragedm this FPV feasibility studyror all
levels of coverage, theayback period of all theeservois are approximately0years,
with Dau Tiengreservoirbeing the fastest paybackhe payback period can be as fast as
6 yearsand as slow asAlyears The LCOE of Hoa Binh, Tri An, and Dau Tieng projects
are ¥3.3MWh, $66/MWh, and $5.7MWh, respectivelyHowever, sensitivity analysis
shows that LCOE forHoaBinRe s er voi r 6s FPV system can r anrn
$95/ MWh, whil e t he o tahgesrfrom $4®to 37@MVvehhe&y oi r s 6 L
LCOE of FPV project orHoa BinhReservoir are generally 25% higher tttanse oriTri
An and Dau Tieng reservasirEven with the added cost of transmission lines, Dau Tieng
FPV project still proves asaving the fastest paybtlaperiod, and lowest LCOP.ayback
period and_.COE arethe most sensitive to the capital cost, then the PV output and the
O&M cost.
If 15% of all the thre@eservois are covered with FPV, these systemasild be
able to supplgbout 46 o f Vi et mergy desnan2Ad 5% total coverage, the

avoided emissiagwould totalapproximately 1 million metrictons of CQe per year
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This coverage carase B6 million m? of water annuallghat can be used for irrigation

for up to 0. 04 % oturalVandeThewater&a/ed fram eaaporatiog ati ¢ u |
Dau Tiengcan provide Binh Duongrovince drinking water fo® months The additional
hydropower output associated with water saving foetieh hydropower reservoiipa

Binh and Tri An can range fron®.4 to 6.4 GWh, dependent on coveradgeiture work

should explore more the cost of FPV in Asia after more deployment of FPV in order to

predict thecost of FPV projecs in Viethammore accurately.

Several assumptions were used to calculate the st ageneration
assumption from the softwatieatused14% system lossemd solar radiation data from
2005 to 2016static interest ratef 6%, high O&M costs, andtatic weather data such as
temperature and windspeed based on historical .tkeath assumptioshould be further
studiedwith field data collection and conversation with expéotget more accurate data
There are alswariousliterature gaps, mostly the environmental impact of FPV on the
ecosystems and human physical and social activities)¢leated more attentipmore
survey and field study.

With all the benefits analyzed in this stuglyd more than 7,000 reservoirs potential
that is not yet exploredPV isa great solution for displacing fossil fuel resources and
utilizing the existing watebody. It is als@nattractive investment for Vietnaand the

world to propel towardsinsustainable path.
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