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ABSTRACT

TECHNO-ECONOMICANALYSIS OF UTILITY -SCALE SOLAR PLANTIN
BHUTAN

Minjur

Solar Photovoltai¢PV) technology, which captures energy from the sun, is a
rapidygr owi ng technol ogy. Bhut ands heavy depe
hydropower, has becomesignificant concern for energy securifyo address this, the
Government of Bhutan intends to diversify energy sources using alternative renewable
sources.

This research determined that Bhutan hagdts potential to develop 3
gigawatts (GW) of solar power based on the utilization of about 7,100 acres of suitable
land. The study also identified Tenchhekha, near the capital city of Thimphu, as a
potential solar power plant location, with a capacity of 488p that could be built on
17.49 acres of land. The estimated total project cost is Ngultrun @88 million ($3
million).

The Levelized Cost of Enerdl.COE) of the Tenchhekha solar PV plant was
estimated to be Nu. 3.63 per kWh ($0.05 perkWhepy oj ect 6 s feasi bil it
upon electricity tariff rates, as indicated by the IRR. The result shows that with an

unsubsidized tariff rate Mu.5.06 per kWh ($0.06 per kWh), ther o j ecwaés | RR

! Ngultrum isBhutanese currey; 1 USDollar ~ Nu. 8Q



14.98percent. However, the IRR decreased to 1.26guet with the current generation
electricity tariff of Nu. 1.6per kWh($0.02 per kWh), and 9.54 percent with the
Mangdchhu hydropower plant generation tariff of Nu.3.64 per kWhO&@er kWH.
Therefore, to encourage the adoption of alternative reresgtarticularly solar, policy
initiatives are needed to establish tariff rates incentivize development.
Furthermoreadditional indepth studiesncluding measurement eblar
irradianceat the locationa site survey, and detailed analysis giroject implementation

requirementsare recommended.
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CHAPTER1.INTRODUCTION

1.1 Introduction

Bhutan is a country with an abundance of natural resources. The energy
generation sources include the ffistving rivers from theHimalayan mountainanges,
high solar irradiation, wind resources, and a vast forest cBlemtricity is the main
source oenergyand export commoditin the country, and its generation entirely relies
on hydropower. The total installed hydropowapacitywas 2,326negawats (MW)
from six large hydropower plan(Bhutan Power Corporation Limited, 2020a 2020,
representing@bout 6 percent of the a t i taahh§dsopowertechnical potential.

B h u t enargysectomakesa significanteconomic contribution, accountirigr
19.45 percent of domestic revenue, 34.15 percent of total eeperiue and 8 percent
of theGrossDomesticProduct(Agarwal, Gonul, Tassymov, & Khalid, 201®)uring the
monsoon season, the country exports excess energycpobldy rurof-river hydropower
facilities. The nation depends on the import of electricity when there is a power shortage
during the lean wintemonths (Novembetio March) because of the decreased water flow
(Agarwal, Gonul, Tassymow Khalid,2019) The countrgwee energy i
recordedat 237gigawatt hous (GWh)in 2020 alonearise from 92 GWh in 2017
(Bhutan Power Corporation Limited, 2020a)

A total of 650,220tons of oilequivalenttoe) of energy was consuméd 2014

with a compound annugkowth rate of 5.49 percent since 2d@garwal, Gonul,
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Tassymov, & Khalid, 2019About 28percent othetotal energy consumed in 20%v&as
suppliedby eledricity. Coal, dieseland other petroleum products make up 36 percent of
the energy consumption, and biomass provides 36 pefxuitionally, it has been
estimated hat t haveragaléciriatydénsandwill increase from700 MW to
1,219 MWbetween 2021 t8030(Department of Hydropower and Power Systems,
2021)

Bhutan has abundant potenfiat solar, wind and biomassitilization in addition
to its substantial hydropower resourcEse dailysolar irradiancés estimated at 4 to 5.5
kWh/n? on a horizontal surfagandthe country haa totalsolartechnical capacity of 12
GW (Agarwal, Gonul, Tassymov, & Khalid, 2019 ompared to hydropowemlar, and
wind possess distinct energy generation prafllegersification of the energy supply mix
usingalternative renewables igpaobable solutiono curtail the electricity shortage
during winterandimprovethec ount r yds ener gy security

However thedeployment of alternative renewables is stliscentandthe total
installed capacity of small and mini hydropowerrently accountfor only 9 MW. Solar
technologies are used in both urban and rural regioriedomalapplications ad basic
lighting.

Thestudyd gods aredivided into two parts. The firstgoalistoeval e Bhut ands
solarresource potentialsing Geographicdhformation System (GIS3ndAnalytical
Hierarchy Process (AHR)valuationtechniquesThe potential for solar resae
developmenhas beemssessed across the countsing pertinent criteriauch asolar

irradiance, surfacparameters (slopgnd aspect), distance from existing powediaad



road network, andenvironmentatonstraintsVar i at i ons i mndt he ar eads

elevation weralsotaken into account whesstimating sitespecificsolar potential.

In addition to thatthe studyalso estimatgthefeasibility of a4.85 MWp utility-
scalephotovoltaic PV) power plant at Tenchhekha, Thimphu, which wiastified using
the AHP methodThe study assessed the topographg solar irradiance availabilitf
the siteandconductedananalysis related teystem sizinggrid integration, financial
viability, andLCOE. The assessment also invohaahductingvarious sensitivity

analyes

1.2 Aim of the Thesis

The Government of Bhutan aims to increase the share of alternative renewable
energy sources in its energy supply mixédpmeet thec 0 u n tising éhergy demand
and to mitigate concerns abdhe effectof climate change on hydropow@epartment
of Renewable Energy, 2013The installed capacity of hydropower systemBliwtan
includinglarge, small, and mirihydropowersystems, i2. 33 Gigawatt(GW), producing
about 11,40@GWh of energy annuallyBhutan Power Corporation Limited, 2020a)

All the hydropower facilities are ruof-river type, and theicapacity to produce
electricity depends on the seasons and rainfallppattEhus, hydropoweproduction
reaches its maximum during teemmer July to September) and falls to ibsinimumin
February ¢nesixth of thesummer peakroductior). It is worth noting that the

availability of solar energy and hydropower in Bhutan may not align since both are



4
available during the summer season. However, there may be seasonal weather systems
that make the winter clear and impact the availability of solar energy.

Bhutan is a country rich in sl energyand it would benefit frondiversifying its
energy supply througthe utilization ofalternative renewable sourcésresource
assessment and feasibility study of solar paa/essential for makingnappropriate
decisionon investmenin a project. Thegoak of this researchre(i) to investigatehe
solar power potential iBhutan andii) to study thefeasibility of installinga utility -scale
grid-tied solar power plardat an appropriate site Bhutan.As explained later in the
document, theecommended project involved a 4.85 M¥dlar array at Tenchhekha,
which is located near the capital city of Thimphu. This site was selected using the AHP
method.

The potential for solar resource assessment has been evaluated across the entire
country using pertinent criteria including solar irradiance, surfeamametes (slopeand
aspect), distance from existing powersad road netwoss and environmental
constraints. Additionally, var coastdereains i n
whenestimating thesolargeneration potential of the site

Theanalysis of théeasibility of the 4.85 MW utility -scalephotovoltaic PV)
powerplant at Tenchhekha, Thimphwuas conducted using multiple methods. They
includedanassessent ofthe topography of the site aadestimation of the locally
availablesolar irradiancea determination ofystem sizing, andnanalysis othe

pr oj estA drid integmtion assessment, financial viabilityalysis anda
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determination ofhe impact oariations in inpuparameters on the Levelized Cost of

Electricity LCOE) were also evaluated in the study.

1.3 Overview of the Thesis

The research documentludesa detailedstudy that examines solar resource
potential and the feasibility of a utilitycale solar PV system in Tenchhekha, Thimphu,
Bhutan.The report consists of sthapterghatcovervarious aspestof the study.

Chaper 1provides an introduction to the report, outlining the aims and objectives of the
study. It sets the context for the research and provides an overview of the methods used
Chapter 2 provides a literature review on the tgpienergy resource potentiatcluding
hydropower, solar, and wind, and the energy consumption in Bhutan. It also covers
literaturereviews on the global current state of solar technology, its benefits, and
challenges, and provides an overview of relevant studies and research.

Chapte 3 focuses on the solar resource potential assessment for Bhutan, and the
utilization of Analytical Hierarchy Process (AHP) methods. This section provides a
comprehensive analysis of solar resource potentBhirtanand identifies the best
locations forthe solar PV project based saveral factorgcluding production, costs,
and environmental criterion.

Chapter 4f the report focuses on thheethodologral framework for studying the
feasibility of theutility -scalesolar fhotovoltaic (PV)systemjn Bhutan.The dhapter
begins by analyzing the site assessment, which involves evaluating the topography, land

uses, andhfrastructureavailability.
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Thenextsection of thechapter covers solar resource assessment, which involves
collecting and analyzing data solar radiation of the identified solar PV project site.
Furthermore, thehapter discusses the selection of PV technology and system design.
This involves considering factors such as panel efficiency, durability, and cost
effectiveness, as well as dgsing systems to maximize energy productioraddition,
the chapter analyzes the energy production from PV power and provides the cost
estimates for the projecthe final section of thehapter covers the financial analysis of
the project. This involvesvaluatingNPV, IRR, and LCOE.

Chapter 5 presents tihesult of the feasibility study and provides a detailed
discussion of the findings. The chapter begins by summarizing the key findings from the
site assessment, solar resources assessment, and sy&siggmadd analysis. The chapter
also presents the findings on #&imatedtnergy production and cost for the project.
Chapter 6 offers a conclusion and recommendafibechapter summarizes the key
findings from the feasibility study and presents recommendaiomsomoting

alternative renewables, particularly sqtamver.



CHAPTER 2. LITERATURE REVIEW

2.1 Country Background

Bhutan is diny and landlocked country in Souitsiawith a total land area of
approximately38,400 km. It is situatedbetweenChinaon thenorth andwest borders,
and Indiaonits south andeastborders(Figurel). Bhutan has a population of 763,251,
with al.12percentyearly growth ratéNational Statistics Bureau, 202a)he landscape
extends from sualpine Himalayan mountains in the north to subtropical plains in the
south.About 52.65 percent gahearea is highethan 2,600m, ranging from 100 m in the

south to 7,500 m in the nortAbout 50 percent of tHandareahasaslope larger than 50

percent.

Figure 1. Location ofBhutan on th&Vorld Map (On the World Map, 2023)
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About 71 percent of the countis/covered with forestsyith 51.44percentbeing
within protectedegions(Rai, et al.,, 2016Onl y 3. 5 per overalkndof Bhut a
area isusedfor commercial forest production purpos€he shrubs 9.7 percent)snow
cover (5.4 percent), rocky outcrops (4.2 percent), alpine scrub (3.4 percent), cultivated
agricultural land (2.8 percengndmeadowmakes up the remaining lacdver(Rai, et
al., 2016)

Despite being one of the smallesuntries in South Asia, Bhut&as one of the
fastestgrowing economiesGross Domestic Produgtewfrom $0.6billion in 2000 to
about$2.31billion in 2021with an average annual growth rate of 6.18 per(CEm
World Bank, 203). Mining andquarrying(28.27percent), transport and communication
(16.21 percent), constructi@@.70 percent)and electricity and water supp($.69
percent) are the main economic contribu{dtational Statistics Burea@020)

Bhutan has unique holistic and sustainable development strategyétsita high
emphasis on citizen welleing and environmental preservationisidevelopment
strategy is built on four pillars: good governance, environmentaervation
sustainable socieconomic development, and the preservation and promotion of culture

(GHN Center Bhutan, 2022)

2.2Energy in Bhutan

Energy Production

Energy isadriving factor for the development, economic growth, and-veihg

of the peopleBhutan is blessed with various forms of renewable engvgyces
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includinglarge small, andmini hydropower potential. Additionally, the counsigo has
significant promise fosolar, wind and biomasgnergyresourcesAccording to the
estimates, the nati on 0 sofwhigh®3.7 GcWstechne pot ent i
economically feasible for developmditepartment of Renewable Energy, 2Q0IH)e
theoretical potential of solar PV for power generation is estinat&d@06.32 GWwith
a totalrestricted potential of 12 G\(Fichtner GmbH & Co. KG, 2016)

The total restricted potential of winsl estimatedt 761 MW, with the
WangduephodranBistrict in thenorthwestaccountingor 18.5 percent, followetly the
southerrdistrict (Chhukhd at12 percen{Department of Renewable Energy, 2015)

The main sourcef electricitygeneratiorin Bhutanis producedrom large
hydropower plarg andaninsignificant amount of energy needs are met from the small
and minihydropower plants and other sources B h unistalledgpewegeneration
capacity in 2020 was 2.34 GW, only 6 percent of the tetdinicallyfeasible
hydropower potential

In 2020, &out 81 percent athe totalelectricity generated from hydropoweas
exportedo India(Bhutan Power Corporation Limited, 2020dpwever, duringhelean
season, when domestic demand exceedsrtbegysupply,Bhutanrelies onimported
electricityfrom India.In 2016 electricityimportedfrom Indiawas110.64GWh, which
soaredo 237 GWh in 2022Bhutan Broadcasting Service, 2023)

Bhutan relies on importing fossil fuel and petroleum products from India. In

2014, the import of fossil fuels includiriesel,coal,andliquified petroleumgastotaled



10
227,858toe with diesel accounting for more than half of the total imp@epartment of
Renewable Energy, 2015)

Bhutan hasot built utility-scale alternative renewable enepygjects §olar and
wind) despite having a lot of potensaBolarPV is limited to off-grid systensin rural
area for a gnall-scak pilot deploymentSimilarly, wind technology is also in pilot
deployment, anthe 600kW pilot wind power plant wasonstructedgt Rubesa in
WangduephodranBistrictin 2016(Bhutan Broadcasting Service, 2016)

EnergyConsumption

A total of about 650,22tbns of oil equivalent (toe)f energy wasonsumed in
2014inBhutan Ther mal energy, which supplied 72
was followed by electrity which supplied 28 percent of the demd&bepartment of
Renewable Energy, 20159)he major source of thermal energy in the building sector is
biomass, which met 36 percent of the total energy demand in the form of fuelwood,
biogas and briquettesPetroleum productsadeup 21 percent followed by industrial use

of coal andts by-products at 15 perce(figure?2)
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Petroleum
Products:
138,192 toe

A

Figure 2. Bhutands total energy supply from dif
electricity, coal, and petroleum productsunits oftons of oil equivalen{toe)in 2014
(Department of Renewable Energy, 2015)

Thebuilding sector hadhe highest energy consumptiaccountingor 41.58
percenbof the total energysed in 2014Department of Renewable Ener@@15) The
residential sector under the building sector accouiate®3 percent, whichs primarily
usedfor lighting, heatingandcooking. T h e ¢ o energycolysdngption in the industry

sector accountefr 241,972toe (37.22percentn 2014Wi t h 50 percent of
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overall energy consumption, thedustries that use higloltage is the largest user in the
industrial secto(Department of Renewable Energy, 2Q1%he energy used in the
transportatn sector wad8.64percent {21,972toe), and the least energy wased by

agricultureandotherauxiliariesat 2.56 percent(Figure 3)

= Building
= [ndustry

= Transport

Agriculture

Figure3. Bhut anés total e nwise@ypuilding,imdustmpt i on by
transport, and agriculture in 201@epartment of RenewabEnergy, 2015)

2.3PhotovoltaicSystens

ThePV system consists of an array of solar panels installedsapport

framework and oriented toward the sun to maximize efficieR¥ypower plants
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generate electricity fromolar energyhat is absorbed by the panelda®ct and diffused
radiation PV power plants depend on solar radiation that varies daily and seasonally
depending on the location of the sun.

The gridtied system consists oblar modules, mounting structures, inverters
cables, and transformefsigure4 shows the different components and subsysteras of
grid-tied PV system. The solar panels generate DC (direamjirlectricity, which is
then fed intahe DC combiner box. The DC combiner box is responsible for combining
the outputs from multiple solar panels and protecting the system from overvoltage and

overcurrent conditions.

DC switch AC switch Energy Main Transformer
disconnector disconnector meter  protection |
. . L i
Wh -
— :
L1
L L DC | AC L
- EI >
PV modules Protection against Inverter Protection against

overvoltage overvoltage

Figure 4. The main components of the gtidd PV system showing PV modules,
inverters, transformers, and system protection de\(igeiboracs, Baranyai, Csanyi, &
Vincze, 2019)

The inverter transforms the D&lectricity producedoy the solar array into

AlternatingCurrent (AC), suitable to integrate with tgad system. Theéransformer is

placed in between the inverter and the utility grisl.main function i$o stepup and step
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down the voltage of the AC power output from theeirigr to match the voltage level of

the utility grid.

2.4Solar PVModules

Photovoltaic modules are devices that convert sunlight into electricity. Modules
comprise many interconnected individual photovoltaic cellicharetypically madeof
layers of silicon, phosphorus, and bof8agher, Vahid, & Mohsen, 2015ilicon is the
most commonly used semiconductaatarialin solar panel, but othematerialssuch as
cadmium telluride, and copper indium galliusieside are also used in thiiim solar
panels.

Solar modules are categorized into three main types: monocrystalline silicon,
polycrystalline silicon, and thin fillBagher, Vahid, & Mohsen, 2013)lonocrystalline
siliconmodules areypically the most efficient and expensiandthin-film modules are
generallythe least efficient and the least expensive.

Polyciystalline silicon modules fall in between in terms of efficiency and cost.
However, the efficiency and cost of dar panet vary based on factors such as
manufacturing processes and the types of materials used, so there may be some cases
where the order of efficiency and cost differs.

In the last few years, the efficiency of solar modules has steadily increased. In
2020, monocrystalline modules were the most efficient, with an efficiency of 2Bout
percent, followed by polycrystallineodulesefficiencyof aboutl7 percent, and thin

film modules with an average efficiency of arour®percent.
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The efficiency and the cost of solar PV modules depentetypesf
technologyand the manufacturers. When choosing PV modules, it is essential to take into
account factors such as costs, efficiency, and the specific needs of the project to ensure
thatthe system is both effective and ceffective.

MonocrystallinePanels

A monocrystalline cell isnade from pure silicon @& singlecrystal, which is a
part of the first generation of PV cells. The technology was creéatee early 1950and
empoys awafer thatis about 0.3nm thick(Solar Square, 2022Monocrystalline cells
are more efficient due toehncreased spaewailablefor anelectron to move, which
results from being made up of a single cry&allar Square, 2022)

Additionally, they are lesaffectedby hightemperaturesnablingthemto
generate electricity momficiently. Although monocrystalline solar panels are more
expensive due to their complex manufacturing process, they haffcéency of I7-22
percent(Solar Reviews, 2023)

Monocrystalline solar panels are the best optiondlierarea where space is
limited due to their high efficiency, producing more electricity per unit of diiea.
worldwide monocrystalline market was valued4t10 billionin 2021,andin 2029, it is
anticipatel to increaséy $7.11 billion (Data Bridge, 2022)

PolycrystallinePanels

Polycrystalline solar modules ameade ofmultiple silicon crystals. The cells are
produced by melting silicon sharded pouring them into a square @ner(Bagher,

Vahid, & Mohsen, 2015)The efficiency of polycrystalline varies frobb to 17 percent,
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which is lower than that of monocrystallindowever the polycrystalline modulé s
efficiency is greater thammorphous silicoSolar Reviews, 2023)

The primary benefit of this technology, despite its lower efficiency, is lower cost
because of the simple manufacturing proc&ks. high demand for renelvle energy
sources and an increase in power demand are driving the polycrystalline market. The
market for polycrystalline technology was valw&25.20 billion in 2021, and the
expectedo reach$35.80 billion by 2029Data Bridge 2022)

Thin Film Solar Panels

Amorphous silicon, copper, indium gallium selenide, and cadmium are the main
materials used in various typestbin-film solar cells.Thin film technologies perform
well at high temperatures boeed a lot of arego produce the same amount of power
compared to monocrystalline apdlycrystalline modulesThe primary disadvantagef
thin film technology ighat it is less efficient than monandpoly-crystalline modules
with amaximum efficiencyof 10 to 13percentSolar Reviews, 2023)

Thin-film solar panels are digable options due to their lower production costs,
increased flexibilityandbetter tolerance to high tgreratures and shadingSmart Solar
2018) The thin film market was valued at 84.billion globally in 2021, and it is
anticipated to reach22.80. billion by 29 (Data Bridge, 2022)The market for thin film
moduless expanding due to factsuch as ta increasing demand for renewable energy

sources and the need for sustainable eneigyios.
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OtherTechnologies

An in-depth investigation ibeingconductednto new emerging technology to
improve the efficiency of silicon cellsp8erical cells, organicells, dyesensitized, and
many othersre emerging technologid3ue to the low production cost and simplicity of
construction, ge-sensitized solar cellsalie recently gained attenti¢imternational

Finance Corporation, 2015)

2.5Solar Radiation

Solar radiatonis f orm of energy that travels fr
atmosphere in the forf electromagneticadiation It is an essential component of solar
PV systems, providing the necessary energy
harnessed by solar PV systems, to produce renewable and clean energy for a wide range
of applicationsThe measurement of solar raduetiis essential for the design and
operation of solar PV systems.
Satellitederived data and groudzhsed data are two primary sources of solar
resource daténternational Finance Corporation, 201Satellitebased data is useful for
analyzing solar resources owing to its large geographical coverage artdrong
historical data availability. Additionally, it also provides various solar radiation
components, includingiBect Normallrradiance (DNI) Diffuse Horizontal Irradiance
(DHI), and Gobal Horizontal Irradiance (GHiyith different spatial resolutions
(International Finance Corporation, 201Satellitederived data is useful for designing

PV systems, especially inesrs where groundased measurements are limited.
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Pyranometers and sun trackarecommonly used instruments for measuring
solar radiation. A pyranometareasures the total amount n€omingirradiance orthe
E a r sunfates whereas sun trackengasurehe direction of the suntadiation.
Groundbasedneasurements providereliable method of asssingsolar radiationand
this approach is typicallysed in the desigand optimizationof PV systems.

Sdar radiation is composed of three main majompaents, namely, Direct
Normal Irradiance (DNI), Diffuse Horizontal Irradiance (DHI), and Reflected radiation

(Figure5).

Figure 5. A man proportion of solar irradiance by component, showing diffuse reflected
and direct radiation(Chalkias, Faka, & Kalogeropoulos, 2013)

DNI refers to the portion dfradiancethat isdelivered directly to aurface from

the sunin the form of a beanwithoutbeing disperselly the atmospher@gnternational
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Finance Corporation, 2019)NI is essentiafor solar energy generation by the PV
system, concentrad solar systemsand tra&king PV system®Reflected solar irradiance
is a portion of solar radiation that is bounced back by surfaces, including buildings, trees,
and ground.

DHI isthe portionos ol ar i rradiance that is disper
atmosphere and reaches the surface oEdnthfrom various direction§Chalkias, Faka,
& Kalogeropoulos, 2013}t is less intense compared to direct radiat®Hll is the
overallsola irradiancecollectedby ahorizontal surfacewhich includes botthe
component oflirect and diffus€Gurupira, 2018)GHI is acrucialparameter in the
designng andoptimizingof PV systemsand itis influenced byfactorssuch as thélt
angle andhes u n 6 s ,@tmespheric conditions, and reflectivity.

Solar radiation is a highly intermittent resource that is influencedvigyof day,
time of yearweather, latitude,rad altitude, and hence understanding the variability of
solarresourcess essential for designing PV systef(international Finance Corporation,
2015) Numerous models are akablefor forecasting solar resourgeéscluding séellite-
based and grourAdased models, vith are used to estimate the energy yield of PV
systems. Solar radiation hisical datasets and modeliageessential for conducting the
feasbility study of solar PV projest

Global Tilted Irradiance

Global Tilted Irradiance (GTI) is the total solar energy received on a unit asea of
titled surfae (International Finance Corporation, 2016)s a critical factor in the

development and performance of solar PV systems datarmines the amount of solar
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energy converted into electricity by the solar parfeteurate estimation of GTI requires
the use of transposition models that converts horizontal irradiance measurements to

irradiance on a tiltedurface Tablel).

Tablel. Transpositionmodelsfor estimating GlobaTilted Irradiancefrom theGlobal
Horizontallrradiance and their inputariables(Gurupira, 2018)

Model Input variables
Isotropic DHI, tilt angle
DHI, DNI, tilt angle extraterrestrial radiation,
Perez Y :
theangle of incidence, air mass,
Hay- DHI, DNI, tilt angle, zenith angleextraterrestriatadiation,
Davies solarazimuthangle

The isotropic model assumes that the diffuse irradiance on tilted surfaces
correspondso the diffuse radiation on horizontal surfaces. The model assumes that the
sky is equally bright in all directionBerez's transposition model takes into account
atmosphere parameters such as air mass, and water vapor contents. The model uses
empiricalcoefficients to calculate theT® TheHay and Davies Model is widely used for
estimating GTI from horizontal irradiance measureméhnis model assumes the diffuse
irradiance on thélted surface is proportionate to the diffuse irradiance on horizontal
surfaces and the direct irradiance on a tiled surface depertie angle of incidence of
the sunds ray.

The Klein and Theilacker Model (KT) modeldgemmonlyused for estimating
solar irradiance onlted surfaces. The model takes into account the efiettte tilt
angle, orientation, and shading, and uses extraterrestrial irradiance, air mass, atmospheric

transmittance, and diffuse radiation as influiffie & Beckman, 2013)
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Several studies have compared the performances&fTfthVodelwith other
models for estimating solar irradiance on tilted surfaces and found that tio#dl
gave better results for the tilted surfaces compared to tiee Medel (Chouder,

Silvestre, & Rael, 2012Additionally, theKT Modelalso performs better than the Hay
and Davies Models for various tilt angkend orientationgKudish & Evseev, 2017)

GTl depends on various factors, includi
longitude of the location, the orientation of panels, DNI, DHI, and groethectance
(International Finance Corporation, 2015he orientation amhtilted surface can be
optimized to capture the maximum amount of solar radiation throughout the day. GTl is
important for designing PV systems to maximize energy production and efficiency.

SolarRadiationDataSource

Satellitebased measurement igrtical source of solar resourcés designing
and operating solar PV systems. These datasetvaitable in variouslegrees of
accuracy, period, geographical coverage, and resol(itisarnational Finance
Corporation, 2015)The other source of solar radiation is grodnraged measurement.
Groundbased instruments such as pyranometers and pyrheliometers measure the amount
of solar irradianceeceived by the earth's surface.
Some of the mostommonsources of satellitbased datsets include SolarGIS, 3
Tier, PVGIS, NASAPOWER, andMeteonorm(Table2). Thesdools provide solar
radiation and energy yield data for various lawad across the glok{nternational

Finance Corporation, 2015)
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Table2. Sources of solar resource datirom various satellitesCoverage and data
accessibilityand timescaléinternational Finance Corporation, 2015)

Satellite database Coverage Types
SolarGIS Regions between 68, 50°S Commercial
3 Tier Global coverage between%60N commercial
Meteonorm Global, from 19812010 for mostegions Commercial
NASA-POWER Global, 19812005 Free
PVGIS-Classic Global, 1981-1990, Free
PVGIS CIimSAF Africa andthe Middle East, 1982004 Free

By providing accurate information on the amount and variability of solar radiation
at a certain location, satellitsased dataan be utilizedo determine the optimal size and

orientation of PV panels, predict energy outjaumid optimize system performanc

2.6 Module MountingStructure

The module munting structureare crucial components in tiefficient operation
of a solar power plant for both utility and rooftop applicatiditee main purpose of a
mounting stucture is toprovidesupport to solar modes and optimizatilt angle and
module orientation to maximize solar enegggnerationMounting structureare usually
fabricatedfrom aluminum or steel and are designed to meet load conditions and
withstand severe climatic conditions. Mounting structures should also inctafeogion
protection systerdepending omhesite locatiorto ensure the longevity of the system
(International Finance Corporation, 2015)

There are numerous PV mounting structures available in the market, including
roof mounts, tracking mounts, and ground moy8eur Energy International, 2017)

Roof mount PV struciresareused in residential and commercial rooftop installations.
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These types of structures are installed parallel to the roof suviageh maximizes the
amount of space for solar panel arrays.

Tracking systens are used in sontasesTracking mounts a&oftenequipped
witha sensor that all ows t heiredianbndmaximzedul!l es t
the energy produced by the PV power pldimese structures can be further classified
into singleaxis and duabxis, andtheyare commonly used igroundmountedutility -
scale PV systems.

When selecting a PV mounting structure, important factors to consider include
cost, installation type, lifespan, andrrosion resistanggnternational Finance
Corporation, 2015)A well-designed mounting structure can improve the efficiency and

lifespan of a PV system, making ikay consideration for solgsrojects

2.7 Inverters

PV array produe direct currentDC) power, which canndirectly feedinto the
grid. The invertelis anessentiablevice toconvert DC electrical poweayenerated by the
PV power plantnto alternating currentXC) powerwith therequired voltage and
frequency(Klever, 2018) The efficiency of an invertés anessential factor in its
operationas inverter #iciency varies depending on input power and voltage. Inverters
are classified as either singbhase or threphase, with singkphase inverters suitable
for low-powersystems, such as small residential PV systems, andghese inverters

for higherpower systemgKlever, 2018)
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Inverters come in distinct configurations, depending on their size and connection
to the grid. In a standlone system, the inverter creates a power grid for the PV system.
However, in a grieconnected system, the inverter msygtichronize wittthe voltageand
phase of thexternalgrid to ensure that the solar system operates safely and efficiently
(Office of Energy Efficiency and Renewable Energy, 2023)

The selection of auitableinverter is crucial for the optimum performanof the
PV system.Grid-connected systems use various inverter topologies including central
inverters for a PV array, string inverters for a stiifid®V modulesandmodule inverters
for individual PVmodules (Kolantla, Mikkili, Pendem, & Desai, 2020)

Centralized inverter

| _____ | String inverter  Multistring mverter
String | [ |
diodes
PV PV PV PV PV
| I | [ |
I | I | I
I | I I |--=—- I
[ | [ | [
AC-module mverter
PV PV PV PV PV [ ]
C T | T
T R DC DC
AC AC be e |
I_IT__FI_, DC
be AC
_ AC
Grid |
(@) (b) (c) (d)

Figure 6. PV inverter topologies showing, (@gntral Inverter, (b)Sring Inverter,(c)
Micro multi-string Inverter,and(d) AC moduldnverter(Ebrahimi, Moghassemi, &
Olamaei, 2019)
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In a central inverter topologwlargegroup ofPV arrays isconnectedo one
inverter toreachan adequatelizigh systemvoltage.Only one set of the contrahit
(sensors and monitoring) isquiredin this configuration, and hence it is applicable for
largescale PV plants from an economic point of viéwaddition to large mismatch
losses, the central inverter topology can be less reliablahbatring and microinverter
due to a lack of redunday (Kolantla, Mikkili, Pendem, & Desai, 2020)

If the central inverter fails, the solar system would be affected, leading to a
complete loss of power production. In contrast, for string inverters and-miaders,
most of tke system can continue to operate if one of the invertersTakscapacity of
the central invertetypically ranges fron100 to1,000kilowatts (kW)with threephase
topologies designed for larggeale PV power planiaverter(Ebrahimi, Moghassemi, &
Olamaei, 2019)

In a gring inverter topology, each PV string is tied toiadividual inverter. The
mismatchosses aréow in this arrangement, thus yielding higher energy. Singrter
topologyis applicable for mediurpower that ranges fromtt 10 kW in residential
(Kolantla, Mikkili, Pendem, & Desai, 2020)

Multi-string topology consists of a combination of central and string
configurations. This type of configuration is used in lasgaleresidential and
commercial applications ranging from @030 kW (Kolantla, Mikkili, Pendem, & Desali,
2020) In anAC- module configurationeach PV module isonnectedo a micre

inverter This configuration allows each moduteoperate independently, which
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minimizes lossesausedy the mismatch between the PV modidad increases energy

(Ebrahimi, Moghassemi, & Olamaei, 2019)

2.8 Transformer

A transformer is an inductive electrical device usmdchanging the alternating
current voltage from one circuit to anoth&rcommon applicatioof transformes is to
stepup the inverter output voltage for interconnection to the utility grid depending upon
thegrid connection point and requiremenfsansformers argypically classified into

different types depending on theonstruction angurposgTable3).

Table3. Types of electrical transformers based on destgttric supplypurpose, use
and cooling systerfD and F Liquidator, 2023)

Classification Typesl Type 2

Design Coretype transformer Shelttype transformer
ElectricSupply Singlephase Threephase transformer:
Purpose A stepup Stepdown transformer
Use Power transformer Distribution transformer
Cooling Oil-filled transformer Air-cooled transformer

Grid and distribution transformeese the two key categories of transformers used
in solar PV plantginternational Finance Corporation, 201Bj)stribution transformers
are utilizedto boost theutput voltage from the inverter to the collection system of the
plant, which typically operates at distribution voltagéer the PVplant is connected to
the distribution network, theowverfrom a PV system iexported directly to the gridhe
grid transformer is employed to further steptiip PVpower plant voltage to connect to

theelectricalgrid.
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Selecting the appropriate traoghers for PV plants is essential and entails
considering various critical factors. The total lossed efficiencyof the transformer are
particularly important and are influenced by load andoaal losses. Other factors such
as power rating, constructipand site conditions, should also be considered to ensure
optimal transformer performance and longeyitternational Finance Corporation,

2015)

2.9 Switchgear

The electrical switchgear is the set of switches, fuses, isgjatocircuit breakers
used to control, protect, and isolate the electrical equipment from the systems. The
specification of switchgear depends on the voltage level. The switchgear used for up to
33 kV is an internal metadlad cubicle type with gas orransulated busbars and vacuum
or Sulphur Hexafluoride (SF6) breaké€hsternational Finance Corporation, 2015)

The switchgear must meet thdrnationaElectraechnicalCommission IEC)
standards aridr nationalelectricalcode NEC) requirementsnd be rated favperatioml
and shorcircuit currentconditions(International Finance Corporation, 201Bigure?
shows a singkine diagram showing the voltages of operation for the AC system of a

solar power plant
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PV Array
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Inverters outputing at LV

LV/MV transformers
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HV > 33000V MV 33000-1000V]| LV <1000

GRID

Figure 7. Typical transformer locations and voltage in utdéigale solar photovoltaic
powerplants(International Finance Corporation, 2015)

2.10DC and ACCables

DC and AC cabling are the two major typdslectrical conductors used RV
systemsDC cables are used to conngatividual modules taheinput sideof inverters,
while AC cables connect the output of the inverter to the §hdcablestransferpower
safely and efficientlyrom the modules to the grid electricifyhe cable should be rated

for the correct voltage armlirrent capacitgonsdering the shortircuit current.
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The voltage limit of the cableshould bedetermined by the open circuit voltages
of the PV modules and the minimum temperature at the installatioAddgionally, the
cables must be able to handle reverse currents in the PV array, and their sizing must take
into account factors such estdlation methods, number of cores, and temperature.

When selecting cables for PV systems, bsthcableand DC cabledpsses
should be consideredspeciallywhenthe cable is lengthylo ensure efficient power
transmission, its essential to minimize Isees and voltage drops in cables. Ideally, the
voltagedropsshould be limited to a maximum of 3 perceihen choosing cables for
PV systems, it is essential to meet thguirement of IEC aridr national standards

(International Fiance Corporation, 2015)

2.11Performance of RotovoltaicSystem

Specific Yield

To evaluate the performance of a PV plant, the specific yield netriged to
compare the amount of energy produced by the plant to its maximum installed capacity.
This metric is useful in comparing the operating results of PV systems that use different
technologies. The specific yield is calculabddividing the totahnnualenergy
produced by the PV system by its instaléedarcapacity as shown in guationl.

... Total Ener gy
e 1
Speca B Gy Capacity @

The specific yield depends on several factors, including the annual irradiation

received by the PV arrays, module performance, and system losses. which can be
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improved by ilting the modules or using tracking technology. The specific yiéhl
solar PV systemat a given sitean bancreasedy opimization of module tilt and
orientation utilization oftrackingtechnology andminimization of system losses
(International Finance Corporation, 2015)

Performance Ratio

The Performance Ratio (PR) is a widely used parameter to evaluate the efficiency
of PV plants, expressed as a percentage that enables comparison of plants over a given
period(International Finance Corporation, 2018)high PR signifies that a plant is more
effective in converting solar irradiation into useful energy.

PR isdefined as the ratio between the actual AC yield and the theoretical yield
that could be generated if modules conedirthe receivedolarirradiation into energy
Equation 2 is used to calculate the performance.ratio

Tot al AC Ener Ou
Cal cul ated Nomi nal

Where, PR is the performance ratio, and the nominal energy plauot suthe
total annual incident solar irradiation at the surface of the PV plant.

The PR provides an overall picture of thgpact of system losses on the rated
capacity, including losses from mod@iciency, temperaturanverterefficiency,
cabling, shading, and soiling. As environmental conditions affect PV plant losses, the PR
also varies with seasonal changes, withpecl variation of 7o 86 percentn a welt
designed plant that operates under normal tempergtatemational Finance

Corporation, 2015)
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Capacity Factor

The capacity factofCF), expressed as a percentage, of a PV ,ptadétermined
by comparing the actual output of the plant during a specific time frame to possible
output that would have been generated at its full capacity for the entire duration
(International Finance Corporation, 2015he CF is calculated bi£quation3

TotWallAOCU 0Ok WIDA A A
-AQEI O 01 OOEAT A %I AO

# & ©)

Where CF is the capacity factor
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CHAPTER 3.SOLAR PO'ENTIAL ASSESSMENT IN BHUTAN

3.1 Introduction

Solar energy is widely promoted worldwide a®silientsubstituée for non
renewableenergy supplyOptimizing the performance and efficiency of solar energy
production requires careful consideration of several complex factors, including land
availability, environmental conditions, solar radiations, surface parameters, technology
sections, and proximity to load centers. Therefore, conducting a solar resource potential
and sitespecific assessment before installing a solar plant is essential.

The objectiveof thisstudy is to examine a solar resource assessucerss
Bhutan by employinghe combinatiorof Geographicalnformation System (GIS)
analysisandAnalytical Hierarchy Process (AHR)ethods The study covers the entire
Bhutan region, where Glsbftware tools were utilized to analyze various datasets such as
digital elevationmodel (DEM),landuseandlandcover (LULC), parks andiological
corridors, settlemens andcadastral, andata sets oflobalirradiance abptimumtilt
angles

An AHP mocl approach was applied to identify prospective solar sites, and solar
potential based on main criteria including productamst and environmental
constraints. Thetudy alseemployed serval subriteria to evaluate potential solar sites
such as solarradiance, slope, aspeanddistance from the transmission lgend road

networls.
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3.2 Analytical Hierarchy Process (AHP)

The use of GIS has become increasinglized in renewable enerdields to
module site suitability and assess/ironmental factorfAlgarin, Lananos, & Castro,
2017) AHP wasdeveloped by Thomas L. Saaty in 1%&a decisiomaking tool,
which is utilized for solving problems involving multiple crite(Rassag&echnology,
2023) AHP is helpful in the decisiemaking processvhich is based on mathematics
andis apowerful toolthatcan beused for rankingndalso analyzing economic and
social conditiongAlgarin, Lananos, & Castr@017)

Integrating AHP methods with GIS is a suitable approacidémtifying
appropriate locations for solar farnas theevaluationof solar potentiainvolvesnot only
technical aspects but also social, economic, and environmental fattersst step in
the AHP method involves defining the problems by breaking them down into a hierarchy
of criteria and suleriteria. The hierarchy helps to identify the relationship between the
criteria and suleriteria. A pairwise comparison involves compagithe criteria and sub
criteria against each other using a scale of 1 to 9, where 1 represents equal importance,

and 9 represents extreme importa(&igarin, Lananos, & Castro, 2017)
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Table4. TheAHP rating scale and corresponding definitions for rating importance in
AHP analysigAlgarin, Lananos, & Castro, 2017)

Scale Definition
1 Equal importance
3 Moderate importance of one abcaeother
5 Essential or strong importance
7 Very strong importance
9 Extreme importance

2,4,68 Intermediate values between the two adjacent judgm

The calculation of the weight involves calculating the relative weights of the
criteria andsub-criteria based on the results of the pairwise comparisons. The weights
represent the importance of each criterion andcsitéria in achieving the objective of
the projeciAlgarin, Lananos, & Castro, 2017)

The final stepsnclude checking the consistency of the pairwise comparison data
to ensure that the results are reliable and not affected by inconsistencies. The consistency
ratio is calculated tassesshe consistency of the data, and weights are considered

reliable ifthe CR is less than 0.18lgarin, Lananos, & Castro, 2017)

3.3 Previous Studies

SolarPotential AssessmenisingAHP

Choi and Munkhbaf2021) assessed Gl&sed suitability analysis for solar
power systems iMongolia. This study used GIS and AHP to assess site suitability using

criteria including solar radiation, slope, aspect, distance frons eoatipower ling,
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temperature, and elevation. The study assigned the highest weight of 43 percent for solar
radiaton, followed by 12 percent for slope. The other critd¢emperature, elevation,
aspect, distance from the road, aligtance from th@ower line were assigned 7%, 6%

11%, 9%, and 12%espectivelyMunkhbat & Choi, 2021)

Likewise, Alabdulkarim, and Albraheem (2021) used AHP and GIS to analyze the
suitability of various sites in Riyadh, Saudi Arabia, for the installation of solar PV. The
criteria considered in the study included solar radiation (35%), slope (15.9%), aspect
(10.5%), distance from road (4.6%), distance from the power line (7%), distance from
building areas (3.2%), and temperature (23.88)raheem & Alabdulkarim, 2021)

Thepreviousstudies reviewed have demonstrated the usefiloleAHP methods
in assessing solar potential at various locations. Each study employed similar criteria and
weights, and they found that solar radiation wasucialfactor in determining site
suitability for solar PV installatias However, the weightssigned to each criteriaran
vary depending on the specific site conditions.

SolarResourceéAssessment in Bhutan

In 2009, the National Renewable Energy Laboratory conducted the first study on
the potential for solar development in Bhutan, wteehluated the potential under two
different scenariofGilman, Cowlin, & Heimiller, 2009)Scenario 1 found a total power
potential of about 58 GW iBhutan while Scenario Zestimateda potential of about 3

GW based omoreredrictive criteria(Tableb).
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Table5. Assessment of solar power potential and energy generation potential by NREL in
2009. Criteria, powerand energy potential for different scenar{@ilman, Cowlin, &
Heimiller, 2009)

Power Energy
Scenario Criteria potential potential
(MWp) (GWh)

5 % of the area available
30%groundcoverage ratio 58,300 90,900
10% array efficiency

Slope < 5% and

transmission line withis

Scenario 2 km 2,957 9,319
Project @apacity > 1 MW

PV density of 44 MW/krh

Scenario 1

E R ]

= =

The studyfindings indicatdhat thesolarresourceacross theauntry isfavorable
for solar PVdevelopmentThe annual averaggobal horizontal radiation raegfrom 4
to 5.5 kWh/n3, making it an attractive option for harnessing solar energy.

Likewise, in 2015, Fichtner GmbH and Co. KG condu@er@ssessment of both
the theoetical and technical potential of solmergy developmerior Bhutan. The report
estimated a theoretical potential of 6 TW&an assessment that did not consider
constraintsor restrictions(Fichtner GmbH & Co. KG, 2016 hey then carried out an
estimate of the technical potential through a study involeimigria includng the
exclusion of areas witblevation>4,000 m, protected argandland withslope>3(°.

They also considered criteria relatedanduse andandcowver (LULC), distance
from thenearestransmission lineanddistancerom theroad networkWith all these
restrictionsthe totaltechnical potential was estimated at 12 GW with an annual

electricity generation of 20,025 GWhhe reporiadditionallyconcluded that solar
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irradiance in Bhutan is fficient for developing the solar PV system for power

generatiorat scale

3.4 StudyAreafor Solar Potentiahssessment

This reseech project aimed to assesslar power potentiah Bhutan and
considered laregions within thecountry. Bhutans nestled between China in the North,
and India in the South. Bhutan is situated betweédl@ 6 &h@o6 912ongi t ude Ez¢
25° 42°and 28 1 5Sldtitude North Figure8). Bhutard s | a n dhawaciried byi s
steep mourgins and deep valleysvith rugged mountain terrain amdevatiors ranging
from 160 neters at the southern foothitts more than 7,000 nm the norternmountain
ranges The country has an area of 38,394 land is divided into twenty administrative

districts(UNESCAP, 2021)
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Figure 8. National parks, wildlifesanctuariesnature reserves biological corridors (light
blue), and Districts (black outlines) of Bhutébham, et al., 2021)

About 70 percent of the ar@athe country isunder forest covegndmost of
these areas are partaNational Park protected by the constitution of Bhufeme next
largest land category theareacoveredby shrubsat 9.74 percenOnly 0.02 percent of
thetotal territoryis categorized as ndpuilt-up. Non-built-up area are land areas where
the natural or sermatural cover has been altered due to human activities. These area
include sites of mining, quarrying, waste dumpiaigd other types of land extraction.
The alpne scrubnon-built-up, meadow, and shrubategoriesdd up to an area of about
6,010 km? and account for 15.65 percent of the total area of the co(Raiyet al.,

2016)
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3.5 Methodologyfor Studying Solar Potential in Bhuta

The study adopted the Gls&ased AHP process as a methodology to perform the
site suitability analysis for solar resource assessri@etmain criteria were classified
into energyproduction, economic, and environmerdategoriesand withsub-criteriain
each categorgs shown irFigure10. Land Use and Land Cover, forest and parks,
biologicalcorridors, settlement, and cadastral aredusethe constraint criteria in this

study.The method adopted in this analyse&eshown inFigure9.
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Identify the study area

v

Develop criteria and
—»  constraints for selecting
suitable solar sites

Production, Cost and
environmental criteria

A 4 Data sources
- National Land Commission
> AHP analysis Data collection < of Bhutan
- Word Bank or SolarGIS
¢ ¢ - Bhutan Power Corporation

Spatial Analysis (slope,

Criteriaweights aspect etc) and reclassify

A

No Yes Weighted Overlay

A

Feasible areasidentified

A
Determine power and
energy potential within [«
feasible areas.

Efficiency of panel, solar
irradiance, ground coverage
ratio , nominal specific
capacity of panel, shading.

Figure 9. Proposed methodology flow chart for the studying of solar potential in Bhutan
using the Analytical Hierarchy Process method
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Selection ofCriteria andDefinition

Research studies using GIS to analyze the solar resource assessmeter
various requiremest such as environmental factors, the topography of the land, land use
restrictions, social concerns, road netvgpdand electrical infrastructuf@lgarin,
Lananos, & Castro, 2017As noted abovehis study considerettiteria and constraints
in three categories, includirgnergyproductioncostfactors, ad environmental
constraintsbased ora review ofliteraturesourcegAlbraheem & Alabdulkarim, 2021)
and expert knowledge. Additionally, the study identified five-suteriain the energy
producton andcostfactors categoriesnd fiveenvironmentatonstraints related to these

categoriesare shown irFigurel0.

Energy Production Cost Factors Environmental Factor

ASolar Irradiance ADistance from a ALand Use Land Cover
ASlope power line AcCadastral map
AOrientation (Aspect) ADistance from road AElevation
network AParks and biological
corridors

ASettlement areas

Figure 10. Criteria, subcriteria, and constraint$or analyzing solar power and energy
generation potential

The selection of these criteria and constraints helps to ensure that the study
evaluates the feasibility of solar potential from multiple perspectives, incledegy

productioncostfactors,and environmental considerations.
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Solar radiation is a crudiéactor as ithelpsdetermine the amount of solar energy
that is produced at a specific location. Aredth high solar radiation are more suitable
for projects A shading analysis is an essential component of solar potential. Shade can
have a significanimpact on the efficiency of solar panels, reducing the amount of solar
energy they can convert into electricityofe and aspect are important factibist can
significantly impact the performance of solar PV systeams theycan influence the
amount ofsolar radiation that a solar panel receives.

Furthermore, ateepeslope also increases the costohstruction fosolar
energyprojects,and asouthfacing surface is typically preferred for higher solar energy
production Therefore, it is essential &valuate thslope andaspecbf the land when
conducting the solar resource assessnidm.study consideremreas withslopes less
than 20 degrees and aspecngingrom the southeast to southwest orientagon

The distancefrom transmission lireandtheroad networkareimportantcriteria
becauseheycan affect the cost of installation and maintenance of the project. The closer
the location to roagland transmission lirsethe easiett is to transport equipment and
compaents, and the cheagers to connect the solar energy system togtié.

Therefore it is critical to consider tleedistance when evaluating the suitability sftes

for solarproject developmeriirable6).
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Table6. Definition ofproposectriteria, and restrictionsused in the solar resource

assessment in Bhutan

Criteria Descriptions

Standards and restrictions

The most crucial factor in finding

suitable locations for solar power

plants.Preferredocations receive

igh amounts o$unlight throughout
the year

Solar
Irradiance (C1) h

A steepeground slope requires
Slope(C2) additional site preparations and
specialized equipment for
installation, which can increase thi
cost of installation.

Southfacing surfaces receive more
solar energy for sites in the northe
hemisphere

Aspect(C3)
(orientation)

Distance from  The proximity of solar projects to a

power lines  glectricity network infrastructure is
(C4) preferable taninimize the cost of
conneding to the electrical grid.

Proximity to roals reduces the cosi
Distance from  of constructing and maintaining the
roads(C5) infrastructure of a solar energy
project

The higher the incoming
solar radiationthe better
(only considered sitesmbove
800 KWh/mélyean)

Only considered sites witd
dope less than 20egrees

Southeast and southwest
orientation petweenl 35
and22%, where 180is due
south

Maximum Euclidean
distanceof 55 km and
classified into Klasses.

Maximum Euclidean
distanceof 55 km and
classified into Klasses.

Created duffer of 200 m
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These criteriavere chosemskey factoranfluencing the performance and
feasibility of solar projest By evaluatingsitesin relation to these criterjaecision
makers can identify suitable locations for solar energy projects that can maximize their
efficiency and profitability

Data Collectbn

The study utilized various datasets, which are listedlable7. The digital
elevation model datasets, which provide information on surface pasnsetch as
elevation, slope, aspeetc.obtained from the National Lar@mmission LC) of
Bhutan

The study also used vector datasets, including road networks, settlement cadastral,
parks and biological corridors, and land use and land cover, whiehaN@btained from
the NLC.The yearly solar radiation datasetsich are crucial for this research, were
accesseflom the World BankThe World Bank, 2018)

Additionally, the study also utilized transmission and distrilvuiidrastructure
datasets, which were collected from the Bhutan Power Corporation (BPC). These datasets
were obtained from reliable sources and were essential for conducting spatial analysis

and identifying the suitable location of solar power potential.
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Table7. The ditasets used in thetudy along with their specifications and sources. Maps
of eachdatasefare illustratedin Appendix A

Data

Specification

Source

Digital Elevation Model

Solar Irradiance map

Transmission and Distribution

infrastructure

Road Network map

Settlement map

Cadastral map

Land Use and Land Cover

Park and Biological Corridor

10 m

9 arcsec

(National Land Commission of
Bhutan, 2023)

(The World Bank, 2018)

(Bhutan PoweCorporation
Limited, 2023)

(National Land Commission of
Bhutan, 2023)

(National Land Commission of
Bhutan, 2023)

(National Land Commission of
Bhutan, 2023)

(National Land Commission of
Bhutan, 2023)

(National LandCommission of
Bhutan, 2023)

Constraint Analysis

The constraint analysis in this study is the process of identifying and eliminating

areas from consideration for solar resource assessment. The stadip pistonstraint

analysisto eliminge or create a buffer zone fibre areas that fall within thesticted
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zoneincluding parls and protected arsacertainland use types, settlemenand

cadastrabreagFigurell).

Parks and biological

. Excluded from the
corridors

study

Included meadow,

Land Use Land ' !
Cover non-built, alpine
scrubs and shrubs

Elevation Considered less than A Potential area

4,000 m for study
A

Cadastral map > Buffer 500 m
Settlement map > Buffer 500 m

Figure 11. Framework forconstrains analysisfor solar resource assessment in Bhutan,
including consideration gbark and biological corridors, land use land covelevation,
andcadastral and settlement mafksn, 2022)

Parks andiologicalcorridorsinvolve restrictions on land use that limit the
available land for solar projes;tand these areas wepecluded from the study.ULC
provides information on the types of land cover in the area, includingdpvestiands,
meadows, noiuilt area, alpine scrubs, shrubstc.(Rai, et al., 2016)Meadovs,
shrubs, alpine scrubs, and Houilt areasare consideregotentiallyfeasiblelocationsfor

developingsolar PV power plast
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Accurate &evation data issentiafor identifying solar potential. An area that
receives snow can have a significant impact on solar resource assessment, as the presence
of snow can affect the amount of solar radiation that reaches the surface. Enénefor
study considered elevatisbelow 4,000 m.

A cadastral map was used to identify land ownership and assess the piential
land use confligtand gttlement maps were used to analyze to ensure that grdgecot
overlap with areas involvingxising settlements. The study excluded privately owned
land and created a buffer zonefigé hundredmeters fromexistingsettiements.

The studyaimedto identify a location for PV projects that would haminimal
negative impact on the environment andrbgaommunities, by avoiding areas that
could potentially cause conflicts with settled areas.

Spatial Analysis

Spatial analysis is a crucial aspect of solar resource assessmignineolves
the use of GIS to analyze and interpret spatial data. The analysis in this section includes
surface analysis, distance calculations, and reclassification that are performed on the
spatial data. The value of critehasdifferentranges, antience a common scale was
needed to integrate into a single layer.leaGterionwasreclassified intaneto five
classeswith Class 5 signifing the most suitablarea for a solar power plaabhdClassl
represenng the least suitable area.

Solar irradiancgC1) is an essential parameter for solar resource assessment. The
solar irradiancelatasetsised in this study were obtained from the World B@riie

World Bank, 2018)The datasets pvide information onte longterm yearly average of
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Global Irradiation at the optimum Tilt (GTipr Bhutan A dataset in the form of Tag
Image File Format (TIFF) was imported into the Arc®8 software packageand then

GTI datawerereclassified usinghe reclass tool as shownTiable8.

Table8. Reclassification oinnual Global Tilted Irradiance (kWhAywhereClass 5
shows the most suitable for solar PV power generationGhask 1 is the least suitable
area(Esri, 2022)

Annual SolaRadiation
(KWh/nv)
1,0061,200
1,2061,400
1,4061,600
1,6061,800
1,80G62,000

Class

O WNPE

The degree of steepness of a surface, measured by théGR)pis an essential
criterion in assessing the potential of solar energy. It affects the cost of installing a solar
project.A steepeslope can lead to higher costs due to the need for more complex
installation methods, and equipment, such as mounystgrms to compensate for the
angle of the panel3he slope in the study area was generated using DEM in Afe@IS

software and thertheslopewas classified using the reclas®l as showrin Table9.

Table9. Reclassification of slope (degree) where Class 5 shows the most suitable for
solar PV power generation, and Class 1 is the least suitable(&sg 2022)

Slope (degree) Class

0-4 5
4-8 4
8-12 3
12-16 2
16-20 1
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Aspect(C3) is alsoanimportant criteronin solar resource assessméitie study
consideredrientatiors between southeast (1350) and southwest (2250) feasible. The
aspectvascalculatedvith DEM using araspect tool in ArcGI®ro and then reclassified

using the reclass tool as shownrTiable 10.

Table10. Reclassification of aspealégree)whereClass5 showghe most suitable for
solar PV power generation, ar@@lass 1 is the least suitable ar@asri, 2022)

Aspect (degree Class

135150 1
150165 2
165180 4
180-195 5
195225 3

Distance from existing powerlis€C4) and roasl(C5) areessential fact@rto
consider in solar resource assessment. These criteria can significantly impact tha cost of
project. To determine the distance from existing powerlines and roads,chéean
distance method was used, which calculates the distance from eacliteelhéarest
powerline or roadThe power line and road layesgre analyzed using the Euclidean
distance tool in ArcGI®roand then reclassed using the reclass tool as simoWable

11
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Tablel1ll Reclassification of distance from powerline and road (kilometers) where area
with shorter distancefrom powerling and road are categorized a€lass 5, andClass 1
sitesrepresenthose withthe farthest distance from tihespective infrastructuréesri,

2022)

Road and powerling
distance (km)

0-11

11-22

22-33

3344

44-55

Class

P NWR~O

AHP Methods for Determinin@riteria Weight

AHP wasemployedo determinethe weights of each evaluation criteriosed in
the study The number of rows and columns in t@mparisommatrix is determined by
the number of criteria being comparédcomparison is made for each pair of criteria,
evaluating their importance relative to other pairs.

The weight calculation involves evaluating a pairwise comparison of the matrix
and developing a normalized matrir.this study, weights for each criteriarere
informed by the various literature reviews discussed previgiiiynkhbat & Choi,
2021) expert knowledge, and the characteristic of the shne.

PairwiseComparisorof Criteria

The pairwise comparison of criteria isetfirst step in determining the weight for
each criterion. The evaluation involvesmparing each dgrionto every other cterion
and asgining anAHP scale value based on its importance. The valeesassgned on

an AHP scale of 1 to 9 with 1 indigay equd importance and 9 indicating extreme
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importance. The pairwise compsn matrix for the dteria used in this study is shown i

Tablel12.

Tablel12 Pair-wise comparisomatrix of criteriaincluding solarradiation, slope,
aspect, distance from a power ljrsand distance froma road based orAHP scale

Solar Slope Aspect Distance from Distance
Criteria Radiation (CZF; (C?S) a powerline  from Road
(CY (CH (CH
Solar Radiatior{C1) 1 3 7 4 8
Slope(C2) 1/3 1 6 5 7
Aspect(C3) 1/7 1/6 1 1/3 1/2
Distance froma
powerline (C4) 1/4 15 3 1 2
Distancefrom the 1/8 1/7 1/3 1/2 1

road(C5)

On the AHP scale, solar radiatiamms givera rating of 3 in comparison to the
slope, indicating moderate importarredative to the slopeHowever, in comparison to
the aspect, it was rated 7, indicating significarly greateimportance. The importance
of solar radiationn comparisorto the proximity to the power line received a rating of 4,
indicating moderate to strong importankecontrast, when compared to the distance of
the road, solar radiation received a rating of 8, signifying very important to extremely
important.

The slope was given a rating@fcomparedo the aspect, 5 compared to the
distance from the power line, anat@mpared to the distance from the road. The
importance of distance from the powerline with the aspect was ratethdicating

moderate importance of the powerline over the aspect. The importance of distance from
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the roadwas givera rating of 2, indicang equal to moderate importance. Similarly, the
importance of distance from the road with aspect was rated 2, signifying moderate to
equal importance.

Solar radiation was considered the most important factor for studying solar energy
potential as it is th primary source of energy. While the distance from the road and
aspect are given lower importance when compared to other criteria. The aspect and
distance from the road are given lower importance as they are not as directly related to
solar energy poterai by influencing the angle of incidence of solar radiation on the
surface Similarly, while the distance from the road can affect the accessibility and ease
of installation, it does not have a direct impact on solar energy potential.

Slope andlistance fom power lines are considered important factors in the study
because they can affect the installation and efficiency of solar panels. The slope of the
terrain affects the amount of sunlight that panels receive, and a steep slope can make it
difficult to install and maintain the panels. The proximity to power lines is important
because it can affect the cost of connecting solar panels to the grid.

NormalizedPairwise Matrixfor Criteria

A normalized pairwise matrix is a tool usedetaluatethe relative imprtance of
differentelementkriteria. The purpose of the normalized matrix is to ensure that the
matrix is consistent and accurgtdbraheem & Alabdulkarim, 2021)he matrix was
formedby dividing eachvalue of thecolumn element by the total sum of the column
value The normalized matrix wasalculated usingquation 4, and the normalized matrix

for the criteria used in this study is shownTablel13.



53
C .
C j:#

B .G, | (4)
Where G is the score of criteria i to criteria |

Table13. Normalized paikwise matrix of criterigfor solar resource assessment in
Bhutan

Solar Distance from Distance
radiation Slope Aspect apowerline fromtheroad

Criteria (Cy (C2 (C3 (CH (CH
Solar radiation

(C1) 0.4 0.67 037 0.37 043

Slope(C2) 0.18 0.22 032 046 0.38

Aspect(C3) 0.08 0.04 0.0 0.03 0.03
Distance from

powerline 0.14 0.04 0.16 0.09 0.11

(CH

Distance from

theroad(C5) 0.03 0.03 011 0.05 0.05

Weights Calculation

The AHP method is a decisianaking technique that requires the determination
ofeachcr it eri onds weight t o nkingoferojeuts.ie® t he
calculate the weights of each criterion, pairwise comparisons are made between all
criteria as shown iffablel12. Thescores of each critericareobtained by taking the
average value for each raf the normalizedpairwise matrixAlbraheem &

Alabdulkarim, 2021)The weight for each criterion getermined usingquation5s.

W, = ©)
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Where G is the score of each criteritvased on pairwise comparisaanrsd N is the
number of criteria used in the study.

Validation of Weight Consistency

Consistency Ratio (CR) is used in the AHP methods to evaluate and assess the
consistency of the pairwise comparisons of criteria. CR is a ratio of the consistency index
(CI) to a randonindex RI), which indicates the degree of agreement between the
pairwise comparison and judgmeiifdgarin, Lananos, & Castro, 2017)he Cl is

calculated usingquation 6.

1 a4
D (6)

Wh e rmgis the maximum eigenvalue obtained from the consistency vector, and

#)

nis the number of criteria
The ConsistencyRatio (CR)is calculated bylividing the CI by a random index

value based on the size of the decisimatrix (number of criterig)usingEquation 7.
CR = ()
Where RI is the randoronsistency inde&s shown inTable14).

Table14. RandomConsistencyndexfor different numbers of criteri@Algarin, Lananos,
& Castro, 2017)

Number of criteria 1 2 3 4 5 6 7
RandomIndex 0O 0 02 089 1.1 1.5 135

The degree of consistency is considered consigtédm CR ratiois less than

0.10 When this is true, results amecepted ilAHP decisionmaking. However, if the
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CR exceeds 0.1, it suggests that the weigivisnare not consistenand need to re
evaluate to improve the accuracy of the wei@htgarin, Lananos, & Castro, 2017)

Site Suitability Analysisising ArcGISPro (Weighted Ovday)

The overlay tools in ArcGI®ro are useful methods for performinwulti-criteria
analysisacrossseverakastes, enabling th&lentification ofsuitable locations based on
various criteria with their respective weights.

Theconstraint analysisutpu rasterserves as inpuor the optimal site section for
solar potentialFollowing theexclusion of the constraints area and spatial analysis, each
criterion is converted into a raster wituniform scale rangfom 1 to 5 and a weighted
valueis assigned teach criterionThe process of selecting the optimal site for solar

potential usng the overlay tool is demonstratedrigure12.



Solar Irradiance map

|

Digital Elevation
Model

Distance from Road

Distance from a
Power line

Figure 12. The proposed site selection metidllustration of how the study utilizélse
Overlay tool in ArcGIS Pr@.9.5to select suitable sitg&sri, 2022)

To perform the weighted overlay analysisArcGIS Pro 2.9.5 eachcriterion or
layer needs to be assigned a weight that reflects its relaipartance. Theseeights are
used as input by the overlay tools to combine the layers into a single duteBuitable

Area(SA) for solar power potential is generatadinputing the weight of each criterion

Weighted Overlay

N

Reclassify (1-5)
/ Slope (<20°) —>| Reclassify (1-5)

Select Elevation \
Aspect (SE-SW) » Reclassify (1-5)
Buffer (200 m) —»Euclidean distance Reclassify (1-5)
Euclidean distance Reclassify (1-5)

l

Raster to polygon

I

Feasible area

A,

Select onefeasible
site for feasibility
study

into the overlay tooin ArcGIS Pro 2.9.5vhich is represented quation 8.

SA

n
= W*G
=1

(8)
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Where SA suitable area, W& the weighof thecriteria andC; is the criteria

value.

3.6 Methodsfor EstimatingSolarPotential

Thestudy evaluated th&olar power and energy generation potentshg the
baseline scenario and sensitivity analygss performedvith variations in slope and
elevation of aread.he baseline scenarncludes tle conditions where the slope is less
than20 degreesandthe elevation of less thah000 m. The sensitivity scenariosolve
three scenarios that were examined to determine the impact on solar power and energy

generation potentigllable15).
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Table15. Comparison of criteria for solar power and energy generation potential in
baseline and sensitivity scenasio

Scenario Paramegr

Baseline SlopeO2, ElevationO 4, 000 m
Sensitivity-1 SlopeO3®, ElevationO 4, 000 m
Sensitivity-2 SlopeO2, ElevationO 3, 000 m

Sensitivity-3 SlopeO3(, ElevationO 3, 000 m
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Following the suitable site analystege PVpower and energy potentiakere
estimated based on parameters, which include the efficiency of th@ao&y nominal

capacity performanceatio, and ground coverage ratibable16).

Table16. Parametersassumedor estimatingsolar power and energy generation
potential include specific nominal capacity, panel efficiency, performance ratio, and
ground coverage ratio

Panel parameter Value Source
Specific nominal capacit 0.21kW/m? (WAAREE Energies Ltd, 2023)

Efficiency 20% (Feldman, et al., 2022)

Performance Ratio 85% (Saur Energy International, 201

Ground Coverage Ratio 50% (Bushong, 2013)

The nominal power capacity determined by three factors: the speciominal
capacity ofthesolar panels, the amount of available area for solar PV installation, and the
ground coverage ratio of the solar module. These factors affect the overall capacity and
effectiveness of theystem in generating electricity frothe availablesolarresourceThe

nominal solar power capacity is calculated udtiggation 9.

O=3pecific nominal capa(9)
Where P is the nominablar arraycapacity in kW, As the area in Ay and GCR
is the ground coverage ratio (0.50).
The energy output from solar power generation is calculeed)Equation 10
considering the five factors including the available area for solar PV installation, the
ground coverage ratio, glperformance ratio, the mean annual global titled irradiance,

and the yield or efficiency of the solaray(Saur Energy International, 2016)
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%= A * GCRed* PR (10
WhereE is energy output in KWh per year, Hii® mean annual global tilted
irradiance, A is the area inqrGCR is the ground coverage ratics@ |, is tle solar

yield or efficiency in percent, and PR is the performance ratio in percent.

3.7 Resultsind Discussion

Theobjectiveof the studywasto locate potentially suitable solar project sites and
then estimate the total solar resource potential in Bhugary the combined GIS and
AHP methods.Additionally, the study aimed to assess the feasibifitye solar PV
project inone of thanost suithle area considering the various criteria related to
production, economic, and environmental aspétie weights values obtained from the
AHP technique were utilized to evaluate the suitability of potential solar project sites.

Weighted Criteria and Cois$ency Validation

The weight assigned the energyroduction criteria is 8percent, indicating that
it holds greater importance in the decisiaaking process. On the other hand,dbst
criteria weightof 17 percent, indicating that it holds lesser importafit¢e analysis
showedthat solar radiation is the most influential factor, with a weigl#8gdercent
followed by the slope at 31 percent, and distance from the transmission lihpextént.
On the oher hand, orientatioaspectiand distance from the road network have a lower

weightage, wittb percent and percenirespectivelyFigure 13).
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m Solar Radiation
= Slope

= Aspect

= Distance from a

powerline
Distance from a road

Figure 13. Analytic Hierarchy Process (AHP) criteria weight for solar potential
assessment in Bhutan: Comparison of the relative importance of solar radi®i),
slope (3%), aspect (4%), distance from a powerlin&%d), and distance froraroad
(6%) based on the assigned weights

The assignedeights for the criteria in this study arensistent wittprevious
research byserbo et al. (2020) and Albraheem and Alabdulkarim (2021), which
identified solar radiatioras a critical factor in determining solar powetexdial.
Furthermorethe CR of 0.06obtained in this studfalls within the acceptable range,
indicating that the criteria were evaluated consistently.

Suitable Area

The study finding indicates that the baseline scenario has identifi¢al af

7,088 aces of land for the development of a solar PV power plahich is categorized
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into suitabilityClasseg1 to 5) based on potentidlhe study revealed th@tass 4 has the
largestpotentialareaof 4,781 acres with a power potential of 1,84W of instaled
capacity followed by Class 5 andClass 3with 1,229 acres andd74 acresrespectively
(Appendix B) In contrastClass2 has the least ared suitability withonly 3 acres, and

no area were found to be suitablederClass 1(Tablel17).

Tablel7. Classification of feasible sites under the baseline scenario, the land area
measured in acres. Class 1 represents the least feasible sit€|amsd represents the
most suitablesite

Suitability criteria  Acres  Power potential Percentagef area

(MW) (%)
Class 1 0 0 0
Class 2 2.74 1 0.04
Class 3 1,074.67 457 15.16
Class 4 4,781.15 2,301 67.45
Class 5 1,229.84 523 17.35
Total 7,088.41 3,013

SolarPower andEnergyPotential

As detailed in the methodology section, the study was analyzed to determine the
solar power and energy potential in Bhut@ihe solarpower and energy generation
potentialaredetermined as described in the methselction.Under the baseline scenario,
thestudy identified a totadf 7,091acres of land suitable for the installatiorsofar PV
power plans, with a specific powepotentialestimateof 3,013MW.

Among theDistrictsevaluated, th€hhukhaDistrict has thénighest power

potential (98 MW), followed by the Bumthanistrict (421 MW) and ThimphuDistrict
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(420 MW). In contrast, he TsirangDistrict has the lowest power potentidINIW), and

no potential for solar PV was identified in the GBsstrict (Figure14).

500 1
450 A
400 -

Districts

Figure 14. Solar power potential (MW) distribution across the districts of Bhutader
the baseline scenario, where the maximum elevation of 4,000 meters afapthes less
than 20 degreesdditionalinformation isavailablein Appendix B

Sensitivity Scenarid

In sendivity Scenario 1the study increased theaximumslope of theconstraint
from 20°to 3(° while mantainingthe elevatiorconstraintof 4,000 m. This resulted in a
substantial increase in power potentieding from 3,013MW to about 812 MW. This

finding signifies a substantial increase o8Q percent compared to the baselinenscio.
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The annual energy generation potdrdaiao increased significantly 0,111
GWh from4,419 GWh. All districts expeenced an increase in power and energy
generation potential, with the most significant sisecuring in Bumthang, Thimphu,

Hag and Chhukhalistricts(Figure15).

m Baseline power (MW) m Sensitivity 1 (MW)
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Figure 15. Comparison of solar power potential between baseline Sadsitivity
Scenario 1 SensitivityScenario 1 involves increasing the maximum slope for solar
development from 20 degrees to 30 degaeeksa maximum elevation of 4,000 meters
Baseline power potentia shown on the left in dark gray, asdnsitivityScenario 1

power potentials shown on the right in ligt gray. Additionalinformation is provided in
Appendix B

TheDistrictswith the highest percentage increase in solar power potential are
Paro, Haa, Thimphu, and Punakha, with percentage increases of 194 percent, 186 percent,

169 percent, and 151 percent respectively. The Districts with the lowest percentage
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increase in solgsower potential are Sarpang, Samtse, and Tsirang, with the percentage
of increase of 21 percent, 7 percent, and 42 percent respectively

Sensitivity Scenari@

In Senstivity Scenario 2, the power potential decreased by 72 percent,3rom
GW MW to 835MW. The annual energy generation potential also dropped to 1,127
GWh, a drop o5 percentfrom the baselinecenario.This reduction occurred by
alteringthe maximumelevationfor solar site developmetd 3,000 mfrom 4,000 m
(Figure16). Some Districts experienced a significant decrease in solar potential, followed
by the Haa with 96 percent. The Thimphu and Chhukha Dstilsb had significant
decreases by 90 percent and 85 percent respectively. On the other hand, a few Districts
showed a slight increase, such as Mongar with a.1.29 percent and Tsirang with 11

percent.
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Figure 16. Comparison of sak power potential between baseline aehsitivity
Scenario2. SensitivityScenario2 involves decreasing the maximum elevation for solar
development from 4,000 to 3,000 metBaseline power potential is shown on the left,
and Sensitivity Scenari@ power potential is shown on the right in light gray

SensitivityScenarid3

The main objetive of Sensitivity Scenario 3 is to evaluate tkembinedmpact
of changes in botklope and elevation on the solar power poterfiznario 3 involved
reducing the maximum elevation for solar site development from 4,000 to 3,000 meters
while increasimg the slope from 20 to 30 degrebscontrastSensitivityScenaris 1 and

2 varyonly one of these parameters while keeping the dtleesames the baseline

scenario.
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The result indicates that there is a substantial difference in energy potential and
power generation capacity between the baseline and sensitivity ssdoatlte different
districts. The baseline scenario has a total energy potential of 4, 419 G\&ipawer
generation capacity of 3 GW. In contré&gnsitivity Scenario3 hasa total energy
potential of 1,940 GWh and a power generation potential of 10 G

The results signify a decrease in the energy potential of around 56 percent and a
decrease in power generation capacity of aroungedéent(Figurel?7). The reduction in
solar potential primarily occurred due to the decrease in potential in the Districts of
Bumthang, Chhukha, Haa, Thimphu, and Wangduephodrang, which are among the

largest contributors to the total solar potential.
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Figure 17. Comparison of solar power potential between baselineSanditivity

Scenario 3 SensitivityScenario involves decreasing the maximum elevation for solar
development from 4,000 to 3,000 meters and increasing the slope from 20 to 30 degrees.
Baseline power potential is shown on the left in dark gray,Samgditivity Scenari@®

power potential is shen on the right in light gray
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In terms of the Districts with a decreased solar power potential, Bumthang had a
decrease of 93 percent, followkd Haawith 92 percent and Chhukha with 78 percent.
Thimphu and Wangduephodraalgo hadh significant decrease solar power potential
by 45 and 36 percent respectively.

On the other hand, the Districtsldiuentse Mongar, Samdrupjongkhar,
Trashigang, and Trashiyantse showed an increase in solar potential compared to the
baseline scenario. TheBestricts have &teeper slope and lower elevation, which
contributedo the increase in solar potential. Pemagatsel had the highest increase in solar
power potential wit#86 percentfollowed by Mongar with 163 percent and Trashigang
with 84 percent.

Feasible sites fahefeasibility study

Based on the analysis as discussed in Section 3.5, Chapter 3, tiselitadét
solar PV sites are clas&tl undelClass 5and Class dwhile Class Eites are considered
the least feasibleA combination ofites fromClassest and 5 is consideredr studying
the techneeconomic viability of the projecAccordingly,the Tenchhekhaitewas
chosen as the optimal site for conducting the te@uamomic feasibility study. The
projectsiteis situated at MewanGewogin the ThimphuDistrict and hastotal area of

17.49acres

3.8 Summary, Conclusigrand Recommendation

The findings of the study demonstrate that Bhutan has a significant potential for

the development of solar energy due to its abundance of solar irradiance. The solar
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potential in Bhutan is estimated to be 3,013 MW, with a capacity to produce 4,419 GWh
of energyannually A total suitable area of 7,091 acres, representing only 0.48 percent of
the meadow, alpine scrubs, shrubs, andmah area, has been identified for solar power
generation.

The sensitivity analysis conducted in this stoelyealedhat ctangesin slope and
elevationaffect the power potential and energy generation potential of the solar PV
system. Increasing the slope fron? 20 30 while maintining the elevation of 4,000 m
resulted in aubstantial increase power potential of 130 peent compared to the
baselinescenario

However, reducing themaximumelevation to 3,000 etersfrom 4,000 neters for
solar PV developmemesulted in a decrease in power potential bp&2entindicating
that much of the area for potenttldvelopment falls between 3and 4000 meters
Similarly, altering the slope and elevation led to a 3p&®&entreduction in power
potential and a 5fercentdrop in the annual energy generation potential

The suitability was further categorized intediClasses, with Class 4 having the
highest solar power potential of32 GW covering an areaf 4,781acres or about 67
percent of the total suitable area. Class 3 and Class 5 areas were found to have a power
potential of 457 MW and 523 MW, respective@n the other handlass 2 ha the least
solar powepotential with only 1 MW, covering less than 1 percent of thial suitable
area.

Based on the solar potential estimates presentédhle 18, NRELG6s study

2009 estimated the highest solar potential of 58 GW ubckrario 1. However, under
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Scenario 2, the NREL estimates were found to be similar to the estimates of the current

study (3 GW).

Table18. Comparison of solar potential estimates froomerous studies

Studies Solar potential (GW) Year
NREL Scenarial- 58 2009
Scenario 22.9
Fichtner GmbH and 12 2015
Co.KG
Current study 3 2023

The study conducted by Fichtner GmbH and Co.KG in 2015 estimated a solar
potential of 12 GW which is four times hidg
The overestimation of solar potential in previous studies could be attributed to their lack
of consideration for crucial factors such as protected areas, settlement areas, and solar
irradiance. The study conducted by NREL in 2d@®notconsider these factors, leading
to an overestimation @hesolar potential.

In contrast, Fichtner GmbH and G¢G (2015 consideregome of the factors
including the slope, aspect, forest, protected area, and agricultural land. However, the
reportdid notconsider two key criterjancluding solar irradiance and distance from the
transmission/distribution infrastcture. Moreover, the report has assigned equal
importance to all the identified criteria, which may have resulted ovarstimation of
the solar potentiaBy taking into account all the necessary factors including solar
radianceand other environmentédctors/constraintthis study provides a more accurate

and realistic estimation of Bhut anbdés sol ar
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With a potential to produce over 48IGWhannually of ener gy, Bhut s
potential could play a si grawingenergymémand® | e i n
and reducing its dependence on fossil fuelss $tudy highlights the importance of
considering multiple factors when estimating solar potential, including solar irradiance,
protected area, settlement area, etc. Neglecting thesesfaen lead to overestimation or
underestimation of solar potentidlh e st udyés findings suggest
key criterion in evaluating solar potential and should be given due consideration in future

studies.
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CHAPTER 4 METHODOLOGY FORTECHNO-ECONOMIC ANALYSIS OF A

UTILITY -SCALE SOLAR POWER PLANT

4 1 Introduction

As discussed in Chapter 3, the Tenchhakhdewang GewogunderThimphu
District hasbeen identified as tHecation for the development of a solar PV power plant.
The site cwers a total land area @¥.49 acres whicls categorizedsClass 4 and Class
5. This study aims to assess the feasibility of a 4.85 MW solar PV power plant located at
Tenchhekha in Bhutan.

Theproposednethodologyframeworkis comprised of six stepgssshown in
Figure 18. Firstly, theassessment of technical viabilikas conductedhich included a
site and assessment process and solar radiation an8lylssequently, the most
appropriate technology, including solar modules, and inverters were selected to ensure
optimal performance-urthermorethe PVsyst tool was utilized to estimate émergy
generatiorpotentialfrom the PV plant

To determine the enomic feasibility of the project, @oject cost estimatiowas
carriedout, includingbothcapital and O&Mcosts A financial analysisf the project

involved determining the key financialdicators such as NPV, IRR, and LCOE.

2 County.
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Solar Resource Technology Selection
Assessment and System Design

h 4 h 4
System Performance
(Energy Production )

Technical Viability Energy Yield

Site Assessment
(Area Availability)
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Figure 18. Framework for evaluating the feasibility of solar photovoltaic (PV) in
TenchhekhdAsif, Alshibani, Dehwah, & Budaiwi, 2020)

4 .2 Site Selectiorand Assessment

The site selection and assessmenttesolar PV feasibility study ia critical
process that involvadentifying and evaluating the potential sites for the projed.
important to consider the constraints and potential impact that a site mighdrhave
electricity generatiofinternational Finance Corporation, 2015)

The importanfactor to consider when selecting a site for the PV project is the

available areand topography. The topography of the site should be evalitagedure
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that the site is suitable ftineinstallation of PVpanels The land identified should be
relatively flat, and free from obstructions that could shade the panels and reduce the
energy outputAdditionally, it is also essential to o identify tled ownership and assess
the site accessibilityThe site should be easily accessible for the transportation of
equipment and materials, and access to a reliable power supply/grid.

The potential for seismic activity in the region should also be evaluated, as
earthquakes can cause damage to solar panels and other critical equipment. A special
measure must be considered if the site is located in a regiohiglithisk seismic
activity. All the essential factors are taken into account while conducting the site
selection and assessment of the Tenchhekha PV power plant.

Tenchhekha Solar PplantSite

The proposedolarPV power plant site ibcatedin Tenchhekha, which falls
under Mewangsewog, in the ThimphDistrict (Table19). The Tenchhekha site for this
project was identified using Gligased AHP methods, as explained in Chaptéh
Gewog is located around 25 km away from Thimphu city and shares its baitters
DogoGewog in the west and northwest, Chapcha Gewog in the south, and Genye Gewog

in the east.

Tablel19. Locationand elevation ofhe Tenchhekha solar Pptoject site(Esri, 2022)

Location Co-ordinates Gewog, District Elevation(m)
Tenchhekhe 27.32575N, 89.55435E Mewang, Thimphu 2,350
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The sitehas a total area of 17.49 acres, which is mainly composed of meadows
and shrubs. Five relatively flat land parcels within the identified area, free from shading,
were selected for PV installatiohable20 shows the gross available area of the site after

excluding vegetatiarrestricted areagndforest.

Table20. The bnd areaof the Tenchhekhaolar PV project site, including its
coordinates, GewodJpounty), District, and elevation in metgiSsri, 2022)

Land parcel Area (Acres)  Length(m) Width (m)

Parcel 1 3.00 138.84 95.2
Parcel 2 3.06 138.17 132.16
Parcel 3 4.72 111.09 85.79
Parcel 4 3.23 132.67 105.88
Parcel 5 3.48 86.07 147.19
Total 17.49

Photovoltaic Power Capacity

The estimated area of the site is 17.49 acres, which is deemed sufficient for
constructing a solar PV power plant with an instatlagacity of 4.85 MW Table21).
The determination of the PV plant capacity was based on the layout arrangement and
planning of the arrays, using 665Wp mergstalline PV modules with an efficiency of
21.29 percent. Theastallation of PV arrays will take place on five parcels of land, with
ample space for internal roads, transformers, inverters, electrical combiner boxes and

panels, cable trenches, and pathways for maintenance
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Table2l Total land area and installed DC capacity of PV power plainthe
Tenchhekha solar PV project sites, broken down by each of the five land j&srels
2022)

Land parcel Area (Acres) stgorigﬁ!g Total (?(\?Vg)a pacity
Parcel 1 3.00 10 766

Parcel 2 3.06 11 766

Parcel 3 4,72 8 1,276
Parcel 4 3.23 10 766

Parcel 5 3.48 8 1,276

Total 17.49 4,850

HorizonLine and the Sun Path

TheTenchhekha sold?V site experiences reduced energy output due to the
obstruction of the horizon before 8 AM and a#tdPM, howevershading by topography
is not observed during the optimal solar window period from 9 AM to 3 PM. The horizon

line profile for the site coalinates was sourced from Solar@$Sshown irFigure19.
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Figure 19. Sun path andHorizon lineof Tenchhekhaolar PV sitgSolarGIS, 2023)
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Topography of th&rojectSite

A topographical analysis was conducted on the identified land area, which
revealed that the site is mostly flat and inclined toward the $acithg The purpse of
the analysis was to gather information on the slope of the land and surface irregularities.
The highest and lowest elevation points were identified, and the average slope of the land
parcels was determined@he highest elevation among the parcek 494 neters and the
lowest is 2,318 mters The average slope ranges fromt@27 degrees, with langarcel

2 having the steepest slop&able22).

Table22. Theaverage slope adach of the five land parcels at thenchhekha solar PV
site, and also includes the highest and lowest elevdsni, 2022)

Highest Lowest Averageslope

Land Parcel elevation(m) elevation(m) Length(m) (degree)
Land Parcel 1 2,404 2,364 138.84 16.07
Land Parcel 2 2,387 2,335 138.17 17
Land Parcel 3 2,346 2,318 111.09 14.14
Land Parcel 4 2,367 2,336 132.67 13.15
Land Parcel 5 2,364 2,345 86.07 12.45

RoadAccessibilityto the Site

The solar PV site is accessible via an unpaved gravel road called Gewqg Road
which islocated approximately 2 km away from the Thimgttwntsholing highway.
The site is situated 25 km away from Thimphu city and less than 145 km from
Phuntsholing, which is a significant center for business activities and trade between

Bhutan and India. Thead leading to the site from the national highway is-well
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maintained and capable of handling loaded trucks carrying heavy electrical equipment

like transformers, inverterand solar modules.

Figure 20. Map of the project sitesvhich includes Class 4 and 5. The map shows road
accessibility, power trasmission lineand subsubstationgEsri, 2022)

Seismic Hazarddssessment of th8ite

Conducting a seismic hazard is essential wdesidering the installation of a
solar PV system. The assessment helps to identify the potential risks and vulnerabilities

of the system to seismic activitfhe seismic hazard map of Bhutdentifies four












































































































































































































































































































