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ABSTRACT 

TECHNO-ECONOMIC ANALYSIS OF UTILITY -SCALE SOLAR PLANT IN 

BHUTAN 

Minjur 

 

Solar Photovoltaic (PV) technology, which captures energy from the sun, is a 

rapidly growing technology. Bhutanôs heavy dependence on a single energy source, 

hydropower, has become a significant concern for energy security. To address this, the 

Government of Bhutan intends to diversify energy sources using alternative renewable 

sources. 

This research determined that Bhutan has the total 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 4.85 MWp that could be built on 

17.49 acres of land. The estimated total project cost is Ngultrum (Nu.)1 238 million ($3 

million). 

The Levelized Cost of Energy (LCOE) of the Tenchhekha solar PV plant was 

estimated to be Nu. 3.63 per kWh ($0.05 per kWh). The projectôs feasibility is contingent 

upon electricity tariff rates, as indicated by the IRR. The result shows that with an 

unsubsidized tariff rate of Nu.5.06 per kWh ($0.06 per kWh), the projectôs IRR was 

 
1 Ngultrum is Bhutanese currency; 1 US Dollar ~ Nu. 80. 
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14.98 percent. However, the IRR decreased to 1.29 percent with the current generation 

electricity tariff of Nu. 1.6 per kWh ($0.02 per kWh), and 9.54 percent with the 

Mangdichhu hydropower plant generation tariff of Nu.3.64 per kWh ($0.05 per kWh). 

Therefore, to encourage the adoption of alternative renewables, particularly solar, policy 

initiatives are needed to establish tariff rates that incentivize development. 

Furthermore, additional in-depth studies, including measurement of solar 

irradiance at the location, a site survey, and a detailed analysis of project implementation 

requirements, are recommended. 
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CHAPTER 1. INTRODUCTION 

1.1 Introduction 

Bhutan is a country with an abundance of natural resources. The energy 

generation sources include the fast-flowing rivers from the Himalayan mountain ranges, 

high solar irradiation, wind resources, and a vast forest cover. Electricity is the main 

source of energy and export commodity in the country, and its generation entirely relies 

on hydropower. The total installed hydropower capacity was 2,326 megawatts (MW) 

from six large hydropower plants (Bhutan Power Corporation Limited, 2020a) in 2020, 

representing about 6 percent of the nationôs total hydropower technical potential. 

Bhutanôs energy sector makes a significant economic contribution, accounting for 

19.45 percent of domestic revenue, 34.15 percent of total export revenue, and 8 percent 

of the Gross Domestic Product (Agarwal, Gonul, Tassymov, & Khalid, 2019). During the 

monsoon season, the country exports excess energy produced by run-of-river hydropower 

facilities. The nation depends on the import of electricity when there is a power shortage 

during the lean winter months (November to March) because of the decreased water flow 

(Agarwal, Gonul, Tassymov, & Khalid, 2019). The countryôs energy imports were 

recorded at 237 gigawatt hours (GWh) in 2020 alone, a rise from 92 GWh in 2017 

(Bhutan Power Corporation Limited, 2020a). 

A total of 650,220 tons of oil equivalent (toe) of energy was consumed in 2014 

with a compound annual growth rate of 5.49 percent since 2005 (Agarwal, Gonul, 
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Tassymov, & Khalid, 2019). About 28 percent of the total energy consumed in 2014 was 

supplied by electricity. Coal, diesel, and other petroleum products make up 36 percent of 

the energy consumption, and biomass provides 36 percent. Additionally, it has been 

estimated that the nationôs average electricity demand will increase from 700 MW to 

1,219 MW between 2021 to 2030 (Department of Hydropower and Power Systems, 

2021). 

Bhutan has abundant potential for solar, wind, and biomass utilization in addition 

to its substantial hydropower resources. The daily solar irradiance is estimated at 4 to 5.5 

kWh/m2 on a horizontal surface, and the country has a total solar technical capacity of 12 

GW (Agarwal, Gonul, Tassymov, & Khalid, 2019). Compared to hydropower, solar, and 

wind possess distinct energy generation profiles. Diversification of the energy supply mix 

using alternative renewables is a probable solution to curtail the electricity shortage 

during winter and improve the countryôs energy security. 

However, the deployment of alternative renewables is still nascent, and the total 

installed capacity of small and mini hydropower currently accounts for only 9 MW. Solar 

technologies are used in both urban and rural regions for thermal applications and basic 

lighting. 

The studyôs goals are divided into two parts. The first goal is to evaluate Bhutanôs 

solar resource potential using Geographical Information System (GIS) and Analytical 

Hierarchy Process (AHP) evaluation techniques. The potential for solar resource 

development has been assessed across the country using pertinent criteria such as solar 

irradiance, surface parameters (slope and aspect), distance from existing powerlines and 
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road networks, and environmental constraints. Variations in the areaôs slope and 

elevation were also taken into account when estimating site-specific solar potential. 

In addition to that, the study also estimated the feasibility of a 4.85 MWp utility-

scale photovoltaic (PV) power plant at Tenchhekha, Thimphu, which was identified using 

the AHP method. The study assessed the topography and solar irradiance availability of 

the site and conducted an analysis related to system sizing, grid integration, financial 

viability, and LCOE. The assessment also involved conducting various sensitivity 

analyses. 

1.2 Aim of the Thesis 

The Government of Bhutan aims to increase the share of alternative renewable 

energy sources in its energy supply mix to help meet the countryôs rising energy demand 

and to mitigate concerns about the effect of climate change on hydropower (Department 

of Renewable Energy, 2013).  The installed capacity of hydropower systems in Bhutan, 

including large, small, and mini-hydropower systems, is 2. 33 Gigawatt (GW), producing 

about 11,400 GWh of energy annually (Bhutan Power Corporation Limited, 2020a).  

All the hydropower facilities are run-of-river type, and their capacity to produce 

electricity depends on the seasons and rainfall patterns. Thus, hydropower production 

reaches its maximum during the summer (July to September) and falls to its minimum in 

February (one-sixth of the summer peak production). It is worth noting that the 

availability of solar energy and hydropower in Bhutan may not align since both are 
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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 solar energy, and it would benefit from diversifying its 

energy supply through the utilization of alternative renewable sources. A resource 

assessment and feasibility study of solar power is essential for making an appropriate 

decision on investment in a project. The goals of this research are (i) to investigate the 

solar power potential in Bhutan and (ii)  to study the feasibility of installing a utility -scale 

grid-tied solar power plant at an appropriate site in Bhutan. As explained later in the 

document, the recommended project involved a 4.85 MWp solar 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, surface parameters (slope and 

aspect), distance from existing powerlines and road networks, and environmental 

constraints. Additionally, variations in the areaôs slope and elevation were considered 

when estimating the solar generation potential of the site. 

  The analysis of the feasibility of the 4.85 MWp utility -scale photovoltaic (PV) 

power plant at Tenchhekha, Thimphu, was conducted using multiple methods. They 

included an assessment of the topography of the site and an estimation of the locally 

available solar irradiance, a determination of system sizing, and an analysis of the 

projectôs cost. A grid integration assessment, financial viability analysis, and a 
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determination of the impact of variations in input parameters on the Levelized Cost of 

Electricity (LCOE) were also evaluated in the study. 

1.3 Overview of the Thesis 

The research document includes a detailed study that examines solar resource 

potential and the feasibility of a utility-scale solar PV system in Tenchhekha, Thimphu, 

Bhutan. The report consists of six chapters that cover various aspects of the study. 

Chapter 1 provides 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 topic of energy resource potential including 

hydropower, solar, and wind, and the energy consumption in Bhutan. It also covers 

literature reviews on the global current state of solar technology, its benefits, and 

challenges, and provides an overview of relevant studies and research. 

Chapter 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 potential in Bhutan and identifies the best 

locations for the solar PV project based on several factors including production, costs, 

and environmental criterion. 

Chapter 4 of the report focuses on the methodological framework for studying the 

feasibility of the utility -scale solar Photovoltaic (PV) system, in Bhutan. The chapter 

begins by analyzing the site assessment, which involves evaluating the topography, land 

uses, and infrastructure availability. 
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The next section of the chapter covers solar resource assessment, which involves 

collecting and analyzing data on solar radiation of the identified solar PV project site. 

Furthermore, the chapter discusses the selection of PV technology and system design. 

This involves considering factors such as panel efficiency, durability, and cost-

effectiveness, as well as designing systems to maximize energy production. In addition, 

the chapter analyzes the energy production from PV power and provides the cost 

estimates for the project. The final section of the chapter covers the financial analysis of 

the project. This involves evaluating NPV, IRR, and LCOE. 

Chapter 5 presents the result 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 system design and analysis. The chapter 

also presents the findings on the estimated energy production and cost for the project. 

Chapter 6 offers a conclusion and recommendation. The chapter summarizes the key 

findings from the feasibility study and presents recommendations for promoting 

alternative renewables, particularly solar power. 
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CHAPTER 2. LITERATURE REVIEW 

2.1 Country Background 

Bhutan is a tiny and landlocked country in South Asia with a total land area of 

approximately 38,400 km2. It is situated between China on the north and west borders, 

and India on its south and east borders (Figure 1). Bhutan has a population of 763,251, 

with a 1.12 percent yearly growth rate (National Statistics Bureau, 2020). The landscape 

extends from sub-alpine Himalayan mountains in the north to subtropical plains in the 

south. About 52.65 percent of the area is higher than 2,600 m, ranging from 100 m in the 

south to 7,500 m in the north. About 50 percent of the land area has a slope larger than 50 

percent. 

 

Figure 1. Location of Bhutan on the World Map (On the World Map, 2023) 
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About 71 percent of the country is covered with forests, with 51.44 percent being 

within protected regions (Rai, et al., 2016). Only 3.5 percent of Bhutanôs overall land 

area is used for commercial forest production purposes. The shrubs (9.7 percent), snow 

cover (5.4 percent), rocky outcrops (4.2 percent), alpine scrub (3.4 percent), cultivated 

agricultural land (2.8 percent), and meadow makes up the remaining land cover (Rai, et 

al., 2016). 

Despite being one of the smallest countries in South Asia, Bhutan has one of the 

fastest-growing economies. Gross Domestic Product grew from $0.6 billion in 2000 to 

about $2.31 billion in 2021 with an average annual growth rate of 6.18 percent (The 

World Bank, 2023). Mining and quarrying (28.27 percent), transport and communication 

(16.21 percent), construction (8.70 percent), and electricity and water supply (3.69 

percent) are the main economic contributors (National Statistics Bureau, 2020). 

Bhutan has a unique holistic and sustainable development strategy that sets a high 

emphasis on citizen well-being and environmental preservation. This development 

strategy is built on four pillars: good governance, environmental conservation, 

sustainable socio-economic development, and the preservation and promotion of culture 

(GHN Center Bhutan, 2022). 

2.2 Energy in Bhutan 

Energy Production 

 Energy is a driving factor for the development, economic growth, and well-being 

of the people. Bhutan is blessed with various forms of renewable energy sources 
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including large, small, and mini hydropower potential. Additionally, the country also has 

significant promise for solar, wind, and biomass energy resources. According to the 

estimates, the nationôs hydropower potential is 30 GW, of which 23.76 GW is techno-

economically feasible for development (Department of Renewable Energy, 2015). The 

theoretical potential of solar PV for power generation is estimated at 3,706.32 GW, with 

a total restricted potential of 12 GW (Fichtner GmbH & Co. KG, 2016). 

The total restricted potential of wind is estimated at 761 MW, with the 

Wangduephodrang District in the northwest accounting for 18.5 percent, followed by the 

southern district (Chhukha) at 12 percent (Department of Renewable Energy, 2015). 

The main source of electricity generation in Bhutan is produced from large 

hydropower plants, and an insignificant amount of energy needs are met from the small 

and mini-hydropower plants and other sources. Bhutanôs installed power generation 

capacity in 2020 was 2.34 GW, only 6 percent of the total technically feasible 

hydropower potential. 

In 2020, about 81 percent of the total electricity generated from hydropower was 

exported to India (Bhutan Power Corporation Limited, 2020a). However, during the lean 

season, when domestic demand exceeds the energy supply, Bhutan relies on imported 

electricity from India. In 2016, electricity imported from India was 110.64 GWh, which 

soared to 237 GWh in 2022 (Bhutan Broadcasting Service, 2023). 

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

2014, the import of fossil fuels including diesel, coal, and liquified petroleum gas totaled 
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227,858 toe, with diesel accounting for more than half of the total imports (Department of 

Renewable Energy, 2015). 

Bhutan has not built utility-scale alternative renewable energy projects (solar and 

wind) despite having a lot of potentials. Solar PV is limited to off-grid systems in rural 

areas for a small-scale pilot deployment. Similarly, wind technology is also in pilot 

deployment, and the 600 kW pilot wind power plant was constructed at Rubesa in 

Wangduephodrang District in 2016 (Bhutan Broadcasting Service, 2016). 

Energy Consumption 

A total of about 650,220 tons of oil equivalent (toe) of energy was consumed in 

2014 in Bhutan. Thermal energy, which supplied 72 percent of the countryôs total energy, 

was followed by electricity which supplied 28 percent of the demand (Department of 

Renewable Energy, 2015). The 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 briquettes. Petroleum products made up 21 percent followed by industrial use 

of coal and its by-products at 15 percent (Figure 2) 
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Figure 2. Bhutanôs total energy supply from different energy sources including 

electricity, coal, and petroleum products in units of tons of oil equivalent (toe) in 2014 

(Department of Renewable Energy, 2015) 

 

The building sector had the highest energy consumption accounting for 41.58 

percent of the total energy used in 2014 (Department of Renewable Energy, 2015). The 

residential sector under the building sector accounted for 33 percent, which is primarily 

used for lighting, heating, and cooking. The countryôs energy consumption in the industry 

sector accounted for 241,972 toe (37.22 percent) in 2014. With 50 percent of the sectorôs 

Biomass: 234,369 toe

Electricity: 180,092 toe

Coal: 97,567 toe

Petroleum 

Products: 

138,192 toe
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overall energy consumption, the industries that use high voltage is the largest user in the 

industrial sector (Department of Renewable Energy, 2015).  The energy used in the 

transportation sector was 18.64 percent (121,972 toe), and the least energy was used by 

agriculture and other auxiliaries at 2.56 percent (Figure 3) 

 
Figure 3. Bhutanôs total energy consumption by sector-wise in building, industry, 

transport, and agriculture in 2014 (Department of Renewable Energy, 2015). 

 

2.3 Photovoltaic Systems 

The PV system consists of an array of solar panels installed on a support 

framework and oriented toward the sun to maximize efficiency. PV power plants 
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generate electricity from solar energy that is absorbed by the panel as direct and diffused 

radiation. PV power plants depend on solar radiation that varies daily and seasonally 

depending on the location of the sun. 

The grid-tied system consists of solar modules, mounting structures, inverters, 

cables, and transformers. Figure 4 shows the different components and subsystems of a 

grid-tied PV system. The solar panels generate DC (direct current) electricity, which is 

then fed into the 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. 

 

Figure 4. The main components of the grid-tied PV system showing PV modules, 

inverters, transformers, and system protection devices (Zsiboracs, Baranyai, Csanyi, & 

Vincze, 2019) 

 

The inverter transforms the DC electricity produced by the solar array into 

Alternating Current (AC), suitable to integrate with the grid system. The transformer is 

placed in between the inverter and the utility grid. Its main function is to step up and step 
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down the voltage of the AC power output from the inverter to match the voltage level of 

the utility grid. 

2.4 Solar PV Modules 

Photovoltaic modules are devices that convert sunlight into electricity. Modules 

comprise many interconnected individual photovoltaic cells, which are typically made of 

layers of silicon, phosphorus, and boron (Bagher, Vahid, & Mohsen, 2015). Silicon is the 

most commonly used semiconductor material in solar panels, but other materials such as 

cadmium telluride, and copper indium gallium selenide are also used in thin-film solar 

panels. 

Solar modules are categorized into three main types: monocrystalline silicon, 

polycrystalline silicon, and thin film (Bagher, Vahid, & Mohsen, 2015). Monocrystalline 

silicon modules are typically the most efficient and expensive, and thin-film modules are 

generally the least efficient and the least expensive. 

Polycrystalline silicon modules fall in between in terms of efficiency and cost. 

However, the efficiency and cost of solar panels 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 about 22 

percent, followed by polycrystalline modules' efficiency of about 17 percent, and thin 

film modules with an average efficiency of around 13 percent. 
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 The efficiency and the cost of solar PV modules depend on the types of 

technology and 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 

that the system is both effective and cost-effective. 

Monocrystalline Panels 

A monocrystalline cell is made from pure silicon of a single crystal, which is a 

part of the first generation of PV cells. The technology was created in the early 1950s and 

employs a wafer that is about 0.3 mm thick (Solar Square, 2022). Monocrystalline cells 

are more efficient due to the increased space available for an electron to move, which 

results from being made up of a single crystal (Solar Square, 2022). 

Additionally, they are less affected by high temperatures enabling them to 

generate electricity more efficiently. Although monocrystalline solar panels are more 

expensive due to their complex manufacturing process, they have an efficiency of 17-22 

percent (Solar Reviews, 2023). 

Monocrystalline solar panels are the best options for the area where space is 

limited due to their high efficiency, producing more electricity per unit of area. The 

worldwide monocrystalline market was valued at $4.10 billion in 2021, and in 2029, it is 

anticipated to increase by $7.11 billion (Data Bridge, 2022). 

Polycrystalline Panels 

Polycrystalline solar modules are made of multiple silicon crystals. The cells are 

produced by melting silicon shards and pouring them into a square container (Bagher, 

Vahid, & Mohsen, 2015). The efficiency of polycrystalline varies from 15 to 17 percent, 
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which is lower than that of monocrystalline. However, the polycrystalline moduleôs 

efficiency is greater than amorphous silicon (Solar Reviews, 2023). 

The primary benefit of this technology, despite its lower efficiency, is lower cost 

because of the simple manufacturing process. The high demand for renewable energy 

sources and an increase in power demand are driving the polycrystalline market. The 

market for polycrystalline technology was valued at $25.20 billion in 2021, and the 

expected to reach $35.80 billion by 2029 (Data Bridge, 2022). 

Thin Film Solar Panels 

Amorphous silicon, copper, indium gallium selenide, and cadmium are the main 

materials used in various types of thin-film solar cells. Thin film technologies perform 

well at high temperatures but need a lot of areas to produce the same amount of power 

compared to monocrystalline and polycrystalline modules. The primary disadvantage of 

thin film technology is that it is less efficient than mono- and poly-crystalline modules, 

with a maximum efficiency of 10 to 13 percent (Solar Reviews, 2023). 

Thin-film solar panels are desirable options due to their lower production costs, 

increased flexibility, and better tolerance to high temperatures and shading (Smart Solar, 

2018). The thin film market was valued at $5.31 billion globally in 2021, and it is 

anticipated to reach $22.80. billion by 2029 (Data Bridge, 2022). The market for thin film 

modules is expanding due to factors such as the increasing demand for renewable energy 

sources and the need for sustainable energy solutions. 
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Other Technologies 

An in-depth investigation is being conducted into new emerging technology to 

improve the efficiency of silicon cells. Spherical cells, organic cells, dye-sensitized, and 

many others are emerging technologies. Due to the low production cost and simplicity of 

construction, dye-sensitized solar cells have recently gained attention (International 

Finance Corporation, 2015). 

2.5 Solar Radiation 

Solar radiation is a form of energy that travels from the sun to the Earthôs 

atmosphere in the form of electromagnetic radiation. It is an essential component of solar 

PV systems, providing the necessary energy to generate electricity. The sunôs energy is 

harnessed by solar PV systems, to produce renewable and clean energy for a wide range 

of applications. The measurement of solar radiation is essential for the design and 

operation of solar PV systems. 

Satellite-derived data and ground-based data are two primary sources of solar 

resource data (International Finance Corporation, 2015). Satellite-based data is useful for 

analyzing solar resources owing to its large geographical coverage and long-term 

historical data availability. Additionally, it also provides various solar radiation 

components, including Direct Normal Irradiance (DNI), Diffuse Horizontal Irradiance 

(DHI), and Global Horizontal Irradiance (GHI) with different spatial resolutions 

(International Finance Corporation, 2015). Satellite-derived data is useful for designing 

PV systems, especially in areas where ground-based measurements are limited. 
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Pyranometers and sun trackers are commonly used instruments for measuring 

solar radiation. A pyranometer measures the total amount of incoming irradiance on the 

Earthôs surface, whereas sun trackers measure the direction of the sun's radiation. 

Ground-based measurements provide a reliable method of assessing solar radiation, and 

this approach is typically used in the design and optimization of PV systems. 

Solar radiation is composed of three main major components, namely, Direct 

Normal Irradiance (DNI), Diffuse Horizontal Irradiance (DHI), and Reflected radiation 

(Figure 5). 

 

Figure 5. A main proportion of solar irradiance by component, showing diffuse reflected 

and direct radiation (Chalkias, Faka, & Kalogeropoulos, 2013) 

 

DNI refers to the portion of irradiance that is delivered directly to a surface from 

the sun in the form of a beam, without being dispersed by the atmosphere (International 
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Finance Corporation, 2015). DNI is essential for solar energy generation by the PV 

system, concentrated solar systems, and tracking PV systems. Reflected solar irradiance 

is a portion of solar radiation that is bounced back by surfaces, including buildings, trees, 

and ground. 

DHI is the portion of solar irradiance that is dispersed or scattered by the Earthôs 

atmosphere and reaches the surface of the Earth from various directions (Chalkias, Faka, 

& Kalogeropoulos, 2013). It is less intense compared to direct radiation. GHI is the 

overall solar irradiance collected by a horizontal surface, which includes both the 

component of direct and diffuse (Gurupira, 2018). GHI is a crucial parameter in the 

designing and optimizing of PV systems, and it is influenced by factors such as the tilt 

angle and the sunôs position, atmospheric conditions, and reflectivity. 

Solar radiation is a highly intermittent resource that is influenced by time of day, 

time of year, weather, latitude, and altitude, and hence understanding the variability of 

solar resources is essential for designing PV systems (International Finance Corporation, 

2015). Numerous models are available for forecasting solar resources, including satellite-

based and ground-based models, which are used to estimate the energy yield of PV 

systems. Solar radiation historical datasets and modeling are essential for conducting the 

feasibility study of solar PV projects. 

Global Tilted Irradiance 

Global Tilted Irradiance (GTI) is the total solar energy received on a unit area of a 

titled surface (International Finance Corporation, 2015). It is a critical factor in the 

development and performance of solar PV systems, as it determines the amount of solar 



20 

 

  

energy converted into electricity by the solar panels. Accurate estimation of GTI requires 

the use of transposition models that converts horizontal irradiance measurements to 

irradiance on a tilted surface (Table 1). 

Table 1. Transposition models for estimating Global Tilted Irradiance from the Global 

Horizontal Irradiance and their input variables (Gurupira, 2018) 

 

The isotropic model assumes that the diffuse irradiance on tilted surfaces 

corresponds to the diffuse radiation on horizontal surfaces. The model assumes that the 

sky is equally bright in all directions. Perez's transposition model takes into account 

atmosphere parameters such as air mass, and water vapor contents. The model uses 

empirical coefficients to calculate the GTI. The Hay and Davies Model is widely used for 

estimating GTI from horizontal irradiance measurement. This model assumes the diffuse 

irradiance on the tilted surface is proportionate to the diffuse irradiance on horizontal 

surfaces and the direct irradiance on a tiled surface depends on the angle of incidence of 

the sunôs ray. 

The Klein and Theilacker Model (KT) model is commonly used for estimating 

solar irradiance on tilted surfaces. The model takes into account the effect of the tilt 

angle, orientation, and shading, and uses extraterrestrial irradiance, air mass, atmospheric 

transmittance, and diffuse radiation as input (Duffie & Beckman, 2013). 

Model Input variables 

Isotropic DHI, tilt angle 

Perez 
DHI, DNI, tilt angle, extraterrestrial radiation,  

the angle of incidence, air mass, 

Hay-

Davies 

DHI, DNI, tilt angle, zenith angle, extraterrestrial radiation, 

solar azimuth angle 
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Several studies have compared the performance of the KT Model with other 

models for estimating solar irradiance on tilted surfaces and found that the KT Model 

gave better results for the tilted surfaces compared to the Perez Model (Chouder, 

Silvestre, & Rael, 2012). Additionally, the KT Model also performs better than the Hay 

and Davies Models for various tilt angles and orientations (Kudish & Evseev, 2017). 

GTI depends on various factors, including the sunôs position, the latitude, and 

longitude of the location, the orientation of panels, DNI, DHI, and ground reflectance 

(International Finance Corporation, 2015). The orientation and tilted surface can be 

optimized to capture the maximum amount of solar radiation throughout the day. GTI is 

important for designing PV systems to maximize energy production and efficiency. 

Solar Radiation Data Source 

Satellite-based measurement is a critical source of solar resources for designing 

and operating solar PV systems. These datasets are available in various degrees of 

accuracy, period, geographical coverage, and resolution (International Finance 

Corporation, 2015). The other source of solar radiation is ground-based measurement. 

Ground-based instruments such as pyranometers and pyrheliometers measure the amount 

of solar irradiance received by the earth's surface. 

Some of the most common sources of satellite-based datasets include SolarGIS, 3 

Tier, PVGIS, NASA-POWER, and Meteonorm (Table 2). These tools provide solar 

radiation and energy yield data for various locations across the globe (International 

Finance Corporation, 2015). 
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Table 2. Sources of solar resource data from various satellites: Coverage and data 

accessibility, and timescale (International Finance Corporation, 2015) 

Satellite database Coverage Types 

SolarGIS Regions between 60oN, 50oS Commercial 

3 Tier Global coverage between 48oS,60oN commercial 

Meteonorm Global, from 1981- 2010 for most regions Commercial 

NASA-POWER Global, 1981-2005 Free 

PVGIS-Classic Global, 1981 -1990, Free 

PVGIS ClimSAF Africa and the Middle East, 1985-2004 Free 

 

By providing accurate information on the amount and variability of solar radiation 

at a certain location, satellite-based data can be utilized to determine the optimal size and 

orientation of PV panels, predict energy output, and optimize system performance. 

2.6 Module Mounting Structure 

The module mounting structures are crucial components in the efficient operation 

of a solar power plant for both utility and rooftop applications. The main purpose of a 

mounting structure is to provide support to solar modules and optimize a tilt  angle and 

module orientation to maximize solar energy generation. Mounting structures are usually 

fabricated from aluminum or steel and are designed to meet load conditions and 

withstand severe climatic conditions. Mounting structures should also include a corrosion 

protection system depending on the site location to 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 mounts (Saur Energy International, 2017). 

Roof mount PV structures are used in residential and commercial rooftop installations. 
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These types of structures are installed parallel to the roof surface, which maximizes the 

amount of space for solar panel arrays. 

Tracking systems are used in some cases. Tracking mounts are often equipped 

with a sensor that allows the solar modules to follow the sunôs direction and maximize 

the energy produced by the PV power plant. These structures can be further classified 

into single-axis and dual-axis, and they are commonly used in ground-mounted utility -

scale PV systems. 

When selecting a PV mounting structure, important factors to consider include 

cost, installation type, lifespan, and corrosion resistance (International Finance 

Corporation, 2015). A well-designed mounting structure can improve the efficiency and 

lifespan of a PV system, making it a key consideration for solar projects. 

2.7 Inverters 

PV arrays produce direct current (DC) power, which cannot directly feed into the 

grid. The inverter is an essential device to convert DC electrical power generated by the 

PV power plant into alternating current (AC) power with the required voltage and 

frequency (Klever, 2018). The efficiency of an inverter is an essential factor in its 

operation, as inverter efficiency varies depending on input power and voltage. Inverters 

are classified as either single-phase or three-phase, with single-phase inverters suitable 

for low-power systems, such as small residential PV systems, and three-phase inverters 

for higher-power systems (Klever, 2018). 



24 

 

  

Inverters come in distinct configurations, depending on their size and connection 

to the grid. In a stand-alone system, the inverter creates a power grid for the PV system. 

However, in a grid-connected system, the inverter must synchronize with the voltage and 

phase of the external grid to ensure that the solar system operates safely and efficiently 

(Office of Energy Efficiency and Renewable Energy, 2023). 

The selection of a suitable inverter is crucial for the optimum performance of the 

PV system.  Grid-connected systems use various inverter topologies including central 

inverters for a PV array, string inverters for a string of PV modules, and module inverters 

for individual PV modules (Kolantla, Mikkili, Pendem, & Desai, 2020). 

 

Figure 6. PV inverter topologies showing, (a) Central Inverter, (b) String Inverter, (c) 

Micro multi-string Inverter, and (d) AC module Inverter (Ebrahimi, Moghassemi, & 

Olamaei, 2019) 
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In a central inverter topology, a large group of PV arrays is connected to one 

inverter to reach an adequately high system voltage. Only one set of the control unit 

(sensors and monitoring) is required in this configuration, and hence it is applicable for 

large-scale PV plants from an economic point of view. In addition to large mismatch 

losses, the central inverter topology can be less reliable than the string and microinverter 

due to a lack of redundancy (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 micro-inverters, 

most of the system can continue to operate if one of the inverters fails. The capacity of 

the central inverter typically ranges from 100 to 1,000 kilowatts (kW) with three-phase 

topologies designed for large-scale PV power plants inverter (Ebrahimi, Moghassemi, & 

Olamaei, 2019). 

In a string inverter topology, each PV string is tied to an individual inverter. The 

mismatch losses are low in this arrangement, thus yielding higher energy. String inverter 

topology is applicable for medium power that ranges from 1 to 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 large-scale residential and 

commercial applications ranging from 10 to 30 kW (Kolantla, Mikkili, Pendem, & Desai, 

2020). In an AC- module configuration, each PV module is connected to a micro-

inverter. This configuration allows each module to operate independently, which 
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minimizes losses caused by the mismatch between the PV modules and increases energy 

(Ebrahimi, Moghassemi, & Olamaei, 2019). 

2.8 Transformer 

A transformer is an inductive electrical device used for changing the alternating 

current voltage from one circuit to another. A common application of transformers is to 

step-up the inverter output voltage for interconnection to the utility grid depending upon 

the grid connection point and requirements. Transformers are typically classified into 

different types depending on their construction and purpose (Table 3). 

Table 3. Types of electrical transformers based on design, electric supply, purpose, use, 

and cooling system (D and F Liquidator, 2023) 

Classification Types 1 Type 2 

Design Core-type transformer Shell-type transformer 

Electric Supply Single-phase Three-phase transformers 

Purpose A step-up  Step-down transformer 

Use Power transformer Distribution transformer 

Cooling Oil-filled transformer Air -cooled transformer 

 

Grid and distribution transformers are the two key categories of transformers used 

in solar PV plants (International Finance Corporation, 2015). Distribution transformers 

are utilized to boost the output voltage from the inverter to the collection system of the 

plant, which typically operates at distribution voltage. After the PV plant is connected to 

the distribution network, the power from a PV system is exported directly to the grid. The 

grid transformer is employed to further step up the PV power plant voltage to connect to 

the electrical grid. 
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Selecting the appropriate transformers for PV plants is essential and entails 

considering various critical factors. The total losses and efficiency of the transformer are 

particularly important and are influenced by load and no-load losses. Other factors such 

as power rating, construction, and site conditions, should also be considered to ensure 

optimal transformer performance and longevity (International Finance Corporation, 

2015). 

2.9 Switchgear 

The electrical switchgear is the set of switches, fuses, isolators, or circuit 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 metal-clad cubicle type with gas or air-insulated busbars and vacuum 

or Sulphur Hexafluoride (SF6) breakers (International Finance Corporation, 2015), 

The switchgear must meet the International Electrotechnical Commission (IEC) 

standards and/or national electrical code (NEC) requirements and be rated for operational 

and short-circuit current conditions (International Finance Corporation, 2015). Figure 7 

shows a single-line diagram showing the voltages of operation for the AC system of a 

solar power plant. 
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Figure 7. Typical transformer locations and voltage in utility-scale solar photovoltaic 

power plants (International Finance Corporation, 2015) 

 

2.10 DC and AC Cables 

 DC and AC cabling are the two major types of electrical conductors used in PV 

systems. DC cables are used to connect individual modules to the input side of inverters, 

while AC cables connect the output of the inverter to the grid. The cables transfer power 

safely and efficiently from the modules to the grid electricity. The cable should be rated 

for the correct voltage and current capacity considering the short-circuit current. 
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The voltage limit of the cables should be determined by the open circuit voltages 

of the PV modules and the minimum temperature at the installation site. Additionally, the 

cables must be able to handle reverse currents in the PV array, and their sizing must take 

into account factors such as installation methods, number of cores, and temperature. 

When selecting cables for PV systems, both AC cable and DC cables, losses 

should be considered, especially when the cable is lengthy. To ensure efficient power 

transmission, it is essential to minimize losses and voltage drops in cables. Ideally, the 

voltage drops should be limited to a maximum of 3 percent. When choosing cables for 

PV systems, it is essential to meet the requirement of IEC and/or national standards 

(International Finance Corporation, 2015). 

2.11 Performance of Photovoltaic System 

Specific Yield 

To evaluate the performance of a PV plant, the specific yield metric is used 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 calculated by dividing the total annual energy 

produced by the PV system by its installed solar capacity, as shown in Equation 1. 

Specific 9ieÌd = 
Total Energy (kWh)

  Peak Capacity (kWp)
  (1) 

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 tilting the modules or using tracking technology. The specific yield of a 

solar PV system at a given site can be increased by optimization of module tilt and 

orientation, utilization of tracking technology, and minimization 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, 2015). A high PR signifies that a plant is more 

effective in converting solar irradiation into useful energy. 

PR is defined as the ratio between the actual AC yield and the theoretical yield 

that could be generated if modules convert all the received solar irradiation into energy. 

Equation 2 is used to calculate the performance ratio. 

PR = 
Total AC Energy Output (kWh)

  Calculated Nominal Output (kWh)
 (2) 

Where, PR is the performance ratio, and the nominal energy plant output is the 

total annual incident solar irradiation at the surface of the PV plant. 

The PR provides an overall picture of the impact of system losses on the rated 

capacity, including losses from module efficiency, temperature, inverter efficiency, 

cabling, shading, and soiling. As environmental conditions affect PV plant losses, the PR 

also varies with seasonal changes, with a typical variation of 77 to 86 percent in a well-

designed plant that operates under normal temperatures (International Finance 

Corporation, 2015). 
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Capacity Factor 

The capacity factor (CF), expressed as a percentage, of a PV plant, is determined 

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, 2015). The CF is calculated by Equation 3 

#& = 
Total  %ÎÅÒÇÙ 0ÒÏÄÕÃÅÄ  (kWh)

    -ÁØÉÍÕÍ 0ÏÓÓÉÂÌÅ %ÎÅÒÇÙ /ÕÔÐÕÔ Ë7È)
 (3) 

 

Where CF is the capacity factor. 
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CHAPTER 3. SOLAR POTENTIAL ASSESSMENT IN BHUTAN 

3.1 Introduction 

Solar energy is widely promoted worldwide as a resilient substitute for non-

renewable energy supply. Optimizing 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 site-specific assessment before installing a solar plant is essential. 

The objective of this study is to examine a solar resource assessment across 

Bhutan by employing the combination of Geographical Information System (GIS) 

analysis and Analytical Hierarchy Process (AHP) methods. The study covers the entire 

Bhutan region, where GIS software tools were utilized to analyze various datasets such as 

digital elevation model (DEM), land use and land cover (LULC), parks and biological 

corridors, settlements and cadastral, and data sets of global irradiance at optimum tilt  

angles. 

An AHP model approach was applied to identify prospective solar sites, and solar 

potential based on main criteria including production, cost, and environmental 

constraints. The study also employed serval sub-criteria to evaluate potential solar sites 

such as solar irradiance, slope, aspect, and distance from the transmission lines and road 

networks. 
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3.2 Analytical Hierarchy Process (AHP) 

The use of GIS has become increasingly utilized in renewable energy fields to 

module site suitability and assess environmental factors (Algarin, Lananos, & Castro, 

2017). AHP was developed by Thomas L. Saaty in 1970 as a decision-making tool, 

which is utilized for solving problems involving multiple criteria (Passage Technology, 

2023). AHP is helpful in the decision-making process, which is based on mathematics, 

and is a powerful tool that can be used for ranking and also analyzing economic and 

social conditions (Algarin, Lananos, & Castro, 2017). 

Integrating AHP methods with GIS is a suitable approach for identifying 

appropriate locations for solar farms, as the evaluation of solar potential involves not only 

technical aspects but also social, economic, and environmental factors. The first step in 

the AHP method involves defining the problems by breaking them down into a hierarchy 

of criteria and sub-criteria. The hierarchy helps to identify the relationship between the 

criteria and sub-criteria. A pair-wise comparison involves comparing the criteria and sub-

criteria against each other using a scale of 1 to 9, where 1 represents equal importance, 

and 9 represents extreme importance (Algarin, Lananos, & Castro, 2017). 
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Table 4. The AHP rating scale and corresponding definitions for rating importance in 

AHP analysis (Algarin, Lananos, & Castro, 2017) 

Scale Definition 

1 Equal importance 

3 Moderate importance of one above another 

5 Essential or strong importance 

7 Very strong importance 

9 Extreme importance 

2,4,6,8  Intermediate values between the two adjacent judgments  

 

The calculation of the weight involves calculating the relative weights of the 

criteria and sub-criteria based on the results of the pairwise comparisons. The weights 

represent the importance of each criterion and sub-criteria in achieving the objective of 

the project (Algarin, Lananos, & Castro, 2017). 

The final steps include 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 to assess the consistency of the data, and weights are considered 

reliable if the CR is less than 0.10 (Algarin, Lananos, & Castro, 2017). 

3.3 Previous Studies 

Solar Potential Assessment using AHP 

Choi and Munkhbat (2021) assessed GIS-based suitability analysis for solar 

power systems in Mongolia. This study used GIS and AHP to assess site suitability using 

criteria including solar radiation, slope, aspect, distance from roads and power lines, 
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temperature, and elevation. The study assigned the highest weight of 43 percent for solar 

radiation, followed by 12 percent for slope. The other criteria, temperature, elevation, 

aspect, distance from the road, and distance from the power line were assigned 7%, 6% 

11%, 9%, and 12%, respectively (Munkhbat & 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 (23.8%) (Albraheem & Alabdulkarim, 2021). 

The previous studies reviewed have demonstrated the usefulness of AHP methods 

in assessing solar potential at various locations. Each study employed similar criteria and 

weights, and they found that solar radiation was a crucial factor in determining site 

suitability for solar PV installations. However, the weight assigned to each criterion can 

vary depending on the specific site conditions. 

Solar Resource Assessment in Bhutan 

In 2009, the National Renewable Energy Laboratory conducted the first study on 

the potential for solar development in Bhutan, which evaluated the potential under two 

different scenarios (Gilman, Cowlin, & Heimiller, 2009). Scenario 1 found a total power 

potential of about 58 GW in Bhutan, while Scenario 2 estimated a potential of about 3 

GW based on more restrictive criteria (Table 5). 
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Table 5. Assessment of solar power potential and energy generation potential by NREL in 

2009. Criteria, power, and energy potential for different scenarios (Gilman, Cowlin, & 

Heimiller, 2009) 

Scenario Criteria 

Power 

potential 

(MWp) 

Energy 

potential 

(GWh) 

Scenario 1 

¶ 5 % of the area available 

¶ 30% ground coverage ratio 

¶ 10% array efficiency 

58,300 90,900 

Scenario 2 

¶ Slope < 5% and 

transmission line within 5 

km 
¶ Project capacity > 1 MWp 

¶ PV density of 44 MW/km2 

2,957 9,319 

 

The study findings indicate that the solar resource across the country is favorable 

for solar PV development. The annual average global horizontal radiation ranges from 4 

to 5.5 kWh/m2, making it an attractive option for harnessing solar energy. 

Likewise, in 2015, Fichtner GmbH and Co. KG conducted an assessment of both 

the theoretical and technical potential of solar energy development for Bhutan. The report 

estimated a theoretical potential of 6 TW in an assessment that did not consider 

constraints or restrictions (Fichtner GmbH & Co. KG, 2016). They then carried out an 

estimate of the technical potential through a study involving criteria including the 

exclusion of areas with elevation >4,000 m, protected areas, and land with slope >30o. 

They also considered criteria related to land use and land cover (LULC), distance 

from the nearest transmission line, and distance from the road network. With all these 

restrictions, the total technical potential was estimated at 12 GW with an annual 

electricity generation of 20,025 GWh. The report additionally concluded that solar 
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irradiance in Bhutan is sufficient for developing the solar PV system for power 

generation at scale. 

3.4 Study Area for Solar Potential Assessment 

 This research project aimed to assess solar power potential in Bhutan and 

considered all regions within the country. Bhutan is nestled between China in the North, 

and India in the South. Bhutan is situated between 88o 45ô and 92o 10ô longitude East and 

25o 42ô and 28o 15ô latitude North (Figure 8). Bhutanôs landscape is characterized by 

steep mountains and deep valleys, with rugged mountain terrain and elevations ranging 

from 160 meters at the southern foothills to more than 7,000 m in the northern mountain 

ranges. The country has an area of 38,394 km2 and is divided into twenty administrative 

districts (UNESCAP, 2021). 
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Figure 8. National parks, wildlife sanctuaries, nature reserves biological corridors (light 

blue), and Districts (black outlines) of Bhutan (Lham, et al., 2021) 

 

About 70 percent of the area in the country is under forest cover, and most of 

these areas are part of a National Park protected by the constitution of Bhutan. The next 

largest land category is the area covered by shrubs, at 9.74 percent. Only 0.02 percent of 

the total territory is categorized as non-built-up. Non-built-up areas are land areas where 

the natural or semi-natural cover has been altered due to human activities. These areas 

include sites of mining, quarrying, waste dumping, and other types of land extraction. 

The alpine scrub, non-built-up, meadow, and shrubs categories add up to an area of about 

6,010 km2 and account for 15.65 percent of the total area of the country (Rai, et al., 

2016). 
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3.5 Methodology for Studying Solar Potential in Bhutan 

The study adopted the GIS-based AHP process as a methodology to perform the 

site suitability analysis for solar resource assessment. The main criteria were classified 

into energy production, economic, and environmental categories and with sub-criteria in 

each category as shown in Figure 10. Land Use and Land Cover, forest and parks, 

biological corridors, settlement, and cadastral are used as the constraint criteria in this 

study. The methods adopted in this analysis are shown in Figure 9. 
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Identify the study area 

Objective of the 

study

Develop criteria and 

constraints for selecting 

suitable solar sites

Data collection

Spatial Analysis (slope, 

aspect etc) and reclassify 

Weighted Overlay 

 Production, Cost and 

environmental criteria 

Data sources

- National Land Commission 

of Bhutan

- Word Bank or SolarGIS

- Bhutan Power Corporation

AHP analysis 

Criteria weights

Feasible  areas identified

Determine power and 

energy potential  within  

feasible areas.

If CR<0.10
YesNo

 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 of Criteria and Definition 

Research studies using GIS to analyze the solar resource assessment consider 

various requirements, such as environmental factors, the topography of the land, land use 

restrictions, social concerns, road networks, and electrical infrastructure (Algarin, 

Lananos, & Castro, 2017). As noted above, this study considered criteria and constraints 

in three categories, including energy production, cost factors, and environmental 

constraints, based on a review of literature sources (Albraheem & Alabdulkarim, 2021) 

and expert knowledge. Additionally, the study identified five sub-criteria in the energy 

production and cost factors categories, and five environmental constraints related to these 

categories are shown in Figure 10. 

 

Figure 10. Criteria, sub-criteria, and constraints for 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, including energy 

production, cost factors, and environmental considerations. 

Energy Production

ÅSolar Irradiance

ÅSlope

ÅOrientation (Aspect)

Cost Factors

ÅDistance from a 
power line

ÅDistance from road 
network

Environmental Factors 

ÅLand Use Land Cover

ÅCadastral map

ÅElevation

ÅParks and biological 
corridors

ÅSettlement areas
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Solar radiation is a crucial factor as it helps determine the amount of solar energy 

that is produced at a specific location. Areas with high solar radiation are more suitable 

for projects. A shading analysis is an essential component of solar potential. Shade can 

have a significant impact on the efficiency of solar panels, reducing the amount of solar 

energy they can convert into electricity. Slope and aspect are important factors that can 

significantly impact the performance of solar PV systems, as they can influence the 

amount of solar radiation that a solar panel receives. 

Furthermore, a steeper slope also increases the cost of construction for solar 

energy projects, and a south-facing surface is typically preferred for higher solar energy 

production. Therefore, it is essential to evaluate the slope and aspect of the land when 

conducting the solar resource assessment. The study considered areas with slopes less 

than 20 degrees and aspects ranging from the southeast to southwest orientations. 

The distances from transmission lines and the road network are important criteria 

because they can affect the cost of installation and maintenance of the project. The closer 

the location to roads and transmission lines, the easier it is to transport equipment and 

components, and the cheaper it is to connect the solar energy system to the grid. 

Therefore, it is critical to consider these distances when evaluating the suitability of sites 

for solar project development (Table 6). 
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Table 6. Definition of proposed criteria, and restrictions used in the solar resource 

assessment in Bhutan 

Criteria Descriptions Standards and restrictions 

 

Solar 

Irradiance (C1) 

 

The most crucial factor in finding 

suitable locations for solar power 

plants. Preferred locations receive 

high amounts of sunlight throughout 

the year. 

The higher the incoming 

solar radiation, the better 

(only considered sites above 

800 kWh/m2/year) 

Slope (C2) 

 

A steeper ground slope requires 

additional site preparations and 

specialized equipment for 

installation, which can increase the 

cost of installation. 

Only considered sites with a 

slope less than 20 degrees 

Aspect (C3) 

(orientation) 

South-facing surfaces receive more 

solar energy for sites in the northern 

hemisphere 

 

Southeast and southwest 

orientation (between 135o 

and 225o, where 180o is due 

south) 

Distance from 

power lines 

(C4) 

 

The proximity of solar projects to an 

electricity network infrastructure is 

preferable to minimize the cost of 

connecting to the electrical grid. 

Maximum Euclidean 

distance of 55 km and 

classified into 5 classes. 

 

Distance from 

roads (C5) 

Proximity to roads reduces the cost 

of constructing and maintaining the 

infrastructure of a solar energy 

project 

Maximum Euclidean 

distance of 55 km and 

classified into 5 classes. 

Created a buffer of 200 m 
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These criteria were chosen as key factors influencing the performance and 

feasibility of solar projects. By evaluating sites in relation to these criteria, decision-

makers can identify suitable locations for solar energy projects that can maximize their 

efficiency and profitability. 

Data Collection 

The study utilized various datasets, which are listed in Table 7. The digital 

elevation model datasets, which provide information on surface parameters such as 

elevation, slope, aspect, etc. obtained from the National Land Commission (NLC) of 

Bhutan. 

The study also used vector datasets, including road networks, settlement cadastral, 

parks and biological corridors, and land use and land cover, which were all obtained from 

the NLC. The yearly solar radiation datasets, which are crucial for this research, were 

accessed from the World Bank (The World Bank, 2018). 

Additionally, the study also utilized transmission and distribution infrastructure 

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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Table 7. The datasets used in the study along with their specifications and sources. Maps 

of each dataset are illustrated in Appendix A 

Data Specification Source 

Digital Elevation Model  10 m (National Land Commission of 

Bhutan, 2023) 

Solar Irradiance map 9 arc-sec (The World Bank, 2018) 

Transmission and Distribution 

infrastructure  

- (Bhutan Power Corporation 

Limited, 2023) 

Road Network map  - (National Land Commission of 

Bhutan, 2023) 

Settlement map - (National Land Commission of 

Bhutan, 2023) 

Cadastral map - (National Land Commission of 

Bhutan, 2023) 

Land Use and Land Cover  - (National Land Commission of 

Bhutan, 2023) 

 Park and Biological Corridor  (National Land Commission 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 study has adopted constraint 

analysis to eliminate or create a buffer zone for the areas that fall within the restricted 
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zone including parks and protected areas, certain land use types, settlements, and 

cadastral areas (Figure 11). 

 

Figure 11. Framework for constraints analysis for solar resource assessment in Bhutan, 

including consideration of park and biological corridors, land use land cover, elevation, 

and cadastral and settlement maps (Esri, 2022) 

 

Parks and biological corridors involve restrictions on land use that limit the 

available land for solar projects, and these areas were excluded from the study. LULC 

provides information on the types of land cover in the area, including forests, wetlands, 

meadows, non-built areas, alpine scrubs, shrubs, etc. (Rai, et al., 2016). Meadows, 

shrubs, alpine scrubs, and non-built areas are considered potentially feasible locations for 

developing solar PV power plants. 

Excluded  from the 

study 

Considered less than 

4,000 m

Parks and biological 

corridors  

Elevation

Cadastral map

Settlement map

Buffer 500 m

Buffer 500 m

Potential area 

for study

Land Use Land 

Cover

Included  meadow, 

non-built, alpine 

scrubs and shrubs 
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Accurate elevation data is essential for 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. Therefore, the 

study considered elevations below 4,000 m. 

A cadastral map was used to identify land ownership and assess the potential for 

land use conflict, and settlement maps were used to analyze to ensure that projects do not 

overlap with areas involving existing settlements. The study excluded privately owned 

land and created a buffer zone of five hundred meters from existing settlements. 

The study aimed to identify a location for PV projects that would have a minimal 

negative impact on the environment and nearby communities, by avoiding areas that 

could potentially cause conflicts with settled areas. 

Spatial Analysis 

Spatial analysis is a crucial aspect of solar resource assessment, and it involves 

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 criteria has different ranges, and hence a common scale was 

needed to integrate into a single layer. Each criterion was reclassified into one to five 

classes, with Class 5 signifying the most suitable area for a solar power plant and Class 1 

representing the least suitable area. 

Solar irradiance (C1) is an essential parameter for solar resource assessment.  The 

solar irradiance datasets used in this study were obtained from the World Bank (The 

World Bank, 2018). The datasets provide information on the long-term yearly average of 
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Global Irradiation at the optimum Tilt (GTI) for Bhutan. A dataset in the form of Tag 

Image File Format (TIFF) was imported into the ArcGIS Pro software package, and then 

GTI data were reclassified using the reclass tool as shown in Table 8. 

Table 8. Reclassification of annual Global Tilted Irradiance (kWh/m2) where Class 5 

shows the most suitable for solar PV power generation, and Class 1 is the least suitable 

area (Esri, 2022) 

Annual Solar Radiation 

(kWh/m2) 
Class 

1,000-1,200 1 

1,200-1,400 2 

1,400-1,600 3 

1,600-1,800 4 

1,800-2,000 5 

 

The degree of steepness of a surface, measured by the slope (C2), is an essential 

criterion in assessing the potential of solar energy. It affects the cost of installing a solar 

project. A steeper slope can lead to higher costs due to the need for more complex 

installation methods, and equipment, such as mounting systems to compensate for the 

angle of the panels. The slope in the study area was generated using DEM in ArcGIS Pro 

software, and then the slope was classified using the reclass tool as shown in Table 9. 

Table 9. Reclassification of slope (degree) where Class 5 shows the most suitable for 

solar PV power generation, and Class 1 is the least suitable area (Esri, 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 also an important criterion in solar resource assessment. The study 

considered orientations between southeast (135o) and southwest (225o) feasible. The 

aspect was calculated with DEM using an aspect tool in ArcGIS Pro and then reclassified 

using the reclass tool as shown in Table 10. 

Table 10. Reclassification of aspect (degree) where Class 5 shows the most suitable for 

solar PV power generation, and Class 1 is the least suitable area (Esri, 2022) 

Aspect (degree) Class 

135-150 1 

150-165 2 

165-180 4 

180-195 5 

195-225 3 

 

Distance from existing powerlines (C4) and roads (C5) are essential factors to 

consider in solar resource assessment. These criteria can significantly impact the cost of a 

project. To determine the distance from existing powerlines and roads, the Euclidean 

distance method was used, which calculates the distance from each cell to the nearest 

powerline or road. The power line and road layers were analyzed using the Euclidean 

distance tool in ArcGIS Pro and then reclassed using the reclass tool as shown in Table 

11. 
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Table 11. Reclassification of distance from powerline and road (kilometers) where areas 

with shorter distances from powerlines and roads are categorized as Class 5, and Class 1 

sites represent those with the farthest distance from the respective infrastructure (Esri, 

2022) 

Road and powerline 

distance (km) 
Class 

0-11 5 

11-22 4 

22-33 3 

33-44 2 

44-55 1 

 

AHP Methods for Determining Criteria Weight 

AHP was employed to determine the weights of each evaluation criterion used in 

the study. The number of rows and columns in the comparison matrix is determined by 

the number of criteria being compared. A comparison 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 matrix. In this study, weights for each criterion were 

informed by the various literature reviews discussed previously (Munkhbat & Choi, 

2021), expert knowledge, and the characteristic of the study area. 

Pairwise Comparison of Criteria 

The pairwise comparison of criteria is the first step in determining the weight for 

each criterion. The evaluation involves comparing each criterion to every other criterion 

and assigning an AHP scale value based on its importance. The values were assigned on 

an AHP scale of 1 to 9 with 1 indicating equal importance and 9 indicating extreme 
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importance. The pairwise comparison matrix for the criteria used in this study is shown in 

Table 12. 

Table 12. Pair-wise comparison matrix of criteria including solar radiation, slope, 

aspect, distance from a power line, and distance from a road based on AHP scale 

Criteria 

Solar 

Radiation 

(C1) 

Slope 

(C2) 

Aspect 

(C3) 

Distance from 

a power line 

(C4) 

Distance 

from Road 

(C5) 

Solar Radiation (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 from a 

power line (C4) 
1/4 1/5 3 1 2 

Distance from the 

road (C5) 
1/8 1/7 1/3 1/2 1 

 

On the AHP scale, solar radiation was given a rating of 3 in comparison to the 

slope, indicating moderate importance relative to the slope. However, in comparison to 

the aspect, it was rated as 7, indicating significantly greater importance. The importance 

of solar radiation in comparison to the proximity to the power line received a rating of 4, 

indicating moderate to strong importance. In contrast, 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 of 6, compared to the aspect, 5 compared to the 

distance from the power line, and 7 compared to the distance from the road. The 

importance of distance from the powerline with the aspect was rated at 3, indicating 

moderate importance of the powerline over the aspect. The importance of distance from 
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the road was given a rating of 2, indicating 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 the 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 potential 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 and distance from 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. 

Normalized Pairwise Matrix for Criteria 

A normalized pairwise matrix is a tool used to evaluate the relative importance of 

different elements/criteria. The purpose of the normalized matrix is to ensure that the 

matrix is consistent and accurate (Albraheem & Alabdulkarim, 2021). The matrix was 

formed by dividing each value of the column element by the total sum of the column 

value. The normalized matrix was calculated using Equation 4, and the normalized matrix 

for the criteria used in this study is shown in  Table 13. 
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Cij = 
Cij

В Cni=1ij
 

                      (4) 

 Where Cij is the score of criteria i to criteria j. 

Table 13. Normalized pair-wise matrix of criteria for solar resource assessment in 

Bhutan 

Criteria 

Solar 

radiation 

(C1) 

Slope 

(C2) 

Aspect 

(C3) 

Distance from 

a powerline 

(C4) 

Distance 

from the road 

(C5) 

Solar radiation 

(C1) 
0.54 0.67 0.37 0.37 0.43 

Slope (C2) 0.18 0.22 0.32 0.46 0.38 

Aspect (C3) 0.08 0.04 0.05 0.03 0.03 

Distance from 

powerline 

(C4) 

0.14 0.04 0.16 0.09 0.11 

Distance from 

the road (C5) 
0.03 0.03 0.11 0.05 0.05 

 

Weights Calculation 

The AHP method is a decision-making technique that requires the determination 

of each criterionôs weight to determine the overall score or ranking of projects. To 

calculate the weights of each criterion, pairwise comparisons are made between all 

criteria as shown in Table 12. The scores of each criterion are obtained by taking the 

average value for each row of the normalized -pairwise matrix (Albraheem & 

Alabdulkarim, 2021). The weight for each criterion is determined using Equation 5. 

Wij = 
В #

.
 

(5) 
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Where Cij is the score of each criterion based on pairwise comparisons and 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 random index (RI), which indicates the degree of agreement between the 

pairwise comparison and judgments (Algarin, Lananos, & Castro, 2017). The CI is 

calculated using Equation 6. 

#)  
ʇÍÁØȤ Î

ÎȤρ
 (6) 

Where ɚmax is the maximum eigenvalue obtained from the consistency vector, and 

n is the number of criteria. 

The Consistency Ratio (CR) is calculated by dividing the CI by a random index 

value based on the size of the decision matrix (number of criteria), using Equation 7. 

CR = 
CI

2)
 (7) 

Where RI is the random consistency index as shown in  Table 14). 

Table 14. Random Consistency Index for different numbers of criteria (Algarin, Lananos, 

& Castro, 2017) 

Number of criteria  1 2 3 4 5 6 7 

Random Index 0 0 0.52 0.89 1.11 1.25 1.35 

 

The degree of consistency is considered consistent if  the CR ratio is less than 

0.10. When this is true, results are accepted in AHP decision-making.  However, if the 
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CR exceeds 0.1, it suggests that the weights given are not consistent, and need to re-

evaluate to improve the accuracy of the weights (Algarin, Lananos, & Castro, 2017).  

Site Suitability Analysis using ArcGIS Pro (Weighted Overlay) 

The overlay tools in ArcGIS Pro are useful methods for performing multi-criteria 

analysis across several rasters, enabling the identification of suitable locations based on 

various criteria with their respective weights.  

The constraint analysis output raster serves as input for the optimal site section for 

solar potential. Following the exclusion of the constraints area and spatial analysis, each 

criterion is converted into a raster with a uniform scale range from 1 to 5, and a weighted 

value is assigned to each criterion. The process of selecting the optimal site for solar 

potential using the overlay tool is demonstrated in Figure 12. 
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Figure 12. The proposed site selection methods: Illustration of how the study utilizes the 

Overlay tool in ArcGIS Pro 2.9.5 to select suitable sites (Esri, 2022) 

 

To perform the weighted overlay analysis in ArcGIS Pro 2.9.5, each criterion or 

layer needs to be assigned a weight that reflects its relative importance. These weights are 

used as input by the overlay tools to combine the layers into a single output. The Suitable 

Area (SA) for solar power potential is generated by inputting the weight of each criterion 

into the overlay tool in ArcGIS Pro 2.9.5 which is represented by Equation 8. 

SA = Wi*
n

i=1

Ci (8) 
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Where SA suitable area, Wi, is the weight of the criteria and Ci is the criteria 

value. 

3.6 Methods for Estimating Solar Potential 

The study evaluated the solar power and energy generation potential using the 

baseline scenario and sensitivity analysis was performed with variations in slope and 

elevation of areas. The baseline scenario includes the conditions where the slope is less 

than 20 degrees and the elevation of less than 4,000 m. The sensitivity scenarios involve 

three scenarios that were examined to determine the impact on solar power and energy 

generation potential (Table 15). 
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Table 15. Comparison of criteria for solar power and energy generation potential in 

baseline and sensitivity scenarios 

Scenario Parameter 

Baseline Slope Ò 20o, Elevation Ò 4,000 m 

Sensitivity -1 Slope Ò 30o, Elevation Ò 4,000 m 

Sensitivity-2 Slope Ò 20o, Elevation Ò 3,000 m 

Sensitivity -3 Slope Ò 30o, Elevation Ò 3,000 m 
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Following the suitable site analysis, the PV power and energy potential were 

estimated based on parameters, which include the efficiency of the solar panel, nominal 

capacity, performance ratio, and ground coverage ratio (Table 16). 

Table 16. Parameters assumed for estimating solar power and energy generation 

potential include specific nominal capacity, panel efficiency, performance ratio, and 

ground coverage ratio 

Panel parameter Value Source 

Specific nominal capacity 0.21 kW/m2 (WAAREE Energies Ltd, 2023) 

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

Performance Ratio 85% (Saur Energy International, 2016) 

Ground Coverage Ratio 50% (Bushong, 2013) 

 

The nominal power capacity is determined by three factors: the specified nominal 

capacity of the solar 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 the system in generating electricity from the available solar resource. The 

nominal solar power capacity is calculated using Equation 9. 

0 = 3pecific nominal capacity * Area * GCR (9) 

Where P is the nominal solar array capacity in kW, A is the area in m2, and GCR 

is the ground coverage ratio (0.50). 

The energy output from solar power generation is calculated using Equation 10 

considering the five factors including the available area for solar PV installation, the 

ground coverage ratio, the performance ratio, the mean annual global titled irradiance, 

and the yield or efficiency of the solar array (Saur Energy International, 2016). 
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% = A * GCR * PR * H ɕ ɖ (10) 

Where E is energy output in kWh per year, H is the mean annual global tilted 

irradiance, A is the area in m2, GCR is the ground coverage ratio (0.50), ɖ is the solar 

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

3.7 Results and Discussion 

The objective of the study was to locate potentially suitable solar project sites and 

then estimate the total solar resource potential in Bhutan using the combined GIS and 

AHP methods.  Additionally, the study aimed to assess the feasibility of the solar PV 

project in one of the most suitable areas considering the various criteria related to 

production, economic, and environmental aspects. The weights values obtained from the 

AHP technique were utilized to evaluate the suitability of potential solar project sites. 

Weighted Criteria and Consistency Validation 

The weight assigned to the energy production criteria is 83 percent, indicating that 

it holds greater importance in the decision-making process. On the other hand, the cost 

criteria weight of 17 percent, indicating that it holds lesser importance. The analysis 

showed that solar radiation is the most influential factor, with a weight of 48 percent, 

followed by the slope at 31 percent, and distance from the transmission line at 12 percent. 

On the other hand, orientation (aspect) and distance from the road network have a lower 

weightage, with 6 percent and 4 percent, respectively (Figure 13). 
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Figure 13. Analytic Hierarchy Process (AHP) criteria weight for solar potential 

assessment in Bhutan: Comparison of the relative importance of solar radiation (48%), 

slope (31%), aspect (4%), distance from a powerline (11%), and distance from a road 

(6%) based on their assigned weights 

 

The assigned weights for the criteria in this study are consistent with previous 

research by Gerbo et al. (2020) and Albraheem and Alabdulkarim (2021), which 

identified solar radiation as a critical factor in determining solar power potential. 

Furthermore, the CR of 0.06 obtained in this study falls within the acceptable range, 

indicating that the criteria were evaluated consistently. 

Suitable Area 

The study finding indicates that the baseline scenario has identified a total of 

7,088 acres of land for the development of a solar PV power plant, which is categorized 
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into suitability Classes (1 to 5) based on potential. The study revealed that Class 4 has the 

largest potential area of 4,781 acres with a power potential of 1,847 MW of installed 

capacity, followed by Class 5 and Class 3 with 1,229 acres and 1,074 acres, respectively 

(Appendix B). In contrast, Class 2 has the least area of suitability with only 3 acres, and 

no areas were found to be suitable under Class 1 (Table 17). 

Table 17. Classification of feasible sites under the baseline scenario, the land area 

measured in acres. Class 1 represents the least feasible site, and Class 5 represents the 

most suitable site 

Suitability criteria Acres Power potential 

(MW) 

Percentage of area 

(%) 

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   

 

Solar Power and Energy Potential 

As detailed in the methodology section, the study was analyzed to determine the 

solar power and energy potential in Bhutan. The solar power and energy generation 

potential are determined as described in the methods section. Under the baseline scenario, 

the study identified a total of 7,091 acres of land suitable for the installation of solar PV 

power plants, with a specific power potential estimate of 3,013 MW. 

Among the Districts evaluated, the Chhukha District has the highest power 

potential (498 MW), followed by the Bumthang District (421 MW) and Thimphu District 
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(420 MW). In contrast, the Tsirang District has the lowest power potential (2 MW), and 

no potential for solar PV was identified in the Gasa District (Figure 14). 

 

Figure 14. Solar power potential (MW) distribution across the districts of Bhutan under 

the baseline scenario, where the maximum elevation of 4,000 meters and the slope is less 

than 20 degrees. Additional information is available in Appendix B 

 

Sensitivity Scenario 1 

 In sensitivity Scenario 1, the study increased the maximum slope of the constraint 

from 20o to 30o while maintaining the elevation constraint of 4,000 m. This resulted in a 

substantial increase in power potential, rising from 3,013 MW to about 6,912 MW. This 

finding signifies a substantial increase of 130 percent compared to the baseline scenario. 
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The annual energy generation potential also increased significantly to 10,111 

GWh from 4,419 GWh. All districts experienced an increase in power and energy 

generation potential, with the most significant rises occurring in Bumthang, Thimphu, 

Haa, and Chhukha districts (Figure 15). 

 

Figure 15. Comparison of solar power potential between baseline and Sensitivity 

Scenario 1. Sensitivity Scenario 1 involves increasing the maximum slope for solar 

development from 20 degrees to 30 degrees and a maximum elevation of 4,000 meters. 

Baseline power potential is shown on the left in dark gray, and Sensitivity Scenario 1 

power potential is shown on the right in light gray. Additional information is provided in 

Appendix B 

 

The Districts with 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 solar power potential are Sarpang, Samtse, and Tsirang, with the percentage 

of increase of 21 percent, 7 percent, and 42 percent respectively. 

Sensitivity Scenario 2 

In Sensitivity Scenario 2, the power potential decreased by 72 percent, from 3 

GW MW to 835 MW. The annual energy generation potential also dropped to 1,127 

GWh, a drop of 75 percent from the baseline scenario. This reduction occurred by 

altering the maximum elevation for solar site development to 3,000 m from 4,000 m 

(Figure 16). Some Districts experienced a significant decrease in solar potential, followed 

by the Haa with 96 percent. The Thimphu and Chhukha Districts also 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 solar power potential between baseline and Sensitivity 

Scenario 2. Sensitivity Scenario 2 involves decreasing the maximum elevation for solar 

development from 4,000 to 3,000 meters. Baseline power potential is shown on the left, 

and Sensitivity Scenario 2 power potential is shown on the right in light gray 

 

Sensitivity Scenario 3 

The main objective of Sensitivity Scenario 3 is to evaluate the combined impact 

of changes in both slope and elevation on the solar power potential. Scenario 3 involved 

reducing the maximum elevation for solar site development from 4,000 to 3,000 meters 

while increasing the slope from 20 to 30 degrees. In contrast, Sensitivity Scenarios 1 and 

2 vary only one of these parameters while keeping the other the same as 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 scenarios for the different 

districts. The baseline scenario has a total energy potential of 4, 419 GWh and a power 

generation capacity of 3 GW. In contrast, Sensitivity Scenario 3 has a total energy 

potential of 1,940 GWh and a power generation potential of 1.90 GW. 

The results signify a decrease in the energy potential of around 56 percent and a 

decrease in power generation capacity of around 36 percent (Figure 17). 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. 

 

Figure 17. Comparison of solar power potential between baseline and Sensitivity 

Scenario 3. Sensitivity Scenario 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, and Sensitivity Scenario 3 

power potential is shown 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, followed by Haa with 92 percent and Chhukha with 78 percent. 

Thimphu and Wangduephodrang also had a significant decrease in solar power potential 

by 45 and 36 percent respectively. 

On the other hand, the Districts of Lhuentse, Mongar, Samdrupjongkhar, 

Trashigang, and Trashiyantse showed an increase in solar potential compared to the 

baseline scenario. These Districts have a steeper slope and lower elevation, which 

contributes to the increase in solar potential. Pemagatsel had the highest increase in solar 

power potential with 486 percent, followed by Mongar with 163 percent and Trashigang 

with 84 percent. 

Feasible sites for the feasibility study 

Based on the analysis as discussed in Section 3.5, Chapter 3, the most suitable 

solar PV sites are classified under Class 5 and Class 4, while Class 1 sites are considered 

the least feasible.  A combination of sites from Classes 4 and 5 is considered for studying 

the techno-economic viability of the project. Accordingly, the Tenchhekha site was 

chosen as the optimal site for conducting the techno-economic feasibility study. The 

project site is situated at Mewang Gewog in the Thimphu District and has a total area of 

17.49 acres. 

3.8 Summary, Conclusion, and 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 energy annually. A total suitable area of 7,091 acres, representing only 0.48 percent of 

the meadow, alpine scrubs, shrubs, and non-built area, has been identified for solar power 

generation. 

The sensitivity analysis conducted in this study revealed that changes in slope and 

elevation affect the power potential and energy generation potential of the solar PV 

system. Increasing the slope from 20o to 30o while maintaining the elevation of 4,000 m 

resulted in a substantial increase in power potential of 130 percent compared to the 

baseline scenario. 

However, reducing the maximum elevation to 3,000 meters from 4,000 meters for 

solar PV development resulted in a decrease in power potential by 72 percent, indicating 

that much of the area for potential development falls between 3,000 and 4000 meters 

Similarly, altering the slope and elevation led to a 35.35 percent reduction in power 

potential and a 56 percent drop in the annual energy generation potential. 

The suitability was further categorized into five Classes, with Class 4 having the 

highest solar power potential of 2.30 GW covering an area of 4,781 acres 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, respectively. On the other hand, Class 2 has the least 

solar power potential, with only 1 MW, covering less than 1 percent of the total suitable 

area. 

Based on the solar potential estimates presented in Table 18, NRELôs study in 

2009 estimated the highest solar potential of 58 GW under Scenario 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). 

Table 18. Comparison of solar potential estimates from numerous studies 

Studies Solar potential (GW) Year 

NREL Scenario 1- 58 

Scenario 2- 2.9 

2009 

Fichtner GmbH and 

Co.KG 

12 2015 

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 higher than the current studyôs estimates of 3 GW 

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 2009 did not consider these factors, leading 

to an overestimation of the solar potential. 

In contrast, Fichtner GmbH and Co. KG (2015) considered some of the factors 

including the slope, aspect, forest, protected area, and agricultural land. However, the 

report did not consider two key criteria, including solar irradiance and distance from the 

transmission/distribution infrastructure. Moreover, the report has assigned equal 

importance to all the identified criteria, which may have resulted in an overestimation of 

the solar potential. By taking into account all the necessary factors including solar 

radiance and other environmental factors/constraints this study provides a more accurate 

and realistic estimation of Bhutanôs solar potential. 
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With a potential to produce over 4,419 GWh annually, of energy, Bhutanôs solar 

potential could play a significant role in meeting the countryôs growing energy demands 

and reducing its dependence on fossil fuels. This study highlights the importance of 

considering multiple factors when estimating solar potential, including solar irradiance, 

protected area, settlement area, etc. Neglecting these factors can lead to overestimation or 

underestimation of solar potential. The studyôs findings suggest that solar irradiance is a 

key criterion in evaluating solar potential and should be given due consideration in future 

studies. 
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CHAPTER 4. METHODOLOGY FOR TECHNO-ECONOMIC ANALYSIS OF A 

UTILITY -SCALE SOLAR POWER PLANT 

4.1 Introduction 

As discussed in Chapter 3, the Tenchhekha in Mewang Gewog2 under Thimphu 

District has been identified as the location for the development of a solar PV power plant. 

The site covers a total land area of 17.49 acres which is categorized as Class 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. 

The proposed methodology framework is comprised of six steps as shown in 

Figure 18. Firstly, the assessment of technical viability was conducted which included a 

site and assessment process and solar radiation analysis. Subsequently, the most 

appropriate technology, including solar modules, and inverters were selected to ensure 

optimal performance. Furthermore, the PVsyst tool was utilized to estimate the energy 

generation potential from the PV plant. 

To determine the economic feasibility of the project, a project cost estimation was 

carried out, including both capital and O&M costs. A financial analysis of the project 

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

  

 
2 County. 
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Figure 18. Framework for evaluating the feasibility of solar photovoltaic (PV) in 

Tenchhekha (Asif, Alshibani, Dehwah, & Budaiwi, 2020) 

 

4.2 Site Selection and Assessment 

The site selection and assessment for the solar PV feasibility study is a critical 

process that involves identifying and evaluating the potential sites for the project. It is 

important to consider the constraints and potential impact that a site might have on 

electricity generation (International Finance Corporation, 2015). 

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

available area and topography. The topography of the site should be evaluated to ensure 
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that the site is suitable for the installation of PV panels. The land identified should be 

relatively flat, and free from obstructions that could shade the panels and reduce the 

energy output. Additionally, it is also essential to o identify the land ownership and assess 

the site accessibility. The 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 region with high-risk 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 PV plant Site 

The proposed solar PV power plant site is located in Tenchhekha, which falls 

under Mewang Gewog, in the Thimphu District (Table 19). The Tenchhekha site for this 

project was identified using GIS-based AHP methods, as explained in Chapter 3. This 

Gewog is located around 25 km away from Thimphu city and shares its borders with 

Dogo Gewog in the west and northwest, Chapcha Gewog in the south, and Genye Gewog 

in the east. 

Table 19. Location and elevation of the Tenchhekha solar PV project site (Esri, 2022) 

Location Co-ordinates Gewog, District Elevation (m) 

Tenchhekha 27.32575 N, 89.55435E Mewang, Thimphu 2,350 
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The site has 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 installation. Table 20 shows the gross available area of the site after 

excluding vegetation, restricted areas, and forest. 

Table 20. The land area of the Tenchhekha solar PV project site, including its 

coordinates, Gewog (County), District, and elevation in meters (Esri, 2022) 

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

Parcel 1 3.00 138.84 95.32 

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 installed capacity of 4.85 MWp (Table 21). 

The determination of the PV plant capacity was based on the layout arrangement and 

planning of the arrays, using 665Wp mono-crystalline PV modules with an efficiency of 

21.29 percent. The installation 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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Table 21. Total land area and installed DC capacity of PV power plant at the 

Tenchhekha solar PV project sites, broken down by each of the five land parcels (Esri, 

2022) 

Land parcel Area (Acres) 
No. of field 

segments 

Total DC capacity 

(kWp) 

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 

 

Horizon Line and the Sun Path 

The Tenchhekha solar PV site experiences reduced energy output due to the 

obstruction of the horizon before 8 AM and after 4 PM, however, shading by topography 

is not observed during the optimal solar window period from 9 AM to 3 PM. The horizon 

line profile for the site coordinates was sourced from SolarGIS as shown in Figure 19. 

 

Figure 19. Sun path and Horizon line of Tenchhekha solar PV site (SolarGIS, 2023) 
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Topography of the Project Site 

A topographical analysis was conducted on the identified land area, which 

revealed that the site is mostly flat and inclined toward the south facing. The purpose 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. The highest elevation among the parcels is 2,404 meters, and the 

lowest is 2,318 meters. The average slope ranges from 12 to 17 degrees, with land Parcel 

2 having the steepest slope (Table 22). 

Table 22. The average slope of each of the five land parcels at the Tenchhekha solar PV 

site, and also includes the highest and lowest elevation (Esri, 2022) 

Land Parcel 
Highest 

elevation(m) 

Lowest 

elevation (m) 
Length (m) 

Average slope 

(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 

 

Road Accessibility to the Site 

The solar PV site is accessible via an unpaved gravel road called Gewog Road, 

which is located approximately 2 km away from the Thimphu-Phuntsholing 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. The road 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, inverters, and solar modules. 

 

Figure 20. Map of the project sites, which includes Class 4 and 5. The map shows road 

accessibility, power transmission line, and sub-substations (Esri, 2022) 

 

Seismic Hazards Assessment of the Site 

Conducting a seismic hazard is essential when considering the installation of a 

solar PV system. The assessment helps to identify the potential risks and vulnerabilities 

of the system to seismic activity. The seismic hazard map of Bhutan identifies four 








































































































































































































