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Abstract

In recent years, the global spotlight has increasingly focused on developing

renewable energy sources due to the severe environmental repercussions of greenhouse

gas (GHG) emissions from traditional thermal power generation. Among these, solar

energy is one of the most extensively utilized sustainable options. Its advantages have

been widely recognized, including abundance, availability, scalability, versatility,

minimal environmental impact, and comparatively low operational costs when contrasted

with other green energy alternatives. Solar energy also poses limitations, including

intermittency, low energy density, and land constraints.

Addressing the disadvantages of solar power generation, the Taiwan Bureau of

Energy introduced the "Two-Year Photovoltaic Promotion Plan™ on September 8, 2016,

to advance the solar energy industry's development, particularly in Floating Photovoltaic

(FPV) systems. The interrelationship between the reliability of a renewable energy

system’s power supply, its energy return (ER), and its economic implications is crucial

to understanding sustainable energy solutions.

A robust and reliable power supply enhances the attractiveness of renewable energy

systems. In contrast, a favorable ER ensures its sustainability. The economic

considerations, encompassing factors such as initial investment costs, operational

expenses, and comparative economic analyses, further guide the decision-making process

iv
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and impact the broader adoption of renewable energy technologies. This intricate

interplay underscores the need for a comprehensive approach that integrates reliability,

ER, and economic assessments to advance the understanding and implementation of

sustainable energy solutions.

Previous research has effectively constructed models to analyze the efficiency,

reliability, and safety of photovoltaic (PV) systems. However, a straightforward

indicator for assessing the power supply reliability of floating PV (FPV) deployments

has yet to be introduced. Moreover, while existing literature extensively covers the

environmental impacts, energy production, and system installation of FPV, there persists

a necessity for further investigation into the reliability of FPV power supply. Such

exploration will enrich the knowledge base in this domain and facilitate investors in

making informed decisions.

Considering the successful commercial operation of the Agongdian Reservoir FPV

station as a case study (Case Study 1), the assessment of its power supply reliability

assumes paramount importance. This necessity arises from the uncertainties associated

with weather conditions, equipment malfunctions, aging, and grid integration issues

within solar power systems. In this study, the author employs a combination of statistical

and Exceedance Probabilistic analysis methods to delve into the reliability analysis of

FPV, utilizing the Agongdian Reservoir FPV as a focal point. The findings reveal that the

\'
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methodologies employed offer a well-rounded indicator of local power supply, thereby

facilitating the implementation of load-shedding measures or the augmentation of daily

system generation to bolster the reliability of PV systems.

For many years, people have perceived solar energy to yield a lower Energy Return

(ER) than traditional fossil fuels. While the latter boasts an Energy Return on

Investment (EROI) exceeding 25:1 in its primary stages, it dwindles to approximately

6:1 in its final stages (Brockway et al., 2019). Given the ongoing innovation in solar

energy technology, investigating whether its ER has grown due to technological

advancements has become increasingly pertinent. This research is paramount for power

companies and investors deciding on FPV projects. Moreover, considering factors such

as geographical location and sunlight conditions, assessing ER becomes indispensable,

especially for international investors.

Following the successful operation of onshore FPV systems (such as the Agongdian

Reservoir), the world's largest Offshore FPV (OFPV) project with a capacity of

181MWp in Taiwan's Changhua Industrial Zone was completed and commissioned in

November 2021. In another case study (Case Study 2) proposed in this paper, the author

analyzes the energy feedback of this OFPV project from the perspective of Lifecycle

Energy Analysis (LCEA). The results indicate that the implementation of this OFPV

project can reduce approximately 2079.7 million tons of carbon dioxide emissions over a

Vi
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30-year lifecycle, with an Energy Payback Time (EPBT) of 0.97 years and an EROI of

approximately 31 under light intensity conditions of 1700 kWh/m?eyear. These values

surpass or approach the upper limits of previous studies.

The final case study (Case Study 3) adopts a comprehensive approach to comparing

and analyzing the investment schemes of Taiwan's Agongdian Reservoir FPV and Japan's

Yamaura Dam, both with the same system installation capacity. The findings indicate that

the investment in Japan is more advantageous, yielding a Net Present Value (NPV) of

7269.8 at a discount rate of 5%. The Benefit-Cost Ratio (BCR) and Internal Rate of

Return (IRR)stand at 1.71 and 10.1%, respectively, with a break-even point of

approximately 48.5%. Critical factors influencing the profitability of FPV investments

include disparities in electricity bill prices between the two locations.

However, the limited sample data spanning fifteen years suggests that extending the

time-scale sampling could enhance the effectiveness of the investigation. Future research

endeavors may study the optimal installation ratio for FPV systems on water bodies,

considering variables such as water quality and economic maximization. Moreover,

fluctuations in solar power generation between sunny and cloudy conditions underscore

the significance of weather patterns and atmospheric factors in determining the reliability

and consistency of solar energy as a renewable power source. Researchers and industry

stakeholders often analyze these variations to improve the predictability and efficiency of

vii
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solar energy systems in diverse weather conditions, representing an issue that future

research should address. Moreover, the fluctuations in solar power generation between

sunny and cloudy conditions underscore the significance of weather patterns and

atmospheric factors in determining the reliability and consistency of solar energy as a

renewable power source. Researchers and industry stakeholders often analyze these

variations to improve the predictability and efficiency of solar energy systems in diverse

weather conditions, representing an issue that future research should notice.

A comprehensive LCEA ensures a thorough comprehension of the sustainability of

a product, enabling more informed decision-making regarding improvements or

alternatives in the production process. However, Case Study 2, constrained by an

investigation of the manufacturer's products produced, needs vertical integration across

various production stages. Additionally, the study's scope excludes the system's final

transportation and disposal stages. The author observes that considering the energy

consumption of these stages, though deemed insignificant and not estimated in this study

per the 1% cutoff rule, could enhance the accuracy of PV ER assessment if addressed.

Their exclusion contributes to a limited and potentially skewed understanding of the

system's energy efficiency and environmental impact. Future research should explore the

entire production chain in vertical segments for a more precise LCEA assessment.

Acknowledging limitations in the availability of financial information, the author
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recommends acquiring more data for a comprehensive analysis. It emphasizes the need

to account for uncertain factors such as extreme weather, prompting further research on

their impact on the system and advancements in solar technology.

In summary, the case studies presented in this dissertation collectively advance

knowledge in renewable energy, offering practical insights to shape the future renewable

energy potential and drive the transition towards cleaner and more efficient energy

systems. The research on power supply reliability analysis of FPV, ER assessment of

OFPV based on LCEA perspectives, and comparative economic analysis of FPVs at the

Agongdian Reservoir and Yamakura Dam make valuable contributions to the renewable

energy domain. Each study addresses critical aspects of floating photovoltaic systems,

providing insights crucial for informed decision-making and strategic planning in the

renewable energy sector.

Keywords: greenhouse gas, photovoltaic, power supply reliability, energy return,

energy return on investment, benefit-cost ratio, CO; emission
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Chapter 1 Introduction

1.1 Definitions, Sources, and Characteristics of Primary and Secondary Energies

All energies on Earth come initially from the sun. Through natural energy chains,
the energy is in other forms of energy, kinetic or stored. The vital distinguishing
characteristic of primary and secondary energies is the process/activity by humans to use
the power in the source. Separating new energy entering the primary system and the
energy transformed within the secondary system is crucial to prevent double counting.
Overgaard (Qvergaard, 2008) elaborated that a clear and internationally agreed primary
and secondary energy definition affects the energy flow’s measuring and recording of the

energy balance. Figure 1 illustrates the definitions of primary and secondary energies.

Primary energy Secondary energy
Crude oil, Hard Petroleum J
Coal, NGLs, g v products,
Natural Gas, manufactured solid
Nuclear etc. = / fuels and gases etc. :>
.8
-
z T
Waste > g » Electricity and heat:> cunsunﬂption
-
7
E
_ _ o >
el - A Bio fuels efc.
hydro, fide etc. —‘

Figure 1: Primary and Secondary Energy Definitions (@vergaard, 2008)
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1.2 Conventional, Low-Carbon, Clean, and Renewable Energies

1.2.1 Conventional Energy

According to the maturity of application technology, physicians classify energy into

conventional and new (renewable) energies. Conventional energies, like fossil fuels - coal,

oil, and gas, taking hundreds of millions of years to form, refer to those energy sources

that have been produced and widely used on a large scale and have relatively mature

technologies (Cantoni, 2018). However, they will remain primary energy sources used

until 2050 as the goods carbon embodied in the product, like plastics, and in sectors where

low-emissions technology options are measly (IEA, 2021).

Figure 2 (Smil, 2017; Ritchie et al., 2022) shows the global fossil fuel consumption

between 1800 and 2021. When burned to produce energy, they cause harmful greenhouse

gas (GHG) emissions, like carbon dioxide (CO>).

120,000 TWh
Gas

100,000 TWh
80,000 TwWh
&0,000 TWh
40,000 TWh

20,000 TWh Coal

O TWh r T
1800 1850 1200 1250 2021

Source: Our World in Data based on Smil (2017) and BP Statistical
Review of World Energy
Figure 2: Evolution of Global Fossil Fuel Consumption from 1800 to 2021
(Ritchie et al., 2022)
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1.2.2 Low-Carbon Energy

Low-carbon energy includes nuclear and renewable energies. It introduces clean coal

technology, fossil fuel plus the installation of CO; capture and storage device—equipment

of Carbon Capture and Sequestration (CCS) (Dindi et al., 2022), and Natural Gas

Combined Cycle (NGCC) (Cheng et al., 2022) power generation. They are measures

taken to contribute to low-carbon energy development.
1.2.3 Clean and Renewable Energies

IEA’s Renewable Energy Working Party defines renewable energy as energy

derived from natural processes that are constantly replenished (Vakulchuk et al., 2020).

Unlike finite fossil fuels, which contribute to environmental pollution and climate change,

it has a low carbon footprint and minimal negative environmental impact. Nearly 90%

of the power yield will come from renewable energies. Solar and wind energies will

account for about 70%; most of the rest will be from nuclear. (IEA, 2021).
1.3 Common Renewable Energy Sources

Solar, wind, geothermal, hydropower, ocean, and bioenergies are familiar and

constant supplemental sources (UN, 2023). Global electricity demand in 2050 will be

around 8% smaller than today in the net zero pathway. However, renewable energy serves

an economy that is more than twice as big. Integrating more efficient energy use,

behavioral changes, and resource efficiency balances energy service requirements. It
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contributes to the healthy development of the world economy (IEA, 2021).
1.3.1 Solar Energy

Solar energy is the most ample of all energy resources (Paridaa et al., 2011). It
harnesses the energy from sunlight using concentrating solar power (CSP) and
photovoltaic (PV) systems (Ghirardi et al., 2021). The former uses lenses or mirrors to
concentrate sunlight to produce heat. Then, using heat generates electricity. The latter
directly converts sunlight into electricity. These technologies help convert sunlight into
heat or electricity through mirrors or solar modules, concentrating solar radiation and
delivering natural lighting, heat, cooling, and electricity for various applications. Table 1
shows its advantages and disadvantages.

Table 1: Advantages and Disadvantages of Solar Energy

Pros Cons
1. Sustainable 1. High upfront costs
2. Clean energy source 2. It requires significant and constant
3. Reduce or eliminate energy costs sunlight.
4. Governments offer rebates or tax

credits

1.3.2 Wind Energy
Wind energy drives moving air to generate kinetic energy by using large wind

turbines located on land (onshore) or sea or freshwater (offshore) (Fang & Abd Rahim,

2022). Beiter et al. (2021) claimed that people have used it for millennia, and on-land

4
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and offshore wind energy technologies have advanced over the past years to optimize

electricity yield. Installers often construct wind farms with multiple turbines in areas with

strong and consistent wind patterns. Despite the vast potential in most regions, enabling

significant wind energy deployment, many sites worldwide have substantial wind speeds,

and the affable sites for producing wind power are sometimes remote (Timilsina et al.,

2013). Table 2 shows the advantages and disadvantages of wind energy. Its potential will

exceed global power production and increase 11-fold (IEA, 2021). Especially offshore

wind power offers enormous capacity.

Table 2: Advantages and Disadvantages of Wind Energy

Pros Cons
1. Cost-effective 1. Located in remote, rural areas (away
2. Clean energy source from cities)
3. The largest source of renewable 2. It creates noise and visually impacts
energy in the USA the landscape.
4. Sustainable 3. It impacts local wildlife (like birds).

1.3.3 Geothermal Energy

Geothermal energy is an approachable thermal power. Drilling deep wells and

extracting hot water or steam from extensive areas with geothermal reservoirs or active

volcanoes generate energy stored beneath the Earth's surface (Wang et al., 2018). Table

3 shows its advantages and disadvantages.
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Table 3: Advantages and Disadvantages of Geothermal Energy

Pros Cons
1. Low carbon footprint 1. Location-specific
2. Renewable 2. Risks trigger earthquakes.
3. Sustainable 3. It is expensive to tap.

4. It does not require fuel.

1.3.4 Hydropower Energy

Hydropower energy is one of the most abundant renewable energy sources in the
electricity sector (Ming et al., 2017), which utilizes the falling or flowing water force to
drive turbines and produce electricity. Building dams across rivers or using the natural
water flow in tides or rivers are common manners (Pal & Khan, 2021). Table 4 shows its
advantages and disadvantages.

Table 4: Advantages and Disadvantages of Hydropower Energy

Pros Cons
1. Low carbon emissions 1. Tt negatively impacts people and the
2. Renewable environment.
3. Provides flood control 2. Ttis expensive to build dams/turbines.
4. Low-cost energy 3. It affects the ocean’s ecosystem.
1.3.5 Ocean Energy

Ocean energy (Marine energy or Ocean power) includes tidal, wave, ocean currents,
ocean temperature difference, and seawater salinity difference energies. Although there

are the above manners in which the ocean can produce energy, the highlights are waves
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and tides (Westwood, 2004). Table 5 shows the advantages and disadvantages of ocean

energy (Rahman et al., 2022).

Table 5: Advantages and Disadvantages of Ocean Energy

Pros Cons
1. Renewable 1. Impact local wildlife.
2. Clean energy source 2. It only benefits coastal cities and
3. Predictable energy production towns.
4. Large energy potential 3. It affects the ocean’s ecosystem.

1.3.6 Bioenergy

Bioenergy originates from various organic materials, called biomass, like wood,

charcoal, dung, and other manures for crops for liquid biofuels (Mohammed et al., 2013).

Most biomass is utilized in rural areas for cooking, lighting, and space heating by poorer

populations in developing countries (Mboumboue & Njomo, 2016). Modern biomass

systems involve dedicated crops or trees, residues from agriculture and forestry, and

various organic waste streams (Toklu, 2017). Table 6 shows its advantages and

disadvantages.
Table 6 Advantages and Disadvantages of Bioenergy
Pros Cons
1. Renewable 1. Tt generates some pollution, although
2. Clear landfills it is limited.
3. Come from many sources 2. Biofuels require agricultural land

(taking food away from tables).
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1.4 Alternatives to Traditional Energy Resources

Traditional energies and fossil fuels such as coal, oil, and natural gas have enjoyed

widespread utilization for centuries due to their abundance and accessibility. Nevertheless,

their standing is a subject of continuous debates and transformations within the global

energy landscape. It is primarily attributed to the emission of greenhouse gases (GHGSs),

notably carbon dioxide (COy), into the atmosphere during combustion, contributing

significantly to climate change and global warming.

Many countries and organizations are transitioning to renewable power sources like

solar, wind, hydropower, and geothermal (Osman, 2023). This shift aims to reduce GHG

emissions and mitigate climate change (Huang and Zhai, 2021). The technologies have

experienced significant advancements and cost reductions, making them increasingly

competitive with fossil fuels. They have been driven by government incentives, public

demand, and falling prices of wind turbines and solar modules (Tran & Smith, 2021).

Despite the global acceleration and the progress in renewable energy, reducing fossil

fuel use and its environmental impacts comprise power supply reliability, energy

return (ER) improvements, carbon pricing (CP), and stricter measures and emissions

regulations (Mercure et al., 2018) require continuous efforts (Paltsev et al., 2021).

1.5 Photovoltaic (PV), Floating PV (FPV) and offshore FPV (OFPV) Systems

1.5.1 Fundamentals of PV Effect
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The PV effect elucidates generating the voltage and current between semiconductors

and between metals and semiconductors upon light or electromagnetic radiation. The

discovery of this phenomenon dates back to 1839. We can attribute it to the pioneering

work of the French physicist Alexandre Edmond Becquerel (Zaidi, 2018). Derived from

the PV effect, scientists designed a PV system that directly converted sunlight into

electrical power through solar cells. In practical applications, solar power is the

predominant source of incident light energy. Significantly, the PV effect demonstrates a

profound connection with the photoelectric effect.

In the photoelectric effect framework, a material absorbs photon energy, releasing

free electrons to migrate to the surface. Following the establishment of a PN junction

within the solar cell under the influence of a self-generated electric field, the excited

electrons and electron-deficient holes travel in opposite directions, creating positive and

negative poles. The internal heterogeneity of the material engenders this dynamic (Li et

al., 2018).

1.5.2 Solar Cell Materials, Solar Panels, and Solar Arrays

The solar cell materials used for power generation mainly include monocrystalline,

polycrystalline, amorphous silicon, Copper Indium Gallium Diselenide (CIGS), and

Cadmium Telluride (CdTe) (Solaclad, 2023). Solar panels (Zarmai et al., 2015) are also

called PV panels (Fouad et al., 2017) or solar modules (Park & Zhu, 2020). A single

9
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module interconnects many solar cells, whose most common size comprises 60. A solar
array includes multiple interconnected modules. Using several solar arrays together with
an inverter, energy storage battery pack (usually used in the case of off-grid), and
interconnection lines can form a PV system and generate energy achieved by such
interconnection in residential, commercial, and even factories (Shubbak, 2019; Motech,
2023; Tang et al., 2023). Figures 3 and 4 show two engineers installing them on the roof

and solar array at sunset.

Image Courtesy :iStock

Figure 3: Installation of Solar Panels on a Rooftop by Engineers

Image Courtesy :iStock

Figure 3: Installation of Solar Array during Sunset
10
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1.5.3 Principal Components of the FPV System

(1) Solar Module Manufacturing Process

The panel production sequence is as follows:

a. Cell string arrangement and welding: Organize solar cells into cell strings and weld

them together using ribbons.

b. Parallel Connection of Cell Strings: After arranging the cell strings neatly, establish

parallel connections using bus bar welding tape.

c. Lamination: Utilize vacuum and high temperature to cross-link the encapsulation

material, fostering a close bond between the glass and the cell for enhanced cell protection.

d. Encapsulated Aluminum Frame: Integrate an encapsulated aluminum frame to shield

the module body and fortify resistance against moisture infiltration.

e. Junction Box Installation: Channel the electricity generated by the solar module

through the junction box for output.f. Classification: Classify them according to the power

level.

f. Packing: Pack the solar modules to ensure the quality of shipment and transportation.

Arrange the cell strings neatly, and connect the cell strings in parallel with the bus bar

welding tape.

(2) Inverter
To meet the FPV system performance requirements, contractors must select an inverter

11
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with a built-in maximum power point tracking (MPPT) algorithmic technique (De Brito, 2011;

Azli et al., 2008). Moreover, it must pass the salt spray test (IEC 60068-2- 52 severity 5) to

test its reliability in a salt mist environment (Lai et al., 2022). MPPT helps track the best linear

relationship between voltage and current and generates the maximum power of the solar

module. In addition, this technique also helps solar modules improve their photoelectric effect

sensitivity under the minimum irradiation conditions to produce the maximum photovoltaic

current. As the performance of MPPT will affect the fill factor by approximately 4% when

the temperature rises, the power generation of the solar system will vary due to changes in

climatic conditions and regional characteristics (Azli et al., 2008).

1.5.4 FPV and Offshore FPV (OFPV) Systems

In contrast to alternative renewable energy sources, the PV system presents notable

advantages, with an extended system lifespan and minimal maintenance costs. It obviates

mechanical movement and incurs low initial investment expenses (Bhandari et al., 2015).

The feasibility of FPV and OFPV has become evident, underscored by compelling

successes on onshore water territories in recent years. Figure 5 illustrates the specific

design of solar panels intended for floating on the water's surface, with potential

deployment locations encompassing lakes, reservoirs, ponds, and even oceans. In contrast

to traditional mounting on rooftops or the ground, the FPV deployment process entails a

series of critical components and considerations, outlined as follows:

12
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(1) Floats or Buoyant Structures: Floating solar panels require a stable platform to remain

afloat. Floats or buoyant structures, usually made of materials like high-density polyethylene

(HDPE) or other plastic composites, provide buoyancy and support for the solar panels. Designed

with durability, resistance to corrosion, and the capacity to withstand environmental elements such

as waves and wind, manufacturers showcase the robust design characteristics of these floats.

(2) Solar Panels: The PV panels used in floating solar installations are similar to those

used in traditional solar energy systems. These panels consist of multiple solar cells

converting sunlight into electricity through the PV effect. Crystalline silicon or thin-film

solar cells commonly constitute the composition of the panels. They are mounted on the

floats, facing upward to capture maximum sunlight.

(3) Mooring System: A mooring system anchors the floating solar array in place. This

system uses cables, ropes, or chains connected to weights or anchors at the bottom of the

water body to prevent the solar panels from drifting away or being carried by strong currents

or winds. The mooring system ensures stability and keeps the floating solar array in position.

(4) Electrical system: The electricity generated by floating solar panels needs to be

efficiently collected, converted, and transmitted to the grid or storage systems. An

electrical system consists of cables, junction boxes, and inverters to connect the solar

panels and convert the direct current (DC) produced by the panels into alternating

current (AC) suitable for use in households and industries or for feeding into the grid.

13

doi:10.6342/NTU202400056



T~ substation and
/ \ - feeder cable

: . FPV platform
anchoring system -

Figure 4: Conceptual Diagram of FPV Deployment

1.6 Case Studies

The decision to employ case studies is grounded in their proven efficacy as a research

methodology (Yin, 2014). This approach facilitates a profound examination of specific

phenomena, allowing researchers to delve into the contextual intricacies. Moreover, case

studies provide practical insights directly applicable to real-world situations, offering

practitioners valuable learnings to inform decision-making and enhance practices (FitzPatrick,

2019). Conducting an in-depth examination of a phenomenon within its natural context and

concurrently considering multiple variables, case studies facilitate a nuanced exploration of

uncommon occurrences, providing insights that may be challenging to attain through

alternative research approaches. The comprehensive analysis and contextual perspective in

case studies contribute significantly to a profound comprehension of the intricate interplay

between various factors (Malhotra & Grover, 1998). The deliberate incorporation of case

studies in this dissertation is a strategic choice to address research questions, investigate

problems thoroughly, and present clear and well-substantiated solutions.

14
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Chapter 2. Literature Review

This section primarily investigates the implication and application of the ANP, the

reliability analysis of PV and FPV systems, Exceedance Probability, and the analysis of

ER and financial indicators in the case studies to identify research gaps and contribute to

the renewable energy field.

2.1 Implication and Impacting Factors of Power Supply Stability

A system's power supply reliability refers to operational stability without incidents

under particular conditions within a specified time when a solar power system converts

sunlight into PV modules to generate electricity (Hayat et al., 2019). Enhancing reliability,

system design, installation quality, regular maintenance, and consideration of backup

options is crucial during its planning and implementation ((Tan et al., 2021; Olatomiwa

etal., 2022). It consistently provides electricity based on sunlight (insolation) availability.

It is subject to natural factors like weather conditions (E1 Hammoumi et al., 2022). The

following are factors that affect the power supply reliability:

(1) Insolation availability: A PV system's power output is directly proportional to the

sunlight received. The geographical location and installation site, seasonal variations, and

climatic conditions greatly influence the system's reliability. For example, areas with

ample sunshine and minimal cloud cover tend to have higher power supply reliability

(Fakour et al., 2023).
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(2) System design and installation: A system's design and installation are critical in

ensuring reliable power supply. Factors like the solar module's orientation and tilt angle,

shading analysis, and proper sizing of components, such as panels, inverters, and batteries,

impact the system's overall performance and reliability. A well-designed and

professionally installed PV system can maximize power generation and minimize

potential issues (Behura et al., 2021).

(3) System monitoring and maintenance: Regular monitoring and maintenance of a PV

system are critical to ensure its long-term reliability. It includes inspecting and cleaning

the solar panels, checking for any damage or shading issues, and verifying the proper

functioning of components like inverters and batteries. Timely maintenance helps identify

and address performance degradation or faults, ensuring the system operates optimally

and reliably (Keisang et al., 2021).

(4) Battery storage: As the solar farm directly feeds the electricity it generates into the

grid, some PV systems incorporate battery storage to store excess electricity generated

during high sunlight availability. The stored energy can be utilized during cloudy or

nighttime conditions, enhancing the system's reliability. Battery technology and capacity,

along with efficient charge and discharge management, influence the reliability of the

system's power supply during non-sunlight hours (Tan et al., 2021). As the installation

capacity of the cases in this study is above 10 MWp, The installers must store the
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electricity generated by the system in batteries if they adopt the off-grid approach.

(5) Grid connection: Grid power supply reliability refers to consistent and uninterrupted

electricity delivery to consumers (Benysek & Pasko, 2012). A reliable power supply

improves the quality of life for individuals and communities. Numerous critical services

and public safety rely on a continuous power supply (Sarker & Lester, 2019). Electricity

powers various aspects of daily life, including lighting, heating, cooling, refrigeration,

communication, entertainment, and access to the Internet (Tushar et al., 2021). Power

failures lead to significant financial losses, disruption of operations, and decreased

productivity (Heffron et al., 2020). It is paramount for economic productivity as power

outages lead to considerable financial losses, disruptions in manufacturing processes, data

loss in information technology sectors, and halted productivity (Akpeji et al., 2020).

2.2 Reliability of PV and FPV systems

2.2.1 FPV

Conventional PV systems are usually installed on the ground. Installing the solar

modules requires considerable land. Countries like Taiwan, with high-density urban or

island areas, must find sufficient space for PV’s large-scale deployment (Yue and Huang,

2011; Van de Ven et al., 2021). Implementing FPV systems on water bodies is one of the

solutions. FPV technology is an innovative method. It offers several advantages by

utilizing water bodies, reducing evaporation, and mitigating the impact of water scarcity
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(Gadzanku et al., 2021; Kumar et al., 2021). It provides opportunities for combined land-

water use, promotes biodiversity, and contributes shade that benefits aquatic ecosystems.

Profiting from the water's natural cooling effect helps dissipate heat and improve

overall system efficiency. The reflections from the water surface enhance the sunlight

reaching the solar cells, increasing electricity generation (Gorjian et al., 2021), thereby

less affecting the environment compared with conventional solar farms, like land

disturbance and habitat fragmentation (Bax et al., 2022), and exploiting the energy-water

nexus that addresses energy and water demand (Farrar et al., 2022). It is a growing area

with interest within the renewable energy sector, offering a promising alternative for solar

power generation and expanding potential energy production (Pouran et al., 2022). The

Bureau of Energy of Taiwan issued the “Photovoltaic Two-year Promotion Plan” on

September 8, 2016 (Taiwan Bureau of Energy, 2016) to facilitate investors’ funding to

renewable energies. Taiwan initially developed FPV systems benefiting from this plan.

2.2.2 Single-Diode Model (SDM)

The model depicted in Figure 6 (Gray, 2011) portrays the PV cell as a constant

function representing operating conditions and electrical parameters. It comprises a

current source, diode, shunt, and series resistor connected to the load.
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Figure 5: Equivalent Circuit Representation of PV Cell (i.e., SDM)
Equations (1) to (6) define the load current (Ir.) for the SDM as outlined by Di Piazza et
al. (2017):
IL = lpc - Ip- Ish 1)
Ioc denotes the photoelectric current, ID refers to the diode current, and Ish
signifies the current flowing through the shunt resistor.

Equation (2) elucidates the current through the diode.

_ V+ILRg
ID - Irsc X eXp (_(XV]'V ) (2)

Irsc denotes the reverse saturation current, V represents the cell output voltage, Rs

signifies the series resistance, o indicates the diode ideality factor, and Vjv denotes the

diode junction voltage.

Equation (3) defines Viju.

Vo = NscKT 3)

lV: I
Nsc indicates the number of cells in series, T denotes the module temperature in

Kelvin, K represents the Boltzmann constant (1.380649x10723 J/K), and I signifies the
19
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electron charge (1.602x10~%° Coulomb).

NscK(T-12)

V= Rl (4)

Equation 5 shows the current through the shunt resistance (lsr).

_ V+ILRg
Ish = ——

()

Rsh

By substituting equations (2) to (5) into equation (1), we can derive the output current

in the SDM as equation (6):

_ Vo+ILRey 11
I = lpe -lrsc[exp ( v, )-1]

V+ILRg
Rsh

(6)

In equation (6), I, lrsc, Rs, 0, and Rsh are unknown. Manufacturers must use STC

to assess these parameters.

2.2.3 Reliability of the On-grid System

As outlined earlier, the case studies in this dissertation pertain to on-grid systems

with capacities exceeding 10 MWp. These systems entail fewer components than off-grid

systems since the grid typically does not store energy (Crow, 1990). They integrate the

energy generated and are connected to the power network, feeding power directly into the

grid near the local power plant (Kececioglu, 1991; Fu et al., 2013). System failures can

impact interconnected systems' operation and disrupt users' power supply, underscoring

the importance of conducting a thorough reliability analysis of the power system parallel

to the grid (IEC, 1995). Establishing an acceptable system maintenance plan for power

supply reliability is crucial for minimizing power outages. Furthermore, operators
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dispatch these systems under a load-following (LF) strategy. They are more optimal than
off-grid systems in terms of net present value (NPV) and cost of energy (COE)
(Nesamalar et al., 2021).

2.2.4 Performance and Power Generation Comparison of PV and FPV systems

Kougias et al. (2016) presented integrating PV systems in water infrastructure to
offer pros for renewable energy sources’ growth and a methodology to identify
developing favorable canals and dams. The study analyzed the Mediterranean islands’
potential to contribute significantly to irrigation water savings. Yadav et al. (2016)
analyzed and compared the performance and power generation efficiency of the FPV and
land-based PV systems with an installed capacity of 250 Wp under the tested insolation
between 125W/m? and 945W/m?2. They analyzed the Current (I) - Voltage (V) curves and
power (P) -Voltage (V) curves of the results. The FPV has shown more considerable
generation efficiency and higher total power gain than traditional deployment.

In comparing operating environments on a roof and water to analyze different FPV
systems’ performance and share several issues encountered, Liu et al. (2018) presented
extensive and high-quality field measurement data. They compared operating
environments on water and a rooftop, analyzed the performance of different FPV systems,
and shared some issues encountered. They summarized that FPV has several performance

pros and suggested that establishing best practices is dispensible to prevent new pitfalls
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and issues associated with deploying PV on water.

Kamuyu et al. (2018) claimed that the FPV market status has emerged since it

utilizes the system's excellent ambient environment near the water surface, according to

remarkable FPV module reliability studies. It showed a degradation rate below 0.5% p.a.

when using novel assembling stuff. They collected and analyzed data over five-minute

intervals from a PV system over a year using MATLAB to derive predictable

environmental variables' equation coefficients and perform PV module temperature

analysis. They compared the theoretical prediction to realize field PV module operation

temperature. They found that the associated model errors ranged from 2% to 4% based

on the number of equation coefficients used. Results show that FPV systems generate

10% more power than other LPVs.

Ranjbaran et al. (2019) analyzed and studied different FPV systems as power

generation systems. They compared the ground-mounted and FPV deployments and

denoted the gaps in the examined subjects. They conferred the most favorable schemes

of FPV array interconnection and reconfiguration. They investigated multilevel DC-DC

converters for grid integration of FPV panels.

Taye et al. (2020) compared an FPV system with a land-based PV station for Debre

Mariam Island to increase efficiency and save land. They modeled it to satisfy the daily

energy load demand of Debre Mariam Island community electric loads. Results indicated
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that the wind speed and temperature significantly contribute to panel efficiency drops and

low power output in land PV installations. The FPV generated 294.8 kWh of power output

compared to 289.9 kWh generated by land PV station installation. The FPV system

increases the power output by 4.9 kWh compared with land-based PV.

Kumar et al. (2021) presented how the FPV’s specific design and structure influence

its output power generation, durability, and investment cost. They analyzed and updated

solar systems’ performance and degradation to model PV modules’ performance and

temperature underwater, such as altering active cooling techniques and evaporation rates

in FPV systems. They explored how FPVs’ performance and reliability under the water

body’s harsh conditions challenge their cost-effective power generation for the economic

feasibility and environmental effects from an electrical perspective. They concluded that

predicting PV systems’ performance at a specific location requires prior to meeting the

system’s desired energy demand and secure investment.

Elminshawy et al. (2021) claimed that FPV’s lower working temperature and

efficiency are better than an LPV system. They experimented by constructing a system to

examine its performance under natural windy conditions and explained the reason for

such dominance. The findings showed that it strengthened FPV’s superiority through an

innovative partially floating system for more energy harvest. The underwater portion

allows reliable temperature management for the PV system via mutual heat transfer with
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the ambient water. Consequently, it raises electricity production. Hammoumi et al. (2021)

designed and built a small-scale FPV for research and demonstration purposes, attempting

to analyze and compare its electrical and thermal performance with land-based PV under

Moroccan operating conditions. The test result shows that the FPV produces the highest

energy when installed at the optimal tilt angle.

Dorenkdamper et al.(2021) conducted an estimated specific yield comparison

between conventional and FPV systems by thoroughly studying the water cooling effect.

They confirmed that FPV systems could outperform conventional PV systems regarding

energy yield due to the effect across different climatic conditions by a PVsyst model with

inputs of the heat loss coefficients based on field tests located in two different climate

zones: the Netherlands, a temperate maritime climate, and Singapore, a tropical climate.

The comparison results show that the gain in energy yield from the FPV stations' cooling

effect compared to the reference PV deployments is up to 3% in the Netherlands and 6%

in Singapore.

Luo et al. (2021) analyzed the performance stability of FPV systems located in the

Tengeh Reservoir in Singapore with a tropical rainforest climate from one of the sizable

FPV testbeds worldwide using three commonly used statistics to compute seasonal and

trend decomposition and performance loss rates. They compared two monitored PV

strings mounting crystalline silicon units from a nearby rooftop reference structure.
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Overall, there is no remarkable difference between the rooftop and the FPV installations
in the testbed regarding performance stability during the first three years of operation.

Kjeldstad et al. (2021) analyzed weather data and production from one year of
operation for an open FPV system with a small water area installed on a water body in
Kilinochchi, Sri Lanka. They compared it to a land-based PV system erected on the shore
of the lake. They found that the technology has had a stable overall performance over one
year. The amphibious operation period did not impact the continued system’s
performance. Based on the production and weather data, calculations of the system’s heat
loss coefficient value (U-value) grant a median U-value of 33 W/m?K, slightly better than
the default PVsyst value of 29 W/m?K for freestanding land-based PV systems.

Micheli (2022) reviewed and gathered the literature on FPV's thermal behavior,
outlining the models and discussing the currently available experimental findings. He
found that different FPV configurations can experience different thermal behaviors,
sometimes better than LPV. He suggested that considering their various cooling
mechanisms helps distinguish air- and water-cooled FPV systems. Initial comparative
analyses help identify designs and conditions. It benefits from heat transfer in FPV
compared to LPV. Kumar et al. (2023) declared that the FPV’s pioneering concept values
land in urban areas and provides a cooling effect that keeps solar panels cooler than land-

based systems. An FPV system’s high power output relies on using the right technology
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and a comprehensive design, construction, and consideration of environmental factors

like evaporation. The last factor influences its reliability, operations, durability, and output

power generation. The module technology type and local climate conditions impact the

system’s performance and reliability.

2.2.5 Modeling and Optimization Methods of Reliability

In previous research, Meydbray et al. (2008) adopted a dynamic programming

technique to solve the optimization problem, system sizing, and control optimization

(Meydbray et al., 2008; Mahmoudimehr & Shabani, 2018). They combined a genetic

algorithm and designed objective functions, like investment cost and loss of power supply

probability, as design variables. Additionally, they developed a long-term stochastic

optimization method that simultaneously considers the streamflow and PV power output

uncertainty to obtain operational decisions. Katsigiannis et al. (2010) introduced an

approach for the modeling and reliability assessment of small isolated energy systems. It

includes PV, wind turbines, and diesel generators. They implemented four scenarios to

describe the power system's performance under different conditions and compared each

developed scenario. Nine reliability and performance indexes have been calculated and

compared. Aihara et al. (2012) proposed a genetic algorithm and tabu search-based

method to improve benefits generation and system reliability. They evaluated the impact

and enhanced the power supply reliability by arranging an effective operating pattern and
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integrating the PV system into a pumped-storage hydropower plant.

Yang et al. (2018) used PVsyst software to simulate the total energy generated and

put the simulation results into the field grid-connected. The failure of PV members from

the ground shows that some manufacturers’ reliability analysis of the PV module is

insufficient. Due to the more severe use conditions of the later developed FPV than those

of ground systems, it is more likely that the structure will fail before the end of its life

cycle and affect the power supply stability. Consequently, developing an elaborated

approach to analyze and estimate the system’s near-term and long-term power supply

reliability creates a balance indicator for planning and assessing the grid’s potential power

supply and demand risks.

Kamuyu et al. (2018) collected and analyzed data over five-minute intervals from a

PV station over a year. They used MATLAB software to derive equation coefficients of

predictable environmental variables and the module temperature operation models after

comparing the theoretical prediction to solar modules’ actual field operation temperature.

They found that the corresponding model errors range between 2% and 4% depending on

the number of equation coefficients incorporated. The validation results of their other

studies show that FPV systems produce 10% more energy than land-based systems. They

concluded that PV module temperature analysis is another critical area governing the

efficiency performance of solar cells and modules.
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Mazzeo et al. (2018) presented a dynamic and power supply reliability analysis of a

renewable hybrid trigeneration system. It includes a PV generator, a wind micro-generator,

and an energy storage battery (electric renewable hybrid system ERHS) to furnish electric

office devices, and employed the dynamic simulation results to investigate the dynamic

interaction between the ERHS with the three electric loads in different characteristic

weeks and determine the system's energy reliability in the absence and presence of a

battery storage system. Lu et al. (2019) proposed a reward-penalty mechanism (RPM) for

accelerating the development of zero-energy communities without considering the

reliability effect. The findings show that the proposed RPM works efficiently under ideal

conditions. Simultaneously, the community costs and buildings significantly increased

when considering the PV system reliability effect. Esan et al. (2019) presented a novel

approach to evaluating the power supply reliability of a hybrid mini-grid system (HMS)

according to the optimal design result from the HOMER software. They performed a

typical case study in a Nigerian rural area — Lade II, in Kwara State, where the power

requirement for the commercial and residential loads was 2.5MWh/day and 171kWh/day,

respectively. The results show the HMS's reliability and depict a highly economical and

feasible hybrid energy system.

Lee et al. (2020) reviewed the associated benefits of hybrid FPV-hydropower system

operation and a novel geospatial approach to assess the global technical potential of these
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systems employing publicly available, global datasets to support decision-making. They

identified significant global potential for FPV hybridized with hydropower ranging from

3.0to 7.6 TWh (4,251 to 10,616 TWh annual generation) based on the assumptions made.

Pereira (2020) designed a 3MWp FPV system compared with other evolved PV

technologies. He analyzed it using the PV Syst simulation software interface and actual

climatic data from NASA. Results proved that the designed system generates more power

compared to other methods’ negative impact on the environment as it only utilizes water

surfaces to install the system.

Sulaeman et al. (2021) assessed increasing system adequacy benefits. They

elaborated that alternative power sources are required to meet future energy needs. Even

though solar energy in Brazil accounts for a small percentage of its total integrated

generation, large-scale deployment is one of the promising solutions for offsetting dams’

underlying underproduction. They evaluated the system adequacy with the dams’ current

production and the required FPV system capacities to support their short production, the

correlation between system load, PV output, and the social and environmental concerns

associated with dam expansion in the Amazon basin. The results show that the investment

toward installing FPV systems on the dams’ reservoirs remarkably minimizes load

reduction, improves the entire system’s reliability, and potentially increases flexibility in

the operation to manage energy generated by hydropower plants during peak
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requirements.

Kaymak and Sahin (2021) installed three different FPVs based on examining

Biiylikgekmece Lake in Istanbul. They assessed the difficulties and critical faults that can

arise with such systems. They found that, compared to previously installed systems with

their new 30 kWp FPV designs, the semi-flexible fitting elements were sustainable and

robust even with the severe wave and wind conditions on the Lake for the study period

between July 2018 and April 2020. It also revealed that the most well-known float and

frequently used designs for FPVs are not sufficiently robust for severe environmental

conditions.

Claus and Lopez (2023) presented a comprehensive methodology for evaluating

FPV structures, focusing on wind and wave impact from hydrodynamic and structural

perspectives. They considered various environmental actions, configurations, and

mooring line chain sections. They provided practical data on loads and motion time series

for subsequent structural analysis. They observed, compared, and found the hinged

configuration to the rigid one, a remarkable reduction in maximum yaw motions of 32%

to 76%, depending on the employed mooring chain section. The structural analysis

highlights the significance of wave characteristics, mooring system configuration, and

system flexibility. They emphasized the need to consider environmental conditions,

structural aspects, and energy efficiency in optimizing FPV configurations.
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2.3 Exceedance Probability

The Exceedance Probability refers to the likelihood that a specific value or level

of drought will occur based on historical data. Researchers have widely used it as an

assumed risk indicator in climate change research, hydrology, engineering, finance, river

discharge or precipitation, and environmental science (Hayhoe et al., 2004; Meydbray et

al., 2008). In hydrology, they use it to predict extreme events like floods, earthquakes,

and hurricanes (Lambert et al., 1994; Kunreuther, 2002; Hayhoe et al., 2004; Meydbray

et al., 2008). For example, if we achieve the Exceedance Probability of a river discharge

of 1,000 cubic meters per second, a 10% Exceedance Probability would mean a 10%

chance that the discharge will equal or exceed 1,000 cubic meters per second in a given

period.

In finance, applying the Exceedance Probability to evaluate risks associated with

investment portfolios is applicable. For instance, a 5% Exceedance Probability for a

certain level of financial loss indicates that the losses will be greater than or equal to that

level 5% of the time (Zhang & Huang, 2006). Mathematically, it is often expressed as a

percentage and can be represented by a probability density function (PDF) or a

cumulative distribution function (CDF), depending on the specific context and the

nature of the analyzed data. It provides valuable information for risk assessment,
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decision-making, and the design of structures and systems that need to account for

extreme events (Maritato & Uryasev, 2023).

After studying a hypothetical trend case superimposed on a random stationary

variable, Porporato and Ridolfi (1998) highlighted its strong influence on possible non-

stationarities. They analytically developed a general outline using the Gumbel

distribution, focusing on its quick increase over time in the presence of weak rising trends.

Under its unnoticed sensitive underestimation, they applied the work to hydrological

rainfall and river flow series.

Piechota et al. (2001) presented a methodology to forecast seasonal streamflow using

the Exceedance Probability to extend a previously developed categorical streamflow

forecast model to five Australian catchments. They used persistence (i.e., the previous

season's streamflow) and El Nifio-Southern Oscillation indicators to perform linear

discriminant analysis. The prediction continuously benefits the water resource systems'

design and operation. It demonstrates that researchers can use Exceedance Probability in

prediction. Mason et al. (2007) proposed a procedure in the forecast ensembles scenario.

It extends the binned probability histogram. They treated individual ensemble members

as quantile estimates of the forecast distribution. They calculated the conditional

Exceedance Probability that the observed precipitation, for example, exceeds the amount

forecast.
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Liu et al. (2013) considered the combined Exceedance Probability of multiple

hazards. They took China’s Yangtze River Delta region as an example to calculate their

Exceedance Probability distribution to human life using the life loss data of natural hazard

disasters between 1950 and 2010. Using a geographical information system, they mapped

multi-hazard risks to human life at different mortality rates and loss at risk-return periods

to achieve the Exceedance Probability. Results show that Hangzhou and Ningbo are at a

relatively high risk from multiple natural hazards, and Shanghai is at a relatively low risk.

Haigh et al. (2014) estimated for the first time present-day extreme water level

exceedance probabilities around the whole coastline of Australia. They configured a high-

resolution depth-averaged hydrodynamic model for the Australian continental shelf

region. They successfully validated the model output by comparing it to measurements

from 30 tide gauge sites. They fitted extreme value distributions to the derived time series

of annual maxima and the several most immense water levels each year at each numeric

coastal grid point to estimate exceedance probabilities. It provides a reliable estimate of

water level probabilities around southern Australia.

Nathan et al. (2016) elaborated on applying two considerable independent manners

to examine such extreme rainfall frequencies. One manner is based on stochastic storm

transposition, combining an extreme storm’s “arrival” and “transposition” probabilities

employing the total probability theorem. The second approach combines point rainfall
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frequency curves with regression assessments of local and transposed areal rainfalls

according to “stochastic storm regression.” They generated rainfall maxima and

stochastically sampled independent variates and achieved the required exceedance

probabilities using the same theorem. These two methods are applied to two enormous

catchments with areas of 15,280 km2 and 3550 km2 located in inland southern Australia,

providing similar frequency estimates of extreme areal rainfalls for these two study

catchments.

Some scholars claimed that the global instrumental record of tropical cyclone

intensity is generally unsuitable for global trend analysis as it is heterogeneous in space

and time (Kossin et al., 2020). They mentioned that the previously created homogenized

data records according to satellite data for the period 1982-2009 were not statistically

significant at the 95% confidence level. They are shorter than the time required for a

statistically significant positive global TC intensity trend to appear. Thus, they extended

the homogenized global TC intensity record to the 39 years 1979-2017 and identified

statistically significant advances at the 95% confidence level. Results showed that

increases and trends in the Exceedance Probability are consistent with expectations based

on theoretical understanding and trends identified in numerical simulations in warming

contexts.

Mackay and Haselsteiner (2021) investigated the relationship between the marginal
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Exceedance Probability of each variable’s maximum value along an environmental and

the total probability outside the contour. Findings reveal that the marginal ratios to total

exceedance probabilities for direct sampling contours are similar to those for the inverse

first-order reliability method. However, the marginal Exceedance Probability of each

variable’s maximum value along the highest density contour is not a fixed relationship to

the contour Exceedance Probability. It depends on the shape of the joint density function.

2.4 Lifecycle Energy Analysis (LCEA) and Energy Return (ER)

241 LCEA

LCEA is an essential tool to assess and understand a product’s energy implications,

system, or process throughout its lifespan. Its broader approach is often called Life Cycle

Assessment (LCA). Academic circles often use LCEA to assess the total energy

consumption. It encompasses energy and a more comprehensive set of environmental

impacts (Morales et al., 2015). It provides a comprehensive perspective on energy

consumption. It aids in pinpointing areas where energy efficiency can be enhanced and

helps identify the stages or processes within a product's lifecycle that consume the most

energy (Cabeza et al., 2014; Najjar et al., 2022).

Additionally, it quantifies and evaluates the energy inputs and outputs associated

with various stages from the cradle to the grave, including extraction of raw materials,

manufacturing, transportation, use, and end-of-life disposal or recycling, often declared
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in energy units like megajoules or kilowatt-hours (Menzies et al., 2007; Venkatraj & Dixit,

2021; Loveday et al., 2022). The evaluated information allows decision-makers to

prioritize efforts and resources for energy optimization and reduction. Focusing on these

energy hotspots makes achieving substantial energy savings and minimizing

environmental impacts possible (Ingrao et al., 2014). Thus, the solar system must remain

operational and productive in its lifecycle. During the solar module’s lifespan, generally

25 to 30 years, it should generate electricity (Biswas, 2021).

By considering the entire product’s lifecycle, the LCEA helps avoid environmental

impacts from one stage to another. For instance, a commodity may be energy-efficient

during its use phase. However, the overall environmental consequences may still be

significant if the manufacturing process is energy-intensive (Cabeza, 2014). Specifically,

a product’s lifecycle typically includes the following stages:

(1) Raw Material Extraction and Processing: It involves the energy required to extract

and process raw materials before manufacturing products.

(2) Production: The energy consumed during product fabrication includes processing,

assembly, and packaging.

(3) Transportation: Transporting raw materials to the manufacturing site, the finished

product to distribution centers, and the product to the end-user all need energy.
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(4) Use: The energy consumed during the product’s use can vary depending on the

product type. For example, household appliances, vehicles, and electronic devices have

different energy use patterns during operational phases.

(5) End-of-life: Energy is associated with the product’s disposal, recycling, or treatment

at the end of its life (Bongaerts & Drebenstedt, 2023).

In addition to energy consumption, researchers can extend LCEA to include other

environmental factors, like GHGs, water usage, and other resource consumption metrics.

LCEA is a valuable tool for businesses, policymakers, and researchers seeking to

understand and mitigate the environmental footprint of products and processes (Salehi et

al., 2021).

242 ER

A solar system’s ER refers to the power produced by the setup compared to the

capability invested in its construction, installation, and maintenance over its lifetime. The

energy payback time (EPBT) and the energy return on investment (EROI) are often

expressed (Chen, 2023). A higher ER signifies that the system has generated more energy

than was consumed in its lifecycle, indicating a more efficient and sustainable energy

source (Celik et al., 2018). As PV technology has become more efficient and advanced,

the ER tends to improve, reducing the EPBT and increasing the EROI and the system's

overall sustainability (Pamponet et al., 2022). The system’s ER varies depending on solar
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technology, geographical location, system design, efficiency, and maintenance practices

(Omar, 2021). When evaluating a system’s ER, investigators must consider the following

factors:

(1) Manufacturing: The energy needed to manufacture solar panels includes raw

materials extraction and processing. Its investment includes producing system

components like inverters, cabling, and support structures (Eskew et al., 2018). The

power required to manufacture solar panels includes raw materials extraction and

processing. Its investment involves producing system components like inverters, cabling,

and support structures (Eskew et al., 2018).

(2) Installation: The energy expended during the solar panels' installation comprises any

associated infrastructure, such as mounting systems, electrical connections, and grid

integration. That is the labor, equipment, and transportation required to set up the system

(Lietal., 2019).

(3) Operation and maintenance: The capability to operate and maintain the solar energy

system over its lifetime involves cleaning, monitoring, and repairing the system and any

energy losses due to system inefficiencies or degradation (Biswas, 2021).

(4) System lifetime: Various factors can influence the lifetime of an FPV system, such as

materials and components, maintenance, environmental conditions, technology

advancements, and regulatory and policy environment (Ahmed et al., 2023).
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The two primary metrics for assessing ER are the EPBT and EROI (Bhandari et al.,
2015). The EPBT delineates the critical period during which a photovoltaic (PV) system
can generate energy equivalent to its production, emphasizing the necessity for efficient
energy management throughout its lifespan (Gessert, 2012). On the other hand, the EROI
represents the ratio of energy delivered from a specific energy source to the power
consumed in its production (Murphy & Hall, 2010).

In a comprehensive review, Alsema et al. (1998) scrutinized multiple energy
analysis studies focusing on thin-film solar cell modules. The analysis initiated an
exploration of methodological issues in PV system energy analysis. Findings from
studies on a-Si and CdTe modules were presented cohesively, revealing substantial
disparities in material choices, especially in module encapsulation. The study
meticulously evaluated the energy requirements for contemporary a-Si and CdTe thin-
film modules, ranging from 600 to 1500 MJ per m? module area. Notably, the EPBT for
a grid-connected module, under 1700 kWh/ (m?2eyear) irradiation, demonstrated
feasibility below two years, suggesting potential for an EPBT below one year.

Murphy and Hall (2010) thoroughly reviewed empirical findings on EROI for
significant fuel types, providing a historical perspective and analytical methodology
while highlighting areas for improvement in EROI research. Fukurozaki et al. (2013)

analyzed the energy requirements and CO> emissions of a 1.2 kWp PV rooftop system
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in Brazil, utilizing the LCA methodology. The EPBT ranged from 2.47 to 3.13 years,

with CO2 emissions rates between 14.54 and 18.68 gCO2-eq/kWh for current rooftop

installations. Atlason and Unnthorsson (2014) asserted that an EROI less than or equal

to one designates an "energy sink™ and is unsustainable, advocating for an EROI ratio

not lower than 3:1 for viability.

Numerous researchers conducted LCAs to assess the greenhouse gas footprint,

EPBT, and cumulative energy demand of silicon heterojunction (SHJ) cell designs.

Current designs exhibited lower life-cycle GHG emissions and EPBT than conventional

monocrystalline silicon systems. Improvements in cell efficiency, the use of thin silicon

wafers, and the substitution of silver-based with copper-based metallization

demonstrated potential reductions in lifetime GHG emissions and EPBT for both SHJ

and monocrystalline systems (Louwen et al., 2015).

Bhandari et al. (2015) systematically reviewed and comprehensively analyzed the

embedded energy, EPBT, and EROI indicators for the thin-film PV and crystalline

silicon technologies issued between 2000 and 2013. They referred to 232 articles and

selected 23 and 11 for embedded energy and EPBT/EROI analyses. They assorted some

parameters to the following values: insolation (1700 kWh/m2eyear), performance ratio

0.75), system lifetime (30 years), module efficiency (aSi: 6.3%; CdTe: 10.9%;
y y y

CulnGaSe: 11.5%Mono-Si: 13.0%; poly-Si: 12.3%; ). The findings show that the mean
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harmonized EPBT varied from 1.0 to 4.1 years. Additionally, they ranked module types
according to the order from highest to lowest: monocrystalline silicon (mono-Si), poly-
crystalline silicon (poly-Si), amorphous silicon (a: Si), copper indium gallium diselenide
(CIGS), and cadmium telluride (CdTe). The mean assorted EROI varied from 8.7 to 34.2.
Zhou and Carbajales-Dale (2018) examined energy inputs and efficiency based on
previous PV system EROI meta-analyses under the system’s low-cost and high-cost
contexts by centering the existing wafer, thin-film, and organic technologies. The results
reveal that low-cost and highly efficient thin-film techniques have not yet arisen.
Nevertheless, the thin-film process is the optimal ER advancement to date.

They referred to 232 articles and selected 23 and 11 for embedded energy and
EPBT/EROI analyses. They assorted some parameters to the following values: insolation
(1700 kWh/m?syear), performance ratio (0.75), system lifetime (30 years), module
efficiency (aSi: 6.3%; CdTe: 10.9%; CulnGaSe: 11.5%Mono-Si: 13.0%; poly-Si: 12.3%; ).
The findings show that the mean harmonized EPBT varied from 1.0 to 4.1 years.
Additionally, they ranked module types according to the order from highest to lowest:
monocrystalline silicon (mono-Si), poly-crystalline silicon (poly-Si), amorphous silicon (a:
Si), copper indium gallium diselenide (CIGS), and cadmium telluride (CdTe). The mean
assorted EROI varied from 8.7 to 34.2. Zhou and Carbajales-Dale (2018) examined energy

inputs and efficiency based on previous PV system EROI meta-analyses under the system’s
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low-cost and high-cost contexts by centering the existing wafer, thin-film, and organic

technologies. The results reveal that low-cost and highly efficient thin-film techniques have

not yet arisen. Nevertheless, the thin-film process is the optimal ER advancement to date.

The research conducted by Jackson and Jackson in 2021 presented the TranSim model,

designed to simulate the economic and financial consequences associated with an energy

technology transition. This transition involved a reduction in EROI to ascertain whether

such a reduction could lead to increased energy prices and a subsequent decline in

economic growth. The model integrated a stock-flow consistent approach with an input-

output model. In a separate study, Wang et al. (2021) delved into the investigation of various

feedstock options, encompassing first-generation feedstock like corn, second-generation

feedstock like corn straw, and third-generation feedstock like algae. They aimed to quantify

the trade-offs in EROI associated with typical biomass conversion systems in China. The

researchers unified and compared system boundaries employed in prior biomass footprint

calculations. The findings illuminated that the conversion of raw biomass feedstock to solid

fuel yielded the highest EROI (ranging from 8.06 to 30.13), followed by biomass power

(2.07-16.48), biogas (1.30-11.05), and biodiesel (1.28-2.23) for the first generation. Notably,

regardless of the biomass type (straw or wood residues), pyrolysis gasification exhibited the

highest EROI. The conclusion was that emphasizing the enhancement of energy efficiency

strengthens the economic viability of the biomass energy sector.
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In the evolving landscape of PV technologies, which exhibit lifetimes ranging from

25 to 40 years and are consistently advancing, Kamal et al. (2022) have proposed a model

to facilitate the critical examination of articles on material compositions, manufacturing

processes, and dismantling procedures. Their focus extends to elucidating the objectives,

pivotal constraints, and pragmatic strategies of the environmental, economic, and social

dimensions of sustainability within the PV industry. Furthermore, they explore the

potential contributions of Industry 4.0 technologies. Consequently, they present a

comprehensive research roadmap to guide forthcoming studies in optimizing the overall

sustainability of PV systems.

In a separate study, Tina and Scavo (2022) estimated and compared ER performance

metrics and simulated data annually for a mounted LPV/FPV system featuring two-axis

tracking and either mono or bifacial modules. The analysis concerning the Anapo Dam

in Sicily (Italy) and the Aar Dam in the Lahn-Dill district (Germany) provides insights

into the energy output variations based on geographical locations. Addressing the

environmental implications of PV waste, Daniela-Abigail et al. (2022) examined the

environmentally vulnerable areas of Yucatan, Mexico, considering three dimensions:

environment, economy, and society. Their findings advocate for implementing

sustainable regulations governing PV waste, asserting the potential to reduce PV systems'

EPBT.
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2.5 Analytic Network Process (ANP)

Saaty (2004) claimed that the ANP is a measurement multicriteria theory employed

to originate absolute numbers of relative priority scales from individual judgments. These

indicate the relative influence of one of two metrics over the other by pairwisely

comparing the process on a third metric in the system regarding an underlying control

criterion. The ANP synthesizes the dependence outcome and feedback within and

between metrics clusters through its supermatrix. The Analytic Hierarchy Process (AHP)

is a specific ANP case. It has independent hypotheses on upper levels from lower levels

and the metrics independence in a level. The ANP is an essential tool in helping us

determine an issue.

Ergu et al. (2014) presented a maximum eigenvalue threshold as the ANP

consistency index in a decision analysis and risk assessment. The threshold is

mathematically equivalent to the consistency ratio (CR). To reduce consistency test

times, they introduced a block diagonal matrix to perform consistency tests

simultaneously for all comparison matrices. An induced bias block diagonal comparison

matrix can also identify and adjust the inconsistent elements. They reveal the

effectiveness and simplicity of the consistency test method by their proposed maximum

eigenvalue threshold, inconsistency identification, and adjustment method shown by two

illustrative examples of emergent situations. Cakmak and Cakmak (2014) analyzed the

44

doi:10.6342/NTU202400056



leading causes of disputes in the construction industry. To reach this aim, they undertook

a literature review to identify the common construction disputes. They classified the

disputes from a cross-section of the literature into main categories. They determined the

leading causes of construction disputes. Finally, they performed an analysis using the

ANP to determine their relative importance.

Lin et al. (2015) applied the ANP to supplier selection at a Taiwanese Electronics

Company. Results show that using ANP helps to arrest the imprecision in human

judgment. With ANP’s assistance, they take a company's holistic view in the decision-

making process and develop a framework to enable its general application, environmental

protection, and economic development. Hashemi et al. (2015) used economic and

environmental criteria to propose a comprehensive green supplier selection model. They

used ANP to deal with the interdependencies between the criteria. They modified the

traditional Grey relational analysis (GRA) to better address the uncertainties inherent in

supplier selections, weigh the criteria, and rank the suppliers. The proposed approach

allows decision-makers to attain the assessment process.

Aragonés-Beltran et al. (2017) presented a method to measure stakeholders’

influences within a project from the project manager’s perspective. They calculated the

index with the ANP by breaking down its influence into criteria, assessing different

aspects that define an index that measures each stakeholder’s influence concerning the
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rest of the project team. Results reveal that the most influential stakeholders are the

signaling systems provider and the contractor, accounting for 40% of the total influence.

These findings have helped the project manager be aware of the two most influential

stakeholders and set future stakeholder management guidelines. Kadoi¢ et al. (2018)

reviewed possible method upgrades that might decrease the original ANP complexity.

They explored this by structuring the problem as a weighted graph and using the

compatibility concept between interdependent matrices in the ANP. Chen et al. (2019)

used bibliometric techniques to overview the ANP research status and development

characteristics to help researchers in future research directions. They concluded ANP's

past and present hotspots and determined future research trends. They performed the

bibliometric analysis from 1485 ANP-related publications. Investigators retrieved them

from the Web of Science. Results indicate that Expert Systems with Applications was the

most productive journal publishing articles (118) in ANP research.

2.6 Cost-Benefit Analysis (CBA)

Mouter et al. (2013) systematically overviewed the attitudes of critical actors in

the Dutch CBA practice in the decision-making process for spatial infrastructure plans.

They scrutinized the extent to which there is agreement among these Dutch actors

regarding the role of the CBA in the decision-making process. This study's most

important conclusion is that in Dutch CBA practice, there is agreement that CBA must

46

doi:10.6342/NTU202400056


https://www.sciencedirect.com/topics/engineering/signalling-system
https://www.sciencedirect.com/topics/engineering/signalling-system

play a role in the appraisal process of spatial infrastructure projects. The FPV can

compete with LPV in Spain regarding the electricity cost and profit in a lifespan when

affirming the prospective lower operating temperatures. The maximum acceptable

capital expenditure also varies with the location (Atlason & Unnthorsson, 2014).

Annema et al. (2015) proposed what is a helpful transport policy appraisal tool from a

politician’s perspective. They interviewed twenty-one Dutch transport politicians’

views on CBA. Results show that they use CBA in a non-decisive manner and find the

aggregate outcome (the composite result) of CBAs pretentious. They seem especially

interested in appraisal tools that clearly show the critical political trade-offs of a

transport policy.

Asplund and Eliasson (2016) proposed a question of how robust the policy

conclusions of CBA are related to uncertainties. They used simulations based on actual data

on national infrastructure plans in Sweden and Norway. They studied how total realized

benefits change and investment selection when making decisions based on CBA evaluation

vulnerable to different uncertainty types. Their findings showed that realized profits of the

investment option are considerably insensitive to all studied uncertainty types, even for high

levels of uncertainty. Manning et al. (2016) summarized the significant steps used in CBA.

They included a discussion of incremental cost-comparison analysis, the optimal choice of

program, and incremental cost analysis. They identified and described nine steps, such as
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specifying alternatives, deciding whose costs and benefits to include, and performing the

production of sensitivity analysis. Carolus (2018) investigated the possible prerequisites,

limitations, and advantages of applying CBA in what may be considered an alternative,

“bottom-up” approach. They suggested an approach begins with the underlying

environmental problem and then assesses the benefits and costs of solutions and strategies

as identified by directly affected and local stakeholders.

Regarding two river catchments in Sweden and Latvia for the empirical case study,

they used the bottom-up CBA approach to assess plans for local conditions. However,

they are also likely more acceptable to local society and shed additional light on possible

distributional effects. By benefitting from and supporting participatory environmental

planning, bottom-up CBA aligns with the growing trend of embedding stakeholder

participation within decision-making and environmental policy.

Two scholars provided an up-to-date overview of recent literature regarding CBA's

application and development on Transport Policy and Planning. They elaborated on CBA's

history and its foundations in welfare economics. They reviewed the literature on recent

developments and debates on the method and the literature to practice the CBA. They

described research challenges associated with CBA to respond to future research

(Koopmans & Mouter, 2020). Micheli (2021) assessed the maximum capital budget, the

Levelized Cost of Energy, and the NPV of latent in-land photovoltaic (LPV) and FPV
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deployments in Spain. He concluded that FPV installers should optimally make the PV

systems profitable as stations. Biancardo et al. (2023) performed a CBA correctly and

designed sustainable infrastructures. In the case of infrastructures, it is imperative to

demonstrate the impacts of their construction most efficiently and show them to all the

involved stakeholders. The findings demonstrate the utilization of this framework in the

context of a Building Information Modeling (BIM)-centered design methodology applied

to the ongoing construction of the Napoli-Bari High-Speed Rail corridor.

2.7 Comparative Economic Analysis and Carbon Pricing (CP)

2.7.1 Comparative Economic Analysis

A comparative economic analysis is a method used to evaluate and compare

different schemes or projects based on their economic aspects. It involves assessing each

scheme's costs, benefits, and financial implications to determine their relative economic

viability and potential return on investment (Wu, 2021). By systematically analyzing

different schemes' costs, benefits, financial indicators, and risks, decision-makers can

make informed choices and help consider the financial implications of different options

(Cookson et al., 2017). They provide valuable insights into each option's economic

feasibility and potential returns, helping prioritize schemes that offer the most favorable

economic outcome (Jouny et al., 2018). The following factors are indispensable for

performing comparative economic analysis.
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(1) Benefits: The analysis examines each scheme's potential tangible and intangible

benefits. Tangible benefits include revenue generation, cost savings, increased

productivity, and improved efficiency. Intangible benefits involve environmental impact,

social welfare, or stakeholders’ satisfaction. These benefits are usually assessed in

monetary terms wherever possible to facilitate comparison (Joseph et al., 2015).

(2) Costs: The analysis identifies and quantifies all costs associated with each scheme

under consideration. It includes capital costs (like initial investments and equipment

expenses), operating costs (like maintenance, labor, and energy), and other relevant

expenses. Considering short-term and long-term costs throughout the scheme's life cycle

is critical (Li et al., 2020).

(3) Financial indicators: In comparative economic analysis, researchers frequently

utilize diverse financial indicators to assess the economic viability of each scheme. The

set of conventional metrics comprises the net present value (NPV), internal rate of

return (IRR), benefit-cost ratio (BCR), and payback period. These metrics offer a

quantitative gauge of the economic allure of each scheme, facilitating their ranking

according to financial performance (Khamharnphol et al., 2023).

(4) Sensitivity analysis: Performing each scheme's metrics sensitivity analysis, i.e., the

variation of financial indicators, such as costs, benefits, or interest rates, helps decision-
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makers better understand the risks, uncertainties associated, and crucial changes in critical

variables or assumptions with each option (Kropf et al., 2022).

(5) Risk assessment: It helps decision-makers understand each scheme's potential

vulnerabilities and uncertainties and guides them in developing risk mitigation strategies.

The analysis must consider risk factors associated with each scheme. It includes

evaluating potential risks affecting costs, benefits, or overall financial performance

(Thorne et al., 2018).

2.7.2CP

CP is a policy approach to reduce GHG, specifically carbon dioxide (COz) emissions.

It involves the emissions of industries and activities that produce GHG (Nippa et al.,

2021). It is often considered a flexible and market-based approach, which provides

economic incentives for emission reductions and allows market forces to determine the

most cost-effective solutions to addressing climate change.

Additionally, the fundamental idea behind CP is to create economic incentives for

individuals, businesses, and governments to mitigate their carbon footprint and transition to

cleaner, more sustainable alternatives (Nippa et al., 2021). It can generate revenue reinvested in

sustainable development, climate adaptation, or supporting disadvantaged communities

affected by the transition to a low-carbon economy. Usually, it imposes a carbon tax or an
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emission trading system (ETS), a requirement to purchase credits to make up for excess

discharges (Nippa et al., 2021; Rontard & Hernandez, 2022).

A carbon tax is a direct levy imposed on the carbon emissions content associated

with fossil fuels. Typically, the government applies this tax to fuel producers or importers,

contingent upon the anticipated COz emissions generated. By increasing the cost of

carbon-intensive activities, such as burning coal or using gasoline, carbon taxes

encourage individuals and businesses to seek out lower-carbon alternatives.

ETS, known as cap-and-trade systems, implements and meets specific mitigation

targets limiting the remaining carbon budget subsidies (Stavins, 2022). It establishes a

cap or limit on the total GHG allowance emissions released by covered industries or

entities within a specific jurisdiction. The tolerated emissions, representing the right to

emit a particular GHG estimate, are distributed among these organizations. If a maker

emits less than its allocated capacities, it can sell the excess to other entities needing

additional amounts. It creates a market for trading emissions permits, enabling

organizations to buy or sell allowances based on their emissions needs. The overall

emissions cap declines over time, reducing the total emissions allowed. Scientists

consider it efficient, covering 21.7% of global GHG emissions in 2021 (Hagmann et al.,

2019). Rogel;j et al. (2018) and Ritchie et al. (2022) declared that an approbated pricing

level should be $100-5500 in 2030 to contribute to climate change (Hurwitz et al., 2020).
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The underlying principle of the carbon tax and ETS is to internalize the social cost

of carbon emissions (Zhou, 2022). By assigning a price to carbon, these mechanisms

reflect the environmental and societal damages caused by GHG emissions. The elevated

expenses linked to carbon emissions incentivize businesses and individuals to embrace

cleaner technologies, enhance energy efficiency, allocate resources to renewable energy

sources, and investigate alternative low-carbon practices (Li & Yao, 2020). Notably, CP

is just a tool in a broader set of policies and actions needed to tackle climate change

effectively. It is often implemented alongside regulations, subsidies, research and

development initiatives, and international cooperation to achieve substantial emissions

reductions and mitigate the impacts of climate change (Blanchard et al., 2023).
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Chapter 3 Research Framework

After a thorough review of the existing literature, the author crafted the framework for
this dissertation, aiming to address significant gaps and challenges in the field of solar
power, particularly in the context of FPV systems, as shown below.

Though solar power is one of the primary alternatives to conventional energy, we
cannot use it as a base load power source to provide stable energy due to its vulnerability
to climate. Existing research has established models to analyze PV systems’ efficiency,
reliability, and safety. However, it has not yet presented a more straightforward
indicator for assessing FPV power supply. This dissertation proposes a synthesis
methodology based on the Exceedance Probability and Weibull Function (Bailey & Dell,
1973) approaches to analyze the power supply reliability by conducting a case study of
Agongdian’s FPV system. The study results should benefit the FPV development in the
areas with small lands but available water bodies and lacking power.

Considering the grid’s resilience and investment feasibility, clarifying that the solar
business is still a low-return energy industry after the creation of PV technology and
determining the optimal scheme for transnational investors is crucial. Much literature did
not deliver estimates of the LCAor LCEA analyses. Consequently, they
facilitate EPBT and EROI analysis outcomes. Unlike the previous research on solar

energy’s ER assessment, this dissertation used time-series and LCEA-based ER estimation
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to evaluate the OFPV in a 30-year life cycle at Changhua Coastal Industrial Park, Taiwan. It

benefits energy consumption and returns under clear boundary conditions in each life-cycle

stage. It also helps clarify whether the technique innovation benefits from improving the

system’s capability compared to the traditional skill.

Additionally, several studies have elaborated on FPV’s advantages and disadvantages

(Ranjbaran et al., 2019). Most focus on contrasting the conversion efficiency and cost

with LPV systems, improving water quality, and mitigating water evaporation. Academic

circles need more literature using comparative economic analysis to determine an optimal

scheme and the potential benefits of carbon trading on FPV funding to help investors make

decisions. This dissertation compares the financial gains of FPVs of Japan’s Yamakura Dam

and Taiwan’s Agongdian Reservoir using time series, ANP, and financial indicators analyses

to determine which scheme is optimal. The methodology presented in this paper provides

comprehensive views. It should help stakeholders comprehend advantages and determine a

favorable funding decision.

Chapter 1 aims to link the subsections closely, guiding the reader through

systematically exploring energy definitions, types, renewable sources, alternatives, and

specific solar technologies with real-world applications.

In this chapter, the introduction seamlessly connects a series of subsections to provide

a comprehensive overview of the energy landscape, emphasizing the need for alternatives
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to traditional energy resources. The progression begins with Subsection 1.1, Energy

Profile, delving into the Definitions, Sources, and Characteristics of Primary and

Secondary Energies. It establishes a foundational understanding of the primary elements

shaping the energy sector. In the same chapter, Subsection 1.2 explores the spectrum of

energy options, encompassing Conventional, Low-carbon, Clean, and Renewable

Energies. This section aims to categorize and distinguish between different energy types,

setting the stage for a nuanced discussion. The narrative then unfolds in Subsection 1.3,

Common Renewable Energy Sources, delving deeper into the specifics of renewable

energy. This section elucidates widely adopted and environmentally sustainable sources,

offering insights into the renewable energy landscape.

Building on this foundation, Subsection 1.4 explores Alternatives to Traditional

Energy Resources. Here, the focus shifts to innovative approaches and substitutes,

providing a nuanced understanding of diversification within the energy domain. Within

the broader context of renewable energy, Subsection 1.5 narrows the scope to PV, FPV,

and OFPV systems and the significance of case studies. This subsection introduces

specific solar energy technologies and incorporates practical applications through case

studies, fostering a deeper comprehension of the discussed systems. Additionally,

Subsection 1.6 explains the rationality of case studies as research.
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Chapter 2 explores multiple facets of electricity supply, renewable energy systems,

reliability, energy return (ER), and economic analysis in an academic and active context.

Commencing with Subsection 2.1, Power supply reliability, discusses ensuring consistent

and dependable power availability. It sets the stage for a nuanced exploration of reliability

considerations. Expanding on the groundwork in the preceding subsection, Subsection 2.2

delves into the Reliability of PV and FPV systems. It focuses on the specific reliability

challenges and solutions pertinent to PV and FPV (including OFPV) systems, offering a

specialized examination within the broader context of power supply. Additionally, Subsection

2.3 Exceedance Probability extends the exploration by introducing the concept of probability

in the context of energy systems. This subsection links reliability discussions and probabilistic

considerations, fostering a more quantitative understanding of energy system performance.

Expanding the scope, Subsection 2.4 LCEA and ER bring an assessable lens to the

analysis. This subsection evaluates the energy efficiency of systems throughout their

lifecycles. It introduces the concept of ER, enhancing energy technologies' economic and

environmental perspectives. Segueing into decision-making methodologies, Subsection

2.5 ANP introduces a structured approach to decision analysis, connecting reliability and

lifecycle considerations to decision-making frameworks. It offers a systematic method to

evaluate and prioritize factors influencing energy systems.
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The subsequent Subsection, 2.6 CBA, integrates economic considerations into the

discourse, providing a robust framework for evaluating the economic feasibility of energy

projects. This subsection forms a crucial link between quantitative analysis and economic

assessments. Subsection 2.7, Comparative Economic Analysis and CP broadens the

discussion to encompass broader economic implications and policy considerations. This final

subsection synthesizes the economic aspects discussed throughout the chapter, tying together

the various threads of power supply reliability, system reliability, probabilistic considerations,

lifecycle analysis, decision-making methodologies, and economic assessments.

Chapter 3, "Research Framework,” provides a foundation for exploring complex

aspects of renewable energy, reliability, economic analysis, and case studies. It organizes

various chapters and subsections within the dissertation. It sets the stage for exploring the

intricate facets of renewable energy, reliability, economic analysis, and case studies.

Chapter 4, titled “Case Study 1: Power Supply Reliability Analysis on FPV,”

delineates methodologies, presents empirical findings, and discusses the power supply

reliability analysis conducted on the Agongdian Reservoir FPV system. This chapter

ensures a comprehensive and academic exploration of the subject matter, emphasizing the

intricacies of power supply reliability analysis through the Exceedance Probability

approach within the context of the first case study.
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The case study of Chapter S challenges conventional beliefs that Photovoltaics (PV)

exhibit lower ER than fossil fuels, especially in the final stage. It explores the influence

of solar module technology innovation on ER through extensive LCEA assessments. The

research uses time series and LCEA analyses to evaluate the ER of the 181 MWp OFPV

system at Changhua Coastal Industrial Park over a 30-year lifecycle.

Chapter 6, “Case Study 3: Determine the Optimal Scheme for FPV,” employs a

robust analytical approach, integrating time series forecasting, ANP, and financial

analyses to determine the more favorable FPV commerce investment between Taiwan’s

Agongdian Reservoir and Japan’s Yamakura Dam. While existing literature explores

various aspects of FPV, a critical gap exists in the comparative economic analysis for

optimal schemes, which is crucial for investor decision-making. In the context of global

economic challenges, post-epidemic events, geopolitical conflicts, and financial

uncertainties, the study identifies critical metrics influencing FPV deployment scales.

This dissertation systematically assesses the power supply reliability of FPV,

conducts empirical analyses on the ER of OFPV, and integrates FPV economic analysis

and case studies. Chapter 7 synthesizes the accumulated findings and contributions from

the preceding six chapters within the dissertation framework. It critically reviews the

limitations encountered during the research and delineates future research directions

suggested by peers for further investigation.
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Chapter 4 Case Study 1: Power Supply Reliability Analysis on FPV
4.1 Study Area: Agongdian Reservoir FPV System
The Agongdian Reservoir FPV system (depicted in Figure 7) stands out as one of
the largest commercial installations among existing projects, significantly contributing to
the advancement of FPV technology in Taiwan (Water Resources Agency, 2023). This
research designates it as a case study to examine the reliability of FPV power supply and

demand.

(a) On-Site Photograph (b) Image Courtesy: Water Resouces Agency
Figure 6: FPV Installation at Agongdian Reservoir

4.2 Specifications of Solar Modules Used in Agongdian Reservoir's FPV System

The TAIWAN Plus PV technical specification mandates the
utilization of high-efficiency solar modules with a 25-year output warranty for
government-recruited projects since 2019. Table 7 and Figure 8 present the
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specifications, asserting compliance with the National Standards of the Republic of

China (CNS) 15114 and 15115 (Bureau of Standards and Inspection, 2016).

Table 7: Electrical Specifications (Source: Motech, 2023)

Prmax >315Wp
Vimax >33.55V
Imax >9.39A
Voc(Open Circuit Voltage >39.33V
Ise (Short Circuit Current) >9.56A
Efficiency (%) >19.36
Vsys(Maximum System DC1000V
Voltage)
Maximum Series Current >15A

Note: Standard Test Conditions (STC) with a temperature of 25°C and an

irradiance of 1000 W/m? (AM1.5) (Huffman & Antelme, 2009)

1000 w, 25C°C

10
9
g 800 w, 25C°C
—
q 600 w, 25C°C
- 6
i
L s
ﬂ 400 w, 25C°C
= 4
3
3
v 200 w, 25¢°C
2
1 \
0
0 5 10 15 20 25 30 35 40

Voltage (V)

Figure 7: Current-Voltage Characteristics (I-V Curve) (Motech, 2023)
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4.3 Methologies
4.3.1 Time Series Analysis

Time series analysis employs the theory of random processes and mathematical
statistics to forecast future values based on historical data. Typically, sequential, random
data pertains to time, involving statistical examination such as autocorrelation analysis
(Mills, 2019). In time series analysis, instances where a deterministic trend dictates that the
process's realizations depend on a fixed function of time, like a high-order polynomial
equation (7).

ye = BotBat+Pat?+Pst? (7),

where yt is dependent on t. By introducing a stationary component to the trend, we

can modify it as equation (8), given by

ye = PotPrt+Pat* st et (8)

The process is said to be trend-stationary. Long-run forecasts will converge to the
trend. In the simplest case, we have yt = fo + Pit, a linear trend, which described as
equation (9).

Ayt =Po, or Ayt =Potet (incorporating noise). )

A dataset comprising 5,479 observations on insolation, sunshine hours, radiation

amount, and principal component specifications was gathered and compiled (Central
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Weather Bureau, 2023). Additionally, the author conducted a comparison and analysis of

the installation settings at Agongdian Reservoir and Yamakura Reservoir alongside the

"Technical Specifications for High-Efficiency Solar Modules" issued by the Bureau of

Standards, Metrology, and Inspection in 2019 as part of the system reliability analysis

(Bureau of Energy, 2023; Japan Dam Foundation, 2023).

4.3.2 Power Supply Reliability Analysis of FPV systems based on Exceedance

Probability Approach

In analyzing power supply reliability, the exceedance probability approach establishes

a robust framework for evaluating power supply dispatch. This method sets multiple

thresholds for actual demand based on extensive long-term meteorological data specific

to local power plants. The strategic directions for implementing this approach are outlined

as follows:

(1) Integration of the Mann-Kendall and Auto-Correlogram Tests

It involves synthesizing statistical methods, specifically the Mann-Kendall and

auto-correlogram tests. This integration is instrumental in comprehensively analyzing

an FPV system, allowing for a pre-examination of the correlation between preceding and

lagging meteorological data. Such an approach enhances the predictive capability of the

system, providing valuable insights into its performance.
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(2) Developing a Practical Approach to Electricity System Assessment

The strategy aims to create a practical methodology for assessing the FPV system's

ability to meet near-future electricity demands effectively. This endeavor entails

establishing robust procedures to evaluate the system's electricity generation capacity vis-

a-vis anticipated user demand. The focus is on devising a method that harmonizes real-

world scenarios and facilitates informed decision-making regarding power supply

reliability

\
Collect and Compile Insolation

Data
b 2

4 A

Perform the Mann-Kendall
| frend test & Auto-Correlogram )

[ Tlustrate Annual and Monthly )
| power generation histograms

f = =
Draw Daily & Monthly Power

Generation Duration Curve
\ y,

, =
Perform Power Reliability
| Analysis

\

Figure 8: Flowchart of Power Supply Reliability Analysis for Agongdian

Reservoir FPV
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Based on these tactics, the research devised the following steps, outlined in Figure
9, to apply the exceedance probability method for analyzing the reliability of the power
supply and demand capacity of the FPV system. The measures encompass data
collection, determination of the time series trend, and illustration of the auto-
correlogram. The author calculated annual and monthly power generation and plotted
curves for daily and monthly power generation duration. Then, he analyzed the reliability
of the power supply and demand capacity. The second step involves assessing whether
the collected data will continue to increase or decrease over time. Steps 3 to 4 encompass
illustrating the auto-correlogram, computing annual and monthly power generation, and
plotting daily and monthly power generation duration curves. The final step involves
analyzing the power supply and demand reliability of the FPV system in the Agongdian
reservoir.
4.4 Results
4.4.1 Collection of Time Series Data

In the study, the researcher chose sunshine duration instead of terrestrial solar
radiation from the Central Weather Bureau’s report on climate change in Taiwan over the
past century (1994) to elucidate Taiwan’s insolation variation. The Bureau uses sunshine
hours, considering the total radiation amount in the area (global insolation) exceeding 120

w/m? (Chang et al., 2016) as significant. For instance, if the total sky radiation surpasses
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120 w/m? for 30 minutes within an hour, then the number of sunshine hours in that hour

is considered 0.5. Consequently, these hours represent only the duration when the

radiation amount surpasses the threshold. Although this value does not precisely reflect

the amount of sunshine, it signifies the light intensity condition necessary for solar

module electricity generation (Reich et al., 2009).

Additionally, based on the Central Weather Bureau’s average solar radiation data in

the Kaohsiung area from 2007 to 2011, which was 1484.4 kWh/m2 (Central Weather

Bureau, 2023), the daily effective power generation hours are estimated at 4.07 hours,

equivalent to the 4 hours discussed in this dissertation. In this case study, the author

collected and compiled five thousand four hundred seventy-nine data on insolation,

sunshine hours, radiation amount, and the specifications of principal components (Central

Weather Bureau, 2023). He also investigated the “Technical Specifications for High-

Efficiency Solar Modules” issued by the Bureau of Standards, Metrology, and Inspection

in 2019 for the system reliability analysis. (Bureau of Energy, 2023; Japan Dam

Foundation, 2023).

Using the Mann-Kendall trend test, the researcher transformed and fitted the 180-

monthly time-series power generation data from January 2006 to December 2020. Figure

10 shows the test result (Mann, 1945; Kendall, 1975). Figure 11 illustrates the auto-

correlogram for the 180-sample data. By shifting the data value and calculating the
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correlation between the original and the lag values, the researcher generated an auto-

correlogram graph to ascertain data convergence. The results indicate that the

autocorrelation function between the original and the lag values gradually decreases, and

the autocorrelation gradually converges and approaches zero after 130 lags. It indicates a

correlation between the two sets of data (Box et al., 1994). The alignment of the test

results of the Mann-Kendall and the auto-correlogram, along with T2 > 1.96 (where T

indicates the trend sign value; Ta2 = 2 under the condition of significance level 0=5%),

demonstrates a correlation between the original and lagging data, indicating that the trend

meets the null hypothesis. Consequently, the author concluded that the time series steadily

grows (Salas, 1993).
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Figure 10: Trend Analysis of 180 Monthly Power Generation Data
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Figure 11: Auto-Correlogram Analysis of 180 Monthly Power Generation Data

Duration Curves

4.4.2 Analysis of Annual and Monthly Power Generation with Power Generation
Unit: kWh
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Figure 12: Annual Electricity Generation from 2006 to 2020

Note: There are twelve colors, with blue indicating the lower end and green indicating the
higher end, representing the annual power generation from January to December.
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Figure 9 Average Monthly Electricity Generation Amount from ’06 to ’20

Figures 12 and 13 show annual and monthly power generation histograms from
January 2006 to December 2020, respectively. They illustrate that consistent annual
power generation results vary with climate conditions. The average power generation in
summer is prominently higher than in winter. It is the highest from May to July, while
significantly lower than in summer from November to February (Singh, 2013).

To understand whether the power generation will exceed or fall below the specific
power consumption value in a period, we can obtain it by calculating and sorting all the
daily power generation data through equations (10) and (11) from January 1, 2006, to
December 31, 2020. The Weibull method expressed in equation (12) helps sort and
descend the monthly power generation data in order (Table 8). Then, we can achieve the

total number of samples N, the number of rankings my, and the value of Excess
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Probability Pex% with the Weibull function. Consequently, we can illustrate the daily
and monthly duration curves based on the calculation results.

Getm (h/day) =MJ/d + 3.6 MJ/KW + m?= [1kW/(hrs/d » m?)] (10)
Y aie=Gem (h/day) x 1000 W/m? 1000 W/KW x Cefrx Sefr % (1-Dar) % (1-Ma) (kW/m?) (11)
Where Yie represents the daily incident energy. Germ means effective daily electricity
generation hours (4 hours in southern Taiwan). Cesr denotes solar module photoelectric
conversion efficiency. Sesr is system efficiency. Dar represents the annual decay rate (1%
based on annual average) (Staeble and Wronski, 1977). Mq¢ means the proportion of

downtime for system shutdown and maintenance (5% based on sound management).

Pex:mr+(Nts+ 1) (12)

Table 8: Monthly Power Generation Exceedance Probability Statistics

Unit: kWh

Ex.

Pro.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct.. Nov. Dec.

01 29523 25627 34995 39575 48973 53278 48383 36,530 34605 37,056 22,045 20381
02 24333 23460 29,925 33575 42441 38598 44,052 35409 32213 32,765 19,603 19,990
03 21,108 21,182 29,065 33265 41,087 38224 40946 33,073 31313 29336 18391 18,719
04 16924 20,153 28682 30236 37913 37,129 38960 32255 28379 27176 17,136 18319
0.5 16,184 19527 27239 28313 35751 30201 36431 30413 25588 24359 16490 17,664
0.6 15603 18498 23911 25670 33430 29766 35794 25214 23869 23932 16377 13445
0.7 14,644 17520 21,504 23834 30,120 26,710 32350 21,729 21,823 23321 15358 12,609

0.8 12,100 14588 18271 22,717 26898 25878 31,691 16,128 20215 20,539 14,682 10,198
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09 10,734 13,700 16867 18823 14,784 18050 28428 14059 19,592 18864 11,728 8,056

Figure 14 shows the difference in the daily power generation to illustrate the duration

curve. In contrast, Figure 15 provides a variety of potential monthly power ratios,

explains the potential power generation of the PV system under different climatic

conditions, and illustrates the Exceedance Probability distribution curve based on the

possible power generation data.

As seen above, researchers can use the exceedance probability as a risk indicator

(Meydbray et al., 2008; Piechota et al., 2001). When the daily power generation is lower

than the specific value, the local power plant must dispatch insufficient electricity to meet

users’ demands. Therefore, this indicator can help power companies consider adopting

curtailment measures or increasing the power generation to provide the power

consumption required by the users. These two figures allow power companies to view

more macroscopically how to dispatch power supply between FPV and self-owned power

plants to meet the power needs of users (Lin et al., 2012). Indeed, as the daily climatic

conditions change, a shorter-term duration curve will be more helpful to power scheduling.
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Figure 14: Duration Curve of Daily Electricity Generation
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Figure 15: Duration Curve for Monthly Electricity Generation
4.4.3 Conducting an Analysis of Power Supply Reliability
Using the total household population in Gangshan District allows for the

estimation of electricity consumption. Assuming that each household consumes 12
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kWh of electricity daily, the collective daily electricity consumption amounts to

421.74 MWh. Subsequently, the installed capacity of solar modules will be 185

MWp, as determined by Equation (13) (Bureau of Energy, 2022; Staeble & Wronski,

1977).

Cins = de - Peg + Sefr + (I'Dar) +(1'1\/Idt) (13)

Where Cins represents the installation capacity of solar modules, Dgp signifies the daily

power demand, Peg denotes the daily effective power generation hours (Bureau of

Energy, 2022), Seff represents the efficiency of the FPV system, typically calculated as

75% (Aihara et al., 2012), Dar represents the decay rate of solar modules,

conservatively estimated at 20% (Staeble & Wronski, 1977), and Mdt is the system

shutdown and maintenance time, influenced by management and climatic factors such

as typhoons and cloudy days, calculated as 5%. Assuming E represents the power

supply and e represents the power demand, E must be greater than or equal to e to meet

the user's power consumption. Therefore, the probability of occurrence is P(E>e) or

1-P(E<e).

Consequently, replacing the demand with the probability distribution of a specific

day yields a predetermined Exceedance Probability value. This value serves as a power

supply and demand balance index to aid local power companies in transmitting electricity

(Ang & Tang, 1984).
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4.5 Discussion

The analysis reveals a robust system performance ratio of 75%, achieved by utilizing
185MWp solar modules distributed across 1.59 km?, approximately 5% of the reservoir
catchment area (Southern Water Resources Bureau, 2022). This deployment injects 740
MWh of energy into the grid daily, satisfying around 2.11% of Taiwan's peak power
demand. Moreover, it effectively meets the daytime electricity needs of Gangshang's
thirty-five thousand one hundred forty-five households (TPC, 2022).

Taiwan's reservoir infrastructure, comprising 96 reservoirs, including 18 significant
ones, showcases a diverse range of catchment areas, from 2.88 km? to 763.4 km?, totaling
3749.44 km?. Notably, the Agongdian Reservoir encompasses an area of 31.87 km?,
accounting for 0.85% of the total. Proposing the installation of FPV stations across these
18 reservoirs, employing the same solar module installation ratio, would yield a collective
installed capacity of 2.18 GWp. This initiative would generate 7.26 GWh of power daily,
considering the varied sunshine conditions of each reservoir, representing 20.74% of
Taiwan's current daily peak power consumption of 35 GWh (Taiwan Power Company,
2022).

Furthermore, this strategy presents significant environmental benefits, including a

reduction of approximately 226 kt of CO2 emissions over a 20-year service life (Sultan et
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al., 2021), annual savings of 8.6 kt of water (Santafé et al., 2014), and the enhancement

of water quality by inhibiting algae growth post-FPV system installation.

In response to the GHG Emission Reduction Management Act enacted on July 1,

2015, Kaohsiung and Pingtung emerged as Taiwan's pioneering cities enforcing total

GHG control. They project this regulatory action to reduce approximately 1,920 kt of

CO. emissions over 20 years (Sultan et al., 2021), aligning with the Kyoto Protocol's

objectives and stabilizing atmospheric GHG levels amidst climate change.

Moreover, 47 countries implement domestic carbon trading platforms, indicating

that green energy power generation systems with zero CO2 emissions, such as FPV,

benefit significantly from carbon rights trading (Shivam et al., 2021). Despite FPV's track

record of no water pollution incidents in recent years, ongoing monitoring of water quality

post-system installation remains imperative.

4.6 Summaries

This case study introduces a synthesis method to enhance an FPV system's reliability

analysis, thereby fostering its operational dependability. The outcomes of this study have

yielded significant contributions by:

(1) Investigate the correlation between previous and lagging data.

(2) Assess the presence of an upward trend and consistency in the series data

(Mann, 1945; Kendall, 1975; Box et al., 1994).

75

doi:10.6342/NTU202400056



(3) Evaluate the reliability of the power supply to derive the monthly power

generation duration curve.

(4) Provide local power companies with a balanced indicator to guide decisions

regarding power curtailment measures or adjustments to system power

generation on days where it deviates from this indicator value.

Moreover, the proposed methodologies offer potential utility in expanding FPV

systems to regions lacking adequate power but possessing water bodies. However, given

the limited sample data spanning only fifteen years in this study, including longer time

scale samples for analysis would enhance the effectiveness of investigations. An

essential avenue for future research is examining the optimal setting ratio for FPV

system installation on water bodies to ensure minimal impact on water quality while

maximizing economic benefits.
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Chapter 5 Case Study 2: ER Assessment on OFPV based on LCEA Perspectives

5.1 Study Area: Changhua Coastal Industrial Park's OFPV

The Changhua Coastal Industrial Park, as documented by the Water Resources

Agency in 2023, stands as the most remarkable industrial zone within the district. Situated

in the northwest corner of Changhua County, this industrial zone adopts an outlying

island-type configuration stemming from land reclamation efforts. It positions along the

western Taiwan Strait. It accommodates diverse industrial activities, research and

development endeavors, recreational facilities, and tourist attractions. Spanning an

expanse of reclaimed land, the investor has leveraged 176 hectares of the sea surface to

accommodate over 570,000 solar modules, totaling 181 MWp in installed capacity. This

initiative has established the world's most expansive OFPV station (Figure 16).

Image Courtesy: Water Resouces Agency

Figure 10 Changhua Coastal Industrial Park’s OFPV
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In contrast to OFPV installations in other countries, such as Singapore (5 MWp) and

the Netherlands (8.5 kWp), where contractors typically locate them near the sea, the

implemented OFPV system is positioned within the intertidal zone. This strategic

placement allows the system to float on the water during high tide and rest on the ground

at low tide. This approach streamlines large-scale construction and maintenance

operations, guaranteeing minimal disruption to shipping safety. Since its inauguration in

February 2021, the grid-connected system can provide electricity to approximately

41,000 households.

5.2 Methodologies

5.2.1 Energy Production

The power generation process depends on management decisions and various

climatic factors, such as typhoons and earthquakes. Over 30 years, the total electricity

production amounts to 5,435 GWh, as determined by Equation (14) (Bureau of Energy,

2022).

Pp = Cic (kWp) X Gem (h/day) x365.25 (day/year) X Tic (years) X SeX (1+a) x (1-Dy) X

(1-Ma) (14)

Pp: 30-year Period of Power Production

Cic: Solar Module Installation Capacity (kWp)

Gem: Effective Daily Electricity Generation Hours (h/day)
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Tie: Life Cycle Duration (years)

Se: System Efficiency (assumed at 75%) (Bhandari et al., 2015)

a: Diode Ideality Factor (estimated at 11%) (Choi, 2014)

D:: Solar Module Decay Rate (decreasing by approximately 1% annually over 30 years)

(Staebler & Wronski, 1977)

Mae: System Downtime (Assumed at 5%) (Ortiz et al., 2009)

5.2.2 Defining Boundaries and Normalizing Primary and Secondary Data

This study centers on the solar panel factory situated in Tainan, Taiwan—a publicly

listed corporation recognized for its proactive engagement in LCEA and distinguished

administrative practices. Renowned as one of the top ten global producers of solar cells

and panels, the company's prominence underscores the significance of our investigation.

Our research scope encompasses a thorough examination of primary and secondary

energy consumption data spanning the entirety of the plant's lifecycle. This analysis

extends to evaluating energy usage across various stages, including raw material

procurement, manufacturing processes, transportation, product utilization, as well as

maintenance and repair activities.

It is crucial to emphasize that data collected from diverse sources must undergo

normalization procedures to ensure accuracy and coherence. This normalization process
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enhances the reliability of the datasets, thereby establishing a robust and credible

foundation for subsequent analyses and conclusions.

5.2.3 Calculation of EPBT and EROI

In assessing the viability of a new photovoltaic (PV) project, investors must

ascertain the project's EPBT and EROI.

EPBT denotes the duration necessary for a power system to generate energy

equivalent to the energy consumed during its production phase (Bhandari et al., 2015).

Typically, researchers express EPBT in years, with a shorter payback period indicating

more efficient energy recovery. Equation (15) (Bhandari et al., 2015) outlines the

methodology for calculating EPBT.

Pob = Annualf}iar:ut—ﬁlc) (15)

Ppb represents the energy payback period, Eim is the energy required to provide that
energy (embedded energy), Eout is the annual energy production, and Eic is the energy
consumed during the FPV life cycle. Adding solar cell and cell raw material, we can

achieve the Ppp (Louwen et al., 2015) about 1.38 years (local insolation:1278

kW/m?syear), which complies with the upper limit of previous studies.

EROI is a pragmatic metric for evaluating energy economics and ecological
energetics investments. It quantifies the ratio between the net energy output generated by

the system (Eout-Elc) over its lifecycle and the energy input required to generate that
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output (Eim) (Bhandari et al., 2015). Equation (16) (Bhandari et al., 2015) delineates the
equilibrium between the available energy resources derived from a defined set of energy

sources.

Eeir = Eout=Fie (16)

Eim

Eeir represents the EROI, where Equt denotes the annual energy production, Eic signifies
the energy consumed throughout the FPV lifecycle, and Eim represents the energy
required to provide that energy (i.e., embedded energy). When EROI exceeds 1, the total
energy output surpasses the input energy, signifying energy efficiency. Moreover, a
higher EROI value corresponds to enhanced energy output efficiency. Notably, the
disparity between the total output and input energy must exceed one, as net energy equals
an EROI value of 1 (Bhandari et al., 2015). According to Equation (6) (Bhandari et al.,
2015), the calculated EROI stands at approximately 22.4 (local insolation: 1278
kW/m?eyear), aligning with the superior outcomes observed in prior research endeavors.
5.2.4 Evaluation of ER in LCEA-Based OFPV Systems and Flow Chart

This case study conducts a comprehensive analysis of LCEA and ER within the
framework of the OFPV system deployed in the Changhua Coastal Industrial Park,
covering a 30-year operational period. The research methodology entails the following

sequential steps:

(1) Calculation of power generation.
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(2) Collection and normalization of primary and secondary data.
(3) Conduct LCEA analysis.

(4) Determine EPBT and EROI values.

Figure 17 depicts the research flow chart, illustrating the systematic progression of

these analytical procedures.

-

Calculate the OFPV's Power
Generation.

. =

[ Collect primary & Secondary
Energy Consumption Data (Sector).

. 4

.

Perform the OFPV's LCEA

Analysis. )
Calculate the EPBT.
Calculate the EROI

Figure 11: Flow Chart of LCEA and ER Analysis for OFPV Systems
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5.3 Results

5.3.1 LCEA Analysis

This study thoroughly examines LCEA and ER within the OFPV system at the

Changhua Coastal Industrial Park. The LCEA analysis centers on assessing the EPBT and

EROI of the targeted OFPV system over a 30-year operational period.

Throughout the LCEA analysis, the researcher extracts 15 years of meteorological

data, which undergoes rigorous scrutiny through time-series trend testing and auto-

correlogram analysis. Additionally, the technical specifications for high-efficiency solar

modules, as mandated by the Bureau of Energy (2022), are thoroughly reviewed.

Acquiring standardized activity data from the organization and applying a meticulous

normalization process to primary and secondary datasets ensures consistency and

reliability. This comprehensive approach bolsters the analytical framework, emphasizing

the methodological rigor employed to derive meaningful conclusions.

Energy consumption stems from various activities, including product production and

the operations of different departments, such as areas and percentages of energy

utilization by facilities, including production and air conditioning. The allocation of

energy flow and materials' emissions adheres to PCR's computational procedures. Results

from the investigation reveal that the power consumption for producing 12,345 modules

amounts to 2.5 GWh. In contrast, the air conditioning power consumption is 71.1 MWh
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(equivalent to 0.071 GWHh), totaling approximately 2.6 GWh (Table 9) (Motech, 2023).
Consequently, producing 574,603 modules (181 MWop) requires about 119.7 GWh based
on proportionality. Combined with the power consumption of the solar cell and its raw
materials, estimated at 62.2 GWh (Louwen et al., 2015), this yields a total power
requirement of 181.9 GWh to produce 181 MWp solar modules.

In addition, the researcher assumes the system's operational efficiency to be 75%,
considering power losses from inverters, transformers, and wiring. This estimation leads

to a total power loss of approximately 1358.8 GWh over the 30-year operational lifespan.

Table 9: Electricity Consumption of Solar Modules (Source: Motech, 2023)

Product Name 315 Wp/h Monocrystalline Silicon Solar
Module (Efficiency) 19.36%

Lifespan 30 years

Product Maximum Output Power(Wp/h) 315 Wp/h

Product Dimension (mm) 1,640 x 992 x 35mm

Weight (kg) 18.5 + 5%

Product Quantity(piece) 12,345

Item Usage (MWh)

Process 2500

Air Conditioning 71.1

Table 10 presents the study's calculation results for EPBT and EROI. The recorded
solar radiation in this case is 1278 kW/m?eyear, notably lower than the benchmark of 1700

kW/m?eyear set by Bhandari et al. (2015), Alsema and Frankl (1998), and Louwen et al.
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(2015) for optimal sunshine conditions. Upon recalculating the study results under these
specified conditions, EPBT decreases from 1.38 to 1 year, while EROI increases from 22 .4
to 29.8. Figure 18 illustrates the comparison results between this study and Bhandari et al.
(2015) under various photoelectric conversion efficiencies of monocrystalline modules.

Table 10: Results of EPBT and EROI Calculations

Product Name Monocrystalline Silicon Solar Module
Pmax (Wp/h) 315
Efficiency (%) >19.36
Item EPBT EROI
Insolation (KW/MPy)
1278 (Local): about 1.38 years 22.4
1700 (Benchmark): about one year 29.8
Year/Scalar
35
30

25 *  :Bhandari et al.
20 o The Study

15

10

3

':I -—

EPET ERCI

Figure 12: Comparison of EPBT and EROI between this study and Bhandari et al. (2015)
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5.4 Discussion

With the ongoing advancements in PV technology, including technologies like SHJ,

PERC, high-efficiency N-type, and perovskite solar cells, alongside the adoption of thin

silicon wafers and the transition from silver-based to copper-based metallization, it

becomes imperative to reassess the ER of PV systems to provide stakeholders with

informed decision-making.

As Brockway et al. (2019) highlighted, the EROI of fossil fuels exceeds 25:1 at the

primary energy stage and hovers around 6:1 at the final stage. The EROI of fossil fuels

may be more comparable to that of renewable energies than previously presumed.

Meanwhile, Bhandari et al. (2015) concluded that the mean harmonized EPBT and EROI

for various PV technologies range from 1.0 to 4.1 years and 8.7 to 34.2, respectively.

However, Weilbach et al. (2013) proposed that hydro, coal, natural gas, and nuclear

power systems surpass PV and wind in terms of efficiency.

Fukurozaki et al. (2013) found that the EPBT for current rooftop mountings ranges

from 2.47 to 3.13 years, encompassing processes from metallurgical silicon growth to

power generation. The analysis must encompass the primary energy requirements of cell

raw materials and the production of system components such as module aluminum frames,

cables, inverters, and transformers. Furthermore, consideration of the energy

requirements throughout the transportation, installation, and disposal phases is essential.

86

doi:10.6342/NTU202400056



Thus, the reliability and validity of PV system ER analysis depend on clearly defined

boundary settings within the LCEA process and subsequent vertical integration. Multiple

factors shape research outcomes, encompassing project scale, system efficiencies (e.g.,

transformer and inverter efficiency), copper wire diameter and wiring length, solar

module conversion efficiency, equipment installation location (radiation), onshore or

offshore installation patterns, framework lifespan, and weak-light effects.

Despite the prevailing belief that PV ER indicators lag behind those of fossil

fuels, the continuous evolution of PV technology underscores the necessity to

reevaluate it for all concerned parties.

5.5 Summaries

Traditionally, people perceive that PV exhibits lower ER than fossil fuels,

particularly in the final stage, where the EROI of conventional energy declines. This study

actively investigates the influence of solar module technology innovation on ER through

comprehensive LCEA assessments, focusing on the ER indicators of OFPV systems in

Case Study 2. Comparisons are drawn with prior research, such as the work by Bhandari

et al. (2015), to assess whether PV technology advancements lead to enhanced ER

performance. Their earlier findings reported an EPBT of 4.1 years and an EROI of 8.7,

assuming a 13% efficiency for monocrystal modules. They emphasized the importance

of improving the embedded energy of PV systems through solar technology innovation
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for ER performance. A comparative analysis reveals substantial improvements in EPBT

(reduced by approximately one year) and EROI (increased to about 29.8). This study

unequivocally reaffirms and strengthens this conclusion. The proposed methodology

holds promise for significantly contributing to future ER analyses of PV installations,

providing valuable insights for investors contemplating photovoltaic projects.

While acknowledging limitations in the study scope, such as the exclusion of

transportation and final disposal stages, the study argues that these aspects are relatively

insignificant (less than 1% of the LCEA cut-off rule) in the system's lifecycle. As the

fabrication of solar cells occurs in the manufacturer's overseas factory, the survey scope

is limited to solar modules. However, to present the LCEA outcomes more accurately, the

researcher incorporates previous findings on the energy consumption of solar cells into

the study (Louwen, 2015). The impact of LCEA boundary setting and proposed future

work includes conducting an ER investigation across the entire production chain in

vertical segments and enhancing the robustness of LCEA assessments.

The study's methodologies have practical implications for related ER research and

aid investors in decision-making for future PV projects. They offer practical benefits for

ER-related studies and facilitate investors' decision-making for future funding in OFPV

or other PV schemes (Alsema et al. (1998); Brockway et al. (2015); Bhandari et al.

(2019)).
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Chapter 6 Case Study 3: Determine the Optimal Scheme for FPV

6.1 Study Area

In this study, the author conducted a comparative economic analysis of the FPV

installations at the Agongdian Reservoir (Figure 7) and the Yamakura Dam (Figure 19).

Image Courtesy: Kyocera TCL Solar

Figure 13: FPV Installation at Yamakura Dam

The latter, built in 1964, serves as a local industrial water source, with a water storage

area boundary of approximately 61 hectares (Chiba Prefecture Water Works Bureau,

2022). PV units were installed on 18 hectares of the dam, making it Japan's most

significant FPV deployment, generating approximately 15,636 MWh of electricity

annually and supplying power to 4,700 local households (Kyocera TCL Solar, 2022). For

international investors, carefully evaluating the advantages and disadvantages of the PV

project site is crucial, as it directly impacts the profitability and willingness of
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transnational investors to invest. This study assumes that investors encounter and must

address the challenges of selecting an optimal FPV implementation plan at the Agongdian

Reservoir and the Yamakura Dam. The researcher chose these two sites for economic

comparison due to their status as the largest FPV deployments in their respective countries

and their nearly identical sunshine conditions.

6.2 Choosing Comparative Targets

This case chose to compare the Agongdian Reservoir and the Yamakura Dam for several

reasons:

(1) They represent the most costly onshore FPV installations in their respective

countries.

(2) They experience nearly identical insolation conditions.

(3) Both have achieved successful grid connections.

(4) Both sites face land scarcity and negligible water resources.

6.3 Financial Metrics

6.3.1 NPV, IRR, and BCR

The NPV calculates the future cash flows of an investment and discounts them back to

their present value at the initial investment date. A positive NPV suggests that the investment

outcome will increase the enterprise value. Conversely, suppose the NPV of the investment

evaluation is negative. In that case, it indicates that the investment will decrease the enterprise
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value, and investors should refrain from accepting it (Thomson et al., 1999).
Equation (17) assists in assessing the costs and benefits over each investment period (in
years) (Thomson et al., 1999).
NPV = N, (17)
In this context, NPV stands for net present value. N represents the evaluation periods, t
denotes the construction and operation period, N: represents the Net Cash Flow in year t, and
i represents the discount rate. The IRR is the discount rate at which the discounted NPV value
equals zero. Equation (18) presents an investment evaluation method for determining IRR,
quantifying the return on investment independently of external factors such as financial risks
(Hartman & Schafrick, 2004).

N
NPV = 2{11(“ Itrr)t =0 (18)

In this case, N represents evaluation periods, t denotes the construction and operation

period, Nt stands for Net Cash Flow in year t, and Irr signifies IRR.

The BCR plays a pivotal role in cost-benefit analysis, measuring the balance between

benefits and costs in discounted present value (Zangeneh et al., 2010). It evaluates the

discounted value of increased benefits compared to total costs. A higher BCR signifies a more

favorable return on funding, with a BCR exceeding 1 indicating a profitable investment.

Conversely, the BCR must be at least 1 for a project to be profitable. Equation 1 provides the

calculation method for BCR, while Equation (19) illustrates how to determine it (Kiran, 2022).
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YN, Be(1+i)7t

BOR= SN v

(19)

In this circumstance, N represents evaluation periods, t signifies the operation period
(when cash flow occurs), Bt denotes the cash flow (benefits) of period t, C; represents the
cash flow (costs) of period t, and i signifies the discount rate. The PBP indicates the years
required to recoup the initial cash investment (Zangeneh et al., 2010). It is the year when the
cumulative cash flow exceeds zero.

Equations (20) and (21) determine the net cash flow for each year from the start of the
investment.

Yine = Yeei— Yteo (20)

Yme represents the first net cash flow year, Yt denotes the first cash inflow year, and Yieo
refers to the first cash flow outflow year. Then, the cumulative cash flow, denoted as Yacr,
equals the sum of Yine and Ysne. So forth up to Yane , Where Yie represents the first net cash

flow year, Ysnc represents the second cash inflow year. and Yune signifies the nth net cash

flow year.

Yact = Yfae + Ysne T...F Yane (21)

Equation (22) elucidates the correlation between yearly operating gain and factors
such as effective insolation hours, system efficiency, PV unit attenuation, and system
maintenance. Equation (23) quantifies the reduction in CO; emissions over 25 years
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(Bureau of Energy, 2007), providing researchers with tools to assess associated benefits.

Rop=Cins (kWp/h) x Germ (h/day) x 365.25 (days/year) x Tie (years) x Se x (1+a)x

(1-Dar) x (1-Mat) X Phep (22)

Vera=Cins (kWp/h) X Gesm (h/day) x 365.25 (day/year) x Tic (years) x Segr X (1+a)x

( 1-Dar) X (1-Ma¢) X Fecec (23)

In this situation, where Rqp signifies yearly operating revenue. Cins represent the solar

module installation capacity (KWp/h). Gesn denotes effective daily electricity generation

hours (h/day). Tic refers to the lifecycle period (years). Serr Stands for system efficiency.

This study bases its calculation on 75% efficiency. o represents the diode ideality factor.

Dar indicates the decay rate of solar modules, which decreases annually by 1% (Staebler

& Wronski, 1977). Mat represents system downtime, estimated at 5%, influenced by

management and climatic factors such as typhoons and earthquakes. Pnep signifies the

average household electricity bill. Vera denotes the yearly CO2 emission reduction amount

(Kg). Fecec represents the ECEC.

Equation (24) outlines the methodology for calculating the annual average operating

margin. It illustrates the annual investment profit that investors remain liable to pay

corporate tax on.

ng = Raor — Eaoce (24)
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Pgp symbolizes the annual gross revenue. Raor denotes the annual operating revenue.
Eace represents the annual operating expenses.The capital recovery factor (CRF)
indicates the ratio determining the constant annuity to the present value of achieving that
annuity over a regular interval, like monthly, quarterly, or yearly. Users must multiply the

CREF factor (Faf), expressed as equation (25), to achieve an equal yearly cash present value.

_ix (14 DM i
Fef = =it = 1-aep—= (25)

“1” indicates the appropriate discount rate, n to the project lifespan. To obtain the project’s
return, WACC is an apt discount rate (Rothwell, 2004).

Determining a scheme’s WACC is crucial as it is an enterprise’s discount rate to
estimate its NPV. An inferior WACC means the industry can convene investors at a lower
cost. In contrast, a higher WACC implies compensating investors with higher returns. As
most companies(programs) yield capital from debt and equity, to express the company cost
in a single figure, one has to weigh the costs of debt and equity proportionally based on
how much they acquire financing through each source (Corporate Finance Institute, 2022).

Simon and Blume (1994) employed equations (26) and (27) to express the
relationship between the Fcrf and WACC.

WACC x (1+WACC)™ WACC
Ferf= ( ) = Z (26)
(1+ WACC)"—1 1-(1+WACC)™™

where WACC (= Rir XLir +Roc XCocr)
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= Rir xLir + (Rir +B) xCocr = (Rrf +a) x Ly + (er+(l+B) XCocr 27)

During the bulk purchase period (N), the bank interest rate (Rir), the loan ratio of the

investment (Lir), the return on own capital (Roc), the investment ratio of own capital (Cocr),

the risk premium (), the risk-free interest rate (Rrf), and the overweight for credit risk (o)

are active components. Additionally, the sum of the loan ratio of the investment (L) and

the investment ratio of own capital (Cocr) equals one.

6.3.2 Comparison of Financial Factors and Weights through Metrics and Binary

Analysis among Examined FPVs (Financial Performance Variables

The intricate dynamics among evaluation criteria exert a profound impact on FPV

projection. This phenomenon eludes complete explication through hierarchical models

(Saaty, 1980). In this study, the author employed the ANP approach and supermatrix

methodology to calculate the relative weight of features and uncover dependencies among

metrics and the weights of analyzed FPVs. The supermatrix, consisting of multiple

submatrices, is organized as pair-comparison sub-matrices within a 2-by-2 block matrix

(Varadarajan, 2004), playing a pivotal role as a fundamental tool for binary comparison

of financial factors to determine their dependencies and subsequent weight allocations.

In scenarios devoid of correlation among elements, the pairwise comparison value of the

submatrix registers as 0. Each scale within the matrix of one cluster delineates the

influence of elements in other clusters, termed external dependencies (Brunelli, 2018).
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When the Inconsistency Index (InCI) equals or falls below 0.1, logical errors between

metrics are absent (Saaty, 1996). As depicted in Figure 20, the arrows connecting S3 and

S5 signify an external feedback relationship; additionally, S5 is depicted with a rounded

arrow, symbolizing an internal dependence relationship (Saaty, 1996)

Figure 14: Diagram Illustrating Dependency and Feedback Network Structure (Saaty, 1996)

The ECEC serves as an indicator of the status of GHG emission management.

Since 2005, Taiwan has progressively established goals for ECEC regulation. As of

2021, Taiwan's ECEC stood at 0.509 kg CO»:e/kWh (Bureau of Energy, 2022),

representing a marginal increase of 1.4% compared to the previous year. This metric

amalgamates figures from sales attributed to direct supply, public electricity transfer, or

clean energy, showcasing a downward trajectory since 2017 (Council for Economic

Planning and Development, 2022). Conversely, Japan, influenced by the aftermath of
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the Fukushima nuclear disaster, recorded an ECEC of 0.538 kg CO2e/kWh in 2020

(Electricity MaP, 2020).

Kg CO:e/KWh
0.57

2004 2008 2006 007 2008 2009 2010 2011 2012 2013 2014 OLS 200& 1017 2018 2019 2020 2021 vear
Figure 15: Graph depicting the Carbon Emission Coefficient of Electricity across

Multiple Years (Council for Economic Planning and Development, 2022)

Equation (28) calculates the volume of CO2 emissions per kilowatt-hour (kWh) by
dividing the total fuel consumption of Taipower, synergy industries, and private power plants
by the overall power generation, as stipulated by the Electricity Industry Law for the

description of ECEC (Sultan et al., 2021).

CO2¢pc—CO2q

ECEC = oz,

(28)

COzpe signifies the carbon emissions attributable to the power generation industry.
Simultaneously, self-use energy producers vend electricity, contributing to carbon emissions
associated with public electricity sales, denoted as COza. Additionally, CO»¢ denotes the total

carbon emissions from public electricity sales.
97

doi:10.6342/NTU202400056



6.4 Methodologies

Utilizing the Analytic Network Process (ANP) for assessing metric weights and

employing time series analysis-based financial indicators, this study conducts a

comparative analysis between two 10 MWp FPV sites—Agongdian and Yamakura

Dam—to ascertain an optimal scheme. The outlined methodology comprises the

following steps:

(1) Collect and compile Taiwan’s recent 180-month insolation data: Acquire and

compile 180 months of recent insolation data for Taiwan, considering the similar

insolation conditions at both sites. Subsequently, conduct a thorough examination

of the time series trend and its autocorrelation for statistical analysis.

(2) Evaluate predetermined metrics: Evaluate predetermined metrics potentially

influencing FPV benefits based on their respective attributes.

(3) Execute supermatrix computations: Perform supermatrix computations to

compare metrics pairwise, deriving individual metric weights and elucidating the

interdependence among the metrics.

(4) Estimate the Inconsistency Index (InCI): Estimate the InCI to ascertain the

consistency of the pairwise comparison matrix, ensuring that the InCI value aligns

with the prescribed criterion of < 0.1, indicative of consistency within an acceptable

range.
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(5) Use ECEC trend analysis: Utilize ECEC trend analysis to project the CO;
reduction effect and assess the FPV project's benefits.

(6) Calculate financial indicators and juxtapose and compare the yearly concise
accounting statement and financial indicators: Calculate financial indicators
and conduct a comparative analysis of yearly concise accounting statements and
financial indicators.

(7) Perform sensitivity analysis of metrics weights.

This study presents a comprehensive case study employing ANP methodology to
evaluate metric weights and time series analysis-based financial indicators, facilitating a
comparative analysis between the Agongdian and Yamakura Dam FPV sites for optimal

scheme determination. Figure 22 depicts the detailed procedural flow.

s ™
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Figure 16: Flow Chart for Determining the Optimal FPV Scheme
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6.5 Results

(1) Relative Weights of Predetermined Metrics and Inconsistency Test

The analysis reveals that the metrics concerning system capacity, installation costs,

bank rates, and ETS and electricity bills significantly influence FPV operational gains. As

depicted in Table 11, the most heavily weighted metrics are ETS and electricity Bills. In

contrast, the bank rate holds the least weight. Specifically, ETS and electricity bills exhibit

the most substantial impact on FPV deployment. At the same time, bank rates have a

comparatively minor influence. Furthermore, with an Inconsistency Index (InCI) of less

than 0.1 (0.0218), it is evident that logical inconsistencies among the metrics are absent

(Saaty, 1996).

Table 11: Inconsistency Index of FPV Metrics: 0.0218

Metric Normalized Idealized
System cap. 0.23 0.54
Install. cost 0.23 0.54
Bank interest 0.12 0.29
ETS &

.. 0.42 1.000
Electricity

(2) Cost Investigations and Assumptions

This study assumes the absence of natural disasters at both sites during future

operations to facilitate the financial analysis of the two schemes. The FPV systems

utilize identical primary components, such as inverters and 315Wp monocrystalline
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solar modules installed at Agondian Reservoir, ensuring compliance with technical

specifications as the system has consistently performed well since the grid connection.

The following outlines the assumptions:

I. The lifespan of the FPV system is projected to be 25 years.

I1. The system's depreciation period is 25 years, irrespective of residual value.

I11. The following parameters are established (based on annual income):

(a) The module's annual attenuation rate is 1% (Staebler & Wronski, 1977).

(b) Annual operating costs and system maintenance expenses are estimated at 3% in

Taiwan (Directorate General of Budget, Accounting and Statistics, 2023) and 5% in

Japan (Ministry of Health, Labour & Welfare, 2023). (The average salaries in Taiwan

and Japan are approximately US$1,540 and US$2,518, respectively.)

(c) The rental fee for the water area of both projects is assumed to be 8.9% (Water

Resources Agency, 2021).

(d) The capital investment ratio is 60% (with a bank loan comprising 40% of the

investment amount).

(e) Enterprise loan bank rates are estimated at 2.498% in Taiwan (Central Bank, Taiwan,

2022) and 1.475% in Japan (CEIC Data, 2022).

(f) Annual insurance expenses are estimated at 0.5% of the system's initial installation

cost (Ijiri, 1979).
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(g) Exchange rates considered for accounting purposes are USD/NTD: 1:29.5 and
USD/JPY: 1:126.4. The USD/TWD exchange rate has fluctuated between 27.6 and
approximately 32 (Tradingview, 2022), while the USD/JPY exchange rate has varied
from close to 110 to about 150 yen (Anue, 2022). Accordingly, this study adopts 126.4
yen (the average value from January to April 2022) as the base for calculation. Items
(1) to (4) align with the annual operating revenue of FPV Phase I at Agongdian
Reservoir (Water Resources Agency, 2021).

(3) Annual Summary Financial Statement

To generate the yearly financial statement, the investigator takes the following
steps:

(a) Calculation of operating gains and carbon credits.

(b) Determination of installation costs, capital costs, and taxes based on previously

established cost assumptions.

By utilizing equation (18) and considering the average household electricity prices
in Taiwan (approximately US$0.11/kWh) (TPC, 2022) and Japan (US$0.24/kWh)
(TEPCO, 2022), annual operating gains and total operating gross profits for 25 years can
be computed (NEDO, 2022). Additionally, with the ECECs of Taiwan and Japan in 2021
being 0.509 CO2e/kWh and 0.538 CO.e/kWh, respectively, and employing equation (19),

the CO2 emission reduction effect for both sites over the 25-year lifespan can be
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determined. This study adopts a carbon credit value of US$19 per ton, consistent with

Switzerland's rate, to quantify the benefits derived from carbon credits.

The Climate Investment Funds (CIF) conducted a financial analysis for the 10 MWp

FPV investment at Ramgiri (in Andhra Pradesh, India). The analysis revealed that FPV

costs approximately US$1,000-1,200 per kWp. Moreover, costs are decreasing due to

China's aggressive pursuit of larger installations, with other countries like Singapore and

England closely following suit (CIF, 2017). As of March 2021, the National Renewable

Energy Laboratory (NREL) compiled a list of US FPV-installed projects with sizes

exceeding 100 kWp. While most existing FPV installations have capacities below 5 MWp,

plans for installations exceeding 10 MWp have increased since 2017. After assessing

factors such as site specifics, floating structure types, anchoring solutions, and other cost-

affecting variables, the technical report completed in October 2021 by Ramasamy (2021)

indicates that the cost of a 10MWp FPV installation is US$1,290 per kWp.

Additionally, the author assumes a risk and [ risk parameters of WACC to be 3%

and 5.31%, respectively (Corporate Finance Institute, 2022), with Fcrf values set at 0.098

and 0.090. Consequently, investigators can anticipate annual loan capital costs of

US$505.7 million and US$464.4 million, respectively. Regarding corporate income

taxation, Japan has three tax components: corporate tax (national tax) (Japan National

Tax Agency, 2022), prefectural inhabitant tax (Chiba Prefecture, 2022), and corporate
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business tax (the latter two being local taxes). In contrast, Taiwan imposes only a

corporate tax at a rate of 20% (National Taxation Bureau of Taipei, 2022). Japan's

national tax adopts a progressive tax rate, with a 15% tax rate applied to profits up to 8

million yen (approximately US$63.3 thousand) and a 23.2% rate for profits exceeding

this threshold. The prefectural inhabitant tax is established at 1.8%, while the corporate

business tax is 1.0%. In summary, the investor is exempt from tax obligations for the

Agongdian FPV owing to its net profit before tax status. Conversely, the Yamakura FPV

must pay approximately US$311.3 thousand in taxes annually. Table 12 presents the

concise statements of the two schemes.

Table 12: Annual Summary of Financial Statement

Unit: kUSD/Year

Agongdian Yamakura
Operating revenue (+) 1260.0 2750.0
Carbon credit (+) 110.7 117.2
Operational cost (-) 37.8 137.5
Maintenance cost (-) 37.8 137.5
Rent (-) 112.1 244.8
Depreciation cost (-) 516.0 516.0
Gross profit 667.0 1831.4
Gross profit (%) 52.9 66.6
Interest expense (-) 128.9 76.1
Insurance expense (-) 64.5 64.5
Capital cost (-) 505.7 464.4
Net profit before tax -32.1 1226.4
Net profit after tax -32.1 915.1
Net profit (%) 0 333
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(4) Financial Indicators and Breakpoint Analysis

In the post-Feed-In-Tariff (FIT) era, funding for FPV in Japan proves more favorable

compared to Taiwan, owing to the latter's current household electricity bill of

approximately US$0.11 per kWh, significantly lower than that of most developed

countries, resulting in a non-profit situation. Conversely, financial indicators in Japan

demonstrate that investing in FPV yields more significant benefits. It evidences the

Yamakura Dam scheme's shorter PBP of 9.0 years, modest IRR at 10.1%, and BCR

exceeding 1 (1.69 at a discount rate of i=10%), compared to the Agongdian Reservoir

scheme's PBP of 26.7 years, negative IRR (-0.50), and BCR of 1.30 at the same rate.

Additionally, the NPV at i=5% for Agongdian Reservoir is negative (-6,079.9), while

Yamakura's is positive (7,269.8) (Table 13). External factors such as the Russia-Ukraine

war in the past year and persistently high oil and natural gas prices have contributed to

Taiwan Power Company's prolonged financial losses, with electricity tariffs facing

upward pressure. Table 12 illustrates that when the electricity bill increases by more than

2.55%, i.e., a slight rise from the current US$0.11 to US$0.113, funding FPV becomes a

profitable venture.

Equation (29) defines the breakeven point: the sales level at which total revenue

equals total cost, representing a zero-profit scenario. This equation is a crucial indicator

in management accounting, typically employed by researchers to determine breakeven
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points. Figure 23 reveals that the breakeven sales amount for Yamakura FPV is
approximately US$664.8 thousand (Zheng et al., 2015). It suggests that achieving a power
generation level of 48.5% under the specified conditions at Yamakura Reservoir FPV
would lead to profit-loss equilibrium. Further increases in power generation would result
in profitability. However, the Agongdian Reservoir FPV fails to achieve profitability at

the breakeven point.

Fixed Costs
Break-even Sales Amount = _ Variable Costs (29)

Sales

Table 13: NPV, IRR, and BCR AnalysisUnit:

kUS$/Year
Agongdian Yamakura
Investment 12900 12900
PBP 26.7 9.0
Discount NPV
Rate(1)
5% -6079.9 7269.8
7% -7260.8 3777.4
10% -8507.6 90.1
IRR (%) -0.50 10.1
BCR 1.32 1.71
(1=5%)
BCR 1.31 1.70
(1=7%)
BCR 1.30 1.69
(1i=10%)
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Figure 23: Breakeven Point Analysis for Yamakura FPV

(5) Analysis of Metric Weights Sensitivity

In this study, different weight conditions are assigned to various factors within the

ANP model to conduct sensitivity analysis (Saltelli, 2002; Saltelli et al., 2008). This

process elucidates how weight variations under diverse conditions impact the results,

thereby enabling the recalibration of outcomes under alternative assumptions to gauge

the influence of specific variables. Researchers can utilize sensitivity analysis for

various purposes (Pannell, 1997), including:

(1) Strengthen the robustness of model analysis: Ensuring that inputs meet stringent

conditions to discern variations between them and the output.

(2) Test the model or system's robustness in the face of uncertainty.

(3) Enhance comprehension of the relationship between input and output variables

within a system or model.
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(4) Mitigateg uncertainty by pinpointing model inputs significantly contributing to

output uncertainty.

Table 14: Sensitivity Analysis of Metric Weights versus Gross Profit

Analysis of Yamakura Reservoir FPV

Unit: kUS$/Year

. Original o o o o
Metric gttt +5% 5%  +10% -10%
System cap. 0.23 -645 11290 +1290
+645
Install. cost 0.23 645 -1290
+645 +1290
Bank interest 0.12 38 438 76 +7.6
ETS & JEpp N ]
iy 0.42 137.5-137.5 4275 275

Tables 12 and 14 demonstrate that a 10% increase in the ETS and electricity bill leads

to a potential rise in net profit from 33.3% to 40.7%, accompanied by a decrease in the PBP

from the initial nine years to 7.9 years. Conversely, a 10% increase in system capacity or

installation cost reduces after-tax net profit from the original USD 915.1 thousand to -47.5

thousand and an increase in PBP from the initial 9 to 27.5 years. Conversely, future

advancements in solar engineering and technology, such as a 10% improvement in solar

module conversion efficiency and a corresponding reduction in system cost, can elevate the

project net profit to US$1877.7 thousand, increasing the net profit rate from the initial

33.3% to 68.3%, and significantly reducing PBP from 9 to 5.4 years.
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6.6 Discussion

Taiwan's reliance on energy imports, accounting for about 97% of its energy raw

materials, contrasts with its relatively low electricity bills compared to most countries

globally. However, this has led to long-term operational losses for Taipower, highlighting

the need for sustainability and a shift towards a more conducive environment for a low-

carbon economy.

However, the European Union (EU) plans to introduce a carbon border adjustment

mechanism (CBAM). It will mandate companies to disclose carbon emission data starting

in 2023 (Gore, 2021). This move suggests that the Emissions Trading System (ETS) holds

the potential to facilitate FPV deployment and foster international collaboration toward

global decarbonization efforts (Yasuo, 2021).

Additionally, given the susceptibility of photovoltaic power generation to

uncertainties such as extreme climates, there is a pressing need to intensify research efforts

on energy storage systems to mitigate their impact.

6.7 Summaries

Through the implementation of time series forecasting and ANP analyses, the author

has forecasted time series trends, conducted autocorrelation for statistical analysis, and

incorporated metric weights to ensure the objectivity of evaluation results. Moreover,
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comparing and analyzing the financial indicators of both schemes aids in determining

optimal funding strategies.

The investigation revealed that Taiwan's NPV remains adverse even at a discounted

rate of 5%. In comparison, Japan remains positive even at a discount rate of 10%.

Furthermore, Agongdian's Internal Rate of Return (IRR) of -0.50% and Benefit-Cost

Ratio (BCR) of 1.32 (at a 5% discount rate) are inferior to Yamakura's 10.1% and 1.71,

respectively, indicating the higher profitability of investing in FPV in Japan. Additionally,

the findings underscore the significance of rent costs and suggest that increasing the

investment loan ratio to expand the project scale with the same capital could enhance

profitability.

Moreover, since the original Agongdian and Yamakura FPV investors were private

companies and there was limited published financial information, acquiring more

comprehensive data would enhance the study's robustness. Furthermore, the study did not

account for uncertain factors like extreme weather conditions. While the research

successfully identifies the optimal alternative, conducting a thorough assessment of all

costs and benefits, especially concerning environmental and risk analyses, remains

challenging. Hence, future research should delve deeper into factors of uncertainty

affecting the system and the implications of future advancements in solar technology. The

approach proposed in this study provides a holistic perspective for evaluating the
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economic merits of alternatives, assisting in scheme selection, and determining the

feasibility of project funding.
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Chapter 7 Conclusions

In this comprehensive series of case studies, the author advocates a synthesis method

incorporating time series analysis and Exceedance Probability to enhance the reliability

analysis of FPV systems, thereby ensuring their heightened robustness and dependability.

The study's results make substantial contributions by examining the correlation between

preceding and lagging data, assessing series data for upward trends and consistency,

generating daily and monthly power duration curves to provide a balance indicator,

and scrutinizing power supply reliability. Local power companies can optimize power

supply based on these findings. Furthermore, the presented approaches hold the potential

to facilitate the expansion of FPV systems to areas with insufficient power yet abundant

water bodies.

Another study in Chapter 5 challenges conventional beliefs that PV exhibits lower

ER than fossil fuels, especially in the final stage. It explores the influence of solar module

technology innovation on ER through extensive LCEA assessments. The author

underscores the significant impact of LCEA boundary settings, emphasizing the necessity

for more precise boundary definitions in future studies. Additionally, comparing previous

studies reveals superior EPBT and EROI due to PV technology innovation by evaluating

the ER of the 181 MWp OFPV system at Changhua Coastal Industrial Park.

It elucidates that preceding research posited that the pivotal element for enhancing the ER

112

doi:10.6342/NTU202400056



of solar modules was rooted in embedded energy rather than advancements in module

technology. Moreover, it addresses the bias suggesting that solar power's ER is

inferior to conventional energy's.

The third case study compares the financial gains of FPV of Taiwan’s Agongdian

Reservoir and Japan’s Yamakura Dam using ANP and CBA to determine what factors

influence investment decisions and which scheme is optimal. The methodologies

presented in this research provide comprehensive views and achieve the impact factors

of PV funding projects. They help determine the optimal investment. The study reveals

Japan's FPV investment to be more profitable than Taiwan's, offering substantial evidence

for the significance of rent cost and the consequence of ETS and electricity bills. It helps

stakeholders comprehend advantages and determine a favorable funding plan. It

also explicates the potential benefits of carbon trading on FPV funding to help investors

make decisions.

However, as the sample data is limited to fifteen years, a more extended time-scale

sampling could enhance the investigation's effectiveness. Future research may involve

studying the optimal installation ratio for FPV systems on water bodies, considering

factors such as the impact of water quality and economic maximization.

In addition, the fluctuations in solar power generation between sunny and

cloudy conditions highlight the significance of weather patterns and atmospheric
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factors in determining the reliability and consistency of solar energy as a renewable

power source. Researchers and industry stakeholders often analyze these variations to

enhance the predictability and efficiency of solar energy systems in diverse weather

conditions. It should be an issue that peers should not ignore in future research.

A complete LCEA ensures a thorough understanding of the product’s sustainability

and allows for more informed decision-making regarding improvements or alternatives

in the production process. Case study 2, limited by investigation of the manufacturer’s

products produced, does not vertically integrate the various stages of production for a

product. Additionally, the scope of the study does not include the final transportation and

disposal stages of the system; the author notes that considering the energy consumption

of these stages, although insignificant and not estimated in this study according to the 1%

cutoff rule, could enhance the accuracy of PV ER assessment if improved since they

would have a limited and potentially skewed understanding of its energy efficiency and

environmental impact. Future work should investigate the entire production chain in

vertical segments for a more accurate LCEA assessment.

On the other hand, due to acknowledging limitations in financial information

availability, the study recommends obtaining more data for a comprehensive analysis. It

does not consider uncertain factors such as extreme weather, prompting further research

on their impact on the system and advancements in solar technology.
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In conclusion, the case studies in this dissertation collectively contribute to

advancing renewable energy knowledge, offering practical insights that can shape the

future of renewable energy initiatives and propel the transition towards cleaner and more

efficient energy systems. The research on Power Supply Reliability Analysis on FPV, ER

assessment on OFPV based on LCEA perspectives, and Comparative Economic Analysis

of the FPVs of the Agongdian Reservoir and Yamakura Dam presents valuable

contributions to the renewable energy domain. Each study addresses critical aspects of

floating photovoltaic systems, providing insights crucial for informed decision-making

and strategic planning in the renewable energy sector.
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