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A solar PV system consists of various components that interact with both DC and AC to 

produce electricity. The efficiency and performance of these components depend on the 

optimal design parameters.  

 

This thesis aims to analyze and optimize the AC and DC side of a solar PV system using a 

numerical approach and predetermined parameters. The location of the proposed site is 

Imatra, Finland. The study evaluates the technical and economic performance of the solar 

PV system for the given location. The equipment used in this study forms a basis for further 

evaluation and analysis. Along with the predefined parameters, an initial PV system design 

is created using PVcase optimization and serves as the foundation for PVsyst simulations. 

Data obtained from the initial design and predetermined parameters helps in various 

technical and economic evaluations, ultimately identifying the optimal design parameters 

for the final system configuration. This comprehensive approach ensures an efficient design, 

tailored to the specific conditions and requirements. 

 

Eventually, a performance evaluation, such as final energy production, performance ratio, 

and losses was identified using PVsyst simulation of the final layout. Additionally, the 

capital cost, operational and maintenance cost, and LCOE, an indicator for economic 

evaluation, are also calculated. The findings underscore the importance of balancing 

technical optimization with economic feasibility in solar PV system design. 
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SYMBOLS AND ABBREVIATIONS  

 

Symbols 

𝑃DC  PV Array Rated Power 

𝑃AC  Inverter Rated Power 

𝑃max  Maximum Rated Power of PV Module 

𝑉mp  Maximum Voltage of PV Module 

𝐼mp  Maximum Current of PV Module 

𝑉OC  Open Circuit Voltage of PV Module  

𝐼sc  Short Circuit Current of PV Module 

𝑉MPP Maximum Power Point Voltage of Inverter 

𝛽_𝑉OC Temperature Coefficient of Open-Circuit Voltage of PV Module  

𝑇min Minimum Temperature  

𝑁string Number of Modules in a String 

𝑉DC  Maximum DC Voltage of PV Module 

𝑉max  Maximum Output Voltage of PV at 𝑇min 

𝑁inv/trans Number of Inverters Connected to a Transformer Station. 

M€ Million Euro 

kV Kilovolt 

Hz Hertz 

kW Kilowatt 

MW Megawatt 

Wp Watt Peak 

MWp Megawatt Peak 
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MWac Megawatt Alternating Current 

kWh/m² Solar Irradiance  

°C Degree Celsius (Temperature) 

i Interest Rate (or Discount Rate) 

 

Abbreviations 

PV Photovoltaics 

AC Alternating Current 

DC Direct Current 

GHG Greenhouse Gases 

RES Renewable Energy Sources 

c-Si Crystalline Silicone  

a-Si  Amorphous Silicone 

CdTe Cadmium Telluride 

CIGS Copper Indium Gallium Selenide 

HV High Voltage 

LV Low Voltage 

LVAC Low Voltage Alternating Current 

MVAC Medium Voltage Alternating Current  

T/F Transformer 

PR Performance Ratio 

LCOE Levelized Cost of Electricity 

IR Interest Rate 

CAPEX Capital Cost 
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OPEX Operational and Maintenance Cost 

GHI Global Horizontal Irradiation 

DHI Diffused Horizontal Irradiation 

T_Amb Ambient Temperature 

EArray Output Energy of PV Array 

EGrid Energy Injected into the Grid 
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1 Introduction 

In the face of escalating global environmental challenges, the commitment to transition 

towards sustainable and low-carbon energy sources has become more pressing than ever. 

Carbon dioxide (CO2) and other greenhouse gas (GHG) emissions, mainly from fossil fuel 

combustion, have been linked as a main contributor to global warming and climate change. 

The necessity to mitigate the impacts of climate change has led to international agreements 

and commitments, such as the Paris Agreement, which highlights the importance of using 

green energy resources. The pact recognizes the severe consequences of rising temperature 

and continues its efforts to maintain the rise of temperature to 1.5 degrees Celsius (Rogelj et 

al., 2016). 

The growing adoption of renewable energy sources (RES) as a sustainable alternative to 

traditional energy sources is being pushed by the degrading atmosphere. The need of RES 

in today has become very vital considering the degradation of environment with use of 

traditional energy sources. Among all the renewables, solar energy has the highest energy 

potential, and it plays a vital role in providing energy in a sustainable way (Breyer et al., 

2017; Arent, Wise & Gelman, 2011). Solar photovoltaics (PV) is the major technology that 

captures sunlight and transforms it into electricity. It is the highest growing and one of the 

cheapest renewable energy technologies in the market today (IEA 2022). The sustainable 

potential of solar PV is huge and optimally utilizing this technology can be a viable option 

for our energy transition from traditional energy systems to renewable energy system 

(Shahsavari and Akbari, 2018). The decreasing and affordable cost of PV in recent years has 

proved to be an alternative option to the fossil-fuel based energy system (Simola et al., 2018). 

Solar PV systems consist of various components that interact within both the direct current 

(DC) and alternating current (AC) to generate electricity. The efficiency and performance of 

these systems depend significantly on the optimal design and operation of the AC/DC 

interface. To maximize the overall efficiency of solar PV system, challenges such as power 

losses, voltage fluctuations, and grid compatibility must be carefully analyzed (Al-Shahri et 

al., 2021). This thesis aims to determine the optimal design solution of the solar PV system 

by conducting a comprehensive analysis of the various components in the design process as 

well their optimized parameters. By integrating these findings into PVcase, a software tool 
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integrated into AutoCAD used for PV system design, and PVsyst, a solar PV simulating 

software tool, the research aims to equip engineers and researchers with better skills and 

methodology for system planning and optimization. 

1.1 Objective of the thesis 

The main objective of this thesis is to determine the optimal size and position of the electrical 

equipment in a PV area and design a final grid-connected PV system. The principal 

objectives of this thesis can be summarized as follows: 

• Conduct a literature review and background study on the components in solar PV 

system. 

• Propose and implement design parameters to address identified challenges, improve 

the overall efficiency, and performance, and reduce the cost of the system. 

• Using the final design parameters, draw the PV plant layout in PVcase and evaluate 

the performance and economic analysis of the system. 

Through this research, it is expected that the enhanced optimization of PVcase, coupled with 

the proposed techno-economic evaluation strategies, will contribute to the advancement of 

solar PV design, and accelerate the global transition towards sustainable and efficient energy 

solutions. This thesis aspires to offer valuable insights for academia and industry 

professionals engaged in the design, implementation, and management of solar PV systems. 

1.2 Scope and limitations 

This thesis focuses on the design and comprehensive technical and economic evaluation of 

an industrial scale solar PV system. The study focuses on selecting and calculating the 

optimal design parameters such as the number of modules in a string, the number of inverters 

in an array, orientation, and sizing ratio of a solar PV system. Also, using PVsyst software, 

the performance of the system is evaluated, and an economic evaluation is done using 

metrics such as Levelized Cost of Electricity (LCOE) for various sizing ratio. Additionally, 

the performance evaluation includes the energy yield, performance ratio, and losses in the 

PV system. In contrast, economic evaluation includes a breakdown of cost components such 

as capital cost, and operational and maintenance cost. The integration of the solar PV system 
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with existing industrial infrastructure and optimal parameters is explored and an optimal 

final system design is drawn in AutoCAD using PVcase.   

However, it is imperative to note that the thesis work has some limitations and constraints. 

The accuracy of performance and economic evaluation heavily depends on the quality and 

reliability of input data, with potential variations in solar irradiance, weather conditions, and 

component performance and selection. Some of the input data in this thesis is based on 

assumptions and numerical calculations which may hinder the design, simulation, and final 

evaluations. By acknowledging these limitations, this thesis aims to provide a balanced and 

realistic analysis of the design and assessment of the industrial scale solar PV system. 

1.3 Structure of the thesis 

This thesis work is organized into nine sections: 

Section 1: This section focuses on the main objectives, scope, and limitations of this research 

work. 

Section 2: It furnishes a literature review and background investigation on the solar PV 

system and various components associated with it. 

Section 3: This section elaborates on the diverse methodologies, goals, and tools 

Section 4: This section explains the design parameters of the solar PV system used in this 

study. 

Section 5: This section elaborates on the initial design and simulations mentioned in the 

methodology. 

Section 6: This section presents an optimal solar PV plant layout based on the design criteria 

obtained from Section 4. 

Section 7: This section further evaluates the main findings of the final system design. It 

describes the performance and economic viability of the PV plant. 

Section 8: This section analyses the results presented in Section 7 including various threats 

to validity of the results. 
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Section 9: This section provides the concluding remark on the whole research work and any 

future work associated with it. 

This thesis finally ends with references and appendices.  

2 Literature review and background  

The solar PV system can generate renewable electricity from the irradiation of the sun. The 

utility-scale solar PV plant has lower costs compared to other RES technologies (Zidane et 

al., 2023). Understanding the components of a solar PV system and how they interact with 

each other for an optimized and efficient system is a necessary step in the development of a 

solar power plant. This section presents a literature review on the research topic, 

accompanied by background information on solar PV systems. 

2.1 Solar cell  

The photovoltaic device contains semiconductor material that converts solar energy directly 

into electricity. A single photovoltaic is known as a cell, while the combination of solar cells 

in series to form a larger unit is known as PV module. There are various solar cell materials 

which determine the efficiency and manufacturing of the PV modules (Dambhare, Butey & 

Moharil, 2021). The Figure 2.1, shows various solar cells and their efficiencies. 

 

Figure 2.1: Various types of solar cell efficiencies (NREL 2023). 
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2.1.1  First-generation solar cell 

The first-generation solar cells also known as traditional solar cells are based on the 

crystalline silicone (c-Si) technology and constitute the highest share in the market. These 

solar cells have higher efficiencies and are widely used in the world today (IEA 2022). 

According to the report by the International Energy Agency (IEA), special report on the solar 

PV global supply chain, over 85% of the PV modules are crystalline silicone. The c-Si 

technologies are further divided into mono-crystalline and poly-crystalline solar cells 

(Dambhare, Butey & Moharil, 2021). The Figure 2.2, shows the production of various types 

of PV modules over the year 2011 till 2021. 

• Monocrystalline Silicon Solar Cells (Mono-Si): These cells are made from a single 

crystal structure, supplying high efficiency but at a higher cost due to the complex 

manufacturing process. The efficiency of these cells is about 24-25% (Dambhare, 

Butey & Moharil, 2021). 

• Polycrystalline Silicon Solar Cells (Poly-Si): Made from multiple crystal 

structures, these cells are less expensive to produce but are slightly less efficient 

compared to monocrystalline cells. The efficiency of these cells is about 19-20% 

(Dambhare, Butey & Moharil, 2021). 

 

Figure 2.2: Solar PV module production by technology 2011–2021 (IEA 2022). 
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2.1.2  Second-generation solar cell 

The second-generation solar cell technologies use thin film or layers of photovoltaic 

materials  (Rahman et al., 2019). These technologies aim to reduce the cost of solar PV in 

comparison to first-generation solar cells (Rahman et al., 2019). The major types of second-

generation solar cells are: 

• Amorphous Silicon (a-Si) Solar Cells: a-Si is a non-crystalline form of silicon 

which is deposited on a thin film such as glass and plastic. These cells use non-

crystalline silicon, allowing for a more simple and cost-effective manufacturing 

process (Rahman et al., 2019). However, they tend to have lower efficiency 

compared to crystalline silicon cells. 

• Cadmium Telluride (CdTe) Solar Cells: CdTe is a thin film solar cell that uses a 

semiconductor material made up of cadmium telluride. These cells have low 

manufacturing costs and higher efficiency (Rahman et al., 2019). They are 

commonly used in thin-film solar modules. The efficiency of the CdTe solar cell 

technologies is 21% (Dambhare, Butey & Moharil, 2021). 

• Copper Indium Gallium Selenide (CIGS) Solar Cells: CIGS is a thin film solar 

cell made by depositing a thin layer of copper indium gallium selenide solution on 

glass or plastic along with two electrodes in front and back. These cells have better 

efficiency compared to s-Si and CdTe (Rahman et al., 2019). The efficiency of the 

CIGS solar cells is 20-22%.  

2.1.3  Third-generation solar cell 

Third-generation solar cells aim at achieving higher efficiency compared to the first and 

second-generation solar cells and at a reduced cost (Shubbak, 2019). These technologies are 

still in the research and development stage, and several studies are being explored with the 

use of this technology in a commercial scale. Various third-generation solar cells are 

described below: 

• Organic Photovoltaic (OPV) Cells: OPV cells use organic compounds as the active 

material for absorbing solar radiations (Shah et al., 2023; Shubbak, 2019). They are 

light and flexible and can be produced at a lower cost. However, their efficiency is 
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currently lower compared to traditional solar cells. The efficiency of these solar cells 

is about 19.2% (NREL 2023). 

• Dye-Sensitized Solar Cells (DSSC): DSSC cells use a sensitizing dye (e.g., 

Ruthenium-polypyridine) to absorb light, and electrons are generated through a 

photochemical process (Shubbak, 2019). They are less expensive to produce than 

traditional solar cells and can be transparent, allowing for various modern 

applications. The efficiency of these solar cells is about 13% (NREL 2023). The 

primary drawback of this technology is the use of liquid electrolytes, that might 

expand, leak, or freeze in unusually cold temperatures (Shubbak, 2019). 

• Perovskite Solar Cells: These solar cells have an absorber layer made up of 

Perovskite material that is used to absorb solar radiation. Perovskite materials have 

shown great potential due to their high efficiency and simple manufacturing process 

(Shubbak, 2019). The efficiency of these solar cells is about 33.9% (NREL 2023). 

However, some studies suggest that the maximum theoretical efficiency for these 

solar cells is 43% (Sheppard, 2023). 

2.2 PV module and tracking  

The photovoltaic module, also known as a solar panel, is a collection of interconnected solar 

cells to form a bigger stable unit with higher power. The solar cells are either connected in 

series for higher system current or connected in parallel for higher system voltage. These are 

the main and integral components of a solar PV system, that convert solar energy to 

electricity. Manufacturers and researchers all over the world are improving the PV modules 

and their efficiency for higher energy yield per unit. For higher energy yield, PV modules 

can be placed at an optimal angle of incidence of sunlight. Based on the angle of incidence 

of the solar rays the PV modules can be placed as: 

• Fixed-tilted: The fixed-tilted PV modules are placed at an optimum tilt angle with 

respect to the horizontal surface for maximum energy yield throughout the day. The 

tilt angle is dependent on the geographical location of the installation site (Chandel 

& Chandel, 2022).  
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• Single-axis tracking: These PV modules have a tracking system that is rotated over 

a single axis either horizontally or vertically along the surface to get the maximum 

solar irradiation. A single-axis tracking system in north-south orientation has 20–

30% higher annual energy yield compared to optimally fixed-tilted solar PV system 

(Afanasyeva, Bogdanov and Breyer, 2018).  

• Dual-axis tracking: The dual-axis tracking PV system is an advanced solar tracking 

system designed to optimize the orientation of solar panels by rotating along both 

horizontal and vertical axis. The tracking method used in these trackers enables solar 

panels to orient along the path of the sun in both horizontal and vertical planes, 

thereby increasing solar irradiation on the panels (Jamroen et al., 2020). The major 

advantage of a dual-axis tracking system is the increased efficiency of the PV panels.  

2.3 Inverter 

An inverter is an electrical device that converts the direct current generated by solar array to 

alternating current that can be transmitted to the end-user by the electricity grid. Based on 

the connections or arrangement of PV modules and array with the inverters, the inverter 

configuration in a PV system can be classified as: 

• Central inverter: In this configuration, significantly higher voltage is obtained by 

connecting a large number of PV modules to a single inverter (Kolantla et al., 2020). 

The PV modules here are connected in a series-parallel connection. Multiple modules 

are connected in series to form a string and these strings are connected in parallel 

with each other to achieve higher power. The advantages of this configuration are it 

has lower inverter cost and easier maintenance. Moreover, there are some limitations 

of the central inverter such as high losses and require high dc cable between PV 

modules and inverter, poor quality and harmonics, and non-flexible design 

(Vairavasundaram et al., 2021; Hassaine et al., 2014). Also, any failure or damage 

to the inverter can cause the whole PV system to malfunction. Figure 2.3, shows the 

general layout of the central inverter configuration in a PV system. 



19 
 

 

Figure 2.3: Central inverter configuration. 

• String inverter: In this configuration, multiple panels are connected in series to form 

a single string and each string is connected to a single inverter (Kolantla et al., 2020). 

The losses compared to the central inverter topologies are less in this configuration, 

as MPPT is used in each string reducing the mismatch losses. They have higher 

efficiency compared to central inverter (Vairavasundaram et al., 2021; Hassaine et 

al., 2014). They are generally used in residential as well as commercial PV systems. 

This configuration is highly flexible compared to a central inverter. The Figure 2.4, 

shows the string inverter configuration in a PV system.  

 

Figure 2.4: String inverter configuration. 

• Multi-string inverter: A multi-string inverter configuration is a combination of both 

central and string inverters. In this configuration, multiple strings are connected in 

parallel with each other with an individual DC-DC converter to form a PV array, 

which is then connected to a single central inverter. This configuration is very useful 
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in areas with shading issues or variations in panel orientation and tilt. Multi-string 

inverters often integrate individual Maximum Power Point Tracking (MPPT) devices 

for each string, optimizing energy production by ensuring that each string operates 

at its peak power point (Kolantla et al., 2020; Hassaine et al., 2014). Furthermore, 

the reduced impact of partial shading on individual strings enhances overall energy 

yield. These inverters are widely utilized in commercial and larger residential PV 

installations. The Figure 2.5 shows the multi-string inverter configuration in a PV 

system. 

 

Figure 2.5: Multi-string configuration. 

• Micro-inverter: A micro-inverter or AC module has an integrated inverter with the 

PV module into one device. Micro-inverters, unlike the conventional string inverters, 

are exclusively attached to each solar panel, allowing for independent operation, and 

improving energy production. This decentralized configuration ensures that each 

panel operates at its maximum power point, improving the overall system efficiency. 

Micro-inverters show higher tolerance due to shading compared to string inverters, 

as shading on one panel does not adversely affect the performance of others. 

Additionally, their decentralized nature improves safety and reliability, minimizing 

the impact of potential failures. These micro-inverters are commonly utlized in 

residential and small-scale commercial installations, micro-inverters. They are 

preferred for their efficiency, flexibility, and reliability in optimizing energy 

production at the panel level (Kolantla et al., 2020; Hassaine et al., 2014; 

Vairavasundaram et al., 2021). The Figure 2.6, shows the micro-inverter 

configuration in a PV system. 
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Figure 2.6: Micro-inverter configuration. 

2.4 Transformer 

A transformer is an electrical device that transmits electricity applied on its’ primary side to 

the secondary side. It either increases or decreases voltage and current keeping the frequency 

of the system the same. In a solar PV system, transformer plays a crucial role that converting 

the voltage from the inverter to match the grid voltage, ensuring the safe integration of the 

solar PV system with the electricity network. The transformer is used to increase the voltage 

level corresponding to the grid voltage. In a utility-scale PV plant, there are two types of 

transformers, one which steps up the inverter voltage to 13.8/46 kV and another which is 

connected to the first transformer and steps up the voltage to connect to the electricity grid 

(Cabrera-Tobar et al., 2016).  

2.5 Cable sizing 

There are typically three types of cables used in a PV plant: DC string cable, LVAC cable, 

and MVAC cable. DC string cables are used to connect the modules to the inverter, LVAC 

cables are used to connect an inverter to transformers, and MVAC cables are used to connect 

the transformer to the electricity grid. The cables are selected based on the current carrying 

capacity of the conductor while ensuring low voltage drop in the cables (Kumar & 

Sundaram, 2021).  
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2.6 Factors affecting cost and performance 

Various factors affect the PV system performance and eventually the cost of the whole 

system. The performance of the solar PV system is mainly dependent on the climatic 

conditions along with the components and the system configuration. Some of the main 

factors affecting the performance and cost of the solar PV system are described in the 

following sub-section.  

2.6.1  Solar irradiance 

There is an abundance of solar energy that can be harnessed using the PV system for a 

reliable green energy source. Solar irradiance is measured as the amount of sunlight that falls 

on a surface area. The design of a PV system typically depends on the solar irradiance of a 

particular location. The amount of solar energy generated by a panel is determined by the 

solar irradiance it receives. Different locations have different irradiance, and proper 

forecasting should be done to gain a better understanding of the solar PV performance and 

energy production (Li et al., 2016). Solar irradiance is a crucial factor in analyzing a solar 

power plant and its viability.  

2.6.2  Sizing ratio 

The inverter sizing, commonly referred to as DC:AC ratio is a major factor that is used to 

determine the size of an inverter for the PV array. The inverter capacity is either matched 

with the nominal capacity of the PV array or undersized the inverter capacity with respect to 

the nominal capacity of the PV array. Under low solar irradiation, there is partial energy 

generated by the PV system which affects the inverter to operate at partial load and lower 

efficiency. Moreover, an optimal sizing ratio also depends on the location of the PV plant as 

the amount of solar irradiation falls on the panels highly determines the energy generation 

by that plant  (Notton, Lazarov & Stoyanov, 2010). The sizing ratio is calculated as: 

𝑆𝑖𝑧𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝐷𝐶: 𝐴𝐶) =  
 𝑃𝑉 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑃𝐷𝐶)

𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑟𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 (𝑃𝐴𝐶)
, (2.1) 

Economically, it is feasible to undersize the inverter based on the system design yet not to 

decrease the energy produced too much. The major objective in under-sizing the inverter is 
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to find an optimal DC:AC ratio where the difference between economic loss from the clipped 

energy with decreased investment and gain from selecting higher size inverter with 

additional investment is lowest (Väisänen et al., 2019). In a grid-connected PV system with 

high efficiency inverters, the optimal sizing ratio ranges from 1.1–1.2 and 1.3–1.4 for high 

and low insolation locations respectively, while for low efficiency inverters, the optimal 

sizing ratio ranges from 1.2–1.3 and 1.4–1.5  (Mondol, Yohanis & Norton, 2006). 

2.6.3  Performance ratio 

The performance ratio measures the ratio of actual energy yield to the theoretical energy 

yield by the solar PV system. The actual energy produced by the plant depends on the 

climatic conditions, and component performance including various losses associated with it. 

There are various losses associated with the whole plant such as irradiation loss due to 

clouds, mismatch loss, soiling losses, cable losses, conversion efficiencies, and module 

degradation factors. These losses incorporate the final energy production and transmission 

which ultimately affects the performance of the whole plant (Khalid et al., 2016). The 

performance ratio is calculated as: 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 (𝑃𝑅) =  
𝐹𝑖𝑛𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 (𝑌𝑓)

𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑦𝑖𝑒𝑙𝑑 (𝑌𝑟)
, (2.2) 

Due to various losses associated with the PV system, the PR is always lower than 100%. 

However, with increasing development in the efficiencies of various components, the PR is 

also increasing. Usually, the PR of a PV system ranges from 10–20% up to 95% depending 

on the various location and PV optimization (Dhimish, 2020). During the summer season, 

due to the clear sky and higher solar irradiation, the PR shows a higher value in contrast to 

the winter season. In an optimized PV system, the performance ratio is above 80% while a 

poorly designed system has a lower performance ratio. 

3 Methodology and simulations 

The methodology section outlines the systematic approach undertaken in this study to 

design, analyze, and evaluate an industrial scale solar PV system. Initially, a desired location 

is selected, which in this study is Imatra, for detailed site analysis such as climatic and 
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geographical conditions. Solar irradiance, temperature data, and other factors play a vital 

role in the total energy yield and performance of the system. Additionally, with the help of 

key parameters such as electrical and mechanical characteristics of module, trackers details, 

orientation, and number of modules in a string, an initial design of the proposed site is drawn 

in PVcase. 

This initial design forms a base for the performance and economic evaluation of the proposed 

site using PVsyst and MS Excel. Several configurations, varying sizing ratio, were simulated 

in PVsyst to evaluate their effect on energy output and system performance. The significance 

of sizing ratio on cost and LCOE was also studied for finding the optimal design parameters.  

Furthermore, after a comprehensive performance and economic analysis, a final system 

design is drawn in PVcase. The final design is drawn with the initial calculated parameters, 

component details from the datasheet, and findings from the performance and economic 

evaluations. The design aims to maximize energy output while minimizing the cost. Lastly, 

performance and economic evaluations of the final solar PV system are presented using 

PVsyst and MS Excel.  

3.1 Goal of the research 

This study evaluates the system design, performance, and economic evaluation of the 

industrial scale solar PV system ensuring optimal performance and economic viability. The 

final objective is to create a practical solar PV design using PVcase, reflecting the initial and 

simulated parameters, and analyze the performance and economic evaluations of the system. 

By systematically exploring design variations, particularly the sizing ratios, and leveraging 

simulation tools, the study provides a robust framework for developing efficient and cost-

effective solar PV solutions for industrial applications. 

3.2 Site selection 

The proposed site for the PV plant is in Imatra, Finland with a latitude of 61°12'23.6"N 

28°50'04.0" E. Detailed information on the proposed site is provided by 3Flash Finland Oy. 

The approximate area of the selected site is 490,000 m2 (49 hectares). Figure 3.1, shows the 

area and location of the selected site. We must have an exact location of the proposed site to 
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get the required solar irradiation and other climatic conditions from PVsyst. This is an 

important factor while analyzing solar energy production and system design.  

 

Figure 3.1: Site for the selected PV plant in Imatra, Finland. 

The Figure 3.2, shows the global horizontal irradiance of Imatra, Finland. The total GHI of 

the selected site is 925 kWh/m2/year (PVsyst 2024). The irradiance level was obtained from 

PVsyst with Meteonorm 8.1 data source. The total energy generation by the panel and the 

performance of the PV plant are highly dependent on the irradiance data. As we can observe 

from Figure 3.2, that during summer months there is a higher irradiance level while in winter 

as the days are shorter and darker, the irradiance is very low. Thus, a proper analysis should 

be done before the development of the PV system to gain a better understanding of the solar 

plant performance. The detailed analysis of the site is explained in the following sections. 

 

Figure 3.2: Global horizontal irradiation of Imatra, Finland (PVsyst 2024). 
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3.3 Component selection 

In this study, JA solar PV modules, Huawei string inverters, Huawei transformer station, and 

Ideematec single-axis 1P tracker system are selected and the electrical and mechanical 

characteristics are shown in Table 3.1,  

Table 3.2 and Table 3.3 respectively. Detailed information on the proposed components in 

this thesis is supplied by 3Flash Finland, which is sponsoring this thesis. 

Table 3.1: Electrical and mechanical characteristics of PV module (JA Solar 2023). 

PV module (JAM72D42-630/LB) 

Descriptions Value Unit 

Electrical characteristics 

Rated maximum power (Pmax) 630 W 

Maximum voltage (Vmp) 43.9 V 

Maximum current (Imp) 14.35 A 

Open circuit voltage (Voc) 52.24 V 

Short circuit current (Isc) 15.08 A 

Module efficiency 22.5 % 

Temperature coefficient of Isc 0.046 %/°C 

Temperature coefficient of Voc −0.26 %/°C 

Temperature coefficient of Pmax −0.3 %/°C 

Mechanical characteristics 

Length 2.465 m 

Width 1.134 m 

Area 2.79531 m2 

Weight 34.6 kg 

 

Table 3.2: Electrical and mechanical characteristics of solar inverter (Huawei 2023b). 

Solar inverter (SUN2000-330KTL-H1) 

Descriptions Value Unit 

Electrical characteristics 

Efficiency (euro) 98.8 % 

Max. input voltage 1500 V 

Number of MPPT 6 nos 

Max. current per MPPT 65 A 

Nominal input voltage 1080 V 

MPPT operating voltage 500-1500 V 

Max AC power 330 W 

Nominal AC power 300 W 

Max output current 238.2 A 

Nominal output current 216.6 A 
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Mechanical characteristics 

Length 1.048 m 

Height 0.732 m 

Width 0.395 m 

Weight ≤108 kg 

 

Table 3.3: Electrical and mechanical characteristics of transformer station (Huawei 2023a). 

Transformer station (JUPITER-6000K-H1) 

Descriptions Value Unit 

Rated power 6600 @40°C kVA 

Rated input voltage 800 V V 

Rated output voltage 

10, 11, 13.2, 15, 20, 22, 23±10％, 30, 

33 kV 

Tappings ± 2 x 2.5 % 

Rated frequency / No. of phases 50 Hz / 3 Hz 

Impedance (HV-LV1, LV2) 8.5 (0 ~+ 10%) @ 6600 kVA % 

Impedance (HV-LV1 / HV-LV2) 7.3 (0 ~+ 10%) @ 3300 kVA % 

Vectoring group Dy11-y11  

PEI 99.577%  

Rated Load Loss 45.8 (+15%) kW 

Rated No-load Loss 4.5 (+15%)  

Winding material Al  

Operating temperature range -25 ~ 60 ℃ 

Mechanical characteristics 

Width 1,048 m 

Height 732 m 

Length 395 m 

Weight <23 tons 

   
The detailed datasheet of the PV module, inverter, and transformer station can be found in 

Appendix 1, Appendix 2, and Appendix 3 respectively. 

3.4 Number of PV modules, inverter and transformer calculation 

First, we need to determine the quantity of modules that can be connected in a single row in 

a string. Initially, we must find the maximum module output voltage at the minimum daytime 

operating temperature, and it is calculated as:  

𝑉𝑚𝑎𝑥 =  𝑉𝑜𝑐 (1 +  
((𝑇𝑚𝑖𝑛 − 25°𝐶)𝛽𝑉𝑜𝑐

)

100
) , (3.1) 
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Where Vmax is the maximum PV output voltage, Voc is the open circuit voltage, 𝑇min is the 

minimum temperature and 𝛽−𝑉OC is the temperature coefficient for open circuit voltage. 

Here, in this study, 𝑇min is taken as −25°C, while other variables are obtained from the 

manufacturer datasheet. 

The number of modules in a string thus is determined by (Aronescu & Appelbaum, 2017): 

𝑁string ≤ 𝑓𝑙𝑜𝑜𝑟 (
𝑉MPP

𝑉max

) , (3.2) 

Where, 𝑉MPP is the maximum power point voltage of the inverter and 𝑉max is the maximum 

voltage of the PV module. 

The number of inverters that can be connected to a single transformer station is determined 

by: 

𝑁inv/trans =
𝑅𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑟

𝑀𝑎𝑥. 𝐴𝐶 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟
, (3.3) 

Where, 𝑁inv/trans  is the number of inverters that can be connected to a single transformer 

station. 

Furthermore, the total number of panels in the PV plant is obtained from the initial design 

of the PVcase. In PVcase of initial design, we need the plant area, module, and frame 

parameters and separate the road area and other restricted areas for the plant. The total string 

number is calculated by dividing the total number of panels by the number of modules 

connected in series in a string.  

After getting the initial design parameters, modules, and string quantities, PVsyst 

simulations are performed with varying DC:AC ratios from 1.0 to 1.35. Furthermore, the 

simulation results from PVsyst energy and cost evaluation are performed to determine the 

optimal parameters for the final design of the PV plant.  

3.5 Economic evaluation 

Although solar energy is abundant and renewable energy source, it is very important to 

perform an economic evaluation of the project. The capital cost of any project is a major 

entity that determines the total investment needed for its development. The capital cost 

includes the cost of all the electrical and mechanical equipment, cables, design costs, civil 
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works, and other miscellaneous costs. It is a one-time cost that is needed to start the 

development and construction of the power plant. Apart from the capital cost, there are 

annual fixed operational and maintenance costs as well that are associated with any plant.  

The levelized cost of electricity commonly known as LCOE is a metric used to evaluate the 

cost-effectiveness of different energy generation technologies (Eltamaly & Mohamed, 

2018). The LCOE of solar PV is dependent on the total capital cost of the plant including 

the operational and maintenance cost and the total energy generation over the lifetime of the 

plant. The LCOE (€/MWh) can be calculated as shown in the equation below (Eltamaly & 

Mohamed, 2018; Väisänen et al., 2019):  

𝐿𝐶𝑂𝐸 =
𝐶𝑎𝑝𝑒𝑥 +  ∑

𝑂𝑝𝑒𝑥𝑡

(1 + 𝑖)𝑡
𝑛
𝑡=1

∑
𝐸𝑡

(1 + 𝑖)𝑡
𝑛
𝑡=1

, (3.4) 

where,  𝐶𝑎𝑝𝑒𝑥 is total plant capital cost   (€) 

 𝑂𝑝𝑒𝑥𝑡 is annual operational cost in year t (€) 

 𝐸𝑡 is annual energy output in year t   (MWh) 

 𝑖 is the interest rate (discount rate)  (%) 

 𝑛 is total operational lifetime in years  (a) 

 𝑡 is an individual year of lifetime (1, 2, …n)  

 

In this study, the total lifetime of the power plant is taken as 30 years.  

3.6 Simulation and design tools 

The simulation and design tools play a vital role in the planning, optimization, and 

development of the solar PV system. The tools used in this study are PVsyst and PVcase. 

These tools are selected in this study due to their capabilities in optimizing, simulating, and 

designing of solar PV systems. These tools are also very crucial to the techno-economic 

evaluation of the solar PV system 

3.6.1  PVsyst 

The PVsyst is a simulation software used for the planning and analysis of a PV system. 

PVsyst has an option to select various meteorological data, solar PV modules, and inverters 
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thereby widely used by engineers, researchers and professionals in solar PV analysis. It also 

has options for choosing various types of components and configuration in a solar PV 

system, which makes it a better choice for engineers and researchers to understand and 

optimize the system design. PVsyst also generates a detailed report that includes energy 

production, loss diagram, performance ratio, and system design. It provides valuable insights 

for optimizing system design and operations (PVsyst 2024). In this study, PVsyst is used to 

perform an energy yield modeling of the selected site. With the help of PVsyst simulations, 

performance evaluation is performed for the PV plant to determine the optimal design 

parameters.  

3.6.2  PVcase 

The PVcase is an AutoCAD-based solar PV design add-in. It is used by engineers and 

designers in designing a PV plant using optimal and predefined parameters of various 

components in a PV plant. It helps in creating detailed and accurate layouts of the solar PV 

plant based on the provided parameters and plant area. The software optimizes the design 

process allowing faster and more efficient creation of detailed plans (PVcase 2024). In this 

study, the solar PV plant layout is drawn using on PVcase.  

4 Design parameters 

The design parameters are calculated based on Equations (3.1), (3.2), and (3.3), explained in 

Section 3.4, and the various default values of the equipment which are obtained from the 

datasheet. Using the equations, the optimal number of modules in a string is determined. The 

initial design parameters for the PV plant are shown in Table 4.1. Using Equations (3.1) and 

(3.2), the total number of modules in a string is calculated. With the basic parameters which 

are obtained from the manufacturer datasheet of the PV module and PV tracker, the initial 

design of the PV plant is drawn. This initial design helps determine the plant size and number 

of modules in the PV area. These results are used for the analysis and simulation of PV plant 

using PVsyst.  

Table 4.1: Design parameters used in PVcase for initial layout of the PV plant. 

Descriptions Value Unit Reference 
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Module Parameters  

Length 2.465 m Datasheet 

Width 1.134 m Datasheet 

Thickness 0.0035 m Datasheet 

Power 630 Wp Datasheet 

Lowest module temperature during the day −25 °C (PVsyst 2024) 

Max. voltage at -25°C 59.03 V Equation (3.1) 

Tracker Parameters  

Frame type Single-axis tracking  
Datasheet 

Turning angle ±55 ° Datasheet 

Array parameters  

Axis azimuth 0 ° 

(Meriläinen et al., 

2022) 

No. of modules in a string 25 Nos Equation (3.2) 

Maximum open circuit voltage 1475 V 

Equations (3.1) and 

(3.2) 

Road parameters  

Road width 4.5 m 3Flash Finland Oy 

Edge rounding radius 20 m 3Flash Finland Oy 

Restriction zone offset 4 m 3Flash Finland Oy 

  

Figure 4.1, shows the initial design of the PV plant drawn in AutoCAD using the PVcase 

application. The results from this design i.e., the total plant size and number of modules in 

the PV area along with the initial design parameters of the PV plant are used to perform the 

PVsyst simulation with varying DC:AC ratio to determine the optimal parameter for the final 

system design. The data from the initial design is used to perform PVsyst simulations to 

determine the optimal parameters for the final design. 
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Figure 4.1: Initial layout of the PV plant based on the predefined parameters and calculation.  

5 System design and simulation 

In this section, the initial system design and performance and economic factors are studied 

and analyzed which is used to determine the optimal parameters for the final design in 

PVcase. The Table 5.1, here shows the initial design data which is obtained from the PVcase. 

This data along with the predefined plant parameters is used to perform simulation in PVsyst. 

In this study, the lifetime of the plant is assumed to be 30 years. 

Table 5.1: Initial design data obtained from PVcase design. 

No. of Modules No. of strings Plant capacity (MWp) 

50100 2004 31.56 
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5.1 PVsyst simulation results 

The PVsyst software is used to perform an energy yield analysis for the given location with 

defined parameters for the simulation. The input data for the simulation are the site location 

for getting the meteorological data, tracker details, PV module and inverter model, and total 

number of inverters, modules in a string, and the number of strings. The Figure 5.1, shows 

the system section of the PVsyst software where the main equipment selection is done along 

with the parameters obtained from the initial design i.e., number of modules in series number 

of strings, and varying number of inverters for the DC:AC ratio of the system. 

 

Figure 5.1: PVsyst system design section for 1.25 DC:AC ratio system for initial study (PVsyst 2024). 

In this section, the PVsyst simulation is evaluated by varying the DC:AC ratio while keeping 

all the other parameters constant to gain insight into the energy production. The simulations 

are carried out to evaluate the effect of changing the DC:AC ratio and its effect on the 

produced energy and losses. The Table 5.2 shows the simulation results for different DC:AC 

ratios. Also, Figure 5.2 shows the graph between the changing DC:AC ratio and energy 

production.  
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Table 5.2: PVsyst simulation results for different DC:AC ratios. 

Plant capacity 

(MWp) 

DC:AC 

ratio 

Energy Production 

(MWh/yr) 

Specific Production 

(kWh/kWp/yr) 

Performance 

ratio (%) 

31.56 1.0 36810 1166 92.63 

31.56 1.1 36800 1166 92.61 

31.56 1.15 36793 1166 92.59 

31.56 1.2 36787 1165 92.57 

31.56 1.25 36785 1165 92.57 

31.56 1.3 36767 1165 92.52 

31.56 1.35 36739 1164 92.45 

 

  

Figure 5.2: Energy production with varying DCAC ratios. 

In this thesis, it is assumed that the parameters explained and calculated earlier provide a 

base for further analysis and finding the optimal solution for the final design. From the Table 

5.2 and Figure 5.2, we can also observe that the lowest DC:AC ratio results in the highest 

energy production, and the highest ratio results in the lowest energy production. With a 

higher DC:AC ratio the system should ideally produce more energy on the other hand with 

a lower DC:AC ratio, the energy production is lower due to clipping of additional energy 

produced (Väisänen et al., 2019). Although the inverter does not work at its nominal power 

all the time of the day, the sizing ratio must be considered carefully. Hence, it is feasible to 

determine an optimum sizing ratio of the system considering all the factors such as system 

production, performance, and cost. 
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5.2 Economic evaluation 

The PVsyst simulation results facilitated the performance evaluation of the solar PV system. 

Although solar energy is abundant and renewable source of energy, the capital cost and 

LCOE of the system should also be evaluated to get an optimum solution. Our main goal in 

selecting the optimal parameters for the final design is to achieve the highest-performing 

system at the lowest possible cost.  

In this section, the capital cost, operational and maintenance cost, and the LCOE of the PV 

system with varying DC:AC ratios are evaluated. The project lifetime is assumed to be 30 

years. The Table 5.3, shows the total capital cost in million euros of the system with varying 

DC:AC ratios. As we can observe from the table, the cost is highest with the lower sizing 

ratio and keeps on decreasing as we increase the sizing ratio of the system. This is mainly 

due to the decrease in the number of inverters and AC cable costs associated with it. While 

other cost parameters remain largely consistent, the major change due to the changing sizing 

ratio is observed on the AC side of the system, as the DC side is kept constant.  

Table 5.3: Total capital cost of the PV system with various DC:AC ratios. 

Description 

1.0 

DC:AC 

1.1 

DC:AC 

1.15 

DC:AC 

1.2 

DC:AC 

1.25 

DC:AC 

1.3 

DC:AC 

1.35 

DC:AC 

PV Module 4.253 4.253 4.253 4.253 4.253 4.253 4.253 

String Inverter 0.827 0.756 0.717 0.693 0.662 0.638 0.614 

Transformer Station 0.892 0.892 0.892 0.892 0.892 0.892 0.892 

1-axis Tracking 

System 3.357 3.357 3.357 3.357 3.357 3.357 3.357 

DC String Cable 0.863 0.863 0.863 0.863 0.863 0.863 0.863 

AC Cable 1.748 1.611 1.536 1.490 1.398 1.353 1.307 

Mechanical 

Installation 5.570 5.570 5.570 5.570 5.570 5.570 5.570 

Electrical Installation 0.113 0.113 0.113 0.113 0.113 0.113 0.113 

Inspection and 

commissioning 0.046 0.046 0.046 0.046 0.046 0.046 0.046 

Earthwork 0.304 0.304 0.304 0.304 0.304 0.304 0.304 

Roads 0.900 0.900 0.900 0.900 0.900 0.900 0.900 

Miscellaneous 1.779 1.779 1.779 1.779 1.779 1.779 1.779 

Total (million €) 20.651 20.444 20.329 20.260 20.136 20.067 19.998 

 

The Table 5.4, shows the economic evaluation of the proposed design and parameters. The 

annual operational and maintenance cost is considered as 14,500 €/MWp. The LCOE is 

calculated based on the Equation (3.4). The annual energy and energy produced for 30 years 



36 
 

are obtained from the PVsyst simulation results. The results obtained show that, the LCOE 

is highest for the lower sizing ratio while it is lowest for the higher sizing ratio. The LCOE 

varies with the capital cost and energy produced over the lifetime as OPEX is fixed for all 

the cases.  

Table 5.4: LCOE calculation of the PV plant with various DC:AC ratios. 

DC:AC ratio CAPEX (M€) OPEX (M€) LCOE (€/MWh) 

1.0 20.65 0.46 34.15 

1.1 20.44 0.46 33.99 

1.15 20.33 0.46 33.83 

1.2 20.26 0.46 33.79 

1.25 20.14 0.46 33.66 

1.3 20.07 0.46 33.61 

1.35 19.99 0.46 33.48 

5.3 Optimal parameters 

Solar energy is highly competitive and one of the cheapest renewable energy sources in the 

world. While all over the world, many solar projects are being developed proper analysis 

and design of the system is necessary. First, the site evaluation is necessary to understand 

the solar irradiance of that location and in the later phase, proper design analysis along with 

energy modeling is needed. Along with the energy modeling, economic evaluation is also 

needed to understand and plan the project cost and net return on investment.  

In this study, PVsyst and PVcase form a basis for the performance and economic evaluation 

of the project and find the optimal parameters for the final design of the power plant. As 

discussed above in sections 5.1 and 5.2, the performance and economic evaluation are 

performed. The system with a 1.0 sizing ratio has the highest energy production and 

performance ratio with 36.8 GWh/year and 92.63% respectively. While the CAPEX and 

LCOE for the same system are 20.65 M€ and 34.15 €/MWh respectively. Instead, the system 

with a 1.35 sizing ratio has the lowest energy production and performance ratio with 36.74 

GWh/year and 92.45% respectively. The CAPEX and LCOE of the same system are 19.98 

M€ and 33.48 €/MWh respectively.  

In case we require a higher energy and performance ratio, the system with a 1.0 sizing ratio 

is chosen, while the same system also has higher capital cost and LCOE. However, the 

system with a 1.35 sizing ratio seems more appropriate in terms of economic evaluation 
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though the system performance is low. Ideally, in the case of a 1.0 DC:AC ratio, the system 

is operating without clipping additional energy while with an increasing DC:AC ratio, the 

energy is clipped. However, according to the literature study, it is often suggested that the 

inverter should be undersized. The system will only work at its peak power under ideal 

conditions and a few hours of the day. Due to this, the system will rarely work to its full 

potential.  

This comparison from the above-mentioned section including Table 6 and Table 5.4 shows 

that the system with 1.25 seems more promising as it has lower costs along with higher 

energy production among all the variations. Table 9 shows the optimal design parameters 

for the PV system. Considering the predefined and calculated parameters along with the 

optimal parameters, these design parameters are selected for the final system design. The 

final system design is drawn in PVcase while it optimizes the panel placement and other 

equipment connections.  

Table 5.5: Optimal design parameters for the system. 

Descriptions Value Reference 

No. of modules in a string 25 Equation (3.2) 

No. of strings in an inverter 24 

Initial design 

analysis 

DC:AC ratio 1.25 

Initial design 

analysis 

No. of inverter in a transformer 20 Equation (3.3) 

6 System design using PVcase 

The analysis done in the above sections provided a theoretical evaluation of the solar PV 

plant's technical and economic performance. This evaluation helped determine the optimal 

design parameters for the final system design. The final system design consists of 630 Wp 

panels with 330 kWac inverters and a single-axis tracking system. In the final design, the 

HV overhead line is also considered, and 30 meters of spacing on each side of the cable is 

kept as a restricted area for the power plant. Also, a 6-meter restriction zone is set from the 

road of width 4.5 meters. Additionally, a restricted zone of 8 meters on each side of the 

transformer station is also kept so that it will not affect the panels due to the shading effect. 

The final design with all the restrictions and the optimal parameters is shown in Figure 6.1. 
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Here, the system has 1952 strings, 82 inverters, and 5 transformer stations with a central 

substation.  

 

Figure 6.1: Final design of the PV power plant using PVcase. 

The Figure 6.2, shows the single-line diagram of the solar PV power plant. The plant consists 

of 25 panels in a string and 24 strings are connected to a single inverter. There are 5 numbers 

of transformer stations, and each transformer station has a maximum connection of 20 

inverters. Here, the last transformer station is only connected to 2 numbers inverters with a 

total of 24 and 8 strings connected to them. The transformer station is subsequently 

connected to a single 33/110 kV substation transformer which is then connected to the 

national electricity grid (110 kV,50 Hz) through an overhead AC cable. 
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Figure 6.2: Single-line diagram of the solar PV power plant. 

The Table 6.1, shows the specification of the final power plant design. The details of the 

specifications are partially obtained from the manufacturer datasheet and other details from 

PVcase after the final system design.  

Table 6.1: Specifications of the PV power plant. 

Description Value Unit 

Plant capacity 30.74 MWp 

Maximum module power 630 Wp 

No. of modules 48800  

No. of strings 1952  

Nominal inverter power 300 kWac 

No of Inverter 82  

Transformer station maximum power 6600 kVA 

No. of transformer station 4  

Tracker Horizontal single-axis  

Tracking orientation North-South  

Turning angle ±55 ° 

Plant area 137565,9 m2 
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7 Result 

In this section, the performance and economic evaluation of the final layout of the solar PV 

system is presented. The Table 6.1, provide detailed information for the PVsyst simulations 

and economic calculations of the final layout. 

7.1 Performance evaluation 

The performance evaluation of the final design is performed again using PVsyst where 

annual energy production, losses, and performance ratio of the system are obtained. The 

Figure 7.1, shows the monthly energy production along with PV array losses and system 

losses per day. The PV array loss is 0.15 kWh/kWp/day, the system loss is 0.11 

kWh/kWp/day, and the produced useful energy is 3.19 kWh/kWp/day. The total specific 

energy of the power plant is 1165 kWh/kWp/day which states the performance of the power 

plant. It can also be seen from the figure that the highest energy is produced in June when 

the solar irradiance is highest in that region.   

 

Figure 7.1: Energy production, PV array losses and system losses. 
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The Figure 7.2, shows the monthly performance ratio of the power plant. The annual 

performance ratio is 92.5%. Due to snowy and dark weather conditions, there was 

insufficient solar energy generation, indicating to a decrease in performance ratio. 

 

Figure 7.2: Monthly performance ratio. 

The Figure 7.3, shows the total losses in the system. The diagram displays optical losses in 

the upper area, PV array losses in the middle area, and system losses in the lower area. The 

loss diagram provides insight into the PV system design by identifying different losses.   
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Figure 7.3: Loss diagram of the power plant. 

The Table 7.1 shows all the main simulation results from PVsyst. We can observe that the 

annual energy production of 35819 MWh is fed to the electricity grid. Summer months have 

the highest energy production i.e., 5933, 6052, and 6022 MWh while winter months 

December and January have the lowest energy production i.e., 212 and 55 MWh in the whole 

year. 
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Table 7.1: PVsyst main simulation results of the power plant. 

Month  

GHI 

(kWh/m²) 

DHI 

(kWh/m²) 

T_Amb 

(°C) 

EArray 

(MWh) 

EGrid 

(MWh) 

PR 

ratio 

January 6.9 5.1 −6.63 247 212 0.75 

February 23.4 13.33 −6.49 994 950 0.894 

March 67.4 29.53 −2.62 3115 3021 0.981 

April 111.1 54.45 3.91 4847 4705 0.981 

May 154.8 70.09 10.84 6118 5933 0.922 

June 163.1 81.66 14.51 6240 6052 0.912 

July 163.4 85.31 18.16 6206 6022 0.907 

August 123.4 59.53 16.21 4843 4695 0.91 

September 71 38.44 11.01 2876 2785 0.934 

October 29.7 18.85 4.91 1193 1140 0.93 

November 8 5.59 0.44 284 248 0.815 

December 3 2.59 −3.31 88 55 0.552 

Total 925.3 464.48 5.15 37051 35819 0.925 

 

7.2 Economic evaluation 

The economic evaluation is a necessary step along with the performance evaluation to 

estimate the cost of the system. The Figure 7.4, shows the capital cost, Capex, of the whole 

PV system. Mechanical installations have the highest share followed by the cost of PV 

modules and tracker systems. The miscellaneous costs include system design, substation, 

control system, project management, and grid connections. The total capex of the system is 

19.89 million euros. This is the initial investment cost associated with the system. Apart 

from the capex, there are fixed annual operational and maintenance costs as well. The 

operational and maintenance cost of the PV plant is considered as 14,500 €/MWp for a 

duration of the project lifetime i.e., 30 years.  
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Figure 7.4: Capital cost of the system with individual shares. 

The Table 7.2, shows the total capital cost, and operational cost with a 0% interest rate along 

with the LCOE of the solar PV power plant. The LCOE is a decisive factor among the 

researchers that shows the cost of energy per MWh. In recent years, the LCOE along with 

the CAPEX of renewable energy is decreasing with solar PV among the most competitive 

in the market. The decreasing cost of solar PV has attracted a lot of investors and government 

agencies (IEA 2023). 

Table 7.2: LCOE of the solar PV system. 

Description Value Unit 

Plant capacity 30.744 MWp 

Plant lifetime 30 years 

Capital cost 19.889 M€ 

Fixed operational cost 14500 €/MWp/year 

Operational cost over plant lifetime 13.374 M€ 

Energy produced in the first year 35.819 GWh 

Energy produced over plant lifetime 977.74 GWh 

Interest rate 0 % 

LCOE 34.02 €/MWh 

 

While 0% interest rate (IR) is not a realistic number, LCOE sensitivity analysis is carried 

out with various interest rates from 4% - 10% in a step of 1%. 
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Figure 7.5: LCOE and operational cost of the 30.7 MWp PV plant with varying interest rates over the plants 

lifetime. 

The Figure 7.5, shows the change in LCOE and operational cost with increasing interest 

rates on the PV plant. The interest rate impacts the cost of the system which ultimately affects 

the LCOE of the PV plant. However, increasing the interest rate the LCOE of the system 

also increases linearly. At 5%, 7% and 10% IR, OPEX is 6.85, 5.53, and 4.2 million euros 

respectively. While, at 5%, 7% and 10% IR, the LCOE was found to be 52.07, 60.81 and 

75.08 €/MWh. 
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8 Discussion 

This section presents a comprehensive analysis of the findings of the PVsyst simulation and 

economic evaluations. Firstly, it explains the PVsyst simulations results of the final solar PV 

system and how it contributes to the overall performance of the system. Secondly, it also 

explains the economic analysis of the final solar PV system. Lastly, an assessment on the 

various threats to the validity of this research is explained.  

The use of the optimal design parameters into the final layout using PVcase helps on getting 

an optimized system at a lower cost. The use of PVcase and manufacturer datasheets in the 

initial design phase provided a solid base for the PVsyst simulations, ensuring an efficient 

system design. The simulation results show seasonal variations in energy production thereby 

a proper financial planning should be done to maximize the profits. The decreasing trend in 

LCOE with the advancement in technology has gained trust of many investors and 

developers in solar PV projects (Vartiainen et al., 2020).  

8.1 Performance evaluation 

The performance evaluation of the final solar PV design, as conducted through PVsyst 

simulations, provides valuable insight into the overall performance of the system. The 

simulation shows the annual energy production of 35.8 GWh with a PR of 92.5% with 

significant changes observed throughout the year. The system shows its highest energy 

production and PR during summer months, particularly in June and July due to higher solar 

irradiation levels. However, challenges such as adverse conditions in winter months, resulted 

in low energy production and PR. This highlights the importance of the optimized system 

design, which enables getting higher output in such weather conditions as in Finland. 

The detailed loss analysis provided by PVsyst simulation, illustrated in Figure 7.3, offered 

valuable insight into different types of losses with the system. Various losses in the array 

side along with the AC side of the system provide a deeper understanding of the system 

performance. In a country like Finland, where there is huge snowfall in winter and low solar 

irradiation, soiling loss due to snow and irradiance loss plays a major role in planning a solar 
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PV plant. While the component losses are mostly similar in different locations, the losses 

due to geographical position have a higher impact on the project development. 

8.2 Economic evaluation 

The economic evaluation of the solar PV design assessed the financial viability and cost-

effectiveness considering the capital cost, operational and maintenance cost, and LCOE over 

the project’s lifetime. The total estimated capital cost of the solar PV system is 19.89 million 

euros, with mechanical installations, tracker systems, and PV modules constituting higher 

portions in the initial investment. These 3 account for over 60% of the total capital cost. 

Additionally, operational and maintenance cost were 13.37 million euros over the period of 

30 years at 0% interest rate. The LCOE, a crucial metric indicating the cost of energy per 

MWh, was calculated as 34.02 €/MWh at 0% IR.  

The sensitivity analysis was carried out with varying interest rates and its impact on LCOE 

was studied, indicating the importance of financial considerations in determining the long-

term economic viability of the plant. It shows a linear increment in the LCOE with rising IR. 

The interest rates are directly related to the overall financial conditions of the power plant 

over the period of its lifetime, thereby providing a significant indication on securing a 

favourable financing conditions on the overall feasibility of the project. 

8.3 Threats to validity 

The various threats to validity are analysed for quality and robustness of the research work. 

Three types of threats are validated in the section below. 

8.3.1  Internal validity 

The manual calculations for the number of strings and inverters introduces the potential of 

human error, leading to the inaccuracy of the design parameters. Also, reliance on the 

datasheet of various components may create discrepancies or inaccuracies in the results 

provided that the data is accurate and up to date. Additionally, the tools used in this analysis, 

PVcase and PVsyst, for designing and simulations may have inherent limitations in their 
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algorithms, potentially impacting the system design and reliability of performance and 

economic evaluations.  

8.3.2  External validity 

The finding in this study may not be valid for different geographical locations or 

environmental conditions, limiting the validity of the results. Also, the compatibility and 

effectiveness of PVcase and PVsyst may vary depending on the specific characteristics of 

the system design, potentially limiting the external validity of the findings. Considering 

alternative tools for designing and simulating the solar PV system may have different results, 

thus the findings may not accurately be same while using other tools. 

8.3.3  Construct validity 

The various assumptions made in this study regarding modules, inverters, trackers and 

transformer parameters from datasheets may not represent real world performance of the 

whole system, affecting the construct validity of the design and simulation results. Also, 

simplifications and assumptions in the design process, such as neglecting certain factor or 

using ideal values, may not fully capture the complexity of the real-world solar PV system, 

impacting the validity of the conclusion drawn. Additionally, studies rely heavily on the 

optimization methodology used by the tools.   
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9 Conclusion 

The solar PV system is growing along with decreasing investment cost and LCOE. This 

study describes the fundamental technologies and equipment used in a solar PV system. The 

analysis and optimization of solar PV system are crucial for enhancing the technical and 

economic performance. Through the detailed assessment and implementation, it is possible 

to obtain maximum energy output while ensuring the lower costs.  

This thesis presents a comprehensive analysis and design of an industrial scale solar PV 

system, focusing on both technical performance and economic viability. Through 

simulations, using PVsyst, and economic evaluations the study identifies the optimal 

parameters for maximizing energy production and minimizing costs. 

Although the generation of the PV area is optimized using PVcase, there are still some basic 

parameters that much be defined for the system design. The number of strings must be 

calculated using the maximum voltage of the inverter and open circuit voltage of the panels. 

It should be within limits so that there are no additional losses due to overloading the system. 

The optimum number of strings for the proposed system was found to be 25. The predefined 

values along with the calculations performed to find the optimum number of modules in a 

string and the manufacturer datasheet, an initial design is drawn in PVcase to find the number 

of panels in the area.  

With the help of PVsyst, extensive performance analysis is performed with an aim to find 

an optimum solution for the final design that has higher efficiency. The performance metrics 

such as energy production, specific energy production and losses provide insight into the 

effectiveness of the system. Various simulations are performed to obtain the results with 

varying sizing ratio and keeping other components as constant. A thorough economic 

analysis is also performed with the same parameters used in PVsyst to have a comparative 

result. The investment cost, operational costs and LCOE of the system were studied which 

provide a better highlight on the economic aspects of PV system.  

The techno-economic results from the various simulations and calculations results that at 1.0 

sizing ratio the system performance is better while cost and LCOE is higher and 1.35 sizing 

ratio the system performance decreases while the cost and LCOE is low. The conducted 
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performance and economic analysis of the PV system has established that undersizing the 

system is most suitable for the provided system. A 1.25 DC:AC ratio forms the basis of the 

final system design. This along with the earlier calculated parameters were used in the final 

design of the PV system in PVcase.  

The energy production of the final design was 35.819 GWh with a performance ratio of 

92.5%. The Capex of this proposed system is 19.889 million euros while the operational cost 

was 13.37 million euros for the project lifetime of 30 year. The LCOE for the 30 year of the 

plant operation was calculated as 34.02 €/MWh at 0% IR. Additionally, LCOE is also 

calculated with varying interest rates to demonstrate the importance of financing 

considerations of the PV plant. 

The study acknowledges certain limitations, including the reliance on specific climatic data 

and assumptions in the economic analysis. Seasonal variability in certain years impact the 

performance of the system, which may be not fully captured by the simulations. Also, the 

financial assumptions used in this study may not be same as the ideal conditions. 

Additionally, the component selection in the design process also impacts the overall system 

performance and costs.  

In conclusion, the optimization of solar PV system requires a comprehensive strategy that 

links both the technological improvements and economic benefits. By carefully selecting 

and optimizing design parameters and conducting thorough techno-economic evaluations, 

the study provides a valuable outline for the development of efficient and cost-effective solar 

energy solutions.  

9.1 Future work 

The future research should study the use of advanced optimization techniques such as 

machine learning and artificial intelligence. There should also be further study on the 

integrations of energy storage and power-to-X that can have a better performance and 

economic benefits for the investors. Additionally, various geographic locations and climatic 

conditions should also be studied to help provide a better understanding of the system’s 

performance and limitations.  



51 
 

References 

Afanasyeva, S., Bogdanov, D. & Breyer, C. 2018. Relevance of PV with single-axis tracking 

for energy scenarios. Solar Energy, vol. 173, 173-191.  

Al-Shahri, O.A., Ismail, F.B., Hannan, M.A., Lipu, M.S.H., Al-Shetwi, A.Q., Begum, R.A., 

Al-Muhsen, N.F.O. & Soujeri, E. 2021. Solar photovoltaic energy optimization methods, 

challenges and issues: A comprehensive review. Journal of Cleaner Production, vol. 284, pp. 

125465. 

Arent, D.J., Wise, A. & Gelman, R. 2011. The status and prospects of renewable energy for 

combating global warming. Energy Economics, vol. 33(4), 584-593.  

Aronescu, A. & Appelbaum, J. 2017. Design optimization of photovoltaic solar fields-

insight and methodology. Renewable & sustainable energy reviews, vol. 76, 882-893. 

Breyer, C., Bogdanov, D., Gulagi, A., Aghahosseini, A., Barbosa, L.S.N.S., Koskinen, O., 

Barasa, M., Caldera, U., Afanasyeva, S., Child, M., Farfan, J. & Vainikka, P. 2017. On the 

role of solar photovoltaics in global energy transition scenarios. Progress in photovoltaics, 

vol. 25(8), 727-745. 

Cabrera-Tobar, A., Bullich-Massagué, E., Aragüés-Peñalba, M. & Gomis-Bellmunt, O. 

2016. Topologies for large scale photovoltaic power plants', Renewable & sustainable 

energy reviews, vol. 59, 309-319.  

Chandel, R. & Chandel, S.S. 2022. Performance analysis outcome of a 19‐MWp commercial 

solar photovoltaic plant with fixed‐tilt, adjustable‐tilt, and solar tracking configurations. 

Progress in photovoltaics, vol. 30(1), 27-48.  

Dambhare, M.V., Butey, B. & Moharil, S.V. 2021. Solar photovoltaic technology: A review 

of different types of solar cells and its future trends. Journal of physics Conference series, 

vol. 1913(1), 12053.  

Dhimish, M. 2020. Thermal impact on the performance ratio of photovoltaic systems: A case 

study of 8000 photovoltaic installations. Case Studies in Thermal Engineering, vol. 21, 

100693.  

Eltamaly, A.M. & Mohamed, M.A. 2018. 8 - Optimal Sizing and Designing of Hybrid 

Renewable Energy Systems in Smart Grid Applications. Elsevier Inc. Advances in 

Renewable Energies and Power Technologies, vol. 2, 231-313. 

Hassaine, L., OLias, E., Quintero, J. & Salas, V. 2014. Overview of power inverter 

topologies and control structures for grid connected photovoltaic systems. Renewable and 

Sustainable Energy Reviews, vol. 30, 796-807.  



52 
 

Huawei 2023a. JUPITER-9000K/6000K/3000K-H1: Smart transformer station. Referred 

04.03.2024. 

Huawei 2023b. SUN2000-330KTL-H1 Smart PV Controller. Referred 04.03.2024. 

IEA 2022. Solar PV Global Supply Chains. Referred 24.12.2023. 

JA Solar 2023. n-type Bifacial Double Glass High Efficiency Mono Module JAM72D42 LB 

605-630. Referred 04.03.2024. 

Jamroen, C., Komkum, P., Kohsri, S., Himananto, W., Panupintu, S. & Unkat, S. 2020. A 

low-cost dual-axis solar tracking system based on digital logic design: Design and 

implementation. Sustainable energy technologies and assessments, vol. 37, 100618. 

Khalid, A.M., Mitra, I., Warmuth, W. & Schacht, V. 2016. Performance ratio – Crucial 

parameter for grid connected PV plants. Renewable and Sustainable Energy Reviews, vol. 

65, 1139-1158. 

Kolantla, D., Mikkili, S., Pendem, S.R. & Desai, A.A. 2020. Critical review on various 

inverter topologies for PV system architectures. IET Renewable Power Generation, vol. 

14(17), 3418-3438.  

Kumar, L.A. & Sundaram, K.M. 2021. Solar PV system: design, installation, operation and 

maintenance New York, New York: Nova Science Publishers. 

Li, J., Ward, J.K., Tong, J., Collins, L. & Platt, G. 2016. Machine learning for solar irradiance 

forecasting of photovoltaic system. Renewable Energy, vol. 90, 542-553. 

Meriläinen, A., Puranen, P., Kosonen, A. & Ahola, J. 2022. Optimization of rooftop 

photovoltaic installations to maximize revenue in Finland based on customer class load 

profiles and simulated generation. Solar Energy, vol. 240, 422-434. 

Mondol, J.D., Yohanis, Y.G. & Norton, B. 2006. Optimal sizing of array and inverter for 

grid-connected photovoltaic systems. Solar Energy, vol. 80(12), 1517-1539. 

Notton, G., Lazarov, V. & Stoyanov, L. 2010. Optimal sizing of a grid-connected PV system 

for various PV module technologies and inclinations, inverter efficiency characteristics and 

locations. Renewable Energy, vol. 35(2), 541-554. 

NREL (2023) Best Research-Cell Efficiency Chart. Referred 08.01.2024. 

PVcase 2024. Ground Mount - PVcase. Referred 04.03.2024. 

PVsyst, S.A. (2024) PVsyst (version 7.4). Referred 04.03.2024. 

Rahman, M.F., Ismail, A.B.M., Hossain, J. & Moon, M.M.A. 2019. Comparative Study of 

the Second Generation a-Si:H, CdTe, and CIGS Thin-Film Solar Cells. Advanced materials 

research, vol. 1154, 102-111. 

https://solar.huawei.com/download?p=%2F-%2Fmedia%2FSolarV4%2Fsolar-version2%2Fcommon%2Fprofessionals%2Fall-products%2Futility-smart-pv%2Faccessories%2F00-datasheet-of-jupiter-9000-6000-3000k-h1-for-330ktl-20230515.pdf
https://solar.huawei.com/download?p=%2F-%2Fmedia%2FSolarV4%2Fsolar-version2%2Fcommon%2Fprofessionals%2Fall-products%2Futility-smart-pv%2Faccessories%2F00-datasheet-of-jupiter-9000-6000-3000k-h1-for-330ktl-20230515.pdf
file:///D:/LUT/Thesis/download%3fp=/-/media/SolarV4/solar-version2/common/professionals/all-products/utility-smart-pv/smart-pv-controller/SUN2000-330KTL-H1/sun2000-330ktl-h1-datasheet-20230515.pdf
https://www.iea.org/reports/solar-pv-global-supply-chains
https://www.jasolar.com/uploadfile/2023/0628/20230628040509768.pdf
https://www.jasolar.com/uploadfile/2023/0628/20230628040509768.pdf
https://www.nrel.gov/pv/cell-efficiency.html
https://pvcase.com/ground-mount/
https://www.pvsyst.com/


53 
 

Rogelj, J., den Elzen, M., Höhne, N., Fransen, T., Fekete, H., Winkler, H., Schaeffer, R., 

Sha, F., Riahi, K. & Meinshausen, M. 2016. Paris Agreement climate proposals need a boost 

to keep warming well below 2 °C. Nature (London), vol. 534(7609), 631-639. 

Shah, N., Shah, A.A., Leung, P.K., Khan, S., Sun, K., Zhu, X. & Liao, Q. 2023. A Review 

of Third Generation Solar Cells. Processes, vol. 11(6), 1852.  

Shahsavari, A. & Akbari, M. 2018. Potential of solar energy in developing countries for 

reducing energy-related emissions. Renewable & sustainable energy reviews, vol. 90, 275-

291. 

Sheppard, L. 2023. Perovskite solar cells charge ahead to record-breaking efficiencies. 

Referred 10.06.2024. 

Shubbak, M.H. 2019. Advances in solar photovoltaics: Technology review and patent trends. 

Renewable and Sustainable Energy Reviews, vol. 115, 109383.  

Simola, A., Kosonen, A., Ahonen, T., Ahola, J., Korhonen, M. & Hannula, T. 2018. Optimal 

dimensioning of a solar PV plant with measured electrical load curves in Finland. Solar 

Energy, vol. 170, 113-123.  

Vairavasundaram, I., Varadarajan, V., Pavankumar, P.J., Kanagavel, R.K., Ravi, L. & 

Vairavasundaram, S. 2021. A Review on Small Power Rating PV Inverter Topologies and 

Smart PV Inverters. Electronics (Basel), vol. 10(11), 1296.  

Väisänen, J., Kosonen, A., Ahola, J., Sallinen, T. & Hannula, T. 2019. Optimal sizing ratio 

of a solar PV inverter for minimizing the levelized cost of electricity in Finnish irradiation 

conditions. Solar Energy, vol. 185, 350-362.  

Vartiainen, E., Masson, G., Breyer, C., Moser, D. & Román Medina, E. 2020. Impact of 

weighted average cost of capital, capital expenditure, and other parameters on future utility‐

scale PV levelised cost of electricity. Progress in photovoltaics, vol. 28(6), 439-453. 

Zidane, T.E.K., Aziz, A.S., Zahraoui, Y., Kotb, H., AboRas, K.M., Kitmo & Jember, Y.B. 

2023. Grid-Connected Solar PV Power Plants Optimization: A Review. IEEE access, vol. 

11, 79588-79608. 

 

 

  

https://ceramics.org/ceramic-tech-today/energy-1/perovskite-solar-cells-charge-ahead-to-record-breaking-efficiencies/
https://ceramics.org/ceramic-tech-today/energy-1/perovskite-solar-cells-charge-ahead-to-record-breaking-efficiencies/


54 
 

Appendix 1. Datasheet of PV module. 
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Appendix 2. Datasheet of solar inverter. 
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Appendix 3. Datasheet of transformer station. 
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Appendix 4. Datasheet of Ideematec single-axis 1P tracker. 
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