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ABSTRACT 

This thesis presents a comprehensive literature review on the endurance of solar 

photovoltaic (PV) systems in high north conditions and the optimized setup parameters 

for maximizing their output. To simulate data, PV panels were considered in the high 

north region of Oulu, Finland, and their output was measured under various setup 

parameters. The data was then analyzed using SketchUp simulation with the Skelion plug-

in to determine the optimized setup parameters that yield maximum output. 

The findings of the study highlight the importance of tilt angles and orientation for 

maximizing energy production. The evaluation of different tilt angles, including vertical 

panels, roof-mounted panels with varying tilt angles, and inclined panels on a carousel, 

revealed that tilt angles closer to 45 to 47 degrees contribute to improved solar PV 

performance. Inclined panels exhibited peak outputs during the summer months, while 

vertically mounted panels performed better during spring. The optimal tilt angle was 

determined to be 45 - 47 degrees, enabling effective energy generation throughout the 

year. 

The study also emphasized the significance of south-facing panel orientation, which 

consistently yielded higher energy production compared to other orientations. 

Furthermore, the thesis suggests future research directions, including the incorporation of 

complex weather variables, analysis of regional variation and temperature patterns, and 

the integration of advanced technologies into solar PV system simulations. 

Overall, this research contributes valuable insights for the design, installation, and 

optimization of solar PV systems in high north conditions, promoting the adoption of 

efficient and sustainable solar energy solutions. 
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1 INTRODUCTION 

1.1 Background and motivation 

Renewable energy has become increasingly important in the global energy mix due to its 

advantages for energy security and the environment (Inglesi-Lotz 2016). The use of 

renewable energy is seen as an important engine of growth for sustainable development 

(Tee et al. 2021). The Arctic region also experiences extreme temperature changes, and 

snow which can affect the performance of solar cells (Frimannslund et al. 2021). 

Therefore, it is important to select the most appropriate PV technology for a specific 

location to improve the system performance and increase the useful lifetime. The 

renewable energy sector is becoming increasingly important in the global energy balance 

due to the depletion of fossil resources and global environmental concerns. The 

development of renewable energy and access to low-cost, reliable, sustainable, and 

modern energy services is critical for achieving sustainable development goals 

(Drobotiuk et al. 2020). However, among these renewable energy sources, the solar 

energy is an important clean and abundant energy source that has gained increasing 

attention in recent years. The global energy system is transforming towards renewable 

energy, and solar energy will gradually replace traditional fossil energy to occupy the 

dominant position in the energy field (Hayat et al. 2019).  

Solar energy is a component of the renewable energy mix in Finland, which is necessary 

to achieve the country's renewable energy targets. Nevertheless, changes in Finnish 

legislation could enable new economic possibilities in the use of solar power (Korpijarvi 

& Tanskanen 2019). Further statistics show that, Sweden, Finland and Latvia were the 

Member States with the highest RES share in 2021 (EEA 2023).  However, the EU is 

committed to increasing the share of renewable energy in its energy mix to reduce 

dependence on foreign energy imports and to tackle climate change (Cucchiella et al. 

2018, REPower EU 2022). The EU has set policy recommendations to enhance the 

utilization of renewable energy in its member states (EU Green deal 2020; Simionescu et 

al. 2018).  

In terms of high north conditions, there are several challenges in the high north conditions 

in the utilization of solar energy. Hence in this thesis, studying the solar output of vertical 



 

and inclined solar panels in the high north (Arctic conditions) is significant due to the 

unique environmental conditions in the Arctic region. Solar panels located on high (Arctic 

and Antarctic) latitudes combine the harshness of the climate with that of the solar 

exposure. The performance of solar panels can be affected by temperature changes, and 

monocrystalline solar panels are less affected by temperature changes than polycrystalline 

solar panels (Olorunfemi et al. 2022). A study compared thin-film photovoltaic 

technologies' productivity for different installation sites and surface positions, and it was 

found that the appropriate inclination and orientation of the panels can increase the energy 

yield during the design of buildings with integrated photovoltaic panels (Stoyanov et al. 

2016). In conclusion, studying the solar output of vertical and inclined solar panels in the 

high north (Arctic conditions) is significant due to the unique environmental conditions 

in the Arctic region, and selecting the most appropriate PV technology for a specific 

location can improve the system performance and increase the useful lifetime 

(Olorunfemi et al. 2022). The significance of studying the solar output of vertical and 

inclined solar panels in the high north faces several challenges, including the low altitude 

angle of the sun during winter months, and the arrangement of solar panels impacts the 

efficiency of solar panels. Solar PV installation in high north arctic cold conditions can 

be challenging due to the extreme weather conditions, including low temperatures, snow, 

and ice. However, there is limited research that proves that solar PV technology can be 

used in these conditions with the right design and installation. 

Considering the above background and motivation, this thesis recognizes a gap and will 

focus on answering how to maximize the output of a solar PV under the challenging high 

north conditions.  

  



 

1.2 Research methodology and Objectives   

RQ1: What is the endurance of Solar PV in high north conditions?     

 

RQ2: What are the optimized setup parameters to obtain maximum output from solar 

PVs? 

 

RQ3: How to maximize the output of Solar PV under the challenging high north 

conditions? 

This thesis includes the literature review of previous studies on the endurance of solar 

PVs in high north conditions and the optimized setup parameters to obtain maximum 

output from a PV. The literature review conducted in a way to collect data on the 

endurance of monocrystalline PV in high north conditions and the optimized setup 

parameters to obtain maximum output from a monocrystalline PV. This includes the 

installation of monocrystalline PV panels in the high north and the collection of data on 

the output of the panels under different setup parameters. The data collected is analysed 

in Sketch up simulation (with Skelion plug in) to determine the optimized setup 

parameters to obtain maximum output from a monocrystalline PV under the challenging 

high north conditions.  

  

 



 

2 LITERATURE REVIEW 

2.1 Solar energy in the high north 

2.1.1 Solar radiation in high north 

Solar radiation is the electromagnetic radiation emitted by the sun and can be converted 

directly or indirectly into renewable energy using various technologies such as 

photovoltaic, wind turbines, heat engines etc. Earth receives about 170000 terawatts (TW) 

of incoming radiation in the upper atmosphere, but the amount of renewable energy that 

can be generated is very small due to factors such as costs, number of heat-generating 

technology uses, varying radiation amounts at different times of the year etc. (Rhodes et 

al., 2010) 

Untapped potential of solar energy is already being explored and estimated by different 

regions in the world. However, in a transition to mitigate the ongoing alarming levels of 

climate change, the high northern regions of the world with countries such as Finland, 

Norway, Sweden etc. are considering any direct subsidies for the usage of solar energy. 

For example, Finland’s irradiation is almost the same as that of Germany, a country that 

is one of the top markets for photovoltaics in the world, also due to its successful support 

policy. The amount of solar energy is about the same in Finland as in Central Europe, 

with most of the radiation generated only by the Southern part of Finland from May to 

August (VTT, 43, 2015). Pihlakivi investigated the radiation amounts in different cities 

of Finland from Finnish Meteorological Institute radiation reports from 2014. The reports 

show the irradiation levels in Helsinki at around 980 kWh/m2 and in Sodankylä at around 

790 kWh/m2 (Pihlakivi, 2015). Sodankylä is one of the high northern regions of Finland. 

This shows that the high northern regions have comparable solar radiation levels to 

generate valuable solar energy. 

2.1.2 Climate conditions in high north regions 

The Arctic region is experiencing amplified warming due to climate change, which has 

resulted in a decrease in the Arctic Sea ice cover and an increase in solar radiation 

absorption by the upper ocean (Pithan and Mauritsen 2014) (Pistone et al. 2014). In the 

High Arctic region, it is essential to make accurate estimations of the available solar 

radiation in order to incorporate solar energy as a significant component of the energy 



 

mix. (Garreau et al.2023). The Arctic region also experiences extreme temperature 

changes, which can affect the performance of solar cells (Pithan and Mauritsen 2014). 

Therefore, it is important to select the most appropriate PV technology for a specific 

location to improve the system performance and increase the useful lifetime (Pistone et 

al. 2019), it is important to note that the Arctic region is experiencing rapid declines in 

summer Arctic sea ice extent, and regional Arctic climate engineering has been suggested 

as an emergency strategy to save the sea ice (Tilmes et al. 2014). 

2.1.3 Challenges of operating PV systems in high north conditions 

Adverse environmental conditions associated with cold climates, such as recurrent 

hoarfrost and substantial snowfall, can give rise to elevated rates of degradation in 

photovoltaic (PV) systems. These factors have the potential to detrimentally impact the 

dependability, longevity, and efficiency of PV modules (Dhimish 2020). Furthermore, 

the electrical behavior of photovoltaic (PV) arrays can be affected by the uneven snow 

cover on their surface (Hosseini et al. 2020).  

In cold weather, solar panels may experience lower temperatures, which can enhance their 

efficiency. However, snow cover and reduced sunlight intensity can pose challenges to 

the operation of PV systems. To address these issues, adjusting the tilt angle of the panels 

and implementing snow removal measures are recommended. Proper system maintenance 

is also vital for optimal performance. Further research specifically investigating the 

impact of cold conditions on PV systems would provide valuable insights in this area 

(Yamaguchi et al.2021). The performance of photovoltaic (PV) systems in cold weather 

is influenced by the operating temperature, which plays a crucial role in the photovoltaic 

conversion process. As indicated by the review conducted by Dubey et al. (2012), solar 

cell performance decreases with increasing temperature due to increased carrier 

concentrations and internal carrier recombination rates. However, the electrical efficiency 

and power output of PV modules exhibit a linear relationship with the operating 

temperature. This highlights the importance of selecting PV modules with appropriate 

temperature sensitivity based on the geographical location. While regions with high 

altitudes, such as the southern Andes, Himalayas, and Antarctica, demonstrate higher 

performance ratios due to lower temperatures, PV modules with reduced temperature 

sensitivity are preferred for high-temperature regions. Overall, understanding the insights 

of PV systems in cold weather is crucial for optimizing their electrical performance and 

power output (Dubey et al. 2012). 



 

2.1.4 Sun path diagram 

The sun-path diagram is a useful tool for designing and optimizing solar photovoltaic 

(PV) installations. By providing information about the angle and intensity of sunlight at 

different times of the day and year, the diagram can help identify the best location and 

orientation for solar panels. The Sunpath diagram is useful when installing solar PV 

because it helps determine the optimum tilt angle and orientation of the solar panels 

(Ogundimu et al. 2022), (Memon et al. 2021), (Kamanga et al. 2014). In addition, the 

Sunpath diagram can be used to design and fabricate an installation PV solar module 

tilting platform (Ogundimu et al. 2022). The diagram can also be used to evaluate the 

performance of PV models in simulating vector fields.  

Considering all the above mentions, the Sunpath diagram is an important tool in 

determining the optimum tilt angle and orientation of solar panels during installation. 

In this work, we consider Oulu as the example of a geographical location in the high north 

region and study the impact of sun during June, September equinox and December time 

of the year using the sun path diagram as shown in Figure 1. 

 

Figure 1: Sun path diagram of Oulu region (Source: PD – Sun Path) 



 

2.2 Solar Photovoltaic Technology 

2.2.1 Brief history of Solar PV 

Solar photovoltaic (PV) technology has been around since the 19th century, when French 

physicist Alexandre Edmond Becquerel discovered the photovoltaic effect in 1839 

(Lamont 2022). This discovery led to the development of solar cells that could convert 

sunlight into electricity. The first practical application of this technology was developed 

by Charles Fritts in 1883, who created a primitive version of what we now know as a 

modern-day solar panel. In 1954, Bell Laboratories developed the first silicon-based PV 

cell with an efficiency rate of 6% (Lawrence et al. 2022). This marked a major 

breakthrough for solar energy and paved the way for further advancements in PV 

technology over the next few decades. In 1958, Hoffman Electronics introduced their own 

version of a silicon-based PV cell with an efficiency rate of 11%, which was more than 

double that achieved by Bell Labs just four years earlier.  

The 1970s saw significant progress in terms of both cost reduction and efficiency 

improvement for solar panels. During this decade, researchers at Exxon Corporation 

developed amorphous silicon cells with efficiencies up to 14%. By 1977, these cells had 

become commercially available and were being used to power calculators and other small 

electronic devices. 

In 1982, Sharp Corporation released its HIT (Heterojunction with Intrinsic Thin layer) 

series modules which featured higher conversion efficiencies than any previous module 

on the market at that time – up to 17% (Jäger 2012). These modules quickly became 

popular among residential customers due to their improved performance compared to 

traditional crystalline silicon modules. 

Since then, there have been numerous advances in Solar PV technology including thin 

film technologies such as CIGS (Copper Indium Gallium Selenide), CdTe (Cadmium 

Telluride), OPV (Organic Photovoltaics) and Perovskite Solar Cells; improvements in 

manufacturing processes; increased use of renewable energy sources; new financing 

models; better storage solutions; etc., all leading towards making Solar PV one of today’s 

most promising clean energy sources. 



 

PV energy is one of the largest growing industries in the world, with new developments 

coming in device design, production technologies, material use, and efficiency 

enhancement (Sampaio & Gonzalez, 2017). 

2.2.2 Types of Solar PV technology from a State-of-the-Art point of view 

Solar photovoltaic (PV) technology has been rapidly evolving in recent years, with new 

developments and improvements being made to increase efficiency and reduce costs. One 

of the most promising developments in solar PV technology is the use of halide perovskite 

materials, which have shown rapid improvements in solar cell performance, surpassing 

the top efficiency of semiconductor compounds such as CdTe and CIGS used in solar 

cells in just about a decade (Jena et al. 2019). Another promising development is the use 

of 2D materials, such as graphene, which have high transparency and conductivity and 

demonstrate immense potential for next-generation solar cells and other optoelectronic 

devices (Das et al. 2019). The development of third-generation photovoltaic technologies, 

such as dye-sensitized solar cells (DSSCs), organic solar cells (OSCs), and perovskite 

solar cells (PSCs), is also being explored as alternatives to silicon solar cells (Giannouli 

et al. 2021). Perovskite cells emerge as a new era of solar panels due to their incredible 

improvement on the power conversion efficiency (PCE), which can exceed 20% within 

seven years of tremendous research with economic production costs (Park, et al., 2016, 

Ahmed, et al., 2015).  The earliest application of perovskite materials was MAPbBr3 

nanocrystals that were applied as semiconductor sensitizers in liquid electrolyte dye 

sensitized solar cells (DSC’s). These DSC’s holds future potential to expand the PV 

industry to larger volumes, because the materials used in these cells are cheap and fully 

recyclable and the DSC’s can produce electricity also in low-light conditions (Toivola, 

2010). In 2009, the initial fabricated DSc device showed an efficiency of 3.1% (Kojima, 

Akihiro, et al., 2009). To date, the certified efficiency of Perovskite cells has skyrocketed 

to 22.1% PCE. Different device architecture of perovskite solar cells enhancing PCE are 

shown in Figure 2. 



 

 

Figure 2: The device architecture of different perovskite solar cells with and without electron 

transport layer (ETL) (Bellini, 2022). 

However, it is wise to note that these PV technologies are still not reached its maturity 

stage and is still not cost effective. Single or Monocrystalline silicon are manufactured 

from pure semiconducting materials with no defects or impurities in the silicon crystalline 

structure. Multi or Polycrystalline silicon manufacturing process is simpler than the 

monocrystalline ones. The performance of this technology is similar to Monocrystalline 

silicon, but there are more defects in the crystalline structures and the efficiency is slightly 

less than Monocrystalline cells. Monocrystalline cells convert sunlight into electricity 

more efficiently than polycrystalline cells, but polycrystalline cells are cheaper to 

manufacture. Both cells are about as cost-efficient, but the cheaper price of 

polycrystalline cells has made them slightly more common on the market. 

 

Figure 3: Monocrystalline and Polycrystalline device structure for solar cells (Greenlight 

Energy, 2021). 

Following are certain research results on the PV modules and their efficiencies based on 

various characteristics.  



 

• Single-crystal, thin-film GaAs PV modules - achieved higher efficiencies than 

their polycrystalline and amorphous counterparts (Silverman et al. 2013); 

(Meitzner et al. 2020).  

• Perovskite PV modules - provide comparable performances with efficiencies of 

roughly 25% power conversion efficiency (PCE) for very small devices in the lab 

(Meitzner et al. 2020) and 16% PCE for small modules (Pehlivan et al. 2019) 

• Thin film PV materials - can provide STH efficiencies beyond 13% even with PV 

modules with modest efficiency (Pehlivan et al. 2019) 

• N-Type crystalline-silicon (c-Si) PV modules - have the potential for achieving 

high efficiencies (Yamaguchi et al. 2021) 

• PV/T modules with nano-enhanced fluids and latent heat storage material - show 

average and peak overall PV/T efficiencies of 61.6% and 77.8%, respectively 

(Hussein et al. 2021) 

• CIGS-based PV modules - have the highest demonstrated efficiency of any single-

junction thin film PV device, with record efficiencies of 22.3% for cells and 

17.5% for large area modules (Lovelett et al. 2016)  

• PV modules can be manufactured using different materials by different fabrication 

technologies (Vítězslav et al. 2020) 

The following table 1 shows the efficiencies of difference PV modules as per its materials.  

Table 1: Efficiency of different PV modules 

Material Technology 
Module 

Efficiency 

Area needed 

per kW 

(approx) 

Monocrystalline silicon Crystalline 13-19% 7m^2 

Multicrystalline silicon Crystalline 11-15% 8 m^2 

Amorphous silicon (a-Si) Thin film 4-8% 15 m^2 

Copper Indium Gallium 

DiSelenide (CIGS) 
Thin film 7-11% 10 m^2 

Dye-sensitized PV cells Thin film 2-4%  

Cadmium Telluride (CdTe) Thin film 10-11% 9 m^2 

 



 

2.2.3 Overview of solar photovoltaic generation in the north  

The generation of solar photovoltaic (PV) power in northern regions, especially in Arctic 

conditions, poses significant challenges attributed to the harsh weather elements such as 

extremely low temperatures, heavy snowfall, and icy conditions. These adverse weather 

conditions can significantly impact the performance and efficiency of PV systems, 

necessitating specific considerations and adaptations for successful operation in such 

environments. However, recent research has shown that solar PV technology can be used 

in these conditions with the right design and installation. Panchenko (2021) discussed the 

prospects of using frost-resistant solar modules with extended service life for energy 

supply of infrastructure facilities in the Arctic zone of Russia (Panchenko 2021). The 

study proposed the use of frost-resistant planar photovoltaic modules and solar roofing 

panels with an extended service life for power supply in the Arctic region. 

In addition, the use of maximum power point tracking (MPPT) where the system is a 

crucial component in solar PV installations that optimizes the energy production of 

photovoltaic panels by dynamically adjusting the operating point to extract the maximum 

power available from the solar array. By continuously tracking and adjusting the voltage 

and current output of the panels, the MPPT system ensures efficient utilization of solar 

energy, maximizing the system's overall performance and enhancing its ability to adapt 

to changing environmental conditions can also improve the efficiency of solar PV 

systems. Taherbaneh et al. (2010) developed a method based on simultaneous use of two 

fuzzy controllers to maximize the generated output power of a solar panel in a 

photovoltaic system (Taherbaneh et al. 2010).  

2.2.4 Factors affecting the performance and efficiency of PV modules. 

Monocrystalline photovoltaic (PV) modules are widely used in solar energy applications 

due to their high efficiency and long-term reliability. However, the performance and 

efficiency of PV modules can be affected by various factors. One of the factors affecting 

the performance and efficiency of PV modules is the type of silicon used. Akhmad et al. 

(1997) investigated the outdoor performance of polycrystalline and amorphous silicon 

modules and found that amorphous silicon modules have better efficiency and output 

power in summer (Akhmad et al. 1997) Another study by Bashir et al. (2014) reported 

experimental data for different PV modules for January and found that monocrystalline 

modules were more efficient (Bashir et al. 2014).  



 

The orientation and tilt angle of the PV modules also affect their performance and 

efficiency. Pavlovic et al. (2011) compared and assessed the electricity generation 

capacity for different types of PV solar plants of 1 MW in Serbia and found that PV solar 

plant with flat PV panels made of monocrystalline silicon had the highest electricity 

generation capacity (Pavlovic et al. 2011) 

In conclusion, the performance and efficiency of monocrystalline PV modules can be 

affected by various factors, including the type of silicon used, temperature, and 

orientation and tilt angle. The dual-axis tracking PV solar plant with flat PV panels made 

of monocrystalline silicon has been found to have the highest electricity generation 

capacity. 

2.3 Installations of Solar PV 

2.3.1 Vertical and Traditional installations 

According to Quing et al. (2022), there are two main types of installations for solar PV 

in rooftops: vertical installations and traditional installations. Vertical installations 

involve mounting solar panels vertically on the side of a building, while traditional 

installations involve mounting solar panels horizontally on the rooftop. 

• Vertical installations are a relatively new approach to solar PV installations and 

have gained popularity due to their ability to maximize the use of available space 

on buildings. They are particularly useful in urban areas where space is limited 

and rooftops are often small. Vertical installations can also be used on the sides 

of buildings that receive direct sunlight, which can increase the overall energy 

output of the system (Quing et al. 2022).  

 



 

 

Fig 4: Different mounting/installation designs of solar PV (Poe et al. 2017) 

 

• Traditional installations, On the other hand, are the most common type of solar 

PV installation on rooftops. They involve mounting solar panels horizontally on 

the rooftop, which allows for easy installation and maintenance. Traditional 

installations are arguably more efficient than vertical installations, as they are able 

to capture more sunlight due to their orientation (Quing et al. 2022). 

2.3.2 Azimuth and inclination angle configurations of PV installations 

Since the thesis focusses on the high north, in high north (Arctic conditions), the panel 

angle configurations of solar PV installations are crucial in determining the maximum 

energy output of the system. However, there is limited research on the optimum tilt angle 

and orientation of solar panels in these conditions. 

One study investigated the optimum tilt angle of solar panels in extreme higher latitude 

cold climates and found that the optimum tilt angle for solar panels in cold climates is 

between 30° and 40° (Hailu and Fung 2019). The study also found that the optimum 

orientation of solar panels in cold climates is south-facing (180degrees), which 

maximizes the amount of solar radiation received by the panels.  

Following are the systems that incorporate tilts in the angels.  

Fixed Solar systems 

Under the peak laboratory conditions, the PCE achieved is 32%, compared to the average 

efficiency of 15-20% in the real environment conditions (Partain and Fraas 2010 & Green, 

et al., 2017). Thus, to witness higher PCE under practical conditions, it is necessary to 



 

recover as much energy drawn from solar power system as possible by reducing inverter 

losses, storage losses, and light gathering losses. Of these, light gathering is dependent on 

the angle of incidence of the light source providing power to the solar panel’s surface, 

and the closer to perpendicular, the greater the power (Partain and Fraas, 2010). If a flat 

solar panel is mounted on the level ground, the angle of incidence is 90 degrees only in 

the morning and evening. At such an angle, the light gathering ability of the cell is 

essentially zero, resulting in no output. Thus, to maintain the maximum power output 

from the panel, it needs to be tilted each time to continuously face the sun by tracking its 

position. Thus, tracked solar panels can be very efficient in reducing light-gathering 

losses compared to that fixed solar panels. Also, the amount of radiation incident on the 

photovoltaic surface is dependent on the geographic latitude, and hence a tracking system 

for solar panels is essential for the high northern region (Bahrami, et al., 2016).  

Tracked Solar Panels 

Different types of tracked solar panels available and are categorized mainly into single-

axis and full/dual-axis tracking. The single-axis tracking design is relatively simple due 

to the fact that it is pivoted to rotate about a particular axis, this is more suited at the 

equatorial regions where the sun movement is only from east to west throughout the year 

and not shift in north or south axis. They are further classified according into vertical 

(azimuth trackers), horizontal and inclined or polar axis trackers. There are many single 

tracking strategies such as dual-axis, East-West (EW), North-South (NS), vertical-axis 

and inclined EW trackers that has been demonstrated to significantly increase the annual 

energy productivity relative to fixed solar panels (Lave and Kleissl, et al., 2011 & 

Quesada, et al., 2015). 

Conversely, the dual axis tracking incorporates the second axis of rotation hence allowing 

the panel to follow the sun’s path at all times. The dual-axis trackers are designed based 

on either serial mechanism or parallel mechanism (Wu, et al., 2015 & Wu, et al., 2016). 

A dual-axis tracking system would result in greater irradiance than a single-axis, due to 

its ability to minimize the cosine effect losses. In other words, panels are always normal 

to the sun’s beam radiation, thus maximizing the amount of energy intercepted by the 

surface of a panel. Studies have shown that the increase in the energy gain of dual-axis 

trackers compared to the optimal fixed panel varies from 17.72% to 31.23% (Bahrami et 

al. 2016). The performance comparison among fixed, single and dual-axial solar panels 



 

has been well investigated in recent works (Ghalem et al., 2022). An example of fixed 

solar panel, single and dual-axis solar panel are shown in Figure 5. 

 

Figure 5: An example of fixed, single-axis and dual-axis solar panels (Sreenath et al, 2021). 

2.3.3 Studies on endurance of PV modules in arctic weather conditions 

Numerous investigations (Kim et at. 2021) have been conducted to examine the 

endurance of photovoltaic (PV) modules when subjected to severe cold weather 

conditions. As indicated by Kurtz et al. (2011), PV modules are exposed to extreme 

climatic factors such as radiation, humidity, and significant temperature fluctuations, both 

hot and cold (Kurtz et al. 2011). Another study highlights the concerns of PV module 

manufacturers regarding the reliability of their products when operating under various 

weather conditions. It was discovered that degradation rates can exceed 0.8% per year for 

silicon-based technology and reach as high as 2.76% per year in harsh climates (Hasan et 

al.2021). Dhimish (2020) conducted research indicating that PV systems subjected to cold 

climate conditions experience the highest rates of degradation due to frequent occurrences 

of hoarfrost and heavy snow, which have detrimental effects on the reliability, durability, 

and overall performance of PV modules (Dhimish, 2020). In their investigation, Emetere 

et al. (2020) explored the potential benefits of utilizing a biodegradable optical filter on 

PV modules to mitigate the impact of harsh weather conditions (Emetere et al. 2020). In 

other cases, Khenar et al. (2019) proposed a modeling approach for snow-covered PV 

modules, which was successfully validated through outdoor tests involving three distinct 

PV module technologies commonly employed in PV farms across North America, 

operating under various cold weather conditions (Khenar et al. 2019). 



 

Moreover, the reliability of PV modules operating under various weather conditions is a 

concern for manufacturers, as several studies reveal a degradation rate higher than 0.8% 

per year for silicon-based technology. Electromigration and delamination are two failure 

modes that play a significant role in PV modules’ output power losses. To assess the 

performance of PV modules, it is necessary to measure their current-voltage (I-V) output 

characteristics. However, the I-V curves measured at laboratory conditions may be rather 

different from the actual conditions that the panels may undergo, so affecting the I-V 

characteristic (Vega et al. 2019).  

2.3.4 Degradation and lifetime of PV modules 

Solar photovoltaic (PV) modules can undergo deterioration and experience a decrease in 

operational lifespan when exposed to cold climatic conditions. The temperature is a 

significant determinant of the decline in cell efficiency and the overall longevity of a PV 

cell (Rui at al. 2014). Mono-, poly-, and amorphous-silicon (Si) PV technologies are 

acknowledged for exhibiting differential rates of degradation and immediate power 

losses, contingent upon operational temperature, humidity, thermal cycling, and panel 

contamination (Flowers et al. 2016). Nevertheless, the substantial surge in the production 

and installation of PV modules will pose a formidable challenge in the future due to the 

limited lifespan of PV modules, typically ranging around 30 years (Chen et al.2020). 

Another important factor to consider is the temperature of the PV modules.  

The reliability of PV modules operating under various weather conditions attracts the 

manufacturer’s concern since several studies reveal a degradation rate higher than 0.8% 

per year for the silicon-based technology and reached up to 2.76% per year in a harsh 

climate. The lifetime of the PV modules is decreased because of numerous degradation 

modes, including delamination and electromigration. The presence of localized shading 

on PV modules leads to an overheating of the shaded PV cells despite the activation of 

bypass diodes, which reduces considerably PV module performances and its lifetime 

(Bressan et al. 2016). The degradation of PV performance is influenced by weather 

conditions such as variation in solar irradiance, change in the angle of incidence, high/low 

temperature, and humidity (Dhimish et al. 2020). The efficiency of modules decreases 

with an increase in module temperature (Bashir et al. 2018). Therefore, it is important to 

consider the actual conditions that the panels may undergo, such as irradiance, 

temperature, and series-parallel solar cells combinations, to evaluate the performance of 

PV modules (Vega et al. 2019).  



 

2.3.5 Optimization of setup parameters for PV modules 

Optimizing the setup parameters for monocrystalline PV modules from an installation 

perspective involves considering various factors that can affect their performance. As per 

the study conducted by Park et al. (2019), replacing conventional monofacial silicon PV 

modules with bifacial silicon PV modules can reduce the number of modules required for 

power production systems and the overall installation cost, including ground area, 

materials, labor costs, and construction period. The study also found that bifacial PV 

modules can generate a maximum of 30% additional electricity simply by optimizing the 

installation conditions, such as height and angle (Park et al. 2019). Therefore, it is 

important to control the temperature of the modules during installation to ensure optimal 

performance. 

Additionally, the inclination angle, PV module number, module type, and module 

construction structure can also affect the performance of PV systems. The optimization 

of these parameters can be achieved using different user-friendly software that estimates 

energy production using climate data and provides economic data accordingly (Limem 

and Sezen 2021). 

In conclusion, optimizing the setup parameters for monocrystalline PV modules from an 

installation perspective involves considering various factors such as the use of bifacial 

PV modules, controlling the temperature of the modules, and optimizing the inclination 

angle, PV module number, module type, and module construction structure. 

  



 

3 SIMULATION: EMPIRICAL STUDY  

3.1 Simulation tool 

The solar panel simulation tool developed using SketchUp and the Skelion plugin offers 

a powerful solution for optimizing solar energy generation. Its ability to accurately model 

solar panels, vary tilt angles, and analyse energy output provides valuable insights for 

architectural design, energy efficiency assessments, and renewable energy planning. By 

leveraging this tool, stakeholders can make informed decisions to maximize the potential 

of solar energy installations in Oulu, Finland, and beyond. The simulation tool generates 

comprehensive output data for each panel and tilt angle combination. The primary output 

is the total power output of each panel in relation to different tilt angles throughout the 

year. This data can be visualized and analysed using graphs or charts, providing valuable 

insights into the performance of various tilt angles and their impact on energy generation. 

3.1.1 Overview of SketchUp and Skelion Plugin 

SketchUp 

SketchUp is a versatile 3D modeling software that provides a powerful platform for 

modeling buildings, integrating weather data, and simulating solar panels. With its user-

friendly interface and extensive range of tools, SketchUp allows users to create detailed 

and accurate representations of buildings. The software enables precise modeling of 

architectural elements, including roofs, facades, and other surfaces where solar panels can 

be installed.  

SketchUp also supports the import and integration of weather data, which is essential for 

simulating solar panel performance in specific locations. By incorporating weather data 

such as solar radiation levels, temperature variations, and wind speeds, users can analyze 

the impact of environmental factors on the energy output of solar panels. This 

combination of building modeling and weather data integration makes SketchUp an ideal 

platform for simulating and optimizing solar panel installations in diverse environments, 

including high north latitudes. 

 



 

Skelion Plugin 

Skelion is a plugin specifically designed for SketchUp, it is designed for solar energy 

analysis and simulation. By integrating Skelion into SketchUp, we gain access to a range 

of features and functionalities that enable precise analysis of solar PV simulations. With 

Skelion, one can automate the placement, sizing, and orientation of solar panels on 

various surfaces within the SketchUp environment, such as roofs or facades. The plugin 

provides tools for adjusting the tilt angles of the panels, allowing for the evaluation of 

different configurations and their impact on energy output.  

Skelion incorporates solar radiation data specific to the location, considering factors such 

as the sun's position, shading, and local weather conditions. It utilizes accurate solar 

position algorithms to calculate the incident solar radiation on each panel for different tilt 

angles and times of the year. Skelion generates comprehensive output data, including the 

total power output of each panel in relation to different tilt angles throughout the year. 

This data can be visualized and analysed, providing valuable insights into the 

performance of various tilt angles, and aiding in the optimization of solar panel 

installations. The Skelion plugin enhances the capabilities of SketchUp, making it an 

invaluable tool for precise and efficient solar PV simulation and analysis. 

3.1.2 Simulation Process and Methodology 

The simulation process involved in Skelion's SketchUp simulation of solar PV involves 

several key steps: 

Building Modeling 

The first step is to create a 3D model of the building or structure in SketchUp. This 

includes specifying the dimensions, orientation, and location of the building. Skelion 

provides tools to facilitate the modeling process and ensure the precise placement of solar 

panels on different surfaces, such as roofs or facades. Here, the building is modeled 

roughly in reference to one of the buildings in the university of Oulu campus. The 

building is geo-located in the simulation setup with the help of the Geo-location tool in 

Sketchup which uses the geographical data from the google maps/earth. The tool works 

by taking creating a fabric of map where the building can be placed on the desired 

location.  



 

Fig 6: Simulation building model. 

Solar Panel Placement 

Once the building model is complete, Skelion enables the automatic placement of solar 

panels on the specified surfaces, in this case the Solar panel placement is based on the 

actual experimental setup on one of the buildings of University of Oulu. The panel layout, 

including the number of panels and their arrangement has been influenced based on the 

Experimental setup. Skelion ensures that the panels are accurately positioned on the 

surfaces, taking into account factors such as spacing, alignment, and available area.  

 

 

Fig 7: Solar panel placement in sketchup 



 

Tilt Angle Adjustment 

Skelion allows users to adjust the tilt angle of the solar panels. This parameter is crucial 

as it affects the amount of solar radiation captured by the panels. Users have the option to 

vary the tilt angles throughout the year to assess the impact on energy output. Skelion 

provides tools to set specific tilt angles for different months or seasons, allowing for 

comprehensive analysis. 

 

Fig 8: Solar PV tilt angle setup in sketchup/skelion 

Solar Radiation Analysis 

Skelion incorporates solar radiation data specific to the location of the building. This data 

includes information about solar radiation levels, sun path, and shading. Skelion's 

algorithms calculate the incident solar radiation on each panel based on the sun's position 

and other relevant factors. The software takes into account shading from nearby objects 

or structures, providing a realistic assessment of energy generation. 

Energy Output Analysis 

Once the solar radiation analysis is complete, Skelion generates output data related to the 

energy output of the solar PV system. This data includes the total power output of each 

panel for different tilt angles and time periods, such as monthly or seasonal variations. 

Skelion provides visualization tools, such as graphs or charts, to present the data in a clear 

and comprehensible manner. 

Optimization and Iteration 

Based on the simulation results, users can evaluate the performance of different panel 

configurations, tilt angles, or shading scenarios. Skelion allows for iterative optimization, 

enabling users to fine-tune the solar PV system design to maximize energy output. By 



 

adjusting parameters and analysing the resulting data, users can identify the most efficient 

and effective configuration for their specific requirements. 

The Skelion simulation in SketchUp offers a comprehensive and efficient approach to 

designing and analysing the performance of solar PV systems on buildings. By accurately 

modelling the building in 3D and incorporating real-world data, such as solar radiation 

levels and shading, Skelion provides valuable insights into the energy output of the PV 

system.  

3.2 Simulation parameters  

While studying the solar panels in high north latitudes, it is essential to discuss the 

simulation parameters used for Solar PV simulation in SketchUp. The simulation 

parameters define the conditions and variables that are considered during the simulation 

process, affecting the accuracy and reliability of the results. In this chapter, the key 

simulation parameters are described. 

Geographic Location 

The location is Oulu, the latitude, longitude, and elevation of the site are summarized 

below in table 2: 

Latitude, longitude 6503’34’’N,  2528’01’’E 

Elevation above 

Sealevel 
21meters 

Table 2: Latitude, longitude and elevation of Oulu region. 

Climate Data 

Climate data typically include solar radiation levels, temperature variations, wind speeds, 

and other relevant meteorological factors. The climate data, obtained from meteorological 

station in the city of Oulu was incorporated to the simulation software in the form of an 

EPW file.  

To expand more on the EPW weather file, an EPW (EnergyPlus Weather) file is a 

standardized weather data file format. The EPW file contains a comprehensive set of 

weather data for a specific location, typically spanning multiple years. The data includes 

information such as temperature, humidity, solar radiation, wind speed and direction, 



 

precipitation, and atmospheric conditions. EPW files are created by collecting and 

processing weather data from various sources, such as weather stations, meteorological 

databases, or weather modeling. The data is typically recorded at regular intervals, 

typically hourly or sub-hourly, to provide a detailed representation of the weather 

conditions throughout the year. 

Solar Position 

The solar position algorithms or models are used to determine the sun's position at 

different times of the year. These algorithms take into account factors such as the date, 

time of day, latitude, and longitude to calculate the sun's azimuth (horizontal angle) and 

elevation (vertical angle) relative to the solar panels.  

Panel Orientation and Tilt  

The panel orientation and tilt angles are considered in the simulation based on the setup. 

The varied options are available for evaluating fixed tilt angles, adjustable tilt systems, or 

tracking systems. This specifically helps in considering the impact of panel orientation 

on energy production throughout the year, especially in high north latitudes where the 

sun's path and tilt angles vary significantly between seasons. 

Panel Characteristics 

The panel characteristics provide details about the solar panel models and specifications 

used in the simulation. This includes parameters such as panel efficiency, nominal power 

rating, dimensions, and temperature coefficients. The simulation can account for different 

panel technologies, such as monocrystalline, polycrystalline, or thin-film panels, as they 

can exhibit different performance characteristics. 

Shading Analysis  

Shading analysis is incorporated into the simulation. Shading from nearby objects or 

structures can significantly affect solar panel performance. The Skelion plugin adopts 

algorithms to assess shading, such as shade analysis tools in SketchUp or shadow-casting 

algorithms. 

Simulation Timeframe  

The timeframe for which the simulation is conducted is an important factor, here in the 

simulation an entire year is being considered for the time frame. However, the EPW file 

does have the data for multiple years and the weather for the simulation of an entire year 



 

time frame is being estimated based on the computational average of the values of climate 

factors over many years.  

By considering the simulation parameters, the rigor and accuracy of the Solar PV 

simulation in high north latitudes are fairly demonstratable. 

3.3 Experimental setup 

The experimental simulation setup of solar PV panels encompasses a diverse range of 

configurations to assess solar output in various directions. The PV setup is divided into 4 

parts in the simulation.  

• Carousel 

• Horizontal panels on roof 

• South wall panels 

• East wall panels 

 

 

Fig 9: Building setup with all the PV setup. 

 

The centrepiece of the setup is a rooftop carousel, which consists of eight panels that are 

mounted at an inclination of 40 degrees, while another eight panels are positioned at 90 

degrees in a circular pattern. This circular arrangement allows for the evaluation of solar 

output in all 360 degrees, enabling a comprehensive analysis of the system's performance 

across different orientations. 



 

 

Fig10: Carousel simulation setup 

In addition to the carousel panels, the simulation setup incorporates five rows of 

horizontal panels on the rooftop. These panels are inclined at increasing angles from 40 

degrees to 50 degrees, with a gradual increment of 2.5 degrees for each successive row. 

This inclination range ensures that the panels are positioned optimally to capture solar 

radiation throughout the day, accounting for the changing angle of the sun. 

 

Fig11: Roof top horizontal panel setup 

To further enhance the evaluation of solar output, vertical panels are mounted on both the 

south-facing and east-facing walls of the building. The south-facing wall panels are 

strategically positioned to directly receive sunlight for a significant portion of the day, 

maximizing energy generation. Similarly, the east-facing wall panels are designed to 

capture and study early morning sunlight, contributing to the overall energy output 

throughout the day. 



 

This experimental simulation setup aims to comprehensively assess the performance and 

efficiency of the solar PV system across different orientations and angles. By 

incorporating a carousel of panels, rooftop panels with varying inclinations, and vertical 

panels on different building walls, the simulation provides valuable insights into the 

impact of panel positioning on solar output. The data collected from this setup enables a 

comprehensive analysis of solar radiation levels, shading effects, and energy generation 

across the entire system. 

The specification of the PV module with its Polycrystalline metrics can be seen in table 

3 below.  

Type of PV Polycrystaline 

Nominal Capacity 270 Wp 

MPP current 8.65 A 

MPP Voltage 31.2 V 

Short Circuit Current 9.29 A 

Open Circuit Voltage 38.3 V 

Max. Voltage 1000 V 

Length 1640 mm 

Width 992 mm 

Depth 40 mm 

Weight 18.1 Kg 

Table 3: Type of PV Vs its polycrystalline metrics 

The PV module used in the simulation setup is a Polycrystalline panel with the above-

mentioned specifications. This module represents a typical photovoltaic panel commonly 

used in solar energy systems. This module, being the exact make used in the simulation 

setup, serves as a representative component for analysing the performance and energy 

generation of the solar PV system. 



 

 

Figure 12: SolarWatts 270WP, product picture of the solar PV used for simulation. 

3.4 Simulation location  

Location: The setup in located in the campus of University of Oulu, Oulu, Finland. The 

co-ordinate for the building is 65º05` N, 25º.46` E.  

The location is surrounded by trees and plants however these have no shading effect on 

the setup as the PV setup in located on the roof top clear of any shading trees. The building 

block chosen for the experimental setup is on the south-western side of the campus.  

  

Fig13: Uni Oulu birds eye view (University of Oulu, 2023) 

 



 

 ¨ 

Fig14: Uni Oulu birds eye view (University of Oulu, 2023) 

The above picture shows the bird’s eye view of the university of Oulu campus. The 

highlighted area in red is the location where the experimental setup is placed, and 

experiments are carried out.  

Following are some of the photos from the carousel, roof and wall installations at 

University of Oulu: 

 

Fig 15: Experimental carousel setup on the roof of University of Oulu 



 

 

Figure 16: Roof panels with varying tilt angle setup 

 

Figure 17: South wall vertical panels 

3.5 Assessment of the results 

3.5.1 Performance Evaluation and results of the Carousel PV Setup  

A comprehensive face analysis of the 16 panels in the carousel ( 8 panels on the 90 degree 

tilt and 8 panels on the 40 degree tilt)  configuration has been conducted. The analysis 

focuses on evaluating the solar PV output in terms of key performance metrics such as 



 

yield and energy. The study encompasses both annual and monthly assessments to capture 

the variations in solar radiation and panel performance throughout the year. 

By considering the azimuth and tilt angles of the panels, the thesis aims to understand 

how the orientation and inclination impact the energy generation of the solar PV system. 

The azimuth angle represents the direction the panels face, while the tilt angle determines 

the inclination of the panels relative to the horizontal plane. These factors play a crucial 

role in capturing optimal sunlight and maximizing energy production. 

The annual study provides an overview of the system's performance over the course of a 

full year. It takes into account the changing position of the sun, varying solar radiation 

levels, and seasonal fluctuations in weather conditions. By assessing the yield and energy 

output on an annual basis, the thesis aims to determine the overall effectiveness and 

efficiency of the carousel configuration. 

 

Figure 18: Graph of energy production throughout the year for 40degree tilt part of carousel. 
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Month 

Energy Yield (kWh) with respect to Azimuth 

45 

Degree 

90 

Degree 

135 

Degree 

180 

Degree 

225 

Degree 

270 

Degree 

315 

Degree 

360 

Degree 

January 0,24 0,39 1,16 1,55 1,18 0,4 0,24 0,23 

February 1,87 3,68 7,04 8,82 7,19 3,81 1,88 1,74 

March 7,59 15,1 23,04 26,93 23,57 15,58 7,77 5,3 

April 16,08 25,8 32,92 35,51 33,41 26,32 16,48 9,41 

May 24,13 33,87 38,43 38,99 37,69 32,65 23,37 16,48 

June 26,46 34,44 37,38 37,37 36,7 33,62 25,92 21,46 

July 23,81 32,16 35,74 36,01 35,09 31,11 23,06 17,81 

August 15,64 23,93 29,04 30,36 28,8 23,48 15,43 9,19 

September 6,9 12,76 18,01 20,2 18,05 12,78 6,96 4,18 

October 2,14 4,98 8,97 11,05 9,12 5,1 2,16 1,76 

November 0,32 0,64 1,7 2,26 1,72 0,65 0,33 0,31 

December 0,01 0,02 0,06 0,08 0,06 0,02 0,01 0,01 

Table 4: Annual energy yield with respect to Azimuth with a constant 40 degree tilt angle 



 

 

Figure 19: Graph of energy production throughout the year for 90degree tilt part of carousel. 

Month 

Energy Yield (kWh) with respect to Azimuth 

45 

Degree  

90 

Degree 

135 

Degree 

180 

Degree  

225 

Degree  

270 

Degree 

315 

Degree 

360 

Degree 

January 0,08 0,26 1,4 1,99 1,44 0,28 0,08 0,08 

February 0,85 2,84 7,32 9,99 7,52 2,91 0,85 0,79 

March 4,33 11,51 21,01 26,45 21,74 12,27 4,46 2,61 

April 9,93 19 26,34 28,45 26,82 19,95 10,45 5 

May 15,85 24,6 27,58 26,12 26,6 23,66 15,04 9,16 

June 17,3 24,32 25,03 22,91 24,27 23,87 16,99 11,91 

July 15,6 22,93 24,62 23,03 23,84 22,14 14,82 9,83 

August 9,95 17,53 22,25 22,52 21,85 17,32 9,7 4,92 

September 3,99 9,64 15,6 18,24 15,65 9,8 4,06 2,01 

October 1,04 3,96 9,05 12,13 9,27 4,13 1,05 0,79 
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November 0,11 0,48 2 2,84 2,03 0,49 0,11 0,11 

December 0 0,01 0,07 0,1 0,07 0 0 0 

Table 5: Annual energy yield with respect to Azimuth with a constant 90 degree tilt angle 

Furthermore, the monthly study delves into the specific variations in solar PV output 

throughout different months of the year. This analysis helps identify any patterns or trends 

in energy generation and allows for a more detailed understanding of the system's 

performance. Factors such as the length of daylight hours, solar angles, and weather 

conditions specific to each month are considered in this assessment. 

 

Figure 20: Graph of annual yield- 40degree tilt part of carousel. 
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Figure 21: Graph of annual yield -90-degree tilt part of carousel. 

The results obtained from the annual and monthly studies provide valuable insights into 

the performance of the solar PV system in the carousel configuration. By analysing the 

yield and energy output in relation to the azimuth and tilt angles of the panels, the study 

aims to optimize the system design and identify the most favourable orientations and 

inclinations for maximum energy production. 

3.5.2 Performance Evaluation and results of Horizontal Panels on Roof  

In this chapter, a comprehensive performance evaluation of the rooftop solar PV system 

is presented, focusing specifically on the horizontal panels with varying tilt angles. The 

study considers the geographical location of the panels in Oulu, Finland, and analyses the 

annual and monthly energy yield with respect to the tilt angle. The results provide 

valuable insights into the system's performance and help optimize its design for maximum 

energy output. 
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Annual Energy Yield with Respect to Tilt Angle 

 

Figure 22: Annual yield per Sqm with respect to tilt angle 

Figure 22 depicts the annual energy yield of the solar PV system as a function of the tilt 

angle. The tilt angle represents the inclination of the panels with respect to the horizontal 

plane. Upon analyzing the data, it is evident that the panels set at a tilt angle of 45 degrees 

to 47.5 degrees consistently generate the highest energy output throughout the year. This 

finding aligns with the geographical location of Oulu, Finland, where the optimal tilt 

angle for solar panels is often recommended to be around 45 degrees. The 45-degree 

panels exhibit an optimal balance between capturing sunlight during the summer months 

when the sun is higher in the sky and minimizing shading and snow accumulation during 

the winter months. 

Furthermore, the results also indicate that the panels set at a tilt angle of 47.5 degrees 

closely follow the performance of the 45-degree panels, yielding slightly lower but still 

significant energy output. This observation highlights the robustness of the chosen tilt 

angle range and reinforces the effectiveness of the design for maximizing solar PV 

generation in Oulu's climate. 
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Monthly Energy Output for Different Tilt Angles 

Figure 23: Monthly energy output for different tilt angles throughout the year 

The graph presents the monthly energy output of the solar PV system for 

different tilt angles. While the lines representing the various tilt angles appear close to 

each other, a closer examination of the annual energy yield graph provides a clearer 

understanding of the optimal tilt angle. Although the monthly energy output for different 

tilt angles may exhibit minimal variations, the cumulative effect over the entire year 

clearly favours the 45-degree panels. The 45-degree tilt angle consistently captures the 

maximum amount of solar radiation over the year, leading to the highest overall energy 

yield. 

These findings emphasize the importance of considering the geographical location and 

optimizing the tilt angle for solar PV systems. By aligning the tilt angle with the specific 

solar resource availability in Oulu, Finland, the 45-degree tilt angle proves to be the most 

effective in maximizing energy production. 
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3.5.3 Performance Evaluation and results of South Wall Vertical Panels  

 

In this chapter, the focus is on the analysis of the south-facing vertical panels mounted on 

the wall of the building simulation. The purpose of this simulation is to investigate the 

energy production in the south direction and understand the impact of panel orientation 

on overall performance. The results obtained from the simulation are examined in detail, 

particularly through the representation of a graph depicting energy production for 

different months.  

The findings reveal that the maximum energy production occurs during the 

months of March, April, and May, with April exhibiting the highest production. This 

observation contrasts with the conventional expectation of peak solar output during the 

summer months of June and July. However, upon closer examination, the reason for this 

deviation becomes clear: the vertical panels are aligned at a tilt angle of 90 degrees, which 

restricts their ability to fully exploit the higher solar angles prevalent during the summer 

months. 

Figure 24: Energy production for 90 degree vertical mount-South wall throughout the year 

The results of Figure 24 analysis highlight an interesting trend in the energy 

production of the south-facing vertical panels. During the spring months, from March to 

May, the sun's position in the sky is comparatively lower, resulting in a longer duration 
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of optimal sunlight for these vertically oriented panels. Additionally, as spring progresses, 

the days become increasingly longer, providing more daylight hours for solar energy 

generation. These two factors, combined with the vertical orientation of the panels, 

contribute to the observed maximum energy production during this period. 

Conversely, during the summer months of June and July, when the sun is at its 

peak in terms of intensity and higher angles, the vertical panels at a 90-degree tilt angle 

cannot fully capitalize on the available solar radiation. Since the panels are mounted 

vertically, they are unable to capture the sunlight effectively when it is incident at a higher 

angle. This limitation leads to a decrease in energy production during the summer months 

for the vertical panels, which explains the unexpected dip in energy output compared to 

the spring season. 

It is important to note that the configuration and tilt angle of the vertical panels 

were specifically chosen for this study, aiming to assess their performance under these 

conditions. While the vertical orientation may not maximize energy production during 

the summer months, it is crucial to consider other factors such as space constraints or 

aesthetic requirements that might influence the choice of panel orientation. 

3.5.4 Performance Evaluation and results of East Wall Vertical Panels  

This chapter analyses the east-facing vertical panels mounted on the walls of the 

solar PV system. The obtained results are compared with those obtained from the carousel 

setup to establish any similarities or differences. The energy production graph, depicting 

the output of the panels across different months of the year, plays a crucial role in the 

analysis. The findings align with the expectations and closely mirror the results obtained 

from the carousel.  



 

Figure 25: Energy production for 90 degree Vertical mount-East wall throughout the year 

The data obtained from the simulation demonstrates a trend in the energy production of 

the east-facing vertical panels. The maximum output is consistently achieved during the 

months of May, June, and July, coinciding with the period of maximum solar radiation. 

This outcome aligns with the initial expectations, as these summer months typically 

receive the highest solar irradiance. The panels' east-facing orientation allows them to 

capture the early morning sunlight, which gradually increases in intensity as the day 

progresses, leading to a peak in energy production during midday. 

The observed alignment between the results of the east-facing vertical panels and the 

carousel setup further validates the accuracy and reliability of the simulations. It 

highlights the consistency in energy production patterns, with respect to the panel 

orientation or configuration. This finding contributes to the overall understanding of solar 

PV system performance and aids in predicting energy generation capabilities in different 

scenarios. 

Month 
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January 0,23 

February 2,65 
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April 18,75 

May 24,42 

June 24,21 

July 22,80 

August 17,35 

September 9,46 

October 3,83 

November 0,45 

December 0,00 

Table 6: Energy yield per month for the east vertical panels 

It is worth noting that the east-facing vertical panels are specifically oriented to capture 

the morning sunlight, maximizing their energy production during this period. However, 

this orientation also means that the panels receive less direct sunlight during the later part 

of the day when the sun shifts towards the west. Consequently, the energy output 

gradually decreases as the day progresses, leading to lower production levels in the 

afternoon and evening. 

  



 

4 CONCLUSIONS AND RECOMMENDATIONS 

4.1 Evaluation of Tilt Angles and Orientation  

In this study of the solar PV setup, a thorough evaluation of various tilt angles was 

conducted to assess their impact on energy production. The evaluated configurations 

included the carousel setup with vertical panels and 40-degree tilt panels, as well as the 

roof-mounted horizontal panels with tilt angles ranging from 40 to 50 degrees in 2.5-

degree increments, the south wall vertical panels and the east wall vertical panels. The 

findings shed light on the optimal tilt angle for maximizing energy output and provide 

valuable insights for solar PV system design and installation. 

Inclined Panels and Vertical Panels   

One of the key observations from the study was that the inclined panels on the carousel 

exhibited peak outputs during the summer months, with maximum values achieved in 

May and June. This finding indicates that the tilt angles, closer to the 45-degree position, 

result in increased energy production during periods of higher solar irradiance when 

compared to the vertical (90-degree) panels. The inclination allows the panels to capture 

sunlight more effectively, maximizing their exposure to the sun's rays and thus generating 

higher energy yields. Therefore, the results suggest that panels with tilt angles within a 

reasonable range close to 45-degrees can significantly contribute to improved solar PV 

performance. 

At the same time, the assessment from the performance of vertically mounted panels on 

the south-facing wall and the vertical panels of the carousel with a 90-degree tilt angle. 

The obtained results indicated that the peak production of these panels occurred during 

the spring months of March and April. This outcome can be attributed to the lower sun 

angles during spring, which align more favorably with the vertical orientation of the 

panels. The panels were able to capture sunlight at lower angles for longer durations, 

resulting in higher energy production during this period. However, during the summer 

months when the sun is at higher angles, the vertical panels were unable to take full 

advantage of the increased solar radiation, leading to a decrease in their overall output. 

Optimal Tilt Angle 

Considering the results obtained from the configurations, the more optimum tilt angle is 

45 degrees. The 45-degree tilt angle allows for a more effective energy generation during 



 

both the summer and winter months, optimizing the overall performance of the solar PV 

system. 

Azimuth Considerations 

Furthermore, the study emphasized the importance of panel orientation in maximizing 

energy output. The results indicated that the south-facing direction consistently yielded 

higher energy production compared to other orientations. The south-facing panels 

benefitted from the sun's path throughout the day, ensuring prolonged exposure to direct 

sunlight. 

The evaluation of tilt angles in the solar PV setup revealed important insights regarding 

their impact on energy production. The findings provide valuable guidance for the design 

and installation of efficient and productive solar PV systems, contributing to the 

advancement of renewable energy utilization. 

4.2 Future research 

Future research in the field of solar PV systems should focus on incorporating complex 

weather variables, such as shade, snow cover, high winds, rain, and dust accumulation. 

By considering these factors, researchers can gain a better understanding of how different 

weather conditions impact energy production and develop strategies to mitigate their 

negative effects. Additionally, investigating the effects of equipment failure rates, 

periodic maintenance, and upgrades is crucial to enhance the practicality and reliability 

of solar PV installations. By incorporating these variables into simulations, researchers 

can optimize system designs and develop maintenance strategies that minimize downtime 

and maximize long-term performance. 

Another area for future research is the analysis of regional variation and temperature 

patterns in solar PV systems. Simulating different regions in the upper north latitudes and 

considering temperature variations will enable researchers to optimize system designs 

specific to local climates, ultimately enhancing the overall efficiency and effectiveness of 

solar PV installations. Moreover, future research should explore the integration of 

advanced technologies, such as novel panel materials, advanced tracking mechanisms, 

energy storage systems, and smart grid integration, into system simulations. By 

evaluating the performance of these technologies, researchers can assess their benefits, 

identify optimal configurations, and guide the development of innovative solar PV 



 

systems, promoting the adoption of more efficient and sustainable solar energy solutions 

in the future. 

  



 

5 APPENDIX 

Simulation result tables for the Carousel Setup. 

 

 

 



 

Simulation result tables for the Horizontal roof top panels. 

 

Each row contains 3 panels. The results are for the sum of 3 panels on each row.  

 

Simulation results table for the South facing wall panels. 

 

(The results are for the entire wall panels, which contains a sum of 16 panels) 

Simulation results table for the east facing wall panels. 

 

(The results are for the entire wall panels, which contains a sum of 24 panels)  
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