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ABSTRACT 
One of the most pressing problems nowadays is climate change and global warming. As it name 

indicates, it is a problem that concerns the whole earth. There is no doubt that the main cause for 

this to happen is human, and very related to non-renewable carbon-based energy resources. 

However, technology has evolved, and some alternatives have appeared in the energy conversion 

sector. Nevertheless, they are relatively young yet. 

Since the growth in renewable energies technologies wind power and PV are the ones that have 

taken the lead. Wind power is a relatively mature technology and even if it still has challenges to 

overcome the horizon is clear. However, in the PV case the technology is more recent. Even if it 

is true that PV modules have been used in space applications for more than 60 years, large scale 

production has not begun until last 10 years. This leaves the uncertainty of how will PV plants 

and modules age. The author will try to analyse the aging of a specific 63 kWp PV plant located 

in the roof of a building in Gävle, monitoring production and ambient condition data, to estimate 

the degradation and the new nominal power of the plant. 

It has been found out that the degradation of the system is not considerable. PV modules and solar 

inverters were studied, and even if there are more elements in the system, those are the principal 

ones. PV modules suffered a degradation of less than 5%, while solar inverters’ efficiency 

dropped from 95,4% to around 93%. 

Key words: Renewable energy, PV system degradation, Potential Induced Degradation (PID), 

solar inverter. 
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1. INTRODUCTION 
One of the key parts of the development of the society, as we know, is having a stable energy 

availability. So far, fossil fuels have been the perfect solution for this purpose. Fossil resources 

have provided a manageable, cost effective and reliable source of energy. However, with the 

increase of energy use and with the development of the technology, the fact that fossil fuels are 

not sustainable has appeared. This has led to the research for new energy resources. Renewable 

energy resources are the solution. Their availability is spread all over the world (unlike fossil 

fuels), they are ecologically sustainable and, nowadays, they are even more cost effective than 

traditional fossil fuels. 

Even tough renewable resources must face big challenges to become the alternative to fossil fuels, 

e.g. manageability, nobody doubts that technology will evolve far enough to accomplish this. 

The two leading forces of renewable energies are wind power and solar energy. Wind power is a 

more mature technology than solar energy. Nevertheless, solar energy has grown rapidly during 

the last 15 years, when the growth rate of PV systems has been of 41%. In addition, it is expected 

for this growth to continue in the future (Sampaio and González, 2017). 

At this moment, solar power is the most cost-effective technology among both fossil fuels and 

renewable energies, economically and timewise (EIA, 2019). This means that the PV generation 

technology can be installed and started working significantly faster than traditional technologies, 

such as combined-cycle, coal or, specially, nuclear plant powers. 

However, as is has been mentioned above, PV technology and in general all the new appearing 

renewable technologies have many challenges to face. These challenges are mainly manageability 

and integration to the electric grid. 

For the PV technology in particular, since it is a rather recent technology, one of its main 

conundrums is analysing its aging. This is, therefore, the objective of the future research that will 

be developed with the help of the HiG. 

1.1. BACKGROUND 
This thesis has been proposed by Björn Karlsson, professor at HiG and Mattias Gustafsson, part 

time professor at HiG and working in Gävle Energi. The thesis is based on a large PV system 

installed in the roof of a building owned by Gavlegårdarna, a subsidiary company of Gävle 

Energy, both companies of the municipality. 

It has been considered interesting studying this specific PV system since it is one of the first 

installed in Gävle. At the time of the installation, 2007, PV power plants were not still 

economically profitable, and this plant was built thanks to grants to solar energy given by Swedish 

government. Hereby, it is interesting to see how a plant built at first place which was not 

economically profitable (without economic support) works after more than 10 years. 

1.2. LITERATURE REVIEW 
Before beginning the study and analysis of the mentioned PV plant, the author performed a brief 

literature review to analyse the current information concerned to PV modules and PV systems 

aging and degradation. 

One of the most important factors that degrades the PV modules is the potential induced 

degradation, also known as PID. PID takes place when the module’s electric potential is below 

ground. When the module is subjected to negative potential, positive charges resting inside the 

glass covering of the module (mainly positive sodium ions) are deposited on the surface of the 

module decreasing the current output (see Figure 1). 
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Figure 1: Example of I-V curves after performing a PID test (96h, -1000 V, 60 ºC, 85% R.H.). The original module 

suffers the degradation from blue I-V curve to green I-v curve and lastly to red I-V curve, with almost no production. 

(Gonzalez Senosiain, Marroyo and Barrios, 2014). 

Many studies and researches analyse the effect of the ambient conditions, e.g. temperature and 

humidity, (Hoffmann and Koehl, 2014) and of the materials (López-Escalante et al., 2016) on the 

PID of a PV module. According to these studies, the average value of decrease in Maximum 

Power Point (MPP) of a PV module is just below 5% when the modules are subjected to a 

standardized test described by UL certified company. In addition, other paper (Jordan and Kurtz, 

2013) reported typical degradation rate in PV modules to be below 5% and being slightly higher 

in monocrystalline cells than in polycrystalline cells. 

Even if this degradation difference is very small, it is worth mentioning that the modules of the 

studied power plant are made of polycrystalline silicon. 

The paper analysing the effect of using different materials as a covering for the PV modules, 

(López-Escalante et al., 2016), found out that when substituting the traditional Ethylene-Vinyl 

Acetate (EVA) covering of the module’s cells with different polyolefin solutions results improved 

significantly. This paper showed that when testing a single layer polyolefin covering, the MPP 

increased by 0,14%, probably due to small inaccuracies in measurements of the results and 

ambient conditions. For the double layer polyolefin/EVA encapsulation, the MPP decreased by 

0,98%. Being this a more substantial change, it is far from the 5% limit mentioned above. 

Although this research will not include material analysis, it is very interesting to see how the 

materials PV cells are made from affect their degradation. All the cells suffer from the same kinds 

of degradation, however, the effect those processes are very different depending on the 

construction of the cells. 

Another field paper (Liu et al., 2019) compared the aging of two equal PV modules that had been 

utilized differently. The first of them was used in a PV power plant in California for about 30 

years, while the other was stored in a warehouse for the same period. The paper reported a 

maximum power output shown in Table 1 for the two PV modules. 
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Table 1: Output power decrease in two different 30-year-old PV modules (Liu et al., 2019). 

PV module Power (W) Energy loss (%) 
Rated power 41 0 

Warehouse module 35,9 12,44 

Field used module 28,4 30,73 

 

These figures mean that other than usage degradation, a natural degradation also exists in PV 

modules. Nevertheless, there is a significant difference between the warehouse module and the 

field used module. According to the paper (Liu et al., 2019), the 59% of output power difference 

comes from EVA covering degradation. This degradation causes the decrease of the output 

current of the module, with a similar effect as the PID explained before. The current decrease due 

to EVA degradation makes sense when related to PID. 

The other major power output difference is caused by the resistance of the module. This accounts 

for the 33% of the power loss. From the 100% total, a 13% is due to the interconnection resistance 

and the other 20% is because of the cell resistance itself, see Rs in Figure 2. 

 

Figure 2: PV cell model of solar modules (Gonzalez Senosiain, Marroyo and Barrios, 2014). 

However, it must be considered that this paper (Liu et al., 2019) was performed using more than 

30-year-old PV modules. The modules analysed in the paper were produced in 1984. Since then, 

PV modules have evolved and have been improved, but there is still many information that can 

be useful. 

Despite all of this, it is important to bear in mind that different climates affect very differently to 

the modules, and the Californian climate is more aggressive for the PV cells than the Swedish 

climate. 

Regarding to the effect the ambient conditions have in the degradation of PV modules, a paper 

(Omazic et al., 2019) analyses the degradation suffered by different PV modules under 5 different 

climates. The paper’s data has been collected since 1980 and it kept ongoing until it was published 

in 2019. The most degraded PV modules were the ones in arid or desert climates and in tropical 

climates. Both climates share a common factor of high temperatures, and this causes EVA 

degradation and when combined with humidity (tropical climates) corrosion (87% more corrosion 

in tropical climates than in arid climates). 

On the other hand, warm and temperate climates suffer the same kind of degradation but suffer 

less severe condition, so they can last longer. And the last analysed climate, snow and polar, 

suffers from different problems. While low temperatures prevent EVA from degrading, low 

temperatures and snow cause mechanical stress and produce cell cracks, frame breakage or 

bending and glass breakage. 

Given that the author is going to analyse a PV plant located in Gävle, cold climate, it is expected 

that the deterioration in PV modules will not have a great amount of EVA degradation. However, 

according to the structural damage of the PV modules, no problem or substitution has been 

reported. 
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Other important factor in PV production and damage related to ambient conditions is dust. A 

paper (Chanchangi et al., 2020) found out that the negative effect dust has in PV modules can 

vary the power drop from 32% in 8 months (extreme conditions in Saudi Arabia) to just 10% in 

18 years with no maintenance (Australia). Considering that with just cleaning it is possible to 

reduce the effect dust has on PV modules and given that Gävle is not a location prone to suffer 

dust storms, the negative effect of the dust can be dismissed. 

1.3. AIMS 
The main aim for this study is to quantify the output power reduction of the whole PV plant since 

the moment of the installation. This means achieving the understanding on how the energy flows 

from solar irradiance to AC current. For that purpose, additional measuring devices will be 

installed (to measure irradiance, temperature, AC and DC electricity output, etc.). 

With all the needed tools and information, it will be possible to explain what part of the losses 

happen in the conversion of energy from irradiance to electricity and how much is lost converting 

DC current to the final AC current output. 

1.4. APPROACH 
The aim of the study is to analyse how the system has degraded with time. Therefore, it is logic 

to have chosen this installation, which was installed in 2008. It is especially important to consider 

that none of the elements that are part of the whole PV system have been completely changed. 

This means that no module has been substituted nor any power inverter. It is likely that they may 

have had some maintenance, but due to the lack of qualified personnel working for the plant, no 

significant change has been implemented. 

The main tasks to achieve for the project development are the following ones: 

• Installation of measuring devices. Pyranometer and thermometer linked to an exterior 

datalogger and wattmeter (current and voltage measures) linked to the indoor datalogger, 

in inverter room. 

• Monitoring the behaviour of the plant for a certain amount of time. 

• Comparison of the new data to the old data stored from previous years and to the nominal 

power of the plant at the moment of the installation. 

1.5. LIMITATIONS 
The main limitation for the project is the old data stored in the measuring device. Data from 2008 

and 2009 is available for the author to have real figures for performing a comparison. However, 

this data is just daily power production data. Therefore, with the lack of ambient condition 

information (i.e. irradiation, temperature) or even minutely or hourly data, it is not possible to 

make a proper comparison. 

Hence, one of the solutions considered for the project is to compare daily data from different years 

taking just the days with greater energy conversion (assuming similar operating conditions at the 

best point of each year). 

Another interesting approach would be measuring and tracking the actual I-V curve of a module 

(or string) and comparing it to the nominal values of the new modules. Since nominal information 

of the modules includes an inaccuracy of ±3% even if there may be some error, it is not very 

significant. 
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1.6. OBJECT DESCRIPTION 

1.6.1. Location and orientation 

The studied PV plant is located in Gävle, in the district called Andersberg. Table 2 shows the 

geographical location parameters of the plant. 

Table 2: Geographical location of the PV plant. 

Parameter Value Orientation 

Latitude 60º 39’ 6,3” N 

Longitude 17º 8’ 18,4” E 

 

To visually facilitate the location of the plant, Figure 3 shows the location of the plant both relative 

to Sweden and closely in Gävle. 

 

Figure 3: Location of the PV system. 

The PV plant is located in the roof of a building owned by Gavlegardarna. The PV modules are 

divided into 2 sections. The main section, Part A in Figure 4, is oriented almost perfectly to the 

south. Its azimuth angle (γ) is -2,75º. The other section, Part B in Figure 4, is oriented facing more 

to the east, with an azimuth angle (γ) of 42,25º. 
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Figure 4: PV plant in the roof of the building. 2 different parts each one with a different orientation. 

1.6.2. PV Installation 

The PV installation is compound by different elements. The main elements are PV modules and 

inverters. For being able to work with acceptable voltages, i.e. not too small, PV modules are 

connected in series to create arrays or strings. Each one of these strings is then connected to an 

inverter. 

1.6.2.1. PV Modules 

The PV modules used for this PV plant are NP130GK 13130 Naps polycrystalline silicon 

modules. Each module is compound by 36 PV cells connected in series, which gives the module 

an open circuit voltage of 22,1 V. Table 3 shows the specifications of the used PV modules 

Table 3: Specifications of the PV modules. 

Parameter Value 

Peak power 130 W 

Module efficiency 13,1% 

Maximum power voltage 17,3 V 

Maximum power current 7,5 A 

Open circuit voltage 22,1 V 

Short circuit current 8,1 A 

Power tolerance ±3% 

Nominal operating cell temperature 47 ºC ±2% 

Cell dimensions 156 x 156 mm 

 

Knowing the temperature coefficients of the PV module is also very important to estimate its 

behaviour in different ambient conditions. Those coefficients can provide approximations of 

power and working conditions for different irradiance and temperatures, which is the key to 
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compare results with different working points. In this case, the coefficients will be assumed 

approximately to normal values in the literature. See Table 4. 

Table 4:Assumed temperature coefficients of the PV modules. 

Parameter Value 

Coefficient of short circuit current 0,05%/ºC 

Coefficient of open circuit voltage -0,36%/ºC 

Coefficient of maximum power -0,4%/ºC 

Coefficient of maximum power voltage -0,4%/ºC 

 

1.6.2.2. Strings 

In PV plants modules are gathered in series arrays to increase the voltage in the DC side of the 

inverter. Generally, the higher the voltage of the string the lower the conduction losses will be. 

Thus, the number of series modules is set by the maximum power the inverter can work with. 

The PV plant is compound by 490 PV modules, gathered in 27 strings. The strings are formed by 

groups of between 20 and 14 PV modules. Table 5 shows how strings are formed.  
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Table 5: Number of modules per string. Connections to inverters and output AC phases. 

 

Figure 5 shows the layout of the plant in the roof. Both parts, A and B, can be distinguished. For 

the part A of the plant, in the front part of the picture, each row represents a string. It can be 

noticed in Table 5 that the arrangement of the modules is not done in the same way for all the 

strings. There are strings of 19 modules (connected to S1 input except in inverter 1.11) and strings 

between 19 and 15 modules (connected to S2). This rather arbitrary grouping of the modules is 

due to the layout of the roof. 

Number of modules Section Inverter Tracking Phase Peak power (Wp)

19 A 1.1 S1 L1 2470

17 A 1.1 S2 L1 2210

19 A 1.2 S1 L2 2470

17 A 1.2 S2 L2 2210

19 A 1.3 S1 L3 2470

18 A 1.3 S2 L3 2340

19 A 1.4 S1 L1 2470

18 A 1.4 S2 L1 2340

19 A 1.5 S1 L2 2470

16 A 1.5 S2 L2 2080

19 A 1.6 S1 L3 2470

15 A 1.6 S2 L3 1950

19 A 1.7 S1 L1 2470

19 A 1.7 S2 L1 2470

19 A 1.8 S1 L2 2470

19 A 1.8 S2 L2 2470

19 A 1.9 S1 L3 2470

19 A 1.9 S2 L3 2470

19 A 1.1O S1 L2 2470

19 A 1.1O S2 L2 2470

16 A 1.11 S1 L3 2080

20 B 2.1 S1 L1 2600

19 B 2.1 S2 L1 2470

20 B 2.2 S1 L2 2600

19 B 2.2 S2 L2 2470

15 B 2.3 S1 L3 1950

14 B 2.3 S2 L3 1820



PV system aging   

9 

 

 

Figure 5: Modules of the PV plant in the roof of the building. Part A at the front of the picture, Part B in the 

back-right section, different inclination roof. 

The main issue with the layout of the roof is the existence of skylights for inner spaces in the 

building. They can be seen in Figure 5 as the small white domes in between the modules. When 

a row of modules is located aside a skylight, a portion of the width of the plant must be left without 

modules (because of the skylight), therefore, some strings have less modules than others. In 

addition, this happens to occur every 2 rows of modules, that is why a long string and a short 

string are connected to each inverter. 

1.6.2.3. Inverters 

Solar inverters are used to convert the direct current (DC) produced by the PV cells to alternating 

current (AC). Since almost all devices and grid systems work nowadays with AC, this is a 

mandatory step. The inverter receives DC power coming from PV modules through the junction 

box 

In addition, inverters are also used to control the output power of the PV plant with MPPT or 

LPPT algorithms. They try to maximize the output power until it exceeds the nominal power of 

the inverter (peak DC power is higher than AC power). Besides, it has the function of 

anti-islanding protection. 

The used inverters in the power plant are SMA SB 4200TL HC Multi-string inverters. Their 

characteristics can be seen in Table 6. 
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Table 6: Specifications of the inverters of the plant 

Parameter Value 

Nominal DC power (W) 4400 

Maximum DC voltage (V) 750 

MPPT voltage range (V) 125 – 750 

Number of inputs 2 

Maximum input current (A) 2x11 

Maximum output power (W) 4200 

Nominal output current 4000 

Maximum efficiency (%) 96,2 

Euroefficiency (%) 95,4 

Number of phases (AC) 1 

 

The peak power the inverters are connected to is up to 15,2% higher than their maximum power. 

This makes sense with what has been said about higher power in DC side rather than in AC side. 

There is a total of 14 inverters, 3 of which are connected each to 2 strings of the part B of the 

plant. The rest belong to part A. 10 inverters are connected to 2 strings each and the last one is 

connected to the last string of the plant. 

Table 7 shows the peak power of each inverter and the number of modules the inverters are 

connected to considering both inputs. 

Table 7: Inverters with the connected modules and DC power. 

 

Figure 6 shows the inverter room, where all the 14 inverters are located. The inverter room is in 

the basement of the building, aside the parking. 

Inverter Modules Peak power (W)

1.1 36 4680

1.2 36 4680

1.3 37 4810

1.4 37 4810

1.5 35 4550

1.6 34 4420

1.7 38 4940

1.8 38 4940

1.9 38 4940

1.1O 38 4940

1.11 16 2080

2.1 39 5070

2.2 39 5070

2.3 29 3770
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Figure 6: Inverter room with 14 inverters. 

Figure 7 shows a closer look of an individual inverter with 2 inputs. All the inverters but  inverter 

number 1.11 look like this. In Figure 6 a smaller inverter can be seen in the right lower side of the 

corner (smaller red box). This smaller inverter is the 1.11. 

 

Figure 7: 1.1 inverter in the inverter room. 
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All the rest of the inverters look like the one in Figure 7. They have the sticker of Naps, which is 

the manufacturer of the solar panels. 

1.6.2.4. Junction box 

The junction box measures the current and voltage of each monitored string. This information is 

then sent to the logger and the output power is calculated. As it has been said, the junction box is 

between the PV modules and the inverters, therefore, it also has the function of protecting the 

electrical connections and of being a safety barrier. See Figure 8. 

 

Figure 8: Junction box installed in the inverter room. 

 

  



PV system aging   

13 

 

2. THEORETICAL BACKGROUND 

2.1. SOLAR RADIATION 
Solar radiation that reaches the Earth is nature’s source of energy for almost every process 

happening in the Earth. The average amount of energy reaching our planet before entering the 

atmosphere is estimated to be 1365 W/m2 (Willson and Mordvinov, 2003). However, due to losses 

when trespassing the atmosphere (see Figure 9), the maximum irradiation at the surface can be 

up to 1000 W/m2 (Chen, 2011). Knowing that the radius of the Earth is approximately 6,3781·106 

meters (Mamajek et al., 2015), the total power reaching the Earth coming from the Sun would be 

127,8·1015 W. This far exceeds the human energy needs, which were estimated to be 1,59·1014 

kWh in 2018 (World Energy Consumption Statistics | Enerdata, no date). 

 

Figure 9: Losses on solar irradiation reaching the Earth’s surface. 

Therefore, it may seem like solar energy sources are the solution to human energy needs. 

However, as it is well known, sun power is not manageable, so it cannot meet human needs as the 

only source of energy. It is, despite all of this, a great choice as an energy production source, if 

conditions allow it. 

2.2. PV SYSTEMS 
Photovoltaic (PV) systems are compounded by many different elements. These elements are the 

ones needed to convert energy from solar irradiance to electricity. Concretely, to AC current, 

which is the most used way of electricity. AC current is the kind of electricity in the grid too, and, 

therefore, it is the final step in the energy conversion process. 

The system is mainly compounded by photovoltaic cells and inverters. PV cells are the elements 

that convert solar irradiation to electricity (DC current) through the photovoltaic effect. On the 

other side, inverters have a double task. Firstly, they are the ones that control the behaviour and 

the operating point of the PV cells (choosing a point in the given I-V curve). And secondly, they 

also transform DC current into AC current, more suitable for the usage and for injecting into the 

electric grid. 
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PV cell power is measured in peak watts (Wp). This is the power output the PV cell would have 

when working at Standard Test Conditions (STC), defined in various standards such as UL 1703. 

STC must meet the following specifications: 

• 1000 W/m2 solar irradiance, 

• Cell temperature 25ºC. 

At those conditions, the output power of the PV cell is called the peak power, measured in Wp. 

2.3. MODULE DEGRADATION 
Since PV cells do not have moving parts, solar modules use to be very robust and reliable. That 

is why they can continue working after decades with minimal maintenance. However, PV 

modules also suffer from some kinds of degradation. 

The main type of degradation suffered by the solar cells that reduces their output power is 

Potential Induced Degradation, also known as PID. The effect of PID has been analysed in 

LITERATURE REVIEW, but now, a more in dept explanation is going to be given about the 

process. 

PID has two components. A reversible one, due to the polarization of the module cell and an 

irreversible one, due to the corrosion of the cell itself in the EVA-glass interface. The materials 

that PV modules are made from are very related to the degradation level PID will produce to the 

cells, since corrosion tendency and positive ion availability can vary significantly amid different 

materials. Moreover, ambient conditions, e.g. humidity, can also affect and accelerate the process. 

This material dependency is the reason because of many researches are performed related to this 

topic. 

PID happens naturally when not connecting any point of the PV string to ground potential. In that 

case, the middle modules take approximately ground potential and the modules above have 

positive potential while the ones below the middle modules have negative potential and suffer the 

PID. 

However, PID happens just when the modules are receiving solar irradiance, i.e. when daylight 

is available. Therefore, at night the reversible effect can be reverted externally applying a positive 

potential to the modules. This is, nevertheless, an expensive solution and is usually substituted by 

connecting the first module of the array to ground potential. Although connecting the first 

modules has the drawback of requiring greater electric insulation in module frames, it is the most 

common solution (González et al., 2008). 

However, connecting the beginning of the string causes another great problem too. Even if it is 

useful to prevent PID from happening, there is the problem that a ground circuit could be closed. 

This depends on the type of grounding system used by the grid to which the inverter is connected. 

The problem is common mode currents circulating through earth (Gubía et al., 2007). 

If the grid is isolated from the ground (IT connection), then there is no problem in connecting the 

beginning of the string to earth. However, if the grid is connected to earth (TT or any type of TN), 

then, the circuit through earth will be closed, allowing ground currents to circulate (see Figure 

10). 
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Figure 10: PV system model with TN or TT grid and connection of the beginning of the string to earth to prevent PID. 

Common mode current can circulate through earth. 

If the grid is isolated from earth common mode currents would not be able to circulate. 

To prevent currents from circulating in a system connected like the one in Figure 10, galvanic 

insulation is needed somewhere in between the PV system and the grid. A transformer can be 

used for this purpose, however, magnetic losses will appear and decrease the total efficiency of 

the system (see Figure 11). 

 

Figure 11: PV system model with TN or TT grid and connection of the beginning of the string to earth to prevent PID. 

With a transformer, common mode current can circulate through earth. 

It is impossible to fully avoid common mode currents. However, serial capacitors like the ones 

modelling the transformer reduce those currents by various orders of magnitude, downsizing the 

problem by the same measure. 

Transformerless inverter technologies take advantage of DC voltage not being able to go through 

parasite capacitors, like the ones between earth and PV modules in solar power plants. In this 

case, nevertheless, the parasite capacitor is being short-circuited to prevent PID. This makes 

transformerless inverters unable to fully avoid ground currents if the grid is connected to earth 

(González et al., 2008). 

To sum up, even if PID can lead to very severe PV cell damage, the solution is relatively easy to 

adopt. There is, however, the drawback of ground currents in the PV system, therefore, filters 

would be required to reduce this current. Preventing PID entails other problems, so the solution 

adopted by the studied power plant will have to be closely looked at (González et al., 2007). 
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2.4. I-V CURVE 
The behaviour of a photovoltaic cell is defined by its I-V curve, also called current-voltage curve. 

This curve gives the relation between the output current and the output voltage available under 

some ambient conditions (i.e. irradiance and temperature). The I-V curve is measured 

experimentally, usually under STC (standard test conditions, solar irradiance 1000 W/m2 and cell 

temperature 25 ºC). 

The measurements are taken varying the output voltage from 0 to its maximum, which can be 

achieved changing the external resistance from 0 to infinity. Then, interpolating the points, the 

characteristic curve is formed. 

Similarly, the P-V curve also gives information about the relation, in this case, between the power 

and the voltage of the cell. The P-V curve can be obtained from the I-V curve just multiplying the 

current with the voltage. Figure 12 shows a typical I-V and P-V curve of a PV cell. 

 

Figure 12: I-V and P-V curves of a photovoltaic cell (Curve Tracing FAQ’s | Seaward Group USA, no date) 

The equation of the I-V curve is shown below (Wang et al., 2007), 

𝐼𝑜𝑢𝑡 =  𝐼𝐿 − 𝐼0 · (𝑒
𝑞·𝑉𝑜𝑢𝑡
𝑛·𝑘·𝑇 − 1) 

Where, 

• Iout: output current [A], 

• IL: current generated by the photovoltaic effect [A], 

• I0: saturation current of the parallel diode [A], 

• e: Euler’s number, 

• q: charge of an electron [C], 

• Vout: output voltage [V], 
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• n: diode ideality factor, 

• k: Boltzmann’s constant [J/K], 

• T: cell temperature [K]. 

Three main important points can be defined in the I-V curve of a solar cell. First of all, when the 

voltage is 0 (low output impedance) the current is defined as the short circuit current (ISC). This 

current is the maximum output current value that PV cell can provide. In an ideal solar cell this 

would be the output current in operation. Nevertheless, due to parallel diode, when increasing the 

voltage (and very dependant on temperature) the output current is reduced from the ISC value (IV 

Curve | PVEducation, no date). 

Secondly, when the output impedance is close to infinity, i.e. when the output current is 0, the 

voltage provided by the PV cell is called open circuit voltage (VOC). Similarly to what happened 

with the ISC, VOC is the maximum voltage difference the cell can deliver (IV Curve | PVEducation, 

no date). 

As in every electric device, the power can be calculated multiplying the output voltage and the 

current for the cell. 

𝑃 = 𝐼 · 𝑉 

Even if short circuit current and open circuit are the maximum output values for both current and 

voltage, since they are given while the other parameter is 0, the provided power is 0 in both cases. 

This leads to the third important point when defining the I-V curve of a cell. This point is the 

maximum power point (MPP), where current and voltage take the values IMPP and VMPP, 

respectively. 

To determine the quality of a photovoltaic cell, the fill factor (FF) is used (see Figure 13). The FF 

is the ratio between the power of the solar cell and the ideal maximum power calculated from ISC 

and VOC. 

𝐹𝐹 =
𝐼𝑀𝑃𝑃 · 𝑉𝑀𝑃𝑃

𝐼𝑆𝐶 · 𝑉𝑂𝐶
 

 

Figure 13: Fill factor represented among I-V and P-V curves (Fill Factor | PVEducation, no date). 
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2.5. EFECT OF IRRADIANCE AND TEMPERATURE 
Solar cells are characterized by testing them at STC. However, they rarely operate at STC. As it 

has been explained before, PV cells have a behaviour very dependant on irradiance and 

temperature. This is what is going to be explained in this subsection. 

Even if both external conditions, i.e. irradiance and temperature, have effect in both outputs of a 

PV cell, i.e. current and voltage, to simplify the explanation it is going to be assumed that each 

factor will have effect in just one output parameter. This is not a bad approximation, as it is going 

to be showed. 

Irradiance can vary in a range from 0 to 1000 W/m2 and its intensity is proportional to the output 

current of the solar cell. Since the output current is affected by the diode conductivity, this 

proportional relation can be seen in the ISC, when the output voltage is 0. Figure 14 shows how 

the I-V curve changes depending on the available irradiance. Notice that, as mentioned before, 

VOC changes too, but the main effect is seen on the output current, so this effect can be dismissed 

(Cuce, Cuce and Bali, 2013). 

 

Figure 14: Variation of the I-V curve with different irradiances(Influencia de la irradiación y temperatura sobre una 

placa fotovoltaica « Ingelibre, no date). 

Note that the effect temperature has in the I-V curve is not an effect of just the ambient 

temperature. Instead, the ultimate effect of the temperature is seen through cell temperature. This 

means that even if ambient temperature has an effect, it is shared with windspeed, humidity and 

solar irradiance. 

When solar irradiance is high there is more energy available for converting into heat through 

losses. Some part of the heat is retained and it increases the temperature of the PV cell. 



PV system aging   

19 

 

 

Figure 15: Variation of the I-V curve with different cell temperatures (Influencia de la irradiación y temperatura 

sobre una placa fotovoltaica « Ingelibre, no date). 

The effect of temperature in the performance of the solar cell is mostly noticed in the output 

voltage (see Figure 15). This is due to the fact that for higher temperatures the parallel diode starts 

conducting current more easily. Therefore, it has a lower conducting voltage. Another way of 

explaining this is that when temperature is increased, the bandgap energy of the silicon decreases. 

On the contrary, this better conducting effect also affects having a lower output resistance, hence, 

ISC increases slightly, but once again, this effect can be dismissed (Zaoui et al., 2015). 

As it is shown in Figure 16, the increase of ISC cannot be noticed in the P-V curve of the cell. 

Therefore, the power will be reduced as the temperature increases. 
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Figure 16: Variation of the P-V curve with different cell temperatures (Influencia de la irradiación y temperatura 

sobre una placa fotovoltaica « Ingelibre, no date). 

All in all, if the other parameter remains constant, maximum power point will increase when solar 

irradiance increases (proportionally) or when cell temperature decreases. 

2.6. SHADING 
Since PV systems generate electricity thanks to sunlight, shadows coming from clouds trees or 

surrounding elements (e.g. buildings) negatively affect the performance of the PV plant (Silvestre 

and Chouder, 2008). However, the importance of shadowing in PV generators does not come 

from the reduction of the total irradiance received by the solar cells. Instead, it comes from the 

difference of irradiance received by different PV cells that are part of the same string. 

When the PV modules are connected in series along a string, the common working point for all 

the modules in that string is the output current. Thus, the module producing less current will 

restrict the current of the string, causing the reduction of performance of the whole string (Woyte, 

Nijs and Belmans, 2003). 

It is known that output current and irradiation are closely related, therefore, with the partial 

shadowing of just one module, if no additional measures are taken, the effect will be the same as 

if all the string was under the low irradiation conditions. 

If the current is not restricted by the lower current cell, the shaded cells could work in reverse 

bias. In reverse bias the cells behave like resistive loads instead of generators. Since they are 

consuming energy, it is transformed into heat creating hotspots. These hotspots can lead to 

irreversible damage in the cell (Silvestre and Chouder, 2008). 

Nevertheless, to protect the cells, it is possible to install bypass diodes in parallel with the solar 

cells so that the current will be bypassed in case of a partial shading. When there are no shaded 

cells, the diodes are blocked and the current flows through the cell. However, if a partial shade 
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appears, the bypass diode will start to conduct the current produced by the rest of the PV cells 

(Rodrigo, Gutiérrez and Guerrero, 2015). 

Figure 17 shows the schema of how the bypass diode is installed in parallel with the solar cells. 

If the diode starts conducting current, then the corresponding PV cell will not generate any 

electricity, but it will be protected from working in the reverse bias zone. 

 

 

Figure 17: Two PV cells with different irradiance intensities connected in series (with and without bypass diode in 

parallel with shaded cell) (Sera and Baghzouz, 2008). 

Figure 18 shows the I-V curve of the schema shown in Figure 17, where there are two solar cells 

connected in series and one of them receives less solar irradiance. The chart shows all 4 

combinations of I-V curves: cells alone and with and without bypass diodes. 
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Figure 18: I-V characteristics of two PV cells connected in series with different solar irradiance intensities (Sera and 

Baghzouz, 2008). 

Figure 19 shows the P-V curve for the two cells explained above. Even if the cells are protected 

with the diode, the reduction of the output power is still a problem. In addition, since the diodes 

change substantially the behaviour of the system as a whole (including both cells), the P-V curve 

has local and global maximums. This means that the MPPT algorithm will have to be much more 

complex to track properly the MPP in shading situations. 

 

Figure 19: P-V characteristics of two PV cells connected in series with different solar irradiance intensities (Sera and 

Baghzouz, 2008). 
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To sum up, bypass diodes can protect properly the individual cells of a PV string (where cells are 

connected in series). However, there is still a significant reduction of output power due to 

irradiation decrease. Also, the P-V curve is more complex and, therefore, the MPPT algorithm 

must be too. Moreover, installing bypass diodes entails other problems such as more expensive 

modules or losses in the diodes but this is the solution the PV industry has finally adopted. 
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3. METHODS 
Along the Method chapter, an in-depth explanation of the analysed PV plant and the followed 

procedures to obtain results will be explained. Firstly, the description of physical equipment is 

going to be done. Later, what calculations and how they are carried out will be explained, so that 

the results are relevant. 

3.1. MONITORING SYSTEM 
Considering that solar power is not a constant source of energy and that it drastically depends on 

external conditions, it is essential to monitor those ambient conditions to understand the results. 

The monitored parameters are temperature and light irradiation. 

The used devices are: 

• Ambient temperature sensor, 

• Reference solar cell, 

• Pyranometer, 

• Photodiode. 

Not all of them are essential, the pyranometer and the reference solar cell have both the purpose 

of measuring the irradiance. However, since the university has these resources it has been 

considered adequate to install all the devices to have more information available. Figure 20 shows 

the monitoring platform, compound by all 3 sensors. 

 

Figure 20: Monitoring system on the roof of the building. Compound by reference solar cell, pyranometer and 

photodiode. 

3.1.1. Ambient temperature sensor 

The temperature sensor is used to obtain the ambient temperature, not the cell temperature. 

Therefore, then this measure will have to be transformed to obtain the cell temperature, which is 

the parameter directly related to PV cell operating conditions. 

The temperature sensor is enclosed in a casing to protect the equipment from external factors such 

as solar irradiance and water. To avoid affecting the measurements, the casing has several holes 

that allow the airflow. Hereby, the measured temperature will be the air temperature. 

The sensor type is a PT-100, which is located closer to the logger room in the roof than the rest 

of the equipment, which is in the roof where the PV modules are. However, since air temperature 

does not vary within the distance the sensor is located, the measurements are assumed as reliable 

for ambient temperature. 
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3.1.2. Reference solar cell 

The reference solar cell is a monocrystalline PV silicon cell. It is actually formed by 2 independent 

PV cells. One has the purpose of measuring the irradiance via short circuit current and the other 

monitors the temperature via open circuit voltage. 

The cell measuring irradiance is connected to a very small resistance where the short circuit 

current is measured as a voltage. The voltage is proportional to the solar radiation. The cell 

measuring cell temperature is left in open circuit to measure the voltage. The technical 

specifications of the reference solar cell are shown in Table 8. 

Table 8: Technical specifications of the reference solar cell (Lundqvist, Helmke and Ossenbrink, 1997) 

Short circuit current signal 28,7 mV per 1000W/m2 

Alpha (α) 0,007 mV/ºC 

Open circuit voltage signa 586,7 mV per 1000W/m2 

Beta (β) -2,17 mV/ºC 

D 33,11 mV 

 

See Figure 20 shows the arrangement of the sensors on the roof. 

3.1.3. Pyranometer 

A pyranometer is a measuring device which detects direct and diffuse solar radiation on a flat 

surface. The sensor gives a voltage signal: 13,11 mV when the solar irradiance is 1000 W/m2. See 

Figure 20. 

3.1.4. Photodiode 

The measuring platform integrates a photodiode developed by previous year students in HiG and 

Björn Karlsson. Taking advantage of this, there is another source of information if needed. 

However, since the reference solar cell and the pyranometer work properly and have higher 

precision, the photodiode is not used to measure irradiance. See Figure 20. 

3.1.5. Logger 

Once the sensors have been described, the device used to record those measurements is a data 

logger. The base of the logger is a digital processor, which works with voltage inputs. The loggers 

must work connected to a computer, to be able to store the data correctly. Therefore, a laptop was 

left connected to each logger. 

Three loggers have been used to monitor the measurements. For the ambient conditions, i.e. the 

signal coming from the pyranometer and from the reference solar cell one special location had to 

be found. Sheltered from the outside but close to the roof. This logger and the laptop are in a room 

with direct access to the roof. The used logger is Agilent 34970A. See Figure 21. 
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Figure 21: Data logger in the room with direct access to the roof. 

The rest of the measurements are performed in the inverter room. Thus, the loggers are located 

there. Another Agilent 34970A logger is used to monitor the power, current and voltage 

measurements in the DC side of the installation. This logger is, again, connected to another laptop 

in the inverter room. See Figure 22. 

Lastly, a Fluke logger is used to track the power measurements in the AC side of one of the 

inverters. This logger does not need from a computer to properly work; therefore, it is an 

independent measuring system. 

 

Figure 22: Data loggers in the inverter room for power measurement. 

The recording time is equal for all three loggers. They save data every 5 seconds for all signals, 

including ambient conditions, DC electrical variables and AC electrical output. 
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3.2. DATA ACQUISITION 
The data is stored in the logger until the logger is connected to the computer to get the data. To 

transfer the information from the logger to the computer a specific software is used. The utilized 

software is LabVIEW (Laboratory Virtual Instrument Engineering Workbench), from National 

Instruments, for the Agilent loggers. 

For the Fluke logger, the process is easier, since the devices allows to transfer the data directly to 

a USB memory, to then transfer it to a computer, where is going to be analysed. 

3.3. OBTAINING RESULTS 
Once the data is acquired from the logger through LabVIEW or to the USB memory, some 

transformations must be done to convert that raw data into useful information. For that purpose, 

the used software Microsoft Excel, which allows repeating the same operations to a great amount 

of data with minimum time waste. 

The data obtained with the loggers is recorded every 5 seconds. This data will be used, however, 

in order to homogenize the recorded information, a minutely average is calculated. The following 

calculations and results are obtained from those minutely average values. 

The main idea is to find a relation between the output power of the PV system and the ambient 

conditions it is working on. Then, with that relation, an extrapolation will be performed to see if 

under STC the results match (probably not) the nominal power in the datasheet. Then, a study on 

the degradation will be performed. 

3.3.1. Real power 

As it has been said, the junction box measures current and voltage of 4 strings entering 2 of the 

inverters (DC). Then, the output of one of the inverters is measured again (AC). Having the 

current and the voltage, it is easy to calculate the power in the DC side with the Equation 1. 

𝑃(𝑊) = 𝐼 · 𝑉 (1) 

However, this gives the power of the string in the DC side. It is not a problem, but the number of 

PV modules will have to be considered, and they will not be studied separately, but gathered in 

strings. 

For calculating the power of the AC side (inverter output), the voltage and the current are also 

needed, but in this case, their relative phase is important too, see Equation 2. 

𝑃(𝑊) = 𝐼 · 𝑉 · 𝑐𝑜𝑠𝜑 (2) 

 

It can happen that the inverter is injecting reactive power to lift the voltage, or that it is consuming 

reactive power. The phase depends on the functioning mode of the inverter, since it is not known, 

it is easier to measure the phase and then calculate the active power. 

3.3.2. Corrected power 

The corrected power refers to the power in the DC side. When recording the data of the output 

and of the ambient conditions it is important to assure that the measured values give useful 

information. To do so, some transformations must be made regarding to the irradiance and to the 

measured temperature. For example, the irradiance received by the PV modules can be different 

in the same conditions depending on the angle of incidence. In that case, a transformation to the 

measured irradiance would have to be made, see Equation 3. 

𝑃𝑐𝑜𝑟𝑟(𝑊) = 𝑘(𝑇) · 𝑘(𝜃) · 𝑃 (3) 
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Where k(T) and k(θ) are corrections of the measured power according to temperature and angle 

of incidence, respectively. 

In this particular case, corrections on the measured irradiance are not needed, since instead of 

using the pyranometer to measure irradiance, the used device was the reference solar cell. As the 

reference solar cell is placed with the same angle of incidence as the PV modules in the measured 

strings, this transformation is not needed. For the equation 3, the k(θ) term has a value of 1. 

However, for the measured temperature corrections must be made. Even if the reference solar 

cell’s open circuit voltage is closely related to ambient temperature it does not give the 

temperature of the PV cells of the plant. Once the ambient temperature has been measured, the 

values in the datasheet of the PV modules are then used to correct the measurements. With this 

process it is possible to estimate the cell temperature using the reference solar cell. 

This is because ambient temperature is a global parameter, which affects equally to all equipment, 

whereas cell temperature in the reference solar cell is specific to that kind of cell, which is 

different to the PV modules of the plant. In addition, in the reference solar cell, there is no 

circulating current (measuring open circuit voltage can have current but not significant), therefore, 

the operating conditions of the PV modules and of the reference solar cell are not the same and 

corrections would have to be made. 

Therefore, the term k(T) of the equation 3 will have to be calculated. The process is explained 

below. 

3.3.2.1. Irradiance 

As it has been mentioned before, among the 2 ways of calculating solar radiations the reference 

solar cell has been chosen for more simplicity. With the reference solar cell, a voltage signal 

referring to the short circuit current of the cell is received, this voltage signal depends on the 

parameters showed in Table 8. Equation 4 shows how the irradiance is calculated based on those 

parameters. 

In addition, previous works using this measuring device (Júlia Solanes Bosch, 2017) considered 

that when measuring irradiance with the reference solar cell, a correction factor of 1,02 had to be 

used. 

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒𝑅𝑆𝐶 (
𝑊

𝑚2
) = 1,02 ·

𝑉𝐼𝑠𝑐

28,7
1000⁄

 (4) 

 

Where VISC is the tension signal obtained from the reference solar cell relative to the short circuit 

current. 

Even if the measurements of the pyranometer are not used, it is worthy showing how the 

calculations for the irradiation would be made, in a very similar way to the reference solar cell 

explained above, see Equation 5. 

𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒𝑝𝑦𝑟 (
𝑊

𝑚2
) =

𝑉𝑝𝑦𝑟

13,11
1000⁄

 (5) 

 

Where Vpyr is the tension signal obtained from the pyranometer relative to the measured irradiance. 

3.3.2.2. Temperature of the cells 

It has been mentioned above why the temperature is going to be calculated form the ambient 

temperature sensor and not from the reference solar cell as it happens with the irradiance. The 
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reason is simplicity. It is easier to correct the measurements of ambient temperature than 

correcting the measurements of a reference solar cell which is in a different working point from 

the PV modules. 

To correct the temperature measurements and to obtain cell temperature instead of ambient 

temperature Equation 6 is used. 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 + (𝑁𝑂𝐶𝑇 − 20) ·
𝐺

800
 (6) 

 

Where: 

• Tcell: Temperature of the PV cells of the plant [ºC], 

• Tamb: Ambient temperature measured by the ambient temperature sensor [ºC], 

• NOCT: Normal operation cell temperature [ºC], 

• G: Solar irradiance [W/m2]. 

The NOCT value is given in the datasheet of the PV modules. It is defined as the cell temperature 

under the following ambient conditions, which are called normal: 

• G=800 W/m2, 

• Tamb=20 ºC, 

• Vwind=1 m/s. 

Previous equation (Equation 6) can also be written as, 

𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑚𝑏 +
𝐺

ℎ
 (7) 

Where: 

• Tcell: Temperature of the PV cells of the plant [ºC], 

• Tamb: Ambient temperature measured by the ambient temperature sensor [ºC], 

• G: Solar irradiance [W/m2], 

• h: convection parameter of the PV modules [W/Km2]. 

For the PV modules in the plant, NOCT = 47 ºC (or h = 29,63 W/Km2), whereas ambient 

temperature and solar irradiance are specific to each measurement time. 

As it was done with the case of the solar irradiance, it is worthy explaining how the cell 

temperature measurement would be made with the reference solar cell. With the specifications 

from Table 8, it is known the voltage signal for a cell temperature of 25 ºC and the rate of variation 

of that voltage signal. See Equation 8. 

𝑇𝑐𝑒𝑙𝑙 =
𝑉𝑂𝐶 − 𝑉𝑂𝐶(𝑇𝑆𝑇𝐶)

𝛽
+ 𝑇𝑆𝑇𝐶 =

586,7 − 𝑉𝑂𝐶

2,17
+ 25 (8) 

 

Where TSTC is the cell temperature under standard test conditions (25 ºC). 

After calculating the cell temperature, it is possible to calculate the k(T) correction for Equation 3. 

See Equation 9. 

𝑘(𝑇) =
1

1 +
𝑇𝑐𝑒𝑙𝑙 − 25

100 · 𝑘𝑉𝑀𝑃𝑃

 (9) 
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Therefore, the final equation for the corrected power is Equation 10: 

𝑃𝑐𝑜𝑟𝑟 = 𝑃 ·
1

1 +
𝑇𝑐𝑒𝑙𝑙 − 25

100
· 𝑘𝑉𝑀𝑃𝑃

 (10) 

 

3.3.3. Power output and ambient conditions 

Once information about the performance of the PV plant is linked with minutely ambient 

conditions, a relation between them can be set. The sought relation links the corrected power 

output (estimation for Tcell=25 ºC) and solar irradiance for the PV modules. Since solar irradiance 

and output power are directly related, it is easy to estimate the power output for different 

irradiances once the relation is set. 

It is important to have the corrected output power because the power is very dependent on ambient 

conditions, including temperature. Therefore, if trying to find a linear relation between irradiance 

and output power (as it is supposed to be, explained in EFECT OF IRRADIANCE AND 

TEMPERATURE) without the corrected power, the relation would not be linear, because cell 

temperature increases as irradiance and output power do. 

To find the relation between irradiance and output power, Microsoft Excel is used again. With 

multiple data points of power and irradiance it is possible to perform a regression analysis via 

least squares method. As it has been mentioned multiple times, the relationship that is expected 

from those variables is a linear one, therefore the equation of a straight line is obtained, with the 

following form. 

𝑃𝑇=25 º𝐶 = 𝑚 · 𝐺 + 𝑥0 (11) 

 

Adjusting m and x0 parameters will allow estimating the new nominal power of the panels. 

3.3.3.1. New STC power 

Basing the calculation of the new power under STC on the relation between output power and 

solar irradiance, it is easy to estimate the new nominal power of the plant. The calculation will be 

an extrapolation of the measurements made for 4 strings of PV modules. 

Taking the linear relation found for power output, solar irradiance is going to be substituted with 

1000 W/m2, the irradiance level for STC. See Equation 12. 

𝑃𝑆𝑇𝐶
𝑛𝑒𝑤(𝑊) = 𝑚 · 1000 + 𝑥0(

𝑊

𝑚2
) (12) 

 

This new nominal power will be the one compared to the original nominal power of the plant, 

which is in the datasheet of the plant: 63,7 kWp. 

3.3.3.2. kMPP estimation 

Since the correction of the power is done based on the thermal coefficients of the PV modules, it 

is important to guarantee that these parameters are consistent with reality. For that purpose, the 

kVMPP parameter will be estimated basing on the measurements done in the inverter 2.1. 

The estimation of the parameter will be done considering that kMPP and kVMPP are very similar 

parameters. Therefore, kVMPP will be calculated for each timestep of the minutely data using the 

equation 13. 

𝑘𝑀𝑃𝑃 = 𝑘𝑉𝑀𝑃𝑃 =
100

𝑇𝑐𝑒𝑙𝑙 − 25
· (

𝑉𝑀𝑃𝑃
𝑚𝑒𝑎𝑠

𝑉𝑀𝑃𝑃
𝑆𝑇𝐶 − 1) (13) 
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3.3.3.3. Cell temperature calculation 

However, even if kMPP coefficient influences Equation 8, cell temperature should also be 

considered when regarding to the accuracy of the results. Equation 6 shows how cell temperature 

is calculated based on ambient temperature. Here, the NOCT parameter from the datasheet of the 

PV modules is used. In this case, the NOCT of 47 ºC is equivalent to having a convection 

parameter of 29,63 W/Km2. This is, nevertheless, a too high value according to previous research 

carried out in the university (Júlia Solanes Bosch, 2017), where it was found out that h values 

closer to 25 W/Km2 are more real. Therefore, this is also going to be studied. 

3.3.4. Inverter evaluation 

The inverter performance evaluation will be done just in one inverter. Even if 4 strings are being 

monitored, just one inverter output is being measured. Therefore, the efficiency of the inverter 

can be easily calculated as shown in the Equation 14, 

𝜂𝑖𝑛𝑣 =
𝑃𝐴𝐶

𝑃𝐷𝐶
 (14) 

 

Inverters usually have different rated efficiencies depending on the power they are managing. For 

example, euroefficiency considers different operating points between 5% and 100% of the 

nominal power of the inverter to be calculated (Types of Inverter Efficiency Peak CEC and Euro 

- Solar Choice, no date). See equation 15. 

𝜂𝐸𝑈 = 0,03 · 𝜂5% + 0,06 · 𝜂10% + 0,13 · 𝜂20% + 0,1 · 𝜂30% + 0,48 · 𝜂50% + 0,2 · 𝜂100% (15) 

 

 

Figure 23: Efficiency of an inverter depending on work load (6.5. Efficiency of Inverters | EME 812: Utility Solar 

Power and Concentration, no date) 

Thus, with Microsoft Excel, it is possible to calculate the euroefficiency of the monitored inverter 

and then compare it with the information of the datasheet. The same can be done with maximum 

efficiency, but instead of having to calculate it the maximum value is taken directly. 

Information in Table 6 says that inverter original euroefficiency was of 95,4%, while maximum 

efficiency was 96,2%. 
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4. RESULTS 
In this chapter the outcomes for the different measurements are presented. Due to environmental 

condition dependency for the proper analysis of the plant, a sunny day gives more information 

about the performance of the plant. In a sunny day, a higher irradiance diversity is had in the plant. 

Higher irradiance around solar noon and lower irradiance closer to the sunset. Bearing this in 

mind, the 5th of May is considered as the best day to study the performance of the plant. 

In addition, some problems were had with the loggers in the following days. Since there is more 

than just one logger, all of them must be synchronised to provide useful data. Otherwise, the 

collected data will have different timelines, what makes very inconvenient and difficult to work 

with, while it is unnecessary, if proper data has been stored. 

This is exactly what happened to the loggers sometime during the morning of the 6th of May. 

Therefore, data from the 5th of May is both useful and ready to be used, and that is why the results 

are based on these measurements. However, data from other days is also provided in the appendix. 

4.1. IRRADIANCE AND POWER MEASUREMENTS 
The solar irradiance measurement for the 5th of May are shown in Figure 24 plotted versus the 

hour of the day in local time (CET), not solar time. Notice how with the lack of clouds, the 

irradiance keeps falling until the sun hides behind the horizon (around 17:40). Since the power 

plant is behind a hill, this happens before sunset. After 17:40, diffuse radiation still reaches the 

PV modules and they receive around 60 W/m2, which slowly decreases until sunset, at 20:45. 

It is worth mentioning that a failure in the irradiance measurement device (reference solar cell) 

can be detected in the chart. There is a plot at the beginning of the measurement that is not in the 

curve formed by the rest of the measurements neither in the power outcome represented in Figure 

25. Thus, the most logical thing is to assume a punctual malfunctioning of the device. 

 

Figure 24: Measured solar irradiance, 5th of May. 

Figure 25 shows the measurements for the outputs in 4 strings. Strings 1 and 3 are formed by 20 

modules, whilst strings 2 and 4 are formed by 19 modules each, what leads to a 5% higher 
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production in odd strings. However, string 1 has around 1,3% higher production than strings3 and 

string 2 has over 0,6% higher production than string 4. 

 

Figure 25: Measured DC power in all 4 monitored strings, 5th of May. 

The power outcome seems to follow perfectly, but scaled, the irradiance measurements shown in 

Figure 24. This means that, as it is well known, the output power of the plant is proportional to 

the irradiance PV modules receive. 

To have a broader view of the measurements, Figure 26 shows the measurements of both DC 

power outcome for the first string and irradiance measurements. During the morning and until 

14:00 the irradiance evolves following a smooth curve. This happens because the angle of 

incidence of the sunlight changes slowly over the day. However, after 14:00, some clouds 

appeared causing sudden irradiation and, therefore, power drops. 
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Figure 26: Solar irradiance and measured DC power in string 1, 9th of May. 

4.2. PV STRING PERFORMANCE 
The analysis of the results is done for all 4 measured strings. The following figures show the 

comparison between the measured power and the corrected power. Due to higher cell 

temperatures corrected power is slightly higher than measured power. 

 

Figure 27: Measured power and corrected power vs time. 9th of May. 
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Figure 28 shows the measured power from string 1 and the theoretical power calculated for the 

string 1 basing on the irradiance and ambient temperature measurements. The assumed new 

nominal power of the string for this calculation is 2420 W. It can be seen how the curve adjusts 

quite well with this new nominal power. It is worth reminding that the original rated peak power 

was of 2600 W. 

 

Figure 28: Measured time and theoretical power vs time. 9th of May. 

Next figures represent the corrected output power plotted versus the solar irradiance, measured 

with the reference solar cell. Raw data in which this is based on is shown in the appendix. 

Orange points are the minutely average corrected output power, while the stripped blue line is the 

linear approximation with the least squares method. The straight line is extended until 1000 W/m2 

to show visually the expected STC power. The equation of the straight line and the R2 factor are 

also shown in the chart. See Figure 29, Figure 30, Figure 31 and Figure 32. 

It can be seen how the R2 factor is very close to 1. This means that the approximation of the 

relationship between solar irradiance and output power is good. However, measurements of other 

days show some scattering in the chart. Those charts are shown in the appendix. 
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Figure 29: Corrected power output vs irradiance string 1. Estimation of the power dependant on the solar irradiance 

to find new STC power. 

 

Figure 30: Corrected power output vs irradiance string 2. Estimation of the power dependant on the solar irradiance 

to find new STC power. 
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Figure 31: Corrected power output vs irradiance string 3. Estimation of the power dependant on the solar irradiance 

to find new STC power. 

 

Figure 32: Corrected power output vs irradiance string 4. Estimation of the power dependant on the solar irradiance 

to find new STC power. 

Table 9 shows the estimated power output with STC for each one of the four monitored strings. 

It also compares the output value with the original STC power at the moment of the installation. 

It shows a degradation of the PV modules of below 5% in all 4 strings. 
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Table 9: Estimated STC power for each string (kMPP = -0,4%/ºC and h = 29,63W/Km2). 

 

Power loss due to degradation is quite consistent for all 4 strings, they are gathered in a range of 

less than 0,5% of power loss. However, the loss is not very significant considering all the 

assumptions that have been made. For example, temperature coefficients of PV modules have 

been assumed in Table 4. To study the effect of the coefficients on the result the analysis is going 

to be repeated with different coefficients. See Table 10. 

Table 10: New assumed temperature coefficients of the PV modules. 

Parameter Value 

Coefficient of short circuit current 0,05%/ºC 

Coefficient of open circuit voltage -0,36%/ºC 

Coefficient of maximum power -0,35%/ºC 

Coefficient of maximum power voltage -0,35%/ºC 

 

Table 11: Estimated STC power for each string with the new temperature coefficients (kMPP = -0,35 %/ºC and 

h = 29,63 W/Km2). 

 

Table 11 shows the results for the temperature coefficients assumed in Table 10. It can be noticed 

that power loss is now around 1,1% higher for each string. Bearing in mind that the coefficient of 

maximum power (kMPP) is the one with more effect in the power output, its typical extreme values 

have been considered. Previous work (Júlia Solanes Bosch, 2017)(Compadre Senar, 

2018)(Urrutia, 2017) said typical values for kMPP are between -0,4%/ºC (first assumption Table 4) 

and -0,35%/ºC (second assumption Table 10). 

Either way, with the most optimistic or pessimistic scenarios (analysed respectively) the power 

loss is consistent for all strings and it can be set between 4,5% and 6%. Calculating the weighted 

average of power loss regarding to the peak power of each string, it is found that the value of 

power loss is -5,25%. 

4.2.1. kMPP estimation results 

Figure 33 shows the calculations of the kMPP based on the first 100 measurements of the logger, 

which happen to be very representative of the PV system since the ambient conditions are quite 

good. The average irradiance is 826 W/m2, with values between 915 W/m2 and 714 W/m2. 

Temperature has been recorded between 14,1 ºC and 16,7 ºC, with an average value of 15,4 ºC. 

According to historical data (Clima Gävle - meteoblue, no date), the average temperature between 

May and September, the months with around 74% of the yearly electricity production regarding 

to 2008 and 2009 daily data (see appendix), is 14,8 ºC. 

 

Number of 

modules

Original STC 

power (kWp)

Estimated STC 

power (kWp)
Power loss (%)

String 1 20 2600 2481 4.60%

String 2 19 2470 2360 4.44%

String 3 20 2600 2472 4.91%

String 4 19 2470 2351 4.83%

 

Number of 

modules

Original STC 

power (kWp)

Estimated STC 

power (kWp)
Power loss (%)

String 1 20 2600 2452 5.70%

String 2 19 2470 2333 5.55%

String 3 20 2600 2444 6.01%

String 4 19 2470 2323 5.93%
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Figure 33: kMPP estimation histogram based on 100 measurement timesteps. 

As mentioned above, Figure 33 gives information about the estimated kMPP value for the studied 

PV system. It can be seen how the estimated values gather mostly between values slightly higher 

than -0,4%/ºC. In fact, 64% of the calculations give values of kMPP higher (in absolute value) than 

-0,41%/ºC and 75% of them values over -0,38%/ºC. 

In previous subsections it has been mentioned that kMPP can define an optimistic or pessimistic 

situation. In this case, it has been proven that the estimations and assumptions made for kPMPP are 

less optimistic than reality, which covers the back on other inaccuracies of this study. 

4.2.2. Cell temperature 

Cell temperature has been calculated so that the results obtained from information in the datasheet 

of the PV modules can be compared to the ones obtained from previous research made in HiG. In 

this case, the used NOCT was of 52 ºC instead of 47 ºC. New power estimation can be seen in 

Table 12. 

Table 12: Estimated STC power for each string with new cell temperature calculation (kMPP = -0,4%/ºC and 

h = 25 W/Km2). 

 

4.3. INVERTER 
This subsection shows the results for the inverter efficiency measurements. Some of the same 

problems explained in previous sections were had when analysing data from the inverters. Since 

2 different loggers were used (Fluke for the AC output of the inverter and Agilent for the DC 

input or the inverter) data might be slightly shifted in time. This leads to a lot of scattering when 

 

Number of 

modules

Original STC 

power (kWp)

Estimated STC 

power (kWp)
Power loss (%)

String 1 20 2600 2544 2.14%

String 2 19 2470 2421 1.98%

String 3 20 2600 2536 2.46%

String 4 19 2470 2411 2.39%
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plotting the results and makes very difficult to work with the collected information. Thus, to be 

able to use the data, it has been sorted in different groups. 

Figure 34 shows the data of the first 500 measurements. As it can be seen, the chart shows a quite 

smooth line. The average efficiency of the inverter in this data group is 94,3%. 

 

Figure 34: Graphical representation of inverter efficiency vs workload (500 points). 

Figure 35 shows the data of the first 1000 measurements. As it can be seen, the chart shows more 

scattering than the chart of the first 500 measurements. The average efficiency of the inverter in 

this data group is 93,2%. 

 

Figure 35: Graphical representation of inverter efficiency vs workload (1000 points). 
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Figure 36 shows all the data of the. As it can be seen, now the scattering is quite large. Not sorting 

the data makes more difficult to take useful information from it. The average efficiency of the 

inverter in this data group is 92,8%. It is worth mentioning that the scattering is reduced as the 

output power increases. 

 

Figure 36: Graphical representation of inverter efficiency vs workload (all points). 
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5. DISCUSSION 
First of all, it is important to define the aim of the study and how the results will be analysed to 

achieve that aim. The goal of the paper is to determine how the PV plant has aged and how has it 

degraded with time. For that purpose, the main tool has been the monitoring of four of the DC 

strings, located in the Part B of the plant, in the roof of the church. In addition, current and voltage 

measurements were also made in the output of one of the inverters. The first measurements will 

serve to evaluate the performance of the PV modules but also of the MPPT algorithm of the 

inverters. On the other hand, the second set of data will only be used to analyse the inverter 

performance. The degradation will be estimated as a power loss, but there are no mechanisms to 

analyse the cause of this degradation. However, in THEORETICAL BACKGROUND some 

aging mechanisms have been analysed and explained. 

5.1. RELIABILITY OF THE MEASUREMENTS 
As it has been explained in previous chapters, there have been some problems with the different 

dataloggers. Those problems have been related to the specific timeline of each of the dataloggers, 

meaning that when whilst all of them record the data for a specific time, the recorded time might 

not be the same for different loggers. 

This problem was had after the first day of measurements, 5th of May. The time shifting was 

estimated to be of 5 seconds between the two Agilent loggers, responsible for the irradiance and 

temperature measurements and for the DC power output. 

However, having this kind of problems does not mean the measurements are wrong, because the 

sensors may still work properly. This leads to more difficult data analysis after the first day, 

therefore, all the calculations were done with the data from the 5th of May. 

Using data from just one day might be not very representative of the PV plant’s performance, yet, 

being a sunny day and having recorded minutely data gives a lot of measurements to have a more 

reliable basis to work with. 

On the other hand, the reliability of the sensors can be also discussed. Figure 26 shows some 

problems with the irradiance measurements before 6 a.m. The DC power increases smoothly due 

to the sunrise and greater irradiance; however, the first irradiance measurements do not seem to 

follow the same smooth trend, probably to some problems in the measurements. However, the 

rated accuracy of the power and irradiance is in the order of 5%, so there should not be any 

problem with measurements. 

5.2. PV MODULE AGING 
It is worth bearing in mind that the study was performed in the Part B of the PV plant, where the 

PV modules are located directly on the roof of the building. In Part A, the modules are located in 

some stands that lie on the roof of another building. These stands are more likely to cause 

mismatch losses in the strings because they might not be properly aligned.   

Figure 37 shows the unalignment of the PV strings in the Part A of the plant due to not properly 

placing the stands. This problem is not had in the Part B, where the PV modules lie on the surface 

of the roof. 

Therefore, if the measurements would have been taken on the Part A of the plant, it is more likely 

that the power reduction had been higher. However, this power drop would not be real, and it 

would be due to mismatch losses, which are quite difficult to calculate. Thus, not having this 

problem in Part B of the plant make the obtained results more reliable. 
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Figure 37: PV arrays not properly aligned in Part A of the plant. This causes mismatch losses. 

The conclusions that can be drawn from the DC power measurements when related to solar 

irradiance are that the performance of the plant does not seem to have suffered a big degradation. 

Depending on the estimated kMPP coefficient, power loss is between 6% and 4,5%. These power 

loss rates do not represent a disturbing degradation for a 13-year-old PV power plant. 

In addition, it has been mentioned before the dependency of the power loss estimations with the 

kMPP coefficient. Therefore, and since the kMPP coefficient has also been approximately guessed 

basing on different papers, an estimation of it was also made in this paper. 

While when assumed, the kMPP coefficient was studied to be between -0,35%/ºC and -0,4%/ºC, 

the estimations showed that it would be slightly higher, around -0,425%/ºC. It is important to bear 

in mind that lower kMPP coefficients (in absolute value) mean greater power loss of the PV 

modules, whilst higher kMPP coefficients (in absolute value) mean smaller degradation of the PV 

modules. Therefore, if the real estimated kMPP coefficient is actually slightly higher (in absolute 

value) than the assumed value, this would mean that the real degradation of the PV modules would 

be lower than 4,5%. 

Since NOCT also affect the calculations of theoretical STC power (see Equation 10 and 

Equation 6), its effect in the power loss calculations have been considered too. Table 12 shows 

that the average power loss in all 4 strings is reduced from around 4,5% to less than 2,25% when 

considering a NOCT of 52 ºC, as previous work did. Therefore, the real power loss might be even 

smaller than mentioned above if the cell temperature is higher than calculated, i.e. if the real 

NOCT is closer to 52 ºC than to 47 ºC. 

Considering that PV module manufacturers provide a 25 year long 80% production warranty, the 

degradation during the first half of that time meets the warranty of the manufacturers. 

Regarding to the specific results of each one of the monitored arrays there is a fact that is worth 

mentioning. String 1 and 3 have 20 PV modules each, while string 2 and 4 have 19 each. 

Therefore, the expected power production should be the same for odd strings and for even strings. 

However, as Figure 25 shows, strings 3 and 4 have slightly less power output than strings 1 and 

2. This might be due to mismatch losses if string 3 and 4’s PV modules have been placed 

incorrectly. This may as well be owing to manufacturing difference, since the output difference 
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is of just around 1,3% for odd strings and of approximately 0,6 for even strings and the nominal 

power of the PV modules at the production time had an accuracy of 3,85%. 

This causes are, nevertheless, quite a coincidence since both strings with lower production are 

connected to the same inverter (2.2). Hence, the cause of the power difference could come from 

the inverter itself. The responsible for extracting the maximum power from the PV strings is the 

MPPT algorithm. If the MPPT algorithm is not updated or does not work properly, it could be the 

reason for the power output difference. However, the straight lines in Figure 29, Figure 30, Figure 

31 and Figure 32 are an indication that the MPPT is working for all currents. 

Even so, just information from 2 inverters is not enough to determine the causes of the power 

difference. It might come from differences in the inverters, but it is true that one would expect 

those differences to be the same for both strings, while they are almost double for strings 1 and 3. 

Therefore, coincidental causes are assumed as the responsible for this fact. 

Regarding to the reasons for this degradation, the main factors were already explained in 

LITERATURE REVIEW. First of all, PID has a grater effect in bigger PV plants, where having 

the first module of each array connected to earth causes too big earth currents, and where PV 

arrays have a voltage of up to 1500 V. For this plant, the greatest voltage through the array that 

can be kept in time would be the VMPP, where the PV modules are working with a low cell 

temperature (25 ºC). Table 3 shows that this voltage is of 16,9 V, therefore, for the strings with 

more PV modules, 20 modules, the maximum voltage would be 338 V. Even considering the open 

circuit voltage the array voltage would be 440 V. 

This means that in the worst case, the maximum reverse voltage between the frame of the modules 

and the PV cells themselves would be of 440. However, for this to happen the last PV module’s 

positive terminal would have to be connected to earth. This makes no sense, and therefore, if the 

array is not connected to ground potential and the middle point takes earth potential, then the 

maximum reverse voltage would be 220 V. 

This level of voltage does not cause a noticeable effect due to PID, what may explain why the 

modules have degraded so little. 

Aside from this, EVA encapsulation of modules can degrade with time and, if it is rough, with 

climate effects too. As mentioned before, cold weathers like the one of Gävle help this kind of 

degradation from happening. Therefore, this gives another reason for such a small power loss in 

the plant. 

5.3. INVERTER AGING 
Regarding to the inverter performance, it is difficult to evaluate its degradation due to a great 

scattering in almost all the measurements. Despite this, the obtained results show that the 

efficiency of the inverter is way above 90%. While the rated euroefficiency of the inverter is 

95,4% as shown in Table 6, the measured average efficiency was of between 92,8% and 94,3%. 

This accounts for a degradation of between 1,15% and 2,73% referring to the power conversion 

from DC to AC. 

That degradation rate is very small, but it is worth bearing in mind that degradation in power 

electronics usually leads to completely shutting down devices, instead of progressively reducing 

their efficiency, as it happens with PV modules. Thus, it is most likely that this degradation is due 

to corrosion or physical degradation in the terminals or in the contact points. 

Regarding to a fact mentioned before, given that, theoretically, strings 1 and 3 and 2 and 4 have 

to be the same since they have the same number of modules, if their production difference (1,3% 

and 0,6% respectively) comes from the inverter this would mean that there exist a power loss not 
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related to power conversion from DC to AC. Instead, this could be caused by a difference in the 

MPPT algorithm in the inverters. Maybe due to different types of algorithms or due to updates in 

the software that were not applied to all inverters. 

However, this is something that cannot be determined just with the measurements that were took. 

Thus, those ideas are left as hypothesis to what could cause the current behaviour of the PV plant. 

5.4. PV PLANT OVERALL AGING 
Considering all the factors that might have an effect in the performance of the PV plant as a whole 

system, ,i.e. PV modules and power inverters mainly, it has to be said that the total measured 

efficiency of the plant has been of 88,8%. For this calculation, a degradation of 4,5% was taken 

in the PV modules and an efficiency of 93% in the inverters. Bearing in mind that modern 

inverters usually have an efficiency of at least 98%, substituting the inverter with a modern one 

can lead to an increased efficiency of 93,6%, meaning that the power loss due to degradation 

would be almost completely mitigated. 

Regarding to the power loss due to degradation, approximately a 2% power loss is caused owing 

to inverter degradation, while the same 4,5% is due to PV module aging. Therefore, a total power 

loss of 6,4% is estimated after the measurements. 

However, there is a factor that is let unmentioned due to the difficulty to measure it. Mismatch 

losses are a very important fact that leads to power reduction. Even if in Part B of the plant there 

are no mismatch losses, in Part A (the biggest part of the plant) the PV modules are not perfectly 

aligned in each string. Even though mismatch losses are not very high in the middle of the day, 

when the irradiance is higher, they have bigger effect when the sun is closer to the horizon. 

A proper construction of the PV plant is something that may take more time when building it, but 

will increase the generated power is the mismatch losses are reduced. Therefore, it can be said, as 

an indication, that better safe than sorry. 
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6. CONCLUSIONS 
After the performed analysis of the obtained data it is interesting to extract some conclusions 

about the work. 

Firstly, regarding to the measurement reliability and the logging devices, it is obvious that some 

improvements could have been made. The problems that were had with the loggers could have 

been solved using a single data logger to record and collect all the data from DC power, AC power 

and ambient conditions. This, however, would have required communication between the sensors 

on the roof and the loggers in the inverter room. This is usually done using a short cable, like an 

USB, which can be as long as 5 meters. For longer distances, wireless transmission is often used, 

but this can present problems too, so there is no easy solution due to the distance from the inverters 

to the roof. 

Regarding to the sensors, even if the reference solar cell has a different angular sensitivity than 

the pyranometer, it worked properly. In addition, there was also a pyranometer, which could have 

been used, if needed, to compare the irradiance measurements to the measurements from the 

reference solar cell. However, it was not considered essential to do so. The measuring board had 

a photodiode installed too, so even more measurements could be available for a future research 

about this. 

About the output power predictions, it can be said that the used model work properly when the 

data came from loggers without time shifting. It proved to work correctly since the R2 values were 

very close to 1. 

As regards to the available data for comparisons, the weak point of the study is that the nominal 

power was not measured directly after the installations. The obtained results after the 

measurements taken in 2020 should have been compared to measurements taken in 2008, however 

there is no data from back then except the daily electricity production, which is not very useful if 

it is not related to irradiance measurements. Therefore, this makes difficult to extract conclusive 

results when the estimated degradation has been so low. 

With respect to the monitored parameters, it would have been interesting to analyse all the strings 

of the plant, or at least strings from both Part A and Part B of the plant. This was not done, 

nevertheless, since there were some problems with the connections to the junction box, so finally 

just 4 strings were monitored. A future research could focus on finding the differences between 

the performance of different parts of the plant. 

The same thing happens with the inverters. Just the output power of one of them was analysed, 

which added to the fact that more difficulties appeared because of using different loggers, meant 

that it was quite difficult to extract conclusive resolutions about its performance and degradation. 

Solving the problem of the loggers would enable performing all these analysis in an appropiate 

way. 

Lastly, it also important to bear in mind that this study was performed just with data taken in a 

day in May. It would be very interesting to monitor the system the whole year to compare the 

results with previous years. Because of climate change and global warming, it snows less in Gävle 

(and everywhere) than it used to. For example, in 2020, the snow did not cover completely the 

panels for more than a day, what enabled to have power generation in the winter months. As it 

can be seen from the data recorded in 2008 and 2009, during the winter there was no production 

because the modules were covered in snow. 

Climate change and global warming are a real concern and renewable energies are a way to fight 

them back. This, nevertheless, does not mean that their effect cannot be somehow beneficial in 

some ways. A higher electricity production due to clear modules could be analysed. However, the 
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opposite effect had to be analysed too. Higher temperatures reduce PV voltage, which lead to 

lower output power. Figuring out whether this balance means higher or smaller production would 

be very interesting. 
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APPENDIX I: POWER AND IRRADIANCE MEASUREMENTS 

A. DAILY RAW DATA 

 

Figure 38: Solar irradiance and measured DC power, string 1. 6th of May. 
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Figure 39: Solar irradiance and measured DC power, string 1. 7th of May. 

 

Figure 40 Solar irradiance and measured DC power, string 1. 8th of May 
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Figure 41: Solar irradiance and measured DC power, string 1. 10th of May 

 

Figure 42: Solar irradiance and measured DC power, string 1. 11th of May 
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Figure 43 Solar irradiance and measured DC power, string 1. 12th of May 

B. MEASURED POWER VS CORRECTED POWER 

 

Figure 44: Measured power and corrected power in string 1. 7th of May. 
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Figure 45: Measured power and corrected power in string 1. 11th of May. 
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APENDIX II: SPECIFICATIONS OF THE PV PLANT 

A. ELECTRIC CONEXIONS OF THE PLAT 
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B. TECHNICAL DESCRIPTION OF THE PV MODULES 
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C. STRINGS OF THE PLANT 
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D. PLANT DESCRIPTION 

 


