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ABSTRACT 

This study focused on the performance of roof-mounted photovoltaic modules in selected rural 

secondary schools in Northern and Eastern Uganda. The Ministry of Education and Sports installed 

these modules under the Energy for Rural Electrification Project II to address the electrical power 

problem in rural secondary schools. The study was carried out using three objectives, namely, to 

perform visual inspection using the International Electrotechnical Commission (IEC) guidelines, 

to determine the module maximum power using the I-V characterization technique and to 

determine the conversion efficiencies of the modules. The modules studied are installed at Orungo 

SS, Katine SS, Akii Bua Comprehensive SS and Adwari SS. In the visual inspection done, most of 

the modules had green leakage, water ingress, discolouration, cracks, snail trails, scratches, black 

spots, dust, debris, bird droppings, burnt spots on diodes, rust, broken sealant, and broken cell 

interconnects. Experimental data were collected using the FTV200 I-V tracer. Findings revealed 

that the maximum power output of the PV modules was higher after washing the modules. The 

modules at Orungo High School produced the highest power (62 W), while the modules at Akii 

Bua Comprehensive School produced the lowest (34.5 W). The drop in module efficiencies as 

compared to the manufacturer’s efficiency, with degradation taken into account, was found to be 

highest for the modules at Akii Bua Comprehensive School (11.3%) and lowest for the modules 

at Orungo High School (5.5%). Despite taking degradation into account, all the modules were 

found to have a significant drop in their power output as well as efficiencies. 
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CHAPTER ONE: INTRODUCTION 

1.0 Background to the Study 

Generation of electric power from photovoltaic (PV) modules in Uganda is currently becoming 

increasingly attractive as hydroelectric power continues to be costly and limited in supply. Most 

rural secondary schools have computer laboratories established, and these laboratories are 

equipped with solar modules to provide power to run the computers. Photovoltaic modules perform 

optimally and live longer if the cells in a module or modules in a string are free from current 

mismatch, soiling, shading, bird droppings, cracks, scratches and snail trails. Renewable energy 

resources, such as solar energy, contribute to 8% of the total energy consumed in Uganda [1]. This 

contribution is on the rise with the current government energy policy, favouring renewable energy 

use [2]. 

In 2013, the government of Uganda implemented a project, Energy for Rural Transformation phase 

II (ERT II), as a follow-up of ERT I. The project had three components: Rural Energy structure, 

Information Communication Technology, Energy Development, cross-sectoral links, and impact 

monitoring. Funds for these implementations were channelled to the accounts of seven 

implementing ministries: Ministry of Energy and Mineral Development (MEMD), Ministry of 

Health (MOH), Ministry of Water and Environment (MOWE), Ministry of Agriculture, Animal 

Industry and Fisheries (MAAF), Ministry of Education and Sports (MoES), Ministry of Finance, 

Planning and Economic Development (MOFPED) and Ministry of Local Government (MOLG) 

[3]. The Ministry of Education benefited from this project and installed photovoltaic modules in 

about 560 rural secondary schools in more than 40 districts across the country. This project was 

initiated in support of the introduction of Information and Communication Technology (ICT) in 

the Education system of Uganda [4]. ICT was integrated into the Education system of Uganda to 

improve the engagement and innovativeness of learners by the use of computers and the internet, 

with good knowledge retention. Roof-mounted PV modules, which convert solar energy into 

electricity, were installed in rural secondary schools across the country to generate electrical power 

for running these computers. 

The rooftops of buildings are the common mounting places for Photovoltaic modules as they 

appear to present a better module exposure to solar radiation, and provide safety and security of 
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the modules. However, since the modules are high up, little attention is usually paid to them in 

terms of maintenance, hence making the modules susceptible to current mismatch [5]. 

Photovoltaic modules may have identical electrical properties at the time of manufacture; however, 

during transportation or field exposure, the modules may experience mechanical loads like 

transport vibrations, installation loads and loads resulting from wind, hailstorms and heavy rainfall, 

which may cause visible defects on the module glass and frame. Due to the fragile nature of 

crystalline silicon PV cells, the modules need to be handled with great care, especially during 

transportation and installation, as they are susceptible to developing cracks. 

Additionally, weather conditions are always randomly changing, causing variations in the module 

ability to charge storage batteries. This assumption may be wrongly attributed to the changing 

weather conditions, yet the problem may originate from the modules. When PV modules do not 

perform as expected, the ICT curriculum may not be well implemented and integrating 

methodologies that use computer-like projecting work on the screen will be rendered non-

functional; hence, teaching and learning requiring the use of ICT integrations will be halted. 

Performance evaluation of roof-mounted PV modules installed by the MoES with the objective of 

improving ICT integration in the education system in Uganda is therefore essential to assess the 

functionality of the modules in terms of the module’s efficiency, so that remedial measures could 

be put in place if required. 

1.1. Statement of the Problem 

Information and Communication Technology (ICT) play a critical role in enhancing teaching and 

learning in Uganda’s education system today. However, when ICT was first introduced in 

secondary schools in 2013, the lack of reliable electrical power to operate the necessary equipment 

was identified as a major constraint [4]. To address this challenge, the Ministry of Education and 

Sports (MoES), with financial support from the Government of Uganda under the Energy for Rural 

Transformation Phase II (ERT II) project, installed photovoltaic (PV) modules in selected 

secondary schools across the country. 

Despite this intervention, a report by the Auditor General of 2014 in a survey of ERT installations 

revealed performance challenges in several beneficiary schools, including Katine SS, Akii Bua 

Comprehensive SS, Orungo High School and Adwari SS. These schools reported immediate lamp 
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failures, which significantly reduced daily lighting hours due to ageing batteries or design 

limitations, and declining PV output over time caused by factors such as module soiling, thermal 

stress, and encapsulant degradation. 

Given these issues, there was a critical need to evaluate the performance of the roof-mounted PV 

modules in these schools. Therefore, this study sought to provide valuable feedback to the MoES 

and other stakeholders, thereby informing future strategies for sustainable ICT integration and 

energy provision in Uganda’s education sector. 

1.2. General Objective 

The general objective of the study was to evaluate the performance of roof-mounted photovoltaic 

modules in selected rural Secondary schools in Northern and Eastern Uganda. 

1.3. Specific Objectives of the Study 

i. To perform visual inspection using the International Electrotechnical Commission (IEC) 

PV visual inspection guidelines. 

ii. To determine the module maximum power using the Current–Voltage characterization 

technique. 

iii. To determine the conversion efficiencies of the modules  

1.4. Scope of the Study 

This study was carried out on polycrystalline silicon roof-mounted PV modules connected to the 

computer Laboratories installed in rural secondary schools in Eastern and Northern Uganda. 

Schools with similar modules and power ratings were randomly selected. The PV modules 

manufactured by CAA Communications and Accessories AG, model SL110CE-18P, of power 

rating 110 W each, were assessed. The study was carried out on two (2) modules connected in 

parallel, each in a string installed at Akii Bua Comprehensive Secondary School and Adwari 

Secondary School, Northern Uganda, Katine Secondary School and Orungo High School, Eastern 

Uganda. Visual inspection was done on the modules using the IEC guidelines. The FTV200 I-V 

tracer was used to measure the different electrical parameters: short circuit current, open circuit 

voltage, maximum power and efficiency of the modules before and after washing the modules with 
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a sponge and clean water. 

1.5. Significance of the Study 

This study provides critical feedback to the MoES so that informed decision-making, resource 

allocation and strategic planning can be made. The feedback loop helps the MoES to continuously 

improve and expand its renewable energy initiatives, ultimately contributing to better educational 

environments and sustainable development goals.  

This study sets a foundation for further research. It offers valuable data for systems designers and 

researchers interested in the performance of PV modules in Uganda. The information can be used 

to improve future designs and implementations, contributing to the overall advancement of solar 

technology in the region. 

The study would also help the government of Uganda to achieve NDP 3 project development goal 

no.9, set to increase access to stable, reliable and affordable energy. UN Sustainable Development 

Goal No. 7: ensuring access to affordable, reliable and modern energy for all. 

With the gaps in this study properly addressed, the generation of electricity using PV modules can 

be a good option for schools, as it helps to reduce the utility cost. 
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CHAPTER TWO: LITERATURE REVIEW 

2.0 Introduction  

Review of related studies on PV module structure, visual inspection, PV modules parameters, solar 

irradiance effect, thermal effects, PV modules degradation, PV modules current-voltage 

characteristics and identification of faults and failures in the PV modules were handled. 

2.1 The PV Module Structure  

 

Figure 2.1: The structure of a PV module by Pathy et al [6]. 

A Photovoltaic (PV) module, also called a solar module, is a collection of photovoltaic cells that 

convert sunlight into electrical energy. PV modules typically consist of Photovoltaic (PV) cells, 

which are the core components of the module, responsible for converting sunlight into electricity 

Figure 2.1 [7]. PV cells are made from semiconducting materials like silicon [8] and are arranged 

in a grid-like pattern on the surface of the module. It also consists of a glass or tempered glass 

cover, which is the top layer of the module to protect the PV cells from environmental factors like 

weather, debris, and UV radiation  [8]. 

PV modules are built with a back sheet, which is a thin, flexible plastic sheet made of Tedlar, a 
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type of polyvinyl fluoride (PVF), which provides additional protection and prevents moisture and 

air from entering the module [9]. It is made up of encapsulant, a transparent plastic or resin material 

that seals the gap between the PV cells and the Tedlar back sheet [10], ensuring that moisture and 

air do not enter the module, with a frame which provides structural support to the module and helps 

to secure it to the mounting system [11]. The frame is typically made of aluminium or anodized 

aluminium to provide a corrosion-resistant and lightweight structure. At the same time, the whole 

pattern on the back of the module allows for easy installation and wiring [11]. PV modules also 

have wiring, which connects the individual PV cells within the module to each other and to the 

junction box [12]. 

2.2 PV Module Performance Parameters  

In the context of photovoltaic (PV) modules, performance parameters refer to various metrics that 

measure the efficiency and effectiveness of a PV Module [13]. These parameters are used to 

evaluate performances and to identify areas for improvement [14]. Among the module 

performance parameters are short circuit current, open circuit voltage, Maximum Power output 

(Pmax), Efficiency (η), solar irradiance and temperature [15]. These performance parameters are 

important for evaluating the performance of individual modules, strings, and for optimizing their 

operation and maintenance over time, as expounded on in the following sections. 

2.2.1 Short Circuit Current (𝑰𝑺𝑪) 

When the voltage across the circuit is equal to zero, the short circuit current, 𝐼𝑆𝐶  is obtained on 

condition that the solar cell is short-circuited. Therefore, when we set V = 0, then 

             SCII =            (2.1)  

The short circuit-current from a solar module depends linearly on light intensity. However, this 

effect does not provide an increase in efficiency because the incident power also increases linearly 

with concentration [16]. For an ideal module, the maximum current, 𝐼𝑚𝑎𝑥 value gives the total 

current produced at the beginning of a forward bias sweep in the solar cell by photo excitation. 

Ideally, 

LSC III == max          (2.2)  
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2.2.2 Open Circuit Voltage Vo𝑐 

The maximum voltage available from a solar cell is the open circuit voltage, which occurs at zero 

current. The expression for 𝑉𝑜𝑐 is given by equation (2.3) [17], which reflects how the saturation 

current 𝐼0 dependence on the Voc of the solar cell and the light generated current IL. Since the light 

generated current has a small variation, the major parameter that affects the open circuit voltage is 

the saturation current, which depends largely on recombination in the solar cell. Voc is therefore 

a measure of recombination in the solar module [18]. 

 

         (2.3) 

Where, Voc is the open-circuit voltage 

n is the ideality factor 

k is the Boltzmann constant 

T is absolute temperature 

q is the elementary charge𝐼𝐿 

𝐼𝐿 is photogenerated current (or light-generated current) 

𝐼0 is the reverse saturation current (dark saturation current) 

2.2.3 Maximum Power (Pmax) 

On the I-V curve shown in Figure 2.1, the product defined as P = VI gives the rate of work done 

delivered by the solar cell at a particular coordinate [19]. At another point, there is a maximum 

value for this product. This value is the maximum power delivered by the solar module. The value 

of voltage that gives this value is the voltage at maximum power, 𝑉𝑚𝑝, while the amount of current 

that gives maximum power is the current at maximum power, 𝐼𝑚𝑝. Following Lorenzo [18], 

maximum power is given by Equation (2.4). 
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𝑃𝑚𝑎𝑥 = Imp × Vmp          (2.4) 

 

 

Figure 2.2: Sketch graph of current-voltage characteristics of a solar module. 

It is important to determine 𝐼𝑚𝑝 and 𝑉𝑚𝑝. These would be read and noted directly from the current 

and voltage axes (Figure 2.2) and used in the calculation of maximum power of the module as in 

Equation (2.4). 

2.2.4 Efficiency (η) 

The maximum power generated by the solar irradiance that is reaching the PV module defines the 

Efficiency of the system [20]. Thus, if G is the irradiance, A, the area of the PV module, then 

efficiency (η) is given by: 

AG

P


= max x 100%          (2.5) 

The operating temperature and solar energy received determine the efficiency of a photovoltaic 

system [21]. For polycrystalline silicon PV, efficiency of over 17 % has been reported [22]. 

However, energy conversion efficiencies of around 40 % have been recently achieved in 

laboratories using I-V semiconductor compounds as PV material. Currently, the photovoltaic 

efficiency of silicon crystalline solar modules is up to 22 % [23]. Dust accumulation on PV 

modules significantly affects their performance [24]. 

https://exploringgreentechnology.com/solar-energy/photovoltaic-efficiency/#table
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2.2.5 Shunt and Series Resistance in PV Modules 

Owing to resistances referred to as series and shunt resistance, PV modules suffer significant 

power losses [25]. Shunt resistance is any parallel high-conductivity paths across the solar cell p-

n junction [26]. Shunt resistance arises mainly from leakage losses across the p-n junction. These 

losses are enhanced by the presence of defects and impurities around the edge of the cell, which 

provide alternative paths [27]. The alternative paths divert currents away from the intended load. 

The detrimental effects of shunt resistance on the module performance have been reported by the 

low intensity [28]. A model for shunt resistance (𝑅𝑠ℎ) and series resistance (Rs) are shown in Figure 

2.2. 

 

Figure 2.3: Series and shunt resistance [28]. 

Figure 2.3 below shows the effects of Rsh on the I-V characteristic of a PV module as 

investigated by Macabee and Van Dyk [25] [28]. 
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Figure 2.4: Effects of variations of shunt resistance on performance parameters [28]. 

A small shunt resistance significantly reduces Voc and the Fill Factor (FF) of the module. At 𝐼𝑠𝑐 

the effect of low 𝑅𝑠ℎ is minimal because current flows mainly through the external circuit. For a 

module to operate more efficiently, 𝑅𝑠ℎ must be infinite so that currents are not led away from the 

intended load [29]. 

On the other hand, series resistance is usually ascribed to the bulk resistance of the semiconductor 

material of the module, the bulk resistance of metallic interconnections, and the contact resistance 

between the semiconductor and the metallic contacts [30]. These elements derive their resistivity 

from the manufacturing technology [31]. The effects of Rs on the simulated I-V characteristic of a 

PV module discussed by [32] are shown in Figure 2.4 for a 36-series-connected solar cell module. 
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Figure 2.5: Effects of variations of series resistance on performance parameters [28]. 

From Figure 2.5, a large series resistance severely decreases the Fill factor without affecting the 

open circuit voltage of the module. The value of V in the I-V characteristic is equal to the current 

at that point, multiplied by the series resistance [32]. The increase in series resistance reduces the 

voltage output and fill factor of the module, thereby affecting its performance quality. [28]. 𝐼𝑠𝑐 

starts to decrease for higher values of Rs  [33]. 

2.2.6 Fill Factor (FF)  

The open circuit voltage 𝑉𝑜𝑐 and short circuit current 𝐼𝑠𝑐  are the maximum voltage and current, 

respectively, that may be drawn from a solar cell. Unfortunately, such an operating point in a solar 

cell is not attainable. At each of these coordinates, the power from the solar cell is zero. The fill 

factor (FF) together with 𝑉𝑜𝑐 and 𝐼𝑠𝑐 presents a realistic definition of maximum power from a solar 

cell. Precisely, FF is defined as the ratio of the maximum power from a solar cell to the product of 

𝑉𝑜𝑐 and 𝐼𝑠𝑐. [34] 

          (2.6) 

Graphically, FF is the area of the largest possible rectangle within the I-V curve divided by 

the product Isc × Voc, depicted in Figure 2.6. 
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Figure 2.6: I-V characteristics of a solar cell showing fill factor [35]. 

Shockley et al [36] have derived FF as an implicit function of open circuit voltage 

     (2.7) 

where, 𝑉𝑜𝑐 = 𝑣𝑚 + 𝐼𝑛 (1 + 𝑣𝑚) 

𝑣𝑚:  is a variable, like velocity, or normalized speed, it’s raised to powers, used in exponential 

and logarithmic functions, and it's positive or negative. 

exp (−𝑣𝑚): This is the exponential decay term. As 𝑣𝑚 increases, this term decreases rapidly. 

ln 1 + 𝑣𝑚: Natural logarithm of 1+𝑣𝑚 grows slowly with increasing  𝑣𝑚, and ensures the 

argument of the log is always positive.          

The normalized open circuit voltage voc is defined as, 

 ,           (2.8) 

Then, an empirical relation for FF involving open circuit voltage is given by 

          (2.9)  

where FF0 is the Fill factor at zero series resistance 𝑟𝑠, defined as  . The quantity 
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  is called the characteristic resistance [37].  

The loss in Fill factor due to series resistance is given by: 

FF = FF0 (1 − rs)         (2.10)  

Equations (2.8), (2.9) and (2.10) were found to be valid for voc > 10 and rs < 0.4 [37] . 

Shunt resistance effects on fill factor were estimated as; 

       (2.11)  

where the normalized shunt resistance is defined as . Equation 2.13 is valid for voc > 10 

and rsh < 2.5. The effect of combined series and shunt resistance is obtained by replacing FFo of 

Equation (2.11) by FF of Equation (2.10), so that we have; 

      (2.12) 

In general, the value of FF in Equation (2.12) varies between 0.5 and 0.82, largely depending on 

the solar module material and technology used [38]. The FF value close to 1 is known to indicate 

high quality of the solar module[ [39]. The Series resistance represents the internal resistance within 

the PV module. It arises from the conductive paths within the semiconductor material, metal 

contacts, and interconnections. It decreases the fill factor (FF) and efficiency of the solar module, 

reduces the maximum power output, and shifts the current-voltage (IV) curve downward, affecting the 

Shunt resistance, which represents the resistance parallel to the PV cell. It is associated with leakage 

paths or defects that affect the performance of the modules. Series resistance has a greater effect 

on performance at high light intensity. 

2.3 Solar Irradiance Effects  

It is asserted by Makrides G [39] that the most important environmental factor that determines the 

functionality of PV modules is the amount of irradiance. The operating voltage and current of a 

PV device depend logarithmically and linearly, respectively, on irradiance. Different scholars 

observe that, when irradiance is low, the efficiency and performance of the PV modules, which 
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are dependent on the technology of each PV system, decrease. The solar irradiance effect was 

studied using an outdoor evaluation technique. Values of temperature at Standard Test Condition 

(STC) were calculated at a gain cell using the manufacturer’s temperature coefficients. I-V curves 

were obtained and used to determine the efficiency of the modules. The efficiency of the modules 

obtained from the I-V curves at each value of irradiance level was evaluated and compared [40]. 

2.4 Thermal Effects  

It has been noted that PV modules that are installed in warm climates have module temperatures 

above 25 ℃ [41], and this results in a reduction in the efficiency of the PV system. Temperature 

coefficients measured by manufacturers using indoor laboratory techniques are the only 

parameters which describe the electrical characteristics of a PV module with the operating 

temperature [42]. At controlled STC irradiance, the I-V curves of the device are obtained. The 

differences in either the voltage, current or power of the module are dependent on temperature [43]. 

PV modules operate under varying conditions, including temperature and irradiance. As 

temperature increases, the efficiency of PV modules tends to decrease due to increased losses (like 

increased Rs) and reduced open-circuit voltage. Irradiance affects the overall power output of PV 

modules. Higher irradiance leads to higher power generation. 

2.5 PV Degradation  

Photovoltaic modules at the time of installation perform optimally, but due to changes in the 

climate and other factors, their performance gradually deteriorates throughout the years [19]. The 

degradation of the modules results from the ageing of the material, which leads to performance 

loss, loss due to corrosion of the contacts, which results from water vapour ingress, failure 

mechanisms of the cell, weakening of the materials used for packaging, breakage of interconnects, 

cell cracking, manufacturing defects, bypass diode and encapsulant failures, and then delamination 

[44]. Despite being considered reliable devices, PV modules can experience failures and extreme 

degradations. Degradation mechanisms include: Light-induced degradation (LID), which is a 

reversible effect observed in certain types of solar cells, where initial exposure to light reduces 

efficiency. Potential-induced degradation (PID), a Voltage stress that can lead to performance 

degradation [45]. Mechanical stress: Thermal cycling, wind, and other environmental factors can 

cause microcracks or delamination. Exposure to moisture and harsh environments can lead to 
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corrosion of cell components. Non-uniform illumination can cause localized heating and damage 

called a hot spot [46]. Understanding these failure modes helps improve module design and 

reliability. 

2.6  PV Module Faults and Failures  

Photovoltaic (PV) modules are often not free from defects and therefore require regular monitoring 

to ensure optimal performance. Crystalline silicon PV modules typically exhibit a power 

degradation rate of approximately 0.8% per year [17]. Faults in PV modules can be broadly 

categorized into early failures, intrinsic or random failures, and deterioration over time. Early 

failures usually occur during the initial stages of installation and operation, whereas intrinsic 

failures and deterioration develop as the modules are exposed to real-world environmental 

conditions. 

One common factor affecting PV performance is the accumulation of particles on the module 

surface. These deposits interfere with illumination by attenuating and scattering incoming light, 

significantly reducing the module’s efficiency [47]. The extent of this interference depends on the 

particles’ composition, density, and size [48]. Such contamination accelerates degradation and 

ultimately shortens the module’s service life. 

Several components of PV modules are particularly prone to failure. These include the junction 

box, glass cover, cell interconnections, and instances of delamination [44]. The durability of 

junction boxes and glass frames remains a significant concern [49]. Inadequate design of junction 

boxes can allow moisture ingress, leading to corrosion of interconnects and failures in wiring or 

soldering issues that often result in internal arcing. 

Studies indicate that approximately 2% of PV modules fail to meet manufacturer warranty 

standards after some time in the field. These failures can be attributed to a combination of factors, 

including manufacturing defects (e.g., faulty interconnections), poor transportation and handling, 

incorrect installation, and adverse environmental conditions, all considered major causes of 

extrinsic failure [12]. Over time, such defects can cause overheating, which in turn leads to cracks 

and hotspots, further diminishing performance and raising electrical safety concerns [49]. 

Additionally, there are other less common defects that are difficult to categorize, making diagnosis 

and classification more challenging. 
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Transportation-related issues, such as shocks and vibrations, can result in glass breakage and 

lamination damage [50]. However, many of these failures are not visually apparent and cannot be 

easily detected through standard power output measurements. To identify such hidden defects, I-

V (current-voltage) characterization techniques using plotted curves are often employed [51]. 

2.7 PV Modules Current – Voltage Characteristics  

The current-voltage (I-V) characteristic of a photovoltaic (PV) module describes the relationship 

between the current output and its voltage output under various conditions [52]. The open-circuit 

voltage, 𝑉𝑂𝐶 is the maximum voltage that can be measured across the PV module when it is not 

connected to any load or circuit [53]. 𝑉𝑂𝐶 is typically measured at a temperature of 25 °C (77 °F) 

and a solar irradiance of 1,000 W/m² [53]. At the same time, the short-circuit current 𝐼𝑆𝐶 is the 

maximum current that can be drawn from the PV module when it is short-circuited, meaning there 

is zero resistance between the positive and negative terminals. 𝐼𝑆𝐶 is also measured at a temperature 

of 25 °C (77°F) and a solar irradiance of 1,000 W/m² [54]. 

The I-V curve typically has three regions; one of which is the knee region where the current 

increases rapidly as the voltage decreases, indicating that the module is operating in a high- 

efficiency region [55], saturation region where, the current approaches its maximum value 𝐼𝑆𝐶 as 

the voltage approaches zero, indicating that the module is operating at maximum power point [56] 

and the reverse bias region where the current decreases rapidly as the voltage increases, indicating 

that the module is operating in a low-efficiency region [56]. 

On the I-V curve, the Maximum Power Point (MPP) is a point where the power output of the PV 

module is maximum[57]. Fill factor (FF), on the other hand, measures how well the PV module 

approaches its maximum power point under standard test conditions [58]. At the same time, open-

circuit voltage drop shows the difference between 𝑉𝑂𝐶 and 𝑉𝑚𝑝p, which represents the voltage drop 

across internal resistance [53]. However, current–voltage (I-V) characteristics in PV modules may 

be determined by temperature, irradiance, shading, cell quality and technology, taking, for 

instance, increasing temperature in PV modules reduces 𝑉𝑂𝐶 and increases 𝐼𝑆𝐶, increasing 

irradiance increases 𝑉𝑂𝐶 and 𝐼𝑆𝐶, shading reduces 𝑉𝑂𝐶 and 𝐼𝑆𝐶, while different cell technologies and 

qualities can affect I-V characterization [53]. 

The current-voltage characteristics of the PV modules are simply the I-V curve of a p-n junction 
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(solar in darkness) superposed [59]. Even in the dark, a small electric current is generated in a solar 

cell, that is, when no photons are directed onto the device. The cell would be acting like a simple 

diode, with the I-V curve described by Equation (2.13) [60]. 

          (2.13) 

where I0 is the reverse saturation current, k is the Boltzmann constant, the junction temperature is 

T, and n is the ideality factor, which depends on the type of semiconductor used, and usually takes 

on a value of 1 or 2. When light strikes the module, there is an increase in power generated [61], 

and the I-V curve shifts away from the origin at the same time. The greater the light intensity, the 

greater the shift away from the origin. This can be attributed to the random generation of electrons 

and holes within the depletion region of the device, which are immediately swept away by the built-

in electric field. A photon-generated current IL results in opposition to the dark current ID, Figure 

2.7. 

 

Figure 2.7: Current production in a solar module [62]. 

The open circle represents holes, and the shaded circles represent electrons. At this state, the I-V 

characteristics are governed by the modified diode Equation (2.14) [36]. 

        (2.14)  

According to Sze [63], the current source parallel to the diode is the constant equivalent circuit as 
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shown in Figure 2.8. I is the photogenerated current and ID, the dark current of the solar cell. 

 

Figure 2.8: Single diode equivalent circuit of an ideal solar cell [64]. 

However, the double-exponential model better describes the current-voltage characteristics of the 

PV modules [33]. 

    (2.15) 

where 𝐼01 and 𝑛1 are the pre-exponential constants and ideality factor resulting from the 

recombination in quasi-neutral (or bulk) regions respectively, 𝐼02, 𝑛2 result from the rearrangement 

in the space charge (or the depletion) region of the cell, 𝐼𝑝ℎ is the photo generated current, I0 the 

reverse saturation current, 𝑉𝑗 the voltage developed or dropped across the junction, n is the ideality 

factor, k is the Boltzmann constant, T the temperature of the cell and 𝑉𝑓 is the terminal voltage, 

series and shunt resistance are Rs and 𝑅𝑠ℎ,  respectively. 
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CHAPTER THREE: RESEARCH METHODOLOGY 

3.0 Introduction  

This chapter explains the research design, visual inspection procedure, determination of the 

module maximum power output, efficiency and comparison of the experimentally measured 

module efficiency with the manufacturer’s module efficiency, giving the effect of the different 

parameters on the efficiency of the modules. Data were collected from PV Modules installed in 

selected rural secondary schools in Northern and Eastern Uganda. 

3.1 Research Design  

This study involved an experimental method of data collection and quantitative statistical analysis 

of data obtained using the FTV200 I-V tracer on two polycrystalline photovoltaic modules in a 

string, Figure 3.1, each of 110 W. The two modules are in parallel in each string installed in a 

school, which were labelled A and B before washing and 𝐴𝑤 and 𝐵𝑤 after washing. Each string 

was labelled AB before washing and 𝐴𝐵𝑤 after washing. These modules were installed in 2013, 

eleven years old by 2024 [11]. 

 

Figure 3.1: General arrangements of modules in a string. 

The manufacturer’s performance parameters are presented in Table 3.1. 
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Table 3. 1: A summary of manufacturer’s module performance parameters.   

Parameters Specification Units 

Open circuit voltage 21.77 V 

Short circuit current 6.52 A 

Current at maximum power 6.09 A 

Voltage at maximum power 18.05 V 

Maximum power 110 W 

 

3.1. Visual Inspection Procedure 

Visual inspection was done on each polycrystalline PV module in a string installed on top of the 

roof in each of the selected secondary schools in line with the International Electrotechnical 

Commission (IEC) guidelines. The International Electrotechnical Commission (IEC) develops and 

publishes IEC standards, which are based on a global consensus  [65]. These standards cover 

various aspects related to electrical and electronic products, including electrical safety, labelling, 

performance, and test methods [66]. It provides instructions, guidelines, rules, or definitions that 

are used to design, manufacture, install, test, certify, maintain, and repair electrical and electronic 

devices and systems [67]. This guide was used to inspect PV modules at Orungo High School, 

Adwari SS, Akii Bua Comprehensive SS and Katine Secondary Schools. 

3.3 Determination of the Module Maximum Power using the Current-Voltage 

Characterization Technique  

3.3.1 Measurement of Short Circuit Current and Open Circuit Voltage 

FTV200 I-V Tracer in Figure 3.2 and schematic diagram Figure 3.3 were used in the 

measurement of short circuit current and open circuit voltage. 
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Figure 3:2: Schematic diagram for the experimental set-up. 

 

Figure 3.3: I-V Tracer connected to the modules at Orungo High School. 

The pyranometer connected to the I-V Tracer was used to measure solar irradiance, and the 

thermocouple connected and placed at the back of the module, as shown in Figure 3.3, to measure 
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the module temperature during the experiment. Solar radiation was measured simultaneously with 

the I-V characteristics of the PV module, already inclined to ensure maximum exposure to the 

solar radiation. 

The modules were connected in parallel to obtain the maximum yield of current according to the 

number of modules in a string. Using the I-V tracer, the respective parameters of the modules and 

strings were measured, recorded and used to extract the I-V curves. 

Measurements were done for individual modules and strings before and after cleaning the modules. 

The modules were washed with clean water using a sponge to remove dust and debris accumulated 

on the modules, which might reduce the insolation absorbed by the solar cell [67]. Values of open-

circuit voltage (Voc) and short-circuit current (𝐼𝑠𝑐) were extracted from the I-V curve and data 

processed using the FTV200 I-V tracer software and data analysed using Excel and Origin 6.0. 

3.3.2 Normalization of 𝑽𝒐𝒄 and 𝑰𝒔𝒄 Obtained  

The values of open circuit voltage obtained were normalized since it is dependent on measured 

Temperature, Tm and measured Solar irradiance, Gm [68]. Normalization of the experimental data 

to STC considers the impact of varying solar irradiance levels on the temperature of the PV 

module. The incident irradiance, Gm, determines the short circuit current while both the irradiance 

and module temperature determine the open circuit voltage, Voc [69]. 

The Equation (3.1) developed using multiple linear regressions was used to correct the module 

current and voltage to STC: 

 )()(;; mrmrmocroc GGbTTVV −+−+=                  (3.1)  

where Tr is the reference temperature, Tm is the measured temperature, Voc, r is the module open 

circuit voltage corrected to STC, Voc;m is the measured open circuit voltage, α - temperature 

coefficient of the module and b - isolation coefficient (Vm2 W−1). 
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=                 (3.2)  

where V is the module voltage corrected to STC, Vm is the measured module voltage. Values of 
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current obtained will be normalized using Equation (3.3): 

)(
m

r
m

G

G
II =                    (3.3)  

Where I is the current of the module corrected to STC, Im is the measured module current, Gm is 

the measured solar irradiance, and Gr is the reference solar irradiance. Average values of 

normalized voltage and current were obtained. Values of maximum power, 𝑃𝑚𝑎𝑥 were calculated 

by getting the product of current at maximum power and voltage at maximum power. I-V and P-

V curves were plotted and analysed using Origin 6.0 software. Values of open circuit voltage, 

short circuit current and maximum electrical power, 𝑃𝑚𝑎𝑥 dissipated by the modules were obtained 

from the graph using Equation (3.4); 

           𝑃𝑚𝑎𝑥 = 𝐼𝑚𝑝 x 𝑉𝑚𝑝             (3.4) 

3.3 Determination of conversion efficiency  

Efficiencies η of the PV modules were calculated using Equation (3.5). 

%100max 


=
GA

P
         (3.5) 

where Pm a x  is the maximum power obtained from the I-V curve of the PV module. 

A is the area of the PV module. The length and width of the PV module were 

measured, and its area A was calculated (appendix 1). G is the solar irradiance, which 

is power per unit area received from the sun and has a standard value of 1000 W/m2. 

The efficiency, η, of the PV modules was then calculated as shown in Appendix 1. 

The extracted electrical module conversion efficiencies of the modules and visual inspection 

results were statistically compared with those of the manufacturer to assess the functionality of 

the modules. 
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3.4 Data analysis 

 FTV200 I-V Tracer and Origin software were used in the analysis of PV module performance. 

The FTV200 I-V Tracer was employed to extract data of electrical performance parameters, 

specifically the short-circuit current (Isc), open-circuit voltage (Voc), irradiance and temperature 

before and after washing of the modules across the four selected schools. The I-V Tracer extracts 

data at OPC and normalizes it to STC. The formula of efficiency in subsection (3.4) was used to 

calculate the efficiency of each module after measuring and recording the cross-sectional area, A, 

of the module. Origin software was then used for graphical analysis. 
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CHAPTER FOUR: RESULTS AND DISCUSSION 

4.0  Introduction  

This chapter presents the results obtained from the visual inspection using the International 

Electrotechnical Commission guidelines, determination of the module maximum power using the 

current-voltage characterization technique, determination of the efficiencies of the modules and 

comparison of the module efficiencies with the manufacturer’s module efficiency. 

4.1 Visual Inspection using the International Electrotechnical Commission (IEC) 

Guidelines  

A checklist for PV modules, as developed by the International Electrotechnical Commission (IEC), 

Appendix II was used. Visual Inspection results for PV module A installed at Akii Bua 

Comprehensive Secondary School, Adwari Secondary School, Katine Secondary School and 

Orungo High School are presented in Table 4.1. 

Table 4.1: Visual inspection results for PV module A. 

   Defect Present? 

Component Defect Schools No Yes Defects Present  

1. Label 
1.1.Missing  

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

1.2.Poorly attached  Akii Bua ✓    

Adwari ✓    

Katine ✓    
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Orungo ✓    

1.3. Information is missing Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

1.4. Incorrect spelling Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

2. Back Sheet 
2.1.Burn makes 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

2.2.Discolouration Akii Bua  ✓  Discolouration 

Adwari ✓    

Katine  ✓  Discolouration 

Orungo ✓    

3. Junction Box 
3.1.Faulty electrical 

connection 
Akii Bua ✓    

Adwari ✓    
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Katine ✓    

Orungo ✓    

3.2.Cracks/breaks/gaps in 

housing  

Akii Bua ✓    

Adwari ✓    

Katine  ✓    

Orungo ✓    

3.3. Sealant Failure Akii Bua ✓    

Adwari ✓    

Katine  ✓  Green leakage 

Orungo ✓    

3.4.Electrical polarity not 

indicated 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

4. Wiring  
4.1.Cracks or exposed metal 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

5. Frame 
5.1.Damaged 

Akii Bua ✓    
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Adwari ✓    

Katine ✓    

Orungo ✓    

 5.2. Adhesive/sealant failure Akii Bua ✓    

Adwari ✓    

Katine  ✓  Adhesive sealant 

failure 

Orungo ✓    

6. Front Glass 
6.1.Cracks 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

 6.2.Scratches  Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

7. Encapsulation 
7.1.Discoloration 

Akii Bua  ✓  Discoloured  

Adwari ✓    

Katine  ✓  Discoloured  

Orungo ✓    
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8. Cells  8.2. Snail trails Akii Bua  ✓  Snail trail 

Adwari ✓    

Katine ✓    

Orungo ✓    

8.3. Shiny 

locally/inconsistent colour 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

9. Cell 

Metallization 

9.1.Fingers not connected to 

the bus bar 
Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo  ✓    

9.2.Not the same pattern on 

all cells 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

9.3.Fingers off the edge of 

the corner of the cells 

Akii Bua ✓    

Adwari ✓    

Katine ✓    
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Orungo ✓    

10. Cell 

Interconnection 

10.1. Interconnection is 

discontinuous  
Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

10.2. Poorly aligned and/or 

soldered  

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo  ✓    

 

A checklist for visual inspection results for modules B installed at Akii Bua Comprehensive 

Secondary School, Adwari Secondary School, Katine Secondary School and Orungo High School 

is presented in Table 4.2. 
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Table 4.2: Visual Inspection results for PV modules B 

   Defect Present? 

Component Defect Schools  No Yes Defects Present  

11. Label 
11.1. Missing  

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

11.2. Poorly attached  Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

11.3.  Information is 

missing 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

11.4. Incorrect spelling Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    
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12. Back Sheet Burn makes Akii Bua  ✓   

Adwari  ✓  Burn marks on 

diode with rust on 

cover 

Katine ✓    

Orungo ✓    

12.1. Discolouration Akii Bua  ✓  Discolouration 

Adwari ✓    

Katine  ✓  Discolouration  

Orungo ✓    

13. Junction Box 
13.1. Faulty electrical 

connection 
Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

13.2. Cracks/breaks/gaps in 

housing  

Akii Bua ✓    

Adwari ✓    

Katine   ✓  Gaps left in the 

housing 

Orungo ✓    

13.3.  Sealant Failure Akii Bua ✓    

Adwari ✓    
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Katine  ✓  Sealant failure 

and green leakage 

Orungo ✓    

13.4. Electrical polarity not 

indicated 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

14. Wiring  
14.1. Cracks or exposed 

metal 
Akii Bua ✓    

Adwari  ✓  Cracks on metal 

Katine  ✓  Cracks 

Orungo ✓    

15. Frame 
15.1. Damaged 

Akii Bua ✓    

Adwari  ✓  Black spot 

Katine ✓    

Orungo ✓    

 15.2.  Adhesive/sealant 

failure 

Akii Bua ✓    

Adwari ✓    

Katine  ✓  Adhesive sealant 

failure 

Orungo ✓    
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16. Front Glass 
16.1. Cracks 

Akii Bua  ✓  Cracks 

Adwari ✓    

Katine  ✓  Cracks 

Orungo ✓    

16.2. Scratches  Akii Bua ✓    

Adwari  ✓  Scratches  

Orungo ✓    

Katine ✓    

17. Encapsulation 
17.1. Discoloration 

Akii Bua  ✓  Discoloured 

Adwari  ✓  Discoloured 

Katine ✓    

Orungo ✓    

18. Cells  18.1. Snail trails Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

8.3. Shiny 

locally/inconsistent colour 

Akii Bua ✓    

Adwari ✓    

Katine ✓    
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Orungo ✓    

19. Cell 

Metallization 

19.1. Fingers not connected 

to bus bar 
Akii Bua ✓    

Adwari ✓    

Katine  ✓  Disconnected 

fingers 

Orungo  ✓    

19.2. Not the same pattern 

on all cells 

Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

19.3. Fingers off the edge 

of corner of the cells 

Akii Bua ✓    

Adwari ✓    

Katine  ✓  Fingers off at the 

corner of a cell 

Orungo ✓    

20. Cell 

Interconnection 

20.1. Interconnection is 

discontinuous  
Akii Bua ✓    

Adwari ✓    

Katine ✓    

Orungo ✓    

Akii Bua ✓    
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20.2. Poorly aligned and/or 

soldered  

Adwari ✓    

Katine ✓    

Orungo  ✓    

 

4.1.1 Inspection results of the PV modules at Orungo High School 

Visual inspection for module A at Orungo High School is presented in Table 4.1. Module A had 

dust and debris accumulated on it. Discolouration was present on the cell encapsulation of the 

module at Orungo High School. Accumulation of dust and debris results in shading of the modules, 

hence affecting the maximum power output of the module. Visual inspection results for module B 

at Orungo High School, presented in Table 4.2, showed no physical defect except the presence of 

Bird droppings, as in Figure 4.1, with a lot of dust and debris accumulated.   

Figure 4.1: Bird dropping on the module B Orungo SS. 

Accumulation of dust and debris results in physical shading of the module, and this affects 

the functionality of the module [70]. 

4.1.2 Visual Inspection of the PV modules at Adwari SS 

Visual inspection results for module A at Adwari Secondary School, presented in Table 4.1, 

revealed that module A had a snail trail with dust accumulated and scratches on its surface. The 
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presence of these factors reduces light transmission and creates localized hotspots. These hotspots 

lead to energy loss and may affect the overall module efficiency. While visual inspection results 

for module B at Adwari Secondary School, presented in Table 4.2, indicate that the back sheet of 

module B at Adwari Secondary School had burn marks as shown in Figure 4.2. 

 

Figure 4.2: A short-circuited diode at Adwari Secondary School. 

The burn marks could be due to electrical faults within the solar module that could have resulted 

in abnormal levels of current flow, causing localized heating (hotspots) [46], blackened spots, and 

snail trails as observed in Figure 4.3 and excessive heat built up in the solar module due to 

environmental factors like high temperatures or inadequate heat dissipation. 

 

 

 

Burn Marks  
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Lines o f  water 

flow 

Figure 4.3: Module at Adwari SS with a black spot and snail trail. 

It is important to note that burn marks on the back sheet of a solar module remain a typical sign of 

damage or malfunction and degradation [70], which should always be inspected and resolved 

promptly for optimal performance and safety [71]. The back sheets and the encapsulant of PV 

modules are not perfectly air-tight and are therefore susceptible to diffusion of gases and moisture 

[72]. Figure 4.4 at Adwari Secondary School shows modules A and B with lines of water ingression. 

 

 

 

 

  

   

 

Figure 4.4: Cracks and water ingression on the module at Adwari Secondary School. 

Snail Trail 

Cracks 
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This particular finding is in line with the literature review in section 2.4 (Module faults and 

failures). Climatic conditions of the place, the age of the modules, and the materials or the module 

technology used could be other factors to consider [73]. Figure 4.4 shows moisture ingress with 

discolourisation, lines of water flow, cracks, and scratches, all of which negatively impact the 

functionality of the modules. Discoloration on encapsulants can lead to lower energy output due 

to reduced light transmission. It may cause localized hotspots on the module surface, which can 

further impair performance and potentially damage the module. The diode cover in Figure 4.5 at 

Adwari SS was filled with brownish powdered rust or corroded materials, probably produced due 

to overheating. 

 

Figure 4.5: Diode cover corroded at Adwari Secondary School. 

In a solar cell circuit, the diode is typically connected in a reverse bias configuration to prevent 

any reverse current flow. It can act as a protection mechanism, blocking the current from flowing 

back into the solar cell when it is not receiving sunlight. When the diode becomes destroyed, as 

shown in Figure 4.5, it becomes an open circuit with no current flowing through the diode or the 

solar cell. This could be the reason why module B did not give any power output. 

4.1.3 Visual Inspection of PV modules at Akii Bua Comprehensive Secondary School  

Visual inspection results at Akii Bua Comprehensive Secondary School showed similar defects in 

both module A and B, as indicated in both Table 4.1 and 4.2. Results carried out on PV modules 

installed at Akii Bua Comprehensive Secondary School revealed that no maintenance schedules 

for the PV modules were done. This is evidenced by Figure 4.6, where birds have built their nests 

under both modules [74], and a  very thick layer of dust existed on the modules, bird droppings 
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and other debris on both modules, resulting in energy yield loss [75]. 

Figure 4.6: Bird’s nest under the modules at Akii Bua Comprehensive Secondary School. 

The nests and debris can act as an insulating layer [76], trapping heat under the PV module. This 

heat buildup can increase the operating temperature of the solar cells, reducing their efficiency and 

potentially causing damage over time [77]. Nests and other materials can also introduce additional 

weight and pressure on the solar module, potentially leading to damage to the diodes or other 

components within the module. Damage to the diodes can disrupt the flow of electricity and 

negatively impact the overall power generation of the module [78]. 

In some cases, the bird’s nest and accumulation of dry organic substances can cause fire hazards to 

the module, especially if the modules are made of flammable materials [78]. This can increase the 

risk of fire, which can damage the diodes and other components, leading to a complete loss of power 

generation. At Akii Bua Comprehensive Secondary School, the modules are shaded as early as 

10:00 am. This is because big trees surrounded the house where the modules are installed. This 

phenomenon results in variations in the amount of irradiance, hence creating an instant reduction 

in the values of 𝐼𝑆𝐶 and 𝑉𝑂𝐶. 

4.1.4 Visual Inspection of PV modules at Katine SS 

Visual inspection results for modules A and B at Katine Secondary School have been presented in 

Table 4.1 and Table 4.2.  A module at Katine Secondary School with a hot spot and Snail trails is  
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shown in Figure 4.7. 

 

 

Figure 4.7: Module with hot spot and snail trail at Katine SS. 

A module at Katine Secondary School in Figure 4.8 with broken sealant, Lines of water flow and 

brown colouration. 

 

 

 

 

 

 

 

Figure 4.8: A Module with sealant failure at Katine Secondary School. 

At Katine Secondary School, Sealant Failures were observed on the modules as shown in Figure 4.8. 

This could be due to mechanical stress like wind loads or thermal expansion, moisture ingress, and 

Snail trail 

Brown colouration 

Line of water flow 

Broken sealant 
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contraction, since these modules are installed in a very hot part of Northern and Eastern Uganda. 

It could also be due to the manufacturing defects, like improper mixing of the sealant components 

or inconsistencies in the sealing process. Gaps were left at the metal sealant, which, over a period 

of time, caused water ingression, leading to short circuiting of the cells, hence leakage of the 

greenish substances on the modules installed at Katine Secondary School, Eastern Uganda, as in 

Figure 4.9. 

 

 

Figure 4.9: Module with greenish leakage at Katine Secondary School. 

Water contains minerals and impurities that can lead to corrosion of the metal components in the 

solar module. This can affect the electrical connections and structural integrity of the module, 

leading to decreased performance and potential failures. If there is a difference in electrical 

potential between the solar cell and the frame of the module, it can result in a green leakage as 

shown in Figure 4.9 [67]. This green leakage is usually brought about by potential induced 

degradation (PID), which occurs when there is an electrical potential difference between the solar 

cell and other conductive elements, according to [79], within the module. A high level of moisture 

exacerbates the effects of PID [80] [81]. When water infiltrates the module, it can carry ions that 

enhance the leakage current, leading to increased green leakage [82]. The green leakage forms an 

unintended electrical pathway, diverting current away from the intended circuitry, which leads to 

power loss, reducing the overall efficiency of the solar module. Several factors can lead to 

significant degradation between the solar cells and the PV module frame due to electrochemical 

Green leakage 
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interactions [83]. Moisture ingress in PV modules is also the leading cause of encapsulant failures, 

as it can cause delamination and metal discolourisation [84]. In a solar PV system, multiple solar 

modules are connected in series or parallel [85] to generate electricity. Each solar module consists 

of multiple interconnected solar cells. These solar cells may have slight variations in their electrical 

characteristics, such as their current output. When solar modules with different current outputs are 

connected together, it can result in a current mismatch. This means that the total current produced 

by the solar modules is limited to the current of the weakest module or the module with the lowest 

current output [86]. This is because the component with the lowest resistance constrains the current 

flow in a series circuit. Current mismatch in a solar PV system can lead to a decrease in the overall 

system’s efficiency and power output. It can also cause a phenomenon known as "hotspot," where 

excessive heat is generated in the weaker solar module due to the mismatched current flow which 

is clearly shown in Figure 4.7. This can potentially damage the module or reduce its efficiency and 

lifespan. The encapsulation of both modules was discoloured brown with cracks on the modules and 

some fingers disconnected especially on module B. This would account for the lower values of 𝐼𝑆𝐶 

and 𝑉𝑂𝐶 of module B as evidenced in Table 4.3. Most of the modules installed at Katine SS were 

also abandoned on the roof with most of the accessories not functional. 
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4.2 Determination of the Module Maximum power using the current-voltage 

characterization technique  

In order to determine the maximum power of the modules, I-V curves were extracted using the I-V 

tracer. 

4.2.1 PV module I-V curves 

The PV module I-V curves are presented in Figures 4.10, 4.11, and 4.12. In the Figures, A stands 

for module A before washing, and Aw stands for module A after washing. 

 

Figure 4.10: I-V curves for module A. 

As discussed in Chapter 2, subsection 2.3.1, short circuit current depends linearly on light intensity 

[16]. In contrast, open circuit voltage depends on saturation current, as also discussed in 

subsections 2.2.1 and 2.2.2 of the literature review. Therefore, data from Figure 4.10 shows that 

washing generally improves the performance of PV modules, as revealed by variations in short-

circuit current (𝐼𝑆 ) and open-circuit voltage (𝑉𝑂𝐶). 

The study revealed that, at Katine SS, module A 𝐼𝑆𝐶 before and after washing remained constant at 

very low values of 2.24 A as well as its 𝑉𝑂𝐶 19.07 V. The low but constant values of 𝐼𝑆𝐶 and 𝑉𝑂𝐶 

for Module A could have been attributed to several factors, including temperature [87], bypass diode 

failures, hotspots, and shaded cells [88]. Bypass diodes prevent excessive voltage drop across shaded 

or faulty cells and allow current to bypass shaded or defective cells, preventing significant drops in 
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overall current while maintaining overall Voc. Due to solder fatigue [89], 𝑉𝑂𝐶 may also decrease 

slightly due to aging and remain within acceptable limits. Modules at Orungo HS showed the highest 

increase in 𝐼𝑆𝐶 and 𝑉𝑂𝐶for both modules (A 𝐼𝑆𝐶 4.51 A, Aw 𝐼𝑆𝐶 5.54 A) and (A 𝑉𝑂𝐶, 19.64 V and 

Aw 𝑉𝑂𝐶 20.21 V). Adwari SS demonstrated an increase in 𝐼𝑆𝐶 from A 𝐼𝑆𝐶: 3.41 A to Aw 𝐼𝑆𝐶: 3.73 A 

with no change in 𝑉𝑂𝐶 19.64 V, indicating some performance enhancement after washing the 

module. This slight increase in 𝐼𝑆𝐶 indicates defects on the module. Module A at Adwari SS had snail 

trails, cracks, a hotspot as shown in Figure 4.7, and dust accumulation. Its bypass diodes allowed 

current to bypass shaded or defective cells, preventing significant drops in the overall current 

[90]. 

However, the PV module at Akii Bua Comprehensive School exhibited a decrease in 𝐼𝑆𝐶 for module 

A from 3.49 A before washing to 0.60 A after washing, with a reduction in 𝑉𝑂𝐶 from 19.36 V to 18.78 

V. 

The I-V curves for module B in the four selected schools are shown in Figure 4.11. B stands for 

module B before washing, and Bw stands for module B after washing. 

Figure 4.11: I-V curves for module B. 

From Figure 4.11, Katine Secondary School module B 𝐼𝑆𝐶 increased significantly from 2.63 A before 

washing to 3.0 A after washing, module B at Katine Secondary School before washing, gave the 

lowest 𝑉𝑂𝐶 because its modules had soiling, cracks and breakage [89], a lot of water ingress which 

caused Light-Induced Degradation (LID) [89] and Potential-Induced Degradation (PID) [69] 
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evidenced by the green leakage and general delamination and discoloration [89] of the metal casing 

with sealant failures and corrosion [89] according to visual inspection results for module A and B at 

Katine Secondary School presented in Table 4.1 and Table 4.2. However, after washing, its 𝑉𝑂𝐶 

value increased from 18.74 V to 19.80 V. This could be due to the removal of the dust and debris that 

had shaded the module from maximum irradiance. Module B at Orungo HS showed the highest 

increase in 𝐼𝑆𝐶 and 𝑉𝑂𝐶 (B𝐼𝑆𝐶 4.52 𝐴, Bw, 𝐼𝑆 , 5.20 A) and (B 𝑉𝑂𝐶 19.64 V, Bw 𝑉𝑂𝐶 19.36 V), 

indicating improved performance post-washing. At Akii Bua Comprehensive Secondary School, 

module B showed slight improvements in 𝐼𝑆𝐶 (Bw 𝐼𝑆𝐶 0.57 A) with a lower 𝑉𝑂𝐶 of 18.78 V since 

its modules were covered with thick dust, birds had built their nests under it, causing overheating 

under the modules. Further findings revealed that the PV modules installed at Akii Bua 

Comprehensive Secondary School are typically always shaded before midday, resulting in variations 

in the amount of irradiance, hence creating an instant reduction in the values of 𝐼𝑆𝐶 and 𝑉𝑂𝐶. Adwari 

Secondary School, however, had burn marks at its back, diode failures evidenced by rusts formed on 

the diode cover as shown in Figure 4.5. The module had a black spot, which indicated failure in the 

normal functioning of the cells. Module B, therefore, did not indicate any measurement of both short 

circuit current and open circuit voltage. Figure 4.12 shows the I-V curves for string AB in the four 

selected schools. AB stands for string AB before washing, and ABw stands for string AB after 

washing. 

 

Figure 4.12: I-V curves for strings AB. 
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Katine Secondary School string AB showed a slight increase in 𝐼𝑆𝐶 from 5.37 A before washing to 

5.39 A after washing, with an increase in 𝑉𝑂𝐶 from 18.79 V before washing to 20.70 V after washing. 

Akii Bua Comprehensive SS Bw 𝐼𝑆𝐶0.60 A) and 𝑉𝑂𝐶 (𝐵𝑉𝑂𝐶 18.78 V, Bw𝑉𝑂𝐶 19.36V) string had 

a constant short circuit current with an increase in the open circuit voltage after washing from 19.08 

V to 19.92 V. Table 4.3 is the summary of the ISC and VOC of each module in a school before and 

after washing. 

4.2.2 Power – Voltage Curves 

The power obtained from the I-V curves was plotted against module voltages as shown in Figures 

4.13, 4.14 and 4.15. The maximum power was then extracted from the PV curves. 

Figure 4.13: P-V curves for module A in the selected schools. 
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Figure 4.14: P-V curves for module B. 

The P-V curves for strings AB in the selected secondary schools. AB are strings before washing, and 

ABw are strings after washing Figure 4.15. 

 

  , 

 

 

 

 

Figure 4.15: P-V curves for strings AB. 

The summary of maximum power, irradiance, and temperatures of the PV modules before and 

after washing is shown in Table 4.4. 
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Table 4.3: A Summary of Pmax, irradiance, and temperature for the PV modules before and after 

washing  

School Pmax/Irradiance Module 

A 

Module 

B 

String 

AB 

Module 

Aw 

Module 

Bw 

String 

ABw 

Orungo High 

School 

Pmax 37.49 35.82 39.77 57.52 54.51 61.88 

Irradiance 1101.4 1076.33 1089.60 1270 1269.45 795.57 

Temp 25.00 38.92 39.74 31.13 35.96 32.35 

Katine SS Pmax 21.84 8.64 22.37 34.60 20.80 40.04 

Irradiance  761.07 708.38 685.06 1099.76 1112.07 608.44 

Temp 34.19 35.42 35.19 34.35 33.89 31.64 

Akii Bua 

Comp Sch 

Pmax 4.60 5.73 34.71 18.74 5.86 34.71 

Irradiance  933.97 979.94 959.21 933.97 1070.91 1077.23 

Temp 36.85 38.72 38.72 36.09 32.89 33.59 

Adwari SS Pmax 35.84 - - 36.10 - 36.71 

Irradiance 933.97 - - 1025.69 - - 

Temp 32.28 - - 34.40 - - 

        

 

The maximum power obtained was analysed as shown in Figures 4.16, 4.17 and 4.18.
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Figure 4.16: Maximum power of modules A before and after washing. 

In Figure 4.16, OA represents Orungo High School module A before washing, OAw after washing, 

KA represents Katine SS module A before washing, KAw after washing, AKA represents Akii Bua 

Comprehensive SS module A before washing, AKAw after washing, and ADA represents Adwari 

SS module A before washing and ADAw after washing. 

The results revealed that washing the modules increases the module power output. This is because 

some physical particles which had accumulated on the modules were washed away by water, hence 

more irradiance could reach the module cells and generate power. The increment was more 

pronounced at module A installed at Akii Bua Comprehensive SS (73.7%), followed by Katine S.S 

(37.1%), Orungo High School (34.8%), and Adwari S.S (1.4%).  
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Figure 4.17: Module B of different schools. 

In Figure 4.17, OB represents Orungo High School module B before washing, OBw after washing, 

KB represents Katine SS module B before washing, KBw after washing, AKB represents Akii Bua 

Comprehensive SS module B before washing, AKBw after washing, and ADB represents Adwari SS 

module B before washing and ADBw after washing. 

The results indicated that washing the modules increases the module power output. The increment 

was more pronounced at Katine SS (57.1%), followed by Orungo High School (33.3%), Akii Bua 

Comprehensive SS (5.9%), while module B at Adwari SS didn’t give any power output. The inability 

to generate power by module B at Adwari SS could be attributed to the current limiting features like 

cracks, black spots, diode failure, and snail trails, which were detected on the module by visual 

inspection. 
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Figure 4.18: Maximum power of the module strings AB before and after washing. 

In Figure 4.18, OAB represents Orungo High School module string AB before washing, OABw after 

washing, KAB represents Katine SS module string AB before washing, KABw after washing, AKAB 

represents Akii Bua Comprehensive SS module string AB before washing, AKABw after washing 

and ADAB represents Adwari SS module string AB before washing and ADABw after washing. 

The results showed that, for Orungo High School and Katine SS, washing the modules increases the 

module power output. The increment was more pronounced at Katine S.S (43.8%) than at Orungo 

S.S (36%). However, there was no increment in power output at Akii Bua Comprehensive SS, while 

the module string at Adwari SS could only give power after washing. 

4.3 Determination of Conversion Efficiencies of the modules  

The efficiencies of the PV modules were calculated as indicated in Appendix 1, and the results 

tabulated as shown in Table 4.4.  
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Table 4.4: Efficiencies of Modules and Strings at the different schools  

School A B AB Aw Bw ABw 

Orungo High School 4.62 4.41 4.90 7.09 6.71 7.62 

Katine SS 2.69 1.06 2.76 4.24 2.57 4.93 

Akii Bua Comp. SS 0.69 0.72 2.4 2.30 0.84 4.28 

Adwari SSS 4.41 - - 4.66 - - 

 

The efficiencies were analysed as shown in Figures 4.19, 4.20, and 4.21.  

 

Figure 4.19: Comparison of efficiencies of modules A. 

According to Figure 4.19, the efficiency of module A at Orungo High School, Katine S.S, Akii Bua 
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Comprehensive SS, and Adwari SS increased by 2.5%,1.6%, 1.6% and 0.2% respectively, after 

washing. This implies that washing has the effect of removing dust and other particles responsible 

for shading the modules. When the modules are shaded, the power output and hence the efficiency 

are reduced. Shading was more pronounced on the modules at Orungo High School and least 

pronounced on the modules at Adwari S.S.  

 

Figure 4.20:  Comparison of efficiencies of module B. 

According to Figure 4.20, the efficiency of module B at Orungo High School, Katine SS and Akii 

Bua Comprehensive SS increased by 2.3%,1.5% and 0.2% respectively, after washing. These 

variations in efficiencies indicate that shading was more pronounced on the modules at Orungo High 

School and least pronounced on the modules at Akii Bua Comprehensive SS. As seen in Figure 4.2, 

module B at Adwari SS did not give any power output, and this suggests why the efficiency is 0 %. 
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Figure 4.21:  Comparison of efficiencies of module strings AB. 

According to Figure 4.21, the efficiency of module string AB at Orungo High School, Katine SS and 

Akii Bua Comprehensive SS increased by 2.8 %,2.2 % and 1.9 % respectively, after washing. These 

variations in efficiencies indicate that shading was more pronounced on the module string at Orungo 

High School and least pronounced on the module string at Akii Bua Comprehensive SS. Since 

module B at Adwari S.S. seems to be faulty, as seen from Figure 4.20, putting it in a string with a 

functioning module would make it have an adverse effect on the module string performance since 

the weakest module determines the string output. This explains why the efficiency of the module 

string at Adwari SS is 0 %. 

4.3.1 Comparison of the module efficiencies with those of the manufacturer 

The manufacturer’s module efficiency of 13.6 % was computed from the nameplate information and 

is shown in Appendix III. The manufacturer’s module efficiencies at the time of manufacture and 

after degradation were considered for comparison. The degradation rate of polycrystalline PV 

modules is 1% per year [19]. The determined module efficiencies after washing were the ones used 
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for comparison in this study.  

Efficiencies for modules A for Orungo High School, Katine S.S, Akii Bua Comprehensive SS, and 

Adwari S.S were 7.09 %, 4.24 %, 2.30 % and 4.66 % respectively. The module efficiency drop from 

that of the manufacturer was 6.5 %, 9.4 %, 11.3 % and 8.9 % for Orungo High School, Katine S.S, 

Akii Bua Comprehensive SS, and Adwari SS, respectively. Since this module was installed 10 years 

ago, the efficiency at the time of this study is expected to drop by 10%, hence reducing the 

manufacturer’s module efficiency from 13.6% to 12.2%. Therefore, the actual module efficiency 

drop from that of the manufacturer would be 5.1 %, 8.0 %, 9.9 % and 7.5 %. For Orungo High 

School, Katine SS, Akii Bua Comprehensive SS and Adwari SS, respectively. These results indicate 

that module A at Orungo High School comparatively performed better, followed by module A at 

Adwari SS, module A at Katine SS and module A at Akii Bua Comprehensive SS.     

Efficiencies for modules B for Orungo High School, Katine SS, Akii Bua Comprehensive SS, and 

Adwari SS were 6.7 %, 2.6 %, 0.8 % and 0 % respectively. The module efficiency drops from that 

of the manufacturer were 6.9 %, 11 %, 12.8 % and 13.6 %. For Orungo High School, Katine SS, 

Akii Bua Comprehensive SS and Adwari SS, respectively. Since the manufacturer’s module 

efficiency reduces to 12.2% due to degradation, the actual module efficiency drop from that of the 

manufacturer would be 5.5 %, 9.6 %, 11.4 % and 12.2 %. For Orungo High School, Katine SS, Akii 

Bua Comprehensive SS, and Adwari SS, respectively. These results indicate that module B at 

Orungo High School comparatively performed better, followed by Module B at Katine SS, module 

B at Akii Bua Comprehensive SS and module B at Adwari S.S. From these results, it is clear that 

module A in all the schools performed better than module B.  
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS 

5.0 Introduction  

This chapter presents the conclusions and recommendations arrived at in this research. 

5.1. Conclusion   

The study comprehensively evaluated the performance of roof-mounted photovoltaic (PV) modules 

in rural secondary schools in Northern and Eastern Uganda. Visual inspection and electrical 

characterization were successfully performed on the modules.  

During visual inspection, several current-limiting features were identified on the modules, and these 

include green leakage, water ingress, discolouration, cracks, snail trails, scratches, black spots, dust, 

debris, bird droppings, bird nests, burnt spots on diodes, rust, broken sealant, and broken cell 

interconnects. Modules at Akii Bua Comprehensive SS were always shaded by trees as early as 

10:00 am. 

At a degradation rate of 1% per annum for polycrystalline PV modules [19], the modules were found 

to have degraded in efficiency from 13.6% to 12.2% over a period of 10 years. The electrical 

characterization results revealed that the maximum power output of the PV modules was higher after 

washing the modules. The modules at Orungo High School produced the highest power (62 W), 

while the modules at Akii Bua Comprehensive School produced the lowest (34.5 W). The drop in 

module efficiencies as compared to the manufacturer’s efficiency with degradation taken into 

account was found to be highest for the modules at Akii Bua Comprehensive School (11.3%) and 

lowest for the modules at Orungo High School (5.5%).  

5.2. Recommendations   

The MoES should recruit technicians for routine maintenance and monitoring of PV modules and 

accessories in the pilot rural secondary schools.  

Electroluminescence imaging (EL) and large area lights beam induced current measurement 

(LALBIC)  technique should be carried out on those modules to establish current-limiting features 

that are not visible to the human eye. 

Similar studies should be done in Central and Western Uganda.
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APPENDICES 

Appendix I: Calculations of efficiencies of modules found at different schools  

(i) Calculation of modular area 

The length, L and width, W, of the module were measured using a tape measure. The 

area A is calculated from the formula,  A = L × W. 

A = 1.23 x 0.66 = 0.8118 m2 

(ii) Calculation of efficiencies for each module per school. 

The formula %100max 


=
GA

P
 was used. 

(a) Orungo High School 

Before Wash 

Module A  ƞ =
37.49

1000×0.8118
× 100% = 4.62% 

Module B ƞ =
35.82

1000×0.8118
 × 100% = 4.41% 

  Module AB ƞ =
39.77

1000×0.8118
 × 100% = 4.90% 

Module Aw ƞ =
57.52

1000×0.8118
 × 100% = 7.09% 

Module Bw ƞ =
54.51

1000×0.8118
 × 100% = 6.71% 

Module ABw ƞ =
61.88

1000×0.8118 
× 100% = 7.62% 

(b) Katine S S 

            Module A        ƞ =
21.84

1000×0.8118
× 100% = 2.69% 

  Module B ƞ =
8.64

1000×0.8118
× 100% = 1.06% 
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Module AB ƞ =
22.37

1000×0.8118
× 100% = 2.76% 

Module Aw  ƞ =
34.6

1000×0.8118
 × 100% = 4.26% 

Module Bw ƞ =
20.88

1000×0.8118
× 100% = 2.57% 

Module ABw ƞ =
40.04

1000×0.8118
× 100% = 4.9% 

(c) Akii Bua comprehensive SS 

Module A ƞ =
5.57

1000×0.8118
× 100% = 0.69% 

 Module Aw  ƞ =
18.74

1000×0.8118
× 100% = 2.3% 

Module B    ƞ =
5.86

1000×0.8118
× 100% = 0.72% 

Module Bw ƞ =
6.84

1000×0.8118
× 100% = 0.84% 

String AB   ƞ =
19.64

1000×0.8118
× 100% = 2.4% 

String ABw ƞ =
34.71

1000×0.8118
× 100% = 4.28% 

(d) Adwari ss 

Module A ƞ =
35.84

1000×0.8118
× 100% = 4.41% 

Module Aw ƞ =
37.8

1000×0.8118
× 100% = 4.66% 

String AB  ƞ =
36.10

1000×0.8118
× 100% = 4.45% 

String ABw ƞ =
36.71

1000×0.8118
× 100% = 4.52% 
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Appendix II: Visual inspection checklist by International Electrotechnical Commission 

(IEC) 

  Defect Present? 

Component Defect No Yes Defects Present  

21. Label 
21.1. Missing  

   

   

   

   

21.2. Poorly attached     

   

   

   

21.3.  Information is 

missing 

   

   

   

   

21.4.  Incorrect spelling    
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22. Back Sheet 
22.1. Burn makes 

   

   

   

   

22.2. Discolouration    

   

   

   

23. Junction Box 
23.1. Faulty electrical 

connection 
   

   

   

   

23.2. Cracks/breaks/gaps in 

housing  

   

   

   

   

23.3.  Sealant Failure    
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23.4. Electrical polarity not 

indicated 

   

   

   

   

24. Wiring  
24.1. Cracks or exposed 

metal 
   

   

   

   

25. Frame 
25.1. Damaged 

   

   

   

   

 25.2.  Adhesive/sealant 

failure 

   

   

   

   

26. Front Glass 
26.1. Cracks 
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27. Encapsulation 
27.1. Discoloration 

   

   

   

   

28. Cells  8.2. Snail trails    

   

   

   

8.3. Shiny 

locally/inconsistent colour 

   

   

   

   

29. Cell 

Metallization 

29.1. Fingers not connected 

to bus bar 
   

   

   

   

   



70  

29.2. Not the same pattern 

on all cells 

   

   

   

29.3. Fingers off the edge 

of corner of the cells 

   

   

   

   

30. Cell 

Interconnection 

30.1. Interconnection is 

discontinuous  
   

   

   

   

30.2. Poorly aligned and/or 

soldered  

   

   

   

   

 

 

 

 

 



71  

Appendix III: Manufacturer’s efficiency 

The manufacture’s efficiency was calculated from the formula, 

 %100max 


=
GA

P
 . 

Given Pmax = 110 w 

Area, A of the module = 0.8118 𝑚2 

Irradiance, G =1000 w𝑚2 

ƞ =
110

1000 × 0.8118
× 100% 

= 13.6 % 

 

 

 

 

 


