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Abstract 

Driven by the limitations of solar-optimized roof space and International Energy Association 

(IEA) Task 35, there is a renewed interest in photovoltaic solar thermal (PVT) hybrid systems. 

Current PVT systems focus on cooling the solar photovoltaic (PV) cells to improve the electrical 

performance. This however, causes the thermal component (T) to underperform. An exergetic 

study was completed comparing a PVT, PV + T and a PV only system in Detroit, Denver and 

Phoenix. It was found that the PVT system outperformed the PV + T system by 72% for each 

location and by 8, 8.6 and 9.9% for Detroit, Denver and Phoenix when compared to the PV only 

system. To further improve the PVT system, using hydrogenated amorphous silicon (a-Si:H) PV 

as the absorber layer of the solar thermal device was explored. The temperature coefficient and 

annealing properties of a-Si:H allow the thermal component to run more efficiently, while 

enabling the a-Si:H i-layers to be thicker resulting in more electricity production. It was found 

that running i-layer thicker cells (630nm and 840nm) stabilized at higher efficiencies at 90˚C 

(potential PVT operating temperatures) than the thinner cell (420nm) by 2% and 0.5% 

respectively. In addition, spike annealing, which is a new concept of stagnating a PVT system to 

allow for the a-Si:H PV to anneal and return it to its original efficiencies was also investigated. It 

was found that over the lifetime of the system with the spike annealing occurring once a day 

10.6% more electricity was produced than a system without stagnation.  
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Chapter 1 

Introduction 

1.1 Background 

Each year, the Earth receives 174 petawatts of energy which is free and clean [1]. Research in 

harnessing this energy to convert to electricity and heat has been undertaken for over thirty years 

in the forms of photovoltaic (PV) cells and solar thermal (T) systems [2-4]. However, each 

system is unable to produce both electricity and heat to meet existing needs which presents a 

problem given limited ideal rooftop space. The solution was to create a hybrid system known as a 

photovoltaic solar thermal system (PVT). Originally, it was determined that it was more cost 

efficient to create a side-by-side (PV + T) system [5] than a true hybrid PVT system. However, 

with great advances in the efficiency of PV, the idea of a combined system has resurfaced with 

such initiatives as the International Energy Association (IEA) creating Task 35 on PVT to 

promote awareness of the concept internationally. [6] This has prompted more research into the 

optimization of PVT systems. 

Since typical solar PV cells degrade at -0.4%/˚C, the main focus of PVT system design has been 

to improve the PV system performance by cooling the cells to maximize the electrical energy 

with the added bonus of extracting the heat to preheat a home or hot water tank [4]. This focus 

has initiated many different design considerations such as the use of different PV materials like 

crystalline (c-Si) and amorphous (a-Si:H); coolants such as water or air; configurations such as 

flat plates or concentrators, glazed or unglazed; and various methods to cool the panels such as 

fins or double/single pass circulation of the coolant [4, 7]. 
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1.2 The Problem 

PV panel efficiency has grown over the years and some cells now have efficiencies that are 

greater than 30% [Green 2011]. However, what is not converted into electricity is either reflected 

or converted into heat. This is illustrated by considering the spectral break down for a PV cell as 

shown in Figure 1-1. 

 

 

Figure 1-1: Spectral break down of what is used by a PV panel [9] 

The rated efficiency of a PV panel is at standard testing conditions (STC) where the cells are 

maintained at 25 ˚C. However, the operating temperatures of PV panels can be 50 ˚C, resulting in 

a PV efficiency that is significantly lower than the rated value [10]. If a c-Si cell had an efficiency 

of 12% at STC it would have an efficiency of 10.8% at 50 ˚C. From this significant reduction in 

efficiency, the concept of cooling the cells down is critical. However, in a PVT system this causes 

the thermal component to be less effective. In some designs, the thermal component efficiency is 
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half of what a normal solar thermal system would produce [11, 12]. Thus, the PVT system is not 

being optimized as a whole. This is a problem if the PVT system is intended to create both 

electricity and heat to maximize the roof top solar potential and meet existing loads. This thesis 

will consider using the unique properties of a-Si:H to overcome the conflicting requirements for a 

PV and solar thermal system. 

1.3 Objective and Approach 

This thesis will primarily focus on the benefits of an a-Si:H PV as the absorber material for a 

PVT system. Initially, an exergy analysis will be used to demonstrate that a PVT system is the 

superior option when compared to PV + T and PV only systems when roof space is limited. The 

main work will focus on exploiting the properties of a-Si:H for use in designing a more optimized 

PVT system. The procedure taken to complete this task is as follows: 

Chapter 2 – Literature Review: Review semiconductor physics, PVT systems 
and properties of a-Si:H 
 

Chapter 3 – Exergy Analysis: Exergetic model comparison of conventional 
PVT, PV + T and PV only systems  

 

Chapters 4 and 5 – Benefits of a-Si:H: Thickness and temperature series comparison 
and pulse annealing investigation 

 

Chapter 6 – Assessment and Future Work: Discussion of the results, implications and 
future work  

 

The goal is to investigate a-Si:H PV as the absorber material to allow for the PVT to be optimized 

as one system and thus improve the overall performance of the system. 
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Chapter 2 

Literature Review 

2.1 Introduction 

In this chapter, the basics of solar cells are explained, the concept and uses of a photovoltaic solar 

thermal (PVT) system are discussed, the properties of amorphous silicon (a-Si:H) are analyzed 

and exergy is explained. 

2.2 PV Solar Cells 

In this section, how PV solar cells work, their properties and the types of materials used to make 

solar cells are discussed. 

2.2.1 How PV Solar Cells Work 

Photovoltaic (PV) cells are made from semiconductors. These semiconductors have the ability to 

absorb photons (light) based on specific energy level called the band gap (Eg) [1]. Eg is the 

minimum energy required for an electron to jump from the valance band (where electrons 

normally reside as it is the lowest energy level) to the conduction band (where the electrons have 

the ability to move freely). This is illustrated in Figure 2-1. 

 

 

Conduction Band 

Valance Band 

Eg 

Energy 

Figure 2-1: Band gap layout of a semiconductor 
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If the energy of the photon is less than the band gap, the electron is not excited to the conduction 

band and the photon is reemitted [1]. If the energy of the photon is greater than the band gap, the 

required energy is used to excite the electron to the conduction band while the extra energy is 

turned into heat. Photons with less energy could be absorbed depending on the defects in the 

semiconductor. The typical make up of a cell entails a positively doped layer (p-layer) and a 

negatively doped layer (n-layer). In some cases, such as a-Si:H, there is also an intrinsic layer (i-

layer) which is an undoped layer. In PV cells, the electric potential between the p- and n- layers 

produces an electric field that drives the electrons in the conduction band to flow in a certain 

direction which then produces a current when the circuit is completed. By adding metal contacts 

to either side of the PV material (at the p and n sides respectively), the current can be drawn and 

used. 

2.2.2 Properties of Solar Cells: Current-Voltage Graphs 

The current-voltage (IV) relation is an important data set in the calculation of the performance of 

a solar cell. Figure 2-2 shows an IV graph with the key data points emphasized.  
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Figure 2-2: A current-voltage graph with the short circuit current Isc, open circuit voltage 

Voc and the maximum power point 

 

As shown in Figure 2-2, the short circuit current Isc occurs when the voltage is zero and similarly 

the open circuit voltage Voc is found when the current is zero. The maximum power point is 

another point of interest as it determines where the most power is produced from the solar cell 

[1]. It is also used to determine the efficiency of the cell by dividing the maximum power point 

by the total power input to the solar cell. Furthermore, all three points described above are used to 

determine the fill factor (FF). The FF allows the determination of the ‘squareness’ of the IV 

characteristics and is always less than one. The FF is calculated by dividing the area defined by 

the maximum power point by the area defined by the Isc and the Voc as shown in Equation 2-1. 
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ocsc

mpmp

VI

VI
FF =  Eq 2-1  

The FF is one of the characteristics from the IV curve that gives an indication of the quality of the 

cell. High quality cells have high FF values which indicate that they do not dissipate as much of 

the power due to internal resistances [1]. 

2.2.3 Solar Cell Materials 

There are many materials used to make solar cells such as Gallium Indium Phosphoride (GaInP), 

Cadmium Telluride (CdTe), Gallium Arsenide (GaAs) and silicon (Si) [1]. The most common 

cells used are the crystalline cells (c-Si) which dominate 90 % of the market. However, in this 

study amorphous silicon (a-Si:H) was used due to its beneficial properties, such as a larger 

absorption coefficient and lower temperature coefficient than c-Si cells which will be discussed in 

Section 2.4.. 

2.3 Photovoltaic Solar Thermal Hybrid Systems 

Research on photovoltaic solar thermal (PVT) hybrid systems has been conducted for over 35 

years, with a greater interest since 2000 [2]. The goal of a PVT system is to produce both heat 

and electricity. A typical PVT system is designed by adhering a PV panel directly onto a solar 

collector [3]. This is illustrated in Figure 2-3. 
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Figure 2-3: Typical PVT system design cross-section 

In 2005, the International Energy Association (IEA) created Task 35 which was a three year 

research program [4]. Its objectives were to determine the current PVT market, to introduce a 

commercially competitive PVT system and to produce internationally accepted standards and 

characteristics of a PVT system in the building sector. There were five subtasks. Subtask A 

entailed the marketing and commercialization of PVT. Its goal was to conduct a market survey of 

PVT potential and to determine the primary commercial parameters [4]. Subtask B, energy 

analysis and modeling, had the objective of understanding the energy analysis required for a PVT 

system in order to acquire the necessary parameters to model the system. In subtask C, the aim 

was to complete research and development of PVT systems so that these systems could be 

developed, tested and evaluated. Subtask D involved demonstrating PVT systems to assess the 

potential for improvements in the system, such as energy performance and cost feasibility. Lastly, 

subtask E was to communicate the results to all the stakeholders. 

Task 35 identified the current PVT systems that are commercially available around the world and 

the list was found to be quite limited. In Canada the only commercial PVT system was the 

Solarwall system created by Conserval Engineering Inc. This PVT system used natural air 

convection to cool the PV panels. The reason for the lack of a significant commercial presence 

has been contributed to the lack in long-term experience with the operation of the collectors [4]. 

Glass Cover 

Air 

PV Laminate 

Adhesive 

Heat Conductor 

Air/ water flow 

duct 

Insulation 
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Although there is a limited current PVT commercial presence, there has been a significant 

amount of research into improving the PVT system. To optimize the overall benefits of the 

system, the thermal to electrical yield ratio, solar fraction (determines the amount of the required 

load that can be met with solar energy), and collector type are chosen accordingly [2]. There are 

numerous collector design considerations: flat-plate or concentrator types; monocrystalline/ 

polycrystalline/ amorphous silicon or thin-film solar cells; glazed or unglazed panels; air, water or 

evaporative collectors; natural or forced fluid flow; and stand-alone or building-integrated 

features to name a few areas of study [2, 5, 6]. 

The most typical PVT design shown in Figure 2-3 mimics that of the flat plate solar collector. 

Modifications from this design have created PVT air heaters, where the PV panel is attached to an 

air channel, building integrated PVT (BIPVT) systems and the use of concentrators. The majority 

of PVT research has been completed on PVT/air collectors since the system is simple and cheap 

to manufacture, as it uses less material than water collectors [2, 5-7]. BIPVT have attracted some 

interest since integrating the PVT system into the building reduces the cost of the system [8]. 

However, there is still much work required to improve the BIPVT. For example, in one study it 

was found that changing the inclination angle from 20o to 44o and using natural convection to 

cool the PV panel down had very little effect on cooling the panel [9]. BIPVT systems typically 

have a similar design to PVT air heaters and therefore have the same parameters which need to be 

optimized such as flow rates, PV material and glazing [ 5]. PVT concentrators have been found to 

produce 37% more electrical energy than flat plate collectors due to the higher irradiance on the 

cells [10]. However, depending on how the collector is operated, there can be significant effects 

on the performance of the thermal and electrical components [11]. As the outlet temperature 

increased, the thermal efficiency increased but the electrical efficiency decreased. Interestingly, 

the total energy efficiency remained constant for increasing outlet temperature [11]. This 
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demonstrates that there is a need to design a system where the performance of both components is 

maximized at the operating conditions. One possibility is changing the PV material. 

Typically, most of the PV panels used are either c-Si or a-Si:H. When these two materials are 

compared, it is found that the c-Si cells produce more electrical energy than the a-Si:H at 

operating temperatures, even though the c-Si has a larger temperature coefficient (-0.4%/oC 

compared to -0.1%/oC) [12, 13]. However, due to the fact that the c-Si initial efficiency is 

typically double the a-Si:H efficiency, c-Si is typically used [14]. However, when these two PV 

materials are placed in a PVT/liquid system, it was found that the PVT/liquid system had a 55% 

and 60% total efficiency for the c-Si and a-Si:H systems respectively [15]. Similarly, in a PVT/air 

system, the same pattern is observed with a 38% and 45% total efficiency for the c-Si and a-Si:H 

[15]. The solar fraction is slightly higher if the a-Si:H is used. This has been attributed to the 

lower efficiency and range of absorptivities of the a-Si:H, allowing for more of the solar 

irradiance to be absorbed by the thermal component [16, 17]. If the cost of the panels is factored 

into the comparison, the a-Si:H panels are the better choice [18]. Another design consideration is 

the potential stagnation temperatures given that the common encapsulation materials such as 

ethylene vinyl acetate (EVA) degrade above 135 oC [19]. Upon studying the stagnation 

temperatures of a PVT system, it was found that depending on the design of the system and the 

location, the stagnation temperature ranged from 100 to 150 oC [16, 20, 21]. The use of a-Si:H 

directly deposited on the absorber (no EVA) or an uncovered collector (more effective cooling) 

was suggested to combat the stagnation problem [22]. 

Another consideration is the glazing of the system. An uncovered (unglazed) PVT system allows 

for lower operating temperatures; which increases the electrical output but lowers the thermal 

output [23]. Therefore, research has been undertaken to study the benefits of glazed and unglazed 

PVT systems. From an energy analysis, it was found that a glazed system was better for the 
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application of domestic heating and cooling systems since the thermal efficiency was only 9% 

lower than a conventional solar thermal collector [24, 25]. In addition, it was determined that the 

location also affected the performance of the system. However, when the two systems were 

compared using an exergy analysis, it was found that the unglazed system performed better [26]. 

This is because thermal energy is considered to be of a lower quality than electrical energy in an 

exergy analysis. A greater in depth energy and exergy analysis of glazed and unglazed system 

was completed by Chow et al. [27]. The study found that the unglazed system performed better, 

based on the exergy analysis, but worse if compared using an energy analysis. The analysis 

compared the efficiencies against irradiance, wind speed and ambient temperature. In all 

instances, the glazed proved to the better option when an energy analysis was used. However, 

when an exergy analysis is performed, which system is superior depends on the conditions of 

irradiance and ambient temperature. When the irradiance was greater than 750 W/m2 or the 

ambient temperature was greater than 32 oC, the glazed became the better option than the 

unglazed system. With respect to exergy efficiency and wind speed, it was found that the 

unglazed system was superior in all cases. This demonstrates that PVT systems should be 

optimized for the location of operation and that exergy provides a different perspective and 

possible design considerations. Additionally, the coolant used is a design consideration which is 

also greatly affected by the location. Air, water and propylene glycol are the typical coolants used 

in PVT systems. PVT/air systems are the most common but they also have the worst thermal 

conductivity when compared to the other two coolants. However, water as a coolant cannot be 

used in locations where the ambient temperature goes below 0oC. Comparing air and water for a 

channel-type PVT collector with a 1 cm duct depth, the result for an air flow rate of 300 kg/h or a 

water flow rate of 120 kg/h was a thermal efficiency of 51% and 67% respectively [28]. This 

study clearly demonstrates the superior heat transfer properties of water compared to air. 
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Propylene glycol was also studied and it was found to produce thermal efficiency equal to a flat 

plate solar collector [29]. In addition, the total exergy efficiency was found to be greater in a PVT 

than both the individual PV and thermal collector. To further improve the system, PVT/bi-fluid 

systems were considered. Bi-fluid systems use both air and water as the coolant where the water 

is running through pipes below the PV panel and air is flowing above the panel [23, 30]. The 

PVT/bi-fluid design was found to greatly improve the performance of the PVT system, and under 

the correct collector length and flow rate, the thermal efficiency could reach 80% [30]. This 

demonstrates that the coolant and flow design used greatly affect the PVT overall efficiency.  

There has been a significant amount of work completed on the optimal flow rate for a PVT 

system [2, 5, 6]. The general consensus is that increasing the flow rate improves both the thermal 

and electrical efficiencies [31, 32]. The flow rate is considered one of the most important 

parameters with respect to the electrical efficiency other than inlet temperature [33]. Although, 

many studies demonstrate the significance of the flow rate, there is not one agreed upon optimal 

flow rate. However, most seem to report the range of 0.001-0.008 kg/s m2 [2, 7, 31, 34, 35]. In 

one study the optimal flow rate was found to be 0.0014 kg/s m2 which increased the electrical 

efficiency from 2.8% (no flow rate) to 7.7% [36]. Interestingly, a comparative study of four PVT 

systems (single pass below, single pass above, single pass above and below and double pass 

around the PV absorber) determined through an energy analysis that the single pass above and 

below the PV absorber had the best overall performance [37]. This analysis incorporated the fan 

power as well.  

With the many parameters that help to improve the performance of a PVT system, understanding 

how they all affect the system is important. To demonstrate some of the effects of the 

configurations on the performance of the PVT system, several PVT configurations were 

simulated and verified with experimental testing. The sheet and tube PVT collector layout is 
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shown in Figure 2-3. Figure 2-4 to Figure 2-6 show the configuration of the PVT collector with a 

channel, free flow PVT collector and double absorber PVT collector. 
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Figure 2-4: PVT collector with channel 

Figure 2-5: Free flow PVT 
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The results are summarized in Table 2-1 [38]. A standard Shell PV panel and Zen thermal 

collector were used as the electrical and thermal base comparison systems [39]. 

Table 2-1: Annual average efficiencies for various PVT system designs [38] 

Panel Type Thermal Efficiency Electrical Efficiency 

PV laminate – 0.072 

Sheet and tube PVT-collector 0 cover (unglazed) 0.24 0.076 

Sheet and tube PVT-collector 1 cover (glazed) 0.35 0.066 

Sheet and tube PVT-collector 2 covers (double 
glazed) 0.38 0.058 

PVT-collector with channel above PV 0.38 0.061 

PVT-collector with channel below opaque PV 0.35 0.067 

PVT-collector with channel below transparent PV 0.37 0.065 

Free flow PVT-collector 0.34 0.063 

Two-absorber PVT-collector (insulated type) 0.39 0.061 

Two-absorber PVT-collector (non-insulated type) 0.37 0.061 

Thermal collector 0.51 – 

 

Glass Cover 
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� Primary water channel � 

Insulation 

Glass Cover 

Air 

 Primary water channel  

Air 

Absorber 

Figure 2-6: Two-absorber PVT (insulated type) 



 

 16 

Table 2-1 demonstrates the challenge of optimizing the PVT system. Improving the thermal 

efficiency through the reduction of thermal losses leads to a decrease in the electrical efficiency. 

Furthermore, the thermal component, regardless of the design, underperformed when compared to 

the normal thermal collector by as much as 50%. More research is required to design a system 

that does not sacrifice the thermal component to produce more electricity, but instead improves 

both components at the same time. 

2.4 Amorphous Silicon 

Carlson and Wronski [40] first reported amorphous silicon (a-Si) PV cells in 1976. Since then, it 

has been found that adding hydrogen to the fabrication to produce hydrogenated amorphous 

silicon (a-Si:H) improves the cells’ performance [41]. a-Si:H are cheaper to manufacture than 

other solar cells due to their relatively simple fabrication processes and less material content 

compared to c-Si [14, 42-44]. c-Si manufacture requires high purity, energy intensive wafer 

production [1]. Typically, c-Si cells are roughly 3000 nm (3 µm) thick whereas a-Si:H cells have 

a thickness of 200 to 500 nm [1]. a-Si:H cells currently have 10.5% efficiencies  whilst c-Si cells 

can have as much as 20.4% [14]. 

2.4.1 Properties of a-Si:H 

There are many advantages to using a-Si:H instead of the conventional c-Si in PVT systems, 

despite the current difference in efficiencies. Firstly, it has a higher absorption coefficient 

enabling the a-Si:H to absorb more light for a given thickness [42]. Secondly, unlike c-Si which 

degrades at -0.4%/˚C, a-Si:H only degrades at -0.1%/˚C [12] which implies its potential use in 

PVT applications. This would allow the PVT system to function at higher operating temperatures, 

improving the thermal performance of the system, rather than running the system closer to STC 
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for the PV cells which lowers the thermal performance. Overall the use of a-Si:H would enable 

designing the PVT system as one system rather than a balance of the two components. 

a-Si:H cells are also known as thin films because they are typically less than 1 µm in thickness. 

The reason the cells are thinner is to reduce the effects of impurities and the Staebler-Wronski 

Effect (SWE) in the amorphous structure [45, 46]. When the a-Si:H is exposed to sunlight, some 

of the weak Si-Si bonds break creating a dangling bond (recombination zone) which trap 

electrons. This reduces the efficiency of the cell and is known as the SWE [47-50]. After long 

exposures (>100 hours) these defects reach a steady-state and the cell efficiency is considered 

“stabilized”. This effect on the efficiency is reversible by heating the cells up to 150 ˚C for 4 

hours in the dark. This annealing process will return the cell to its “initial” efficiency [46]. In 

addition, it has been found that the cells can be annealed at room temperature although the time 

required is longer than at higher temperatures [46, 51-53]. 

There have been many studies into understanding the occurrence of the SWE such as the 

influence of impurities, microvoids and hydrogen diffusion [54-56]. Impurities such as oxygen or 

nitrogen will have a comparable weak bond as the Si-Si and therefore similarly have a potential to 

form dangling bonds. Microvoids can cause bonds to be stretched which weaken the bonds and 

increase the chances of dangling bonds. Finally, hydrogen diffusion can be caused by microvoids 

or by the hydrogen switching Si atoms, which also has the potential to create dangling bonds. The 

exact mechanisms in the creation of and nature of the light induced defects (LIDs) have no 

general consensus but there is an agreement that hydrogen plays a role in creating and eliminating 

the LIDs [57]. Numerous studies have been undertaken in the attempt to optimize the fabrication 

conditions to minimize the LIDs. 
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2.4.2 Fabrication Process of the a-Si:H 

There are many different deposition methods for the fabrication of a-Si:H. However, the most 

common is the plasma enhanced chemical vapour deposition (PECVD) [1]. PECVD is the 

fabrication process used to create the cells used in this study. The plasma is generated in a variety 

of frequencies that includes microwaves (2.45 GHz), very high frequency (VHF), radio frequency 

(13.36 MHz) and DC. The typical gas used is silicon hydride which is broken down by collisions 

with electrons to produce ionic and radical species. These species then deposit on the substrate to 

produce the cell. There are many variables which affect the quality of the product such as the 

pressure, frequency, source of gas, flow rate of gas, temperature of substrate and electrode 

spacing. Furthermore, if there are contaminations from the air, cleaning materials or pump oil, the 

quality of the cell will be reduced. 

2.4.3 Implications of a-Si:H 

a-Si:H has much potential in the solar market. It is the cheapest since it uses the least amount of 

material and its fabrication process is simple compared to c-Si wafer production. The cells can be 

deposited at temperatures of 200 to 300 ˚C which allows the possibility of depositing the cells on 

facades, roofs or other structures. By integrating the cells into the buildings, it maintains the 

original appearance of the building [58]. Finally, a-Si:H has a low temperature coefficient 

enabling it to operate at higher temperatures as mentioned in Section 2.4.1. This makes it a 

potential candidate for PVT applications. 

2.5 Exergy 

PVT systems produce two types of energy, electricity and heat. The problem is that these forms 

of energy are completely different which makes it difficult to compare their relative worth. Thus 

comparing a PVT system to a solar thermal or PV system on an energy basis is complicated. 
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Carbon dioxide emissions, economics, energy and exergy analyses have been attempted to solve 

this problem but there are apparent flaws with some of these methods [5, 19, 59-61]. Economic 

analysis is limited due to the arbitrary nature of the current economic system [62, 63]. Carbon 

dioxide emissions will be reduced if the system is more energy or exergy efficient so 

consequently an energy or exergy analysis would suffice.  

As stated already, there are two forms of energy produce by a PVT system that are quite different 

in nature. In an energy analysis, the quantity of these energies would be investigated but this does 

not encompass the entire picture. Exergy explores both the quantity and quality of the energy 

produced. Electrical energy is considered to have a higher quality than thermal energy since it has 

a larger work potential. The definition of exergy is the maximum work extracted from a system 

undergoing a reversible process from its original state to equilibrium with its environment [64].  

With an energy analysis, energy is conserved. However, with an exergy analysis some of that 

energy is lost due to entropy. Exergy is inversely related to the generation of entropy and is a 

powerful tool in discovering energy quality losses in a system [65]. It is for the reasons stated 

above, that exergy was chosen in this study for the comparison between the PVT, PV + T and PV 

only systems. 
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Chapter 3 

Optimizing for Solar Energy Applications with Limited Solar Roof 

Access: Exergy Analysis of Solar Thermal, Photovoltaic, and Hybrid 

Photovoltaic Thermal Systems 

3.1 Chapter Introduction 

This chapter contains a paper on the exergy analysis of conventional photovoltaic thermal hybrid, 

solar thermal and photovoltaic systems. This chapter has also refers to a related appendix that 

contains the equations used in the analysis. For more information about the Scilab code, see 

Appendix D. This paper will be submitted for publication and the authors are M. J.M. Pathak, S. 

J. Harrison and J. M. Pearce. 

3.2 Abstract  

An exergetic comparison between conventional 1) photovoltaic solar thermal hybrid (PVT) 

systems, 2) side by side photovoltaic and thermal (PV +T) systems, and 3) photovoltaic (PV) 

systems with identical absorber areas is simulated to determine the superior technical solar energy 

systems for applications with a limited roof area. Three locations, Detroit, Denver and Phoenix, 

were simulated due to their differences in average monthly temperature and solar flux. The results 

show that PVT systems outperform the PV+T systems by over 70% for all the locations and 

produce between 8-10% more exergy when matched against the purely PV systems. The results 

clearly show that PVT systems, which are able to utilize all of the thermal and electrical energy 

generated, are superior in exergy performance to either PV+T or PV only systems. These results 

are discussed and future work is outlined to further geographically optimize PVT systems by 

improving the PV material, flow rate and reducing the thermal losses. 
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3.3 Introduction 

Fossil fuels cannot indefinitely sustain the energy needs of the earth’s growing human population 

due not only to finite supplies, but also the adverse effects of anthropogenic greenhouse gas 

emissions on global climate [1]. It is therefore necessary to look for alternative renewable forms 

of energy [2] such as solar energy. Currently there are two common systems that utilize the sun’s 

energy for human use: 1) the photovoltaic solar cell (PV), which converts sunlight directly into 

electricity and 2) the solar thermal (T) collector, which converts solar energy into thermal energy. 

When attempting to meet all of a building’s internal electricity and heat loads with energy from 

the sun, roof area becomes a significant limiting factor [3]. A hybrid solar system, called a 

photovoltaic solar thermal hybrid system (PVT), provides a potential solution to this challenge. 

PVT systems exploit the heat generated from the PV system, which is normally wasted, to 

produce useful thermal energy along with the electricity from the PV.  

There have been several methods proposed to compare PVT systems using economics, carbon 

dioxide emissions, energy produced and exergy efficiency [4-8]. Both Erdil et al. [9] and 

Kalogirou et al. [10] calculated the economic feasibility of a PVT system and concluded that their 

systems were cost effective. However, economic analysis is usually used to determine the cost 

viability of the system, but is limited because of the arbitrary nature of the current economic 

system [11, 12]. The proposal of using carbon dioxide (CO2) emissions, particularly the dynamic 

life-cycle emissions, as a way to rate energy systems is useful particularly in the context of 

stabilizing global CO2 concentrations. However, trying to make a system more energy efficient 

would reduce the CO2 emissions of the system in a given location and reduce the complexities of 

geographic emission intensities [13]. Energy analysis has shown that PVT systems produce more 

energy than either a PV or thermal collector system per unit area [14]. Through this work, studies 

have tested using different flow rates, glazes and designs to determine if PVT systems are 
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superior [15-18]. However, similarly to the other two comparisons, energy lacks the ability to 

compare electrical energy and thermal energy since energy analysis only looks at the quantity of 

the energy and not the quality as well. Exergy, defined as the maximum potential to do work 

relative to a specific reference state, typically the surroundings, analyzes both the quantity and 

quality of available energy. This further allows for an improved analysis and optimization of 

systems since exergy, unlike energy, is not conserved but rather destroyed by irreversibilities in 

any real process [19]. 

There have been several studies comparing PV, T and PVT systems using exergy. However in 

these studies, the exergy analysis used a simplified model by multiplying the Carnot cycle by the 

thermal energy efficiency [20, 21]. Other exergy analysis work has focused on specific systems to 

try to optimize operating settings [22-24]. A meticulous exergy analysis comparing PV, thermal 

and PVT systems has not been undertaken. 

This study provides a more rigorous theoretical exergy model to compare a conventional PVT 

system to a side-by-side (PV + T) and PV only system to determine the technically superior 

system for applications with limited roof area. Since the PVT system is conventional, its design is 

biased towards cooling the PV component which ultimately lowers the thermal efficiency. In this 

study all three solar energy systems were analyzed for the same total area to ensure an unbiased 

comparison in three locations with varying climatic conditions: Detroit, Denver and Phoenix.  

3.4 Material and Method 

Models, detailed in Section Error! Reference source not found., of the three solar energy 

systems (PV, PV+T, PVT) were created and analyzed in Scilab [Appendix D], an open source 

numerical simulation tool. The National Renewable Energy Laboratory National Solar Radiation 

Data Base 1991-2005 update Typical Meteorological Year 3 (TMY 3) data was used for the three 

locations: Detroit City Airport (725375), Denver Intl AP (725650) and Phoenix Sky Harbor Intl 
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AP (722780) [25]. All three locations are Class I data sets with the highest quality of solar 

modeled data with a complete data set. These three locations were chosen due to their distinct and 

representative average ambient temperatures and irradiance values, with Detroit representing both 

low temperatures and low solar flux (9.2 ºC and 3.63 kWh/m2/d), Denver presenting low 

temperatures and high solar flux (8.2 ºC and 4.58 kWh/m2/d), and Phoenix representing both high 

temperatures and high solar flux (16.9 ºC and 5.48 kWh/m2/d) [26]. In addition, Detroit has a 

similar weather pattern to that of Kingston, Ontario, Canada. The hourly air temperature, wind 

speed and solar irradiation were used in the simulation. The wind speed was recorded at ten 

meters off the ground and therefore the systems are assumed to be at that elevation. Each 

individual system (PV, T, PVT) has the same area and therefore each combination of the systems 

has the same total area. The following sub-sections describe the evolution of the models to 

analyze the systems with the nomenclature of the equations described in Section 3.12.1. It is 

important to note that in this simulation it is assumed that all of the exergy produced by the 

systems is used. Thus, it is left for future work to refine this base case to take into account 

primarily thermal loads, but also depending on electrical grid conditions, the electric loads. 

3.5 PV Model 

3.5.1 Solar Cell Model 

In this simulation, the solar cells are modelled with a five parameter equivalent electric circuit 

which describes the cell as a diode [27, 28]. A Heliene 72M 300 W (1.984 X 0.984m) panel was 

used in the simulation because it is a recent model and is a longer panel, which is required for a 

condition in the thermal modeling on the PVT system [29]. Using the EES code provided by 

Klein, the data sheet parameters were entered and the reference values, reverse saturation current 

(Io), leakage current (Il), modified ideality factor (a) and the series and shunt resistances (Rs and 
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Rsh) were calculated [30]. Using these reference values, the temperature and irradiance dependent 

maximum current (Imp) and voltage (Vmp) were determined. Multiplying the maximum current and 

voltage produced the maximum power, which when divided by the total solar exergy (Exin) 

derived by Petela, produced the exergy efficiency for the solar panel [31, 32]. Equation 3-1 gives 

the efficiency of the PV panel. 

in

mpmp

pv
xE

IV

�
=ε   Eq. 3-1 

Where the Exin, the rate of exergy entering the collector, can be found in Equation 3.12.2-14 in 

Section 3.12.2. The equations required to solve for the Vmp and Imp are described in Section 3.12.2. 

3.5.2 Solar PV Panel Temperature 

The temperature of the panel was estimated using the empirically derived equation from Sandia 

National Laboratories and was predicted to have ± 5oC accuracy in predicting the temperature of 

the panel, which is equivalent to a 3% error in the power output of the solar panel [33]. The 

system type chosen was glass/cell/polymer sheet on an open rack mount. The wind speeds used to 

determine the empirical coefficients were at the standard meteorological height of 10m, which 

matches the wind speed input values for this simulation. The air properties were interpolated 

based off the average air temperature in the system [34, 35]. The equations and coefficients used 

can be found in Section 3.12.3. 

3.6 Flat Plate Collector Model 

3.6.1 Collector Model 

The flat plate collector was modelled using the equations for flat plate collectors presented in the 

textbook by Duffie and Beckman [27]. It was modelled as a single pane tube and sheet absorber. 

The coolant used is air with a flow rate for the system of 0.056 kg/s, which was chosen based off 
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the ASHRAE standards for testing of solar air collectors [36]. This flow rate was chosen to be in 

the middle of the range of the ASHRAE recommended flow rates of 0.01 to 0.03 m3/s m2. The 

inlet temperature is assumed to be the outdoor ambient air temperature. The equations and 

parameter values for this model can be found in Section 3.12.4. 

3.6.2 Exergy Model 

The increase in exergy level of the fluid as it is heated in the solar collector (∆E� xth) was 

determined from the difference in the exergy of the flow at the inlet and outlet. ∆E� xth also 

included the exergy change due to the frictional pressure drop of the fluid as it flows through the 

system as given by Equation 3.12.5-1 in Section 3.12.5 [22-24]. The available rate of exergy 

input to the system by the incident solar flux ( E� xin) was calculated as the magnitude of the solar 

irradiance multiplied by the Carnot cycle efficiency as shown in Equation 3.12.5-6 in Section 

3.12.5 [31, 32]. The Carnot efficiency was calculated using the sun’s effective temperature and 

the ambient air temperature as a reference state. Finally, the estimated rate of exergy change in 

the solar collector was divided by the available rate of exergy input to the system to determine the 

exergy efficiency of the thermal system. This is given in Equation 3-2. 

in

th

th
xE

xE

�

�∆
=ε   Eq. 3-2 

Section 3.12.5 outlines in detail the equations used for these calculations. 

3.7 PVT Model 

The PVT model was designed as a single pane air heater with the PV panel directly on the 

absorber plate. The air heater equations can be found in Section 3.12.6 [27, 34, 35]. The total 

exergy of the PVT model is the sum of the exergy of the PV panel and thermal system of the PVT 

system. 
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3.7.1 PV Component Model of PVT 

The same solar PV panel was used in the PVT model as in the PV model. The maximum voltage, 

current and exergy efficiency were calculated as discussed in Section 3.5. The scope of the 

Sandia National Laboratory empirical equation is for PV panels only and not PVT systems, so 

that it was not used for determining the temperature of the PVT panel. Thus the temperature of 

the panel was determined using the air heater equations, which would better match the PVT 

panel/absorber temperature [27]. 

3.7.2 Thermal Component Model of PVT 

The PVT model was designed as an air heater [27] with an air gap of 0.01 m and a flow rate of 

0.055 kg/s (100 kg/hr m2). These were selected to produce a high outlet temperature while 

maintaining the purpose of cooling the PV panel [37]. The inlet temperature is again assumed to 

be the ambient temperature. The exergy analysis of the PVT model for the thermal side was 

calculated similar way to that used for the flat plate collector in Section 3.6.2. 

3.8 Results and Discussion 

The simulations were run for the PV + T (side by side), PVx2 and PVTx2 systems of equal total 

area for Detroit, Denver and Phoenix. Figures 3-1 to 3-4 show values of 24-hour exergy 

efficiency for specific days: the spring equinox, summer solstice, autumn equinox and winter 

solstice for each location and system combination, respectively. 
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Figure 3-1: A comparison of a PV + T, PV x2 and PVT x2 systems at Detroit (DET), Denver 

(DV) and Phoenix (PHX) at the Spring Equinox. 

 

Figure 3-2: A comparison of a PV + T, PV x2 and PVT x2 systems at Detroit (DET), Denver 

(DV) and Phoenix (PHX) at the Fall Equinox. 
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Figure 3-3: A comparison of a PV + T, PV x2 and PVT x2 systems at Detroit (DET), Denver 

(DV) and Phoenix (PHX) at the Summer Solstice. 

 

Figure 3-4: A comparison of a PV + T, PV x2 and PVT x2 systems at Detroit (DET), Denver 

(DV) and Phoenix (PHX) at the Winter Solstice 
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From Figures 3-1 to 3-4, it was seen that the PVT x2 system outperforms both the PV + T and PV 

x2 systems. However, at first and last light of the day, the PV x2 system typically surpasses the 

PVT x2 system. This is because, at these times of the day, the low irradiance level produces only 

a small increase in air coolant temperature in the PVT system. In addition, the exergy produced is 

not greater than the pumping power exergy required (frictional losses). Thus, the exergy of the 

thermal side of the PVT system to be slightly negative, causing the PVT overall exergy to be 

lower than the PV x2 system. This suggests that it may be beneficial to not start the thermal 

system until the PV panel reaches a certain temperature at which the thermal component produces 

a positive exergy. This also indicates that optimizing the PVT system for its location would 

further improve the system’s performance. However, the thermal extraction from the PV panels 

in the PVT system is quite effective during the summer solstice, as seen in Figure 3-2, as there is 

a significant drop in the exergy performance of the PV x2 system and an unnoticeable drop in the 

PVT system. As the PVT system is exposed to hotter temperatures, the PV panel will become 

slightly cooler than a standard non-cooled PV panel, and will also extract a larger additional 

exergy from the thermal removal. This suggests that, in the hotter climates, a PVT system would 

be the preferred system as long as there is an adequate thermal load. These observations can be 

further supported by looking at the average monthly exergy values for the whole year at each 

location. Figures 3-5, 3-6 and 3-7 show the exergy efficiency as a function of month for Detroit, 

Denver and Phoenix for the three systems respectively. 
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Figure 3-5: A comparison of the average monthly exergy efficiency averages for the PV + T, 

PV x2 and PVT x2 systems in Detroit. 

 

Figure 3-6: A comparison of the average monthly exergy efficiency averages for the PV + T, 

PV x2 and PVT x2 systems in Denver. 
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Figure 3-7: A comparison of the average monthly exergy efficiency averages for the PV + T, 

PV x2 and PVT x2 systems in Phoenix. 

As seen from Figures 3-5 to 3-7, the effects of the different temperatures and irradiance levels in 

the three chosen locations is evident. Detroit has the lowest winter temperatures, which causes the 

PV to perform better and achieve higher exergy efficiency for all three systems as seen in Figure 

3-5. In addition, Detroit's summer months produce similar efficiencies to the other locations seen 

in Figures 3-6 and 3-7. Therefore, Detroit exhibits the largest efficiency change from the winter 

to the summer. This demonstrates that this system could be better optimized to suit the significant 

change in seasonal weather conditions. In Figure 3-6, Denver has a higher irradiance than Detroit, 

but it also has higher wind speeds, especially in the winter months, causing greater thermal losses 

which lower the thermal exergy efficiency. Furthermore, as will be seen from Figure 3-6, some 

months produce more favourable conditions when all three weather factors (ambient temperature, 

irradiance and wind speed) change at different rates. An example of favourable weather 

conditions occurs in February or April which have a combination of constant or low wind speed, 
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higher ambient temperatures and significantly higher irradiance as compared to previous months. 

This allows the thermal component to perform better because the change in air flow temperature 

increases greatly. In the case of Phoenix, see Figure 3-7, the ambient temperature is always 

higher, the wind speeds are always lower and the irradiance is always higher than at the other two 

locations. This produces a slightly more consistent exergy efficiency for the PV + T and PVT 

systems. During the cooler months, the PV components of the two systems perform better. 

However, during the hotter months, the thermal component performs better. Thus, there is a slight 

boost in exergy which causes less of an exergy efficiency drop than occurs in the PV-only 

system. Finally, the PV system by itself performs the worst in Phoenix due to the higher 

temperatures. 

From Figures 3-5 to 3-7, the PVT system is clearly the superior system for all locations based on 

the exergy analysis. The reason the PVT system outperforms the PV + T system is that a flat plate 

collector (half the total area) produces low grade heat, which although perfect for its application 

of preheating homes, is at a low exergy level. Furthermore, the PVT x2 system has two PV 

panels, instead of one in the PV+T set up, which gives the PVT system a significant exergy boost 

given that electricity is a more useful energy with a corresponding high exergy level. With this in 

mind, even when comparing the PVT system to PV-only system, which both have high exergy 

outputs, the PVT system still outperforms the PV x2 system. This would suggest, that with the 

limited optimally-positioned roof space, a PVT system with the highest exergy density would be 

the best choice. The only months where the PV system produced similar efficiencies to the PVT 

system were the coldest months of January and December, where the difference was less than 

2%. This is because during the colder months, the thermal component of the PVT system 

produces a lower exergy output since the change in air flow temperature is lower due to lower 
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irradiance values. Furthermore, the temperatures of the PV panel and PVT system are similar 

which leads to similar exergy efficiencies.  

However, when analyzing the hotter months, especially in Phoenix, the PVT system and PV x2 

system difference increased to over 3%. This is due to the exact opposite situation as described 

for the colder months. Table 3-1 displays the yearly amount of exergy produced by all three 

systems for the three locations. 

Table 3-1: The Yearly total exergy (kWh) for the PV+T, PV x2 and PVT x2 systems at 

Detroit, Denver and Phoenix (for entire area). 

 Yearly Total Exergy [kWh] 

 PV + T PV x2 PVT x2 

Detroit 552 879 949 

Denver 566 894 971 

Phoenix 574 898 987 

 

From Table 3-1, it was seen that the PVT system produces almost 72% more exergy than the PV 

+ T system over the course of the entire year for all three locations. In comparison with the PV x2 

system, the PVT system produces 8.0%, 8.6% and 9.9% more exergy for the Detroit, Denver and 

Phoenix locations, respectively. This further demonstrates that to produce the maximum amount 

of exergy, the PVT system should be chosen if there is limited optimal roof space available. It 

also suggests that there is a need to optimize the PVT system for each location based on exergy 

efficiency: the Denver and Phoenix locations produce 2.4% and 4.0% more exergy than the 

Detroit due to the higher irradiance levels. Such optimization might include changing the flow 

rates, reducing the thermal losses and using different PV materials to better suit higher operating 

temperatures. 



 

 38 

3.9 Future Work 

The primary limitation of this work is the assumption that all the exergy is used for the simulated 

systems. For rooftop constrained applications, this may be a reasonable assumption. However, a 

practical optimization would require the matching of electrical and thermal loads for specific 

building usage. Depending on the loads, the optimal system could change substantially for a 

given application. Another important consideration is the location, since it greatly affects the 

performance of the system. It would therefore be interesting to provide an exergy efficiency map 

of the PVT system for all of North America to determine efficiency patterns and location 

performance of the PVT system. Furthermore, optimizing the system’s components, such as the 

materials, could improve the performance for a given application. PVT technology is at a 

relatively early stage of technological development. PV devices could be made with amorphous 

silicon specifically for PVT systems, which allows the PV to be more efficient at higher 

temperatures [38]. This could then be used to focus on optimizing the entire PVT system as an 

integrated optimized system, rather than the existing tradeoffs between the two sub-systems, and 

would clearly have an impact on the overall system exergy efficiency. This would allow the 

thermal component to perform better than current designs whilst not hampering the PV 

performance [39]. 

3.10 Conclusions 

This study found that when solar energy collecting systems with identical absorber areas, PVT 

hybrid systems surpassed the exergy efficiency of both PV+T (side by side) and purely PV 

systems in three representative regions in the U.S. The PVT system outperformed the PV + T 

system by 72% in all the locations. Similarly, the PVT system performed 8.0%, 8.6% and 9.9% 

better than the PV only system for the Detroit, Denver and Phoenix locations respectively. It is 

clear that for applications with limited roof area PVT systems are superior choices. Research also 
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suggests that greater optimization is required for PVT systems. To further improve the exergy 

performance of PVT systems, geographical optimization should be further investigated with 

potential improvements found in the PV material, flow rate and improved thermal loss reduction. 
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3.11 Chapter Conclusion 

This paper demonstrated that, through an exergy analysis, PVT should be used over a PV + T and 

PV only system. It was suggested in this study to improve the PVT system by changing the PV 

absorber material to a-Si:H due to the fact that it performs better at higher temperature. Chapter 4 

explores this idea by completing a thickness series to determine the best i-layer thickness of the a-

Si:H to suit the PVT requirements.  
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3.12 Paper Appendix 

3.12.1 Nomenclature 

Table 3.21.1-1 contains the nomenclature for the equations in Section 3.12.2 to 3.12.6. The 

equations used in these appendices were taken from the textbook Solar Engineering of Thermal 

Processes [27] unless otherwise stated. Appendix D contains an explanation of the Scilab Code. 



 

 42 

Table 3.21.1-1: Nomenclature 

a  Modified ideality factor (V) Greek Symbols 

A Area (m2) β Collector tilt (degree) 

Cb Bond Conductance (W/m) δ Declination: sun’s angular position at 
noon with respect to the plane of the 
equator 

Cp Specific heat capacity of air (kJ/kg K) ∆ Difference in temperature, pressure 

D Diameter (m), pipe diameter (m) ε Emissivity  

Eg Material bandgap (eV) η Efficiency  

Ex Exergy  µ Viscosity (kg/s m) 

fr Friction factor µ I,sc Short circuit current temperature 
coefficient 

F Fin efficiency factor ρ Density (kg/m3) 

F’ Collector efficiency factor σ Stefan-Boltzmann’s constant (W/m2 
K4) 

F’’ Collector flow factor ϕ Latitude of the location being studied 

FR Collector heat removal factor Subscripts 

h Heat transfer coefficient (W/m2 K) 1 Length 

I Current (A) 2 Width 

IV Current voltage amb Ambient 

k Thermal conductivity (W/m K) , 
Boltzmann’s constant (m2 kg /s2 K) 

b Back 

L Dimensions of the solar module, length of 
system, thickness, duct length (m) 

cell Cell 

 
Air mass flow rate (Kg/s) f Fluid 

N Number of glass covers g Glass 

Nu Nusslet number h Hydraulic 

p Flow pressure (Pa) in Inlet  

P Perimeter (m) i Inner  

PV Photovoltaic L Loss, Light 

PV/T Photovoltaic solar thermal hybrid s m Mean 

Qu Useful gain (W) mp Maximum power point 

R Resistance (Ω) o Reverse saturation 

Re Reynolds number oc Open circuit  

S Solar radiation intensity (W/m2) p Panel 

T Temperature (K) pv Photovoltaic 

Ub Overall back loss coefficient (W/m2 K) pv/t Photovoltaic solar thermal system 

Ue Overall edge loss coefficient (W/m2 K) r Radiation 

UL Overall loss coefficient (W/m2 K) ref Reference 

Ut Overall top loss coefficient (W/m2 K) s Series 

V Voltage (V) , Velocity (m/s) sc Short circuit 

W Distance between diameter of pipe (m) sh Shunt 

y Empirically determined coefficient 
establishing the upper limit for module 
temperature at low wind speeds and high 
solar irradiance 

th Thermal 

z Empirically determined coefficient 
establishing the rate at which module 
temperature drops as wind speed increases 

w Wind 
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3.12.2 PV Model 

The starting equation for the model of the solar cell describes the solar cell as a diode and can be 

seen in Equation 3.11.2-1. 
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1   Eq 3.12.2-1 

Where I is the current, IL is the leakage current, Io is the reverse saturation current, V is the 

voltage, Rs is the series resistance and a is the modified ideality factor. A circuit depiction of 

Equation 3.11.2-1 can be found in Figure 3.12.2-1.  

 

Figure 3.12.2-1: Five Parameter Photovoltaic Model Equivalent Electric Circuit 

To solve for the five parameters, the initial conditions were applied to Equation 3.12.2-1. At the 

short circuit current conditions, the current, I, is equal to the reference short circuit current (Isc, ref) 

and the voltage is equal to zero. Furthermore, the slope of the current with respect to the voltage 

is equal to the negative inverse of the shunt resistance (Rsh). In the open circuit conditions, the 

current equals zero and the voltage equals the reference open circuit voltage (Voc,ref). At the 

maximum power condition, the current equals the reference maximum power current (Imp,ref) and 

the voltage equals the reference maximum power voltage (Vmp,ref). Furthermore the change in the 

maximum power is zero. 

When these conditions are applied to the diode Equation, Eq. 3.12.2-1, the following five 

equations are produced (3.12.2-2 to 3.12.2-6). 



 

 44 

refsh

refsrefsca

RI

reforefLrefsc
R

RI
eIII ref

refsrefsc

,

,,

,,, 1

,,

−













−−=   Eq 3.12.2-2 

refsh

refsa

RI

ref

refsrefo

refsh

a

RI

ref

refo

refsh

R

R
e

a

RI

R
e

a

I

R
ref

refsrefsc

ref

refsrefsc

,

,.,

,

,

,

11

1
1

1
,,

,,

−













−+

−













−

=   Eq 3.12.2-3 

refsh

refsca

V

reforefL
R

V
eII ref

refsc

,

,

,, 10

,

−













−−=   Eq 3.12.2-4 

refsh

refsrefmprefmpa

RIV

reforefLrefmp
R

RIV
eIII ref

refsrefmprefmp

,

,,,

,,, 1

,,,

+
−














−−=

+

  Eq 3.12.2-5 
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  Eq 3.12.2-6 

Solving Equations 3.12.2-2 to 3.12.2-6 produces the reference values for the Io, IL, a, Rs and Rsh. 

These variables are then used to calculate the operating condition values. The equations used to 

solve for the operating values are the following Eq. 3.12.2-7 to 3.12.2-11. 

refcell

cell

ref T

T

a

a

,

=   Eq 3.12.2-7 

where Tcell is the PV cell’s temperature in Kelvins. 

S

S

R

R ref

refsh

sh =
,

  Eq 3.12.2-8 

where S is the irradiance in W/m2. 
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Where µ Isc is the current temperature coefficient in A/˚C. 

( )[ ]
refcellcellrefgg TTCEE ,, 1 −−=  Eq 3.12.2-10 

Where Eg is the band gap of the solar cell in electron volts (eV). In this case, it is the band gap of 

silicon. 
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Rs  is assumed to be independent of both temperature and irradiance. These variable results 

allowed for the calculation of Voc, Isc, Vmp  and Imp. The equations 3.12.2-12 and 3.12.2-13 were 

used to solve Voc and Isc and the Vmp  and Imp. For solving for the Isc and Voc just replace the Vmp 

with the Voc and the Imp with the Isc. 
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  Eq 3.12.2-13 

The Vmp was multiplied by the Imp to calculate the power produced by the cell under operating 

conditions.  

The Petela derived total solar exergy entering the system was used and is given Equation 3.12.2-

14 [31]. 
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Where the Tamb and Tsun are the ambient and sun temperature in Kelvin. 

3.12.3 Solar Panel Temperature 

To solve for the temperature of the cell at operating temperatures, the empirically derived 

equation from the Sandia National Laboratory was used. The error in the equation is ±5 [33]. The 

module used to describe the panel in this simulation was a glass/cell/polymer sheet on an open 

mount. To determine the temperature of the back of the model Equation 3.12.3-1 was used [33]. 

amb

zVy

m TSeT w += +

  Eq 3.12.3-1 

Where  y is dimensionless and z has units of s/m, are the empirically determined coefficients with 

the values of -3.56 and -0.075 for the glass/cell/polymer sheet open rack module type and Vw is 

the wind velocity is m/s. To determine the temperature of the cell, Equation 3.12.3-2 was 

implemented [33]. 

T
S

S
TT

ref

mcell ∆+=   Eq 3.12.3-2 

Where ∆T is the temperature difference between the panel’s back surface (Tm) and the cell’s 

temperature at an irradiance value of (Sref) 1000 W/m2. In the case of the module being 

considered, the temperature difference value is 3˚C. 

3.12.4 Flat Plate Collector Model 

The thermal mode of a solar flat plate collector uses the equations given by Duffie and Beckman 

[27]. To determine the efficiency of the solar collector, the overall heat loss from the system is 

needed. The overall heat loss of the system was calculated using equations 3.12.4-1 to 3.12.4-7. 

Equation 3.12.4-1 was employed to calculate the top heat losses (Ut). 
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  Eq 3.12.4-1 

Where N is the number of glass covers, Tpm and Tamb are the temperature of the plate and ambient 

temperature (K), β is the collector tilt (degrees), εg and εp are the emissivity of the glass and plate 

and hw is the wind heat transfer coefficient (W/m2 C) which can be found using Equation 3.12.4-2 

[40].  

ww Vh 38.2 +=   Eq 3.12.4-2 

The coefficients f, C, and e in Eq. 3.12.4-1 are calculated using equations 3.12.4-3 to 3.12.4-5. 

( )( )Nhhf pww 07866.011166.0089.01 +−+= ε   Eq 3.12.4-3 

( )2000051.01520 β−=C   Eq 3.12.4-4 
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The side, Ub, and bottom, Ue, losses were calculated using equations 3.11.4-6 and 3.11.4-7. 
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=   Eq 3.12.4-7 

Where k is the thermal conductivity (W/m K), L is the thickness (m) and A is the area (m2). 

The total loss of the system is the sum of UL, Ub and Ue as in Equation 3.12.4-8. 

tebL UUUU ++=   Eq 3.12.4-8 

Using UL the fin collector efficiency factor F’ was calculated using Equation 3.12.4-9 [41-43]. 
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Where W is the pipes center to center distance (m), D and Di is the outer and inner diameter of the 

pipe (m), Cb is the bond conductance which is assumed to be very large ( 0
1

=
Cb

) (W/m K), hf is 

the heat transfer coefficient between the fluid and the pipe wall (W/K) which can be calculated 

using Equation 3.12.4-10. 

h
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D

k
Nuh =   Eq 3.12.4-10 

Where Nu is the Nusselt number found by using Equation 3.12.4-11. Equation 3.12.4-11 was 

derived for a fully developed turbulent airflow with one side heated and the other side insulated 

[27]. 

8.0Re0158.0=Nu   Eq 3.12.4-11 

Where Re is the Reynolds number which can be calculated using Equation 3.12.5-5 found in 

Section 3.12.5. 

F is the fin efficiency factor which can be calculated from Equation 3.12.4-12 [41-43]. 
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Where m can be calculated using Equation 3.11.4-.13. 

k

U
m L

δ
=   Eq 3.12.4-13 

Where δ is the thickness of the plate (m) and k is the thermal conductivity of the plate (W/m K). 
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Using the fin collector efficiency factor F’ found by Equation 3.12.4-9, the heat removal factor 

was determined from Equation 3.12.4-14 [41-43]. 
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The actual useful energy gain Qu was then calculated using the Equation 3.12.4-15. 

( )[ ]ambinLRpu TTUSFAQ −−=   Eq 3.12.4-15 

Using the Qu the mean temperature of the plate and the fluids outflow were calculated with 

equations 3.12.4-16 and 3.12.4-17 [41-43]. 
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3.12.5 Thermal Exergy 

The change in exergy for the thermal system is derived from the difference in the exergy of the 

flow at the inlet and outlet [22-24]. This is given by the following equation. 

in

amb

in

out

ambinoutpth
T

pTm

T

T
TTTCmxE

ρ

∆
−

















−−=∆

�
�� ln   Eq 3.12.5-1 

Where m� is the mass flow rate (kg/s), Cp is the specific heat capacity (s/Kg *K), Tout, Tin and Tamb 

are the outlet, inlet and ambient temperature (K), ρ is the density (kg/m3) and ∆p is the frictional 

pressure drop (Pa) 

The frictional pressure drop of the fluid ∆p was calculated using Equation 3.12.5-2 

h
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ρ=∆   Eq 3.12.5-2 

Where L is the length of the duct (m), V is the velocity (m/s), Dh is the hydraulic diameter as seen 

in Equation 3.12.5-3.  
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Where A is the area (m2) and P is the perimeter (m) and f is the friction which can be calculated 

using Equation 3.12.5-4. 
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Where Re is the Reynolds number that was calculated from Equation 3.12.5-5 
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=Re   Eq 3.12.5-5 

Where µ is the Viscosity (kg/s m). 

The total change in exergy given to the system by the sun for the thermal exergy analysis can be 

seen in Equation 3.12.5-6. This equation was derived from the Jeter analysis and is based on the 

Carnot cycle [31, 32]. 
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3.12.6 PVT Model Thermal Aspect 

The thermal aspect of the PVT model uses the equations found in Section 3.12.4 with the 

following modifications. The top heat loss for a single pane air heater was calculated using 

Equation 3.12.6-1 [44]. 
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Where hhrTp-Tamb and hrTp-Tg are calculated from Equation 3.12.6-2 which is the radiation 

coefficient [44]. 
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Where T1 and T2 are the two object temperatures (K), ε1 and ε2 are the emissivity of the two 

objects and σ is the Boltzmann constant. 

The bottom and side heat loss coefficients are calculated using equations 3.12.4-6 and 3.12.4-7 

found in Section 3.12.4. The only other equation that is different from Section 3.12.4 is the 

collector efficiency Factor, F´. Equation 3.12.6-3 was implemented in the calculation [44]. 
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Assuming the temperature of the absorber and the bottom of the duct has the same temperature; 

h1 and h2 are the same [27]. h1 and h2 are the convective heat transfer from the duct to the airflow. 

The convection was calculated using Equation 3.12.4-10 from Section 3.12.4. It was also 

assumed that the duct had a constant temperature which causes Equation 3.12.6-2 to be simplified 

to Equation 3.12.6-4. 
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Where Tp is the temperature of the absorber plate. 
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Chapter 4 

The Effect of Operating Conditions and Intrinsic Amorphous Silicon 

Layer Thickness on the Efficiency of a Hybrid Photovoltaic Thermal 

Device 

4.1 Chapter Introduction 

Designing a PV absorber material which operates efficiently at higher temperatures would allow 

a PVT system to be optimized as a single system. This chapter explores the potential for doing 

this. In particular the feasibility of varying the i-layer thickness in an amorphous silicon PV cell is 

investigated to determine the best configuration for PVT operating conditions. This paper will be 

submitted to solar energy and the authors are M.J.M Pathak, J.M. Pearce, S.J. Harrison and K. 

Girotra. 

4.2 Abstract 

Historically, the design of hybrid solar photovoltaic thermal (PVT) systems has focussed on 

cooling crystalline silicon (c-Si)-based photovoltaic (PV) devices to avoid temperature-related 

losses. This approach neglects the associated performance losses in the thermal system and leads 

to a decrease in the overall exergy of the system. Consequently, this paper explores the use of 

hydrogenated amorphous silicon (a-Si:H) as an absorber material for a PVT device in an effort to 

maintain higher and more favourable operating temperatures for thermal systems. Amorphous 

silicon not only has a smaller temperature coefficient than c-Si, but also can display improved PV 

performance at extended periods of higher temperatures because of annealing effects on Staebler-

Wronski defect states. In order to determine the potential improvements in a-Si:H PV 

performance associated with increased thicknesses of the i-layers, a-Si:H PV cells were tested 

under 1 sun illumination (AM1.5) at temperatures of 25oC (STC), 50oC (representative PV 
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operating conditions), 90 oC (representative PVT operating conditions). In addition, a-Si:H cells 

with an i-layer thicknesses of 420, 630 and 840 nm were tested at each temperature. Results show 

that operating cells at 90 oC, with thicker i-layers than traditionally used in production cells, 

produced a greater power output compared to the thinner cells operating at either PV or PVT 

operating temperatures. These results indicate that incorporating a-Si:H as the absorber material 

in a PVT system can improve the performance of both the thermal component, while 

simultaneously improving the performance of a-Si:H-based PV. 

4.3 Introduction 

Thin-film-based hydrogenated amorphous silicon (a-Si:H) solar photovoltaic (PV) cells hold 

promise over conventional crystalline silicon (c-Si) PV due to technical attributes including a 

higher absorption coefficient, less material requirements, excellent ecological balance sheet, low 

manufacturing costs and a high return on investment in manufacturing [1-3]. This promise, 

however, is limited by the Staebler-Wronski effect (SWE), which causes a-Si:H cell performance 

to degrade when exposed to sunlight [4-9]. However, SWE can be minimized with optical 

enhancement and by thinning the intrinsic layer (i-layer), but the consequence is a decrease in 

initial performance [1, 10]. It is well established that annealing SWE defects can be achieved, not 

only at elevated temperatures over extended time periods (e.g. 150 oC for 4 hours) in the dark, but 

also at room temperature [4, 11-13]. Furthermore, it is known that SWE is limited at higher 

temperatures [8], but this effect cannot be utilized at standard operating temperatures because 

conventional modules cannot consistently achieve temperatures greater than 50 oC in ambient 

non-concentrated applications [14]. Thus despite more than 40 years of research in a-Si:H-based 

PV, the highest performing cells are fabricated sub-optimally thin to avoid unacceptable losses 
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from SWE. Where optimal roof space for solar applications is limited, the relatively low 

performance of a-Si:H-based PV also has limited (although large) markets.  

Due to this challenge of limited optimal rooftop space for solar applications, there is a renewed 

interest in photovoltaic solar thermal (PVT) hybrid systems [15-18]. The typical PVT system is 

fabricated by simply adhering a standard PV module to a thermal system, which is far from 

optimal [19]. Historically, the main objective in a PVT systems using c-Si is to cool the solar cell 

down to achieve higher electrical outputs [20] because c-Si cells suffer performance losses of 

0.4%/ oC [21]. However, as a result, the thermal efficiency of the system is sacrificed to meet the 

cooling demands [22]. A superior PVT design approach would incorporate both the thermal and 

electrical output in one optimized design.  

Utilizing a-Si:H materials instead of c-Si in PVT systems offers a promising solution to this 

problem [23]. Firstly, a-Si:H can be deposited directly onto the absorber plate making an integral 

system [24]. Secondly, a-Si:H has a superior temperature loss-coefficient (0.1%/ oC) [21] to c-Si-

based PV. Lastly, running the system at optimal thermal conditions would allow for the a-Si:H 

cells to achieve a higher operating temperature [25]. This would have the added benefit of 

annealing the SWE defects and achieving a higher electrical performance [26]. 

In this paper a-Si:H is investigated as a potential absorber material in a PVT system in order to 

determine the potential improvements performance with increased thicknesses of the intrinsic (i) 

layer in a-Si:H PV cells. To accomplish this, a thickness series of a-Si:H solar cells with i-layers 

of 420, 630 and 840 nm thickness were degraded under simulated solar irradiance (AM1.5 1 sun) 

and at a temperature series of  25 oC (Standard testing conditions [STC]), 50 oC (representative 

operating temperature of PV) and 90 oC (representative operating temperature of PVT). The 
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kinetics of the degradation of the cells are presented and the implications of using a-Si:H for PVT 

applications is discussed. 

4.4 Materials and Methods 

The cells were created in a series of three i-layer thicknesses of 420, 630, 840 nm on an Asahi 

TCO U-type substrate.  The cells were prepared in an AKT Plasma Enhanced Chemical Vapour 

Deposition system. Figure 4-1 shows the device configuration used in this investigation from the 

bottom of the cell up including: AGC float glass (3 mm)/SnO2:F (700 nm)/ Ag (200 nm)/ AZO 

(100 nm)/ n-a-Si:H 25 nm/ i-a-Si:H 420 nm to 840 nm/ p-a-Si:H 15nm/ ITO 70nm. These cells 

were fabricated by ThinSilicon. 

 

p 15 nm 

i 420/630 

/840 nm 

n 25 nm 
AZO 100 nm 

SnO2:F 700 nm 

Ag 200 nm 

AGC float glass 

3 mm 

ITO 70 nm 

 

Figure 4-1: Device schematic of the a-Si:H used in this study 

Samples were placed on a Chemat Technology Inc. hot plate, model KW-4AK, with thermal 

paste. A k-type thermocouple was place on the surface of the sample beside the cell of interest. 

The thermocouple readings were measured by a Cole Parmer Digi-Sense temperature controller 

k-type sensor, which was also used to control the temperature of the cell. A 12 V, 4.5 A computer 

fan was used to cool the cell for the 25 oC test. A PV Measurements class AAA solar simulator 

was used to irradiate the samples at 1 sun and K2400 I-V software was used alongside a 
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Keithley’s 2400 source-meter and 2000 multi-meter to measure the current-voltage output of the 

cells. An AutoIt macro was created to take measurements at 7 second intervals for the first hour, 

30 seconds for the next 2 hours and then every 60 seconds for the remaining time. The cells were 

degraded at the constant temperatures of 25, 50 and 90 oC with constant irradiance until the cell 

had stabilized. Light IV measurements were made at the degradation temperature and a W/oC 

calibration test was made with the DSS samples. [For more information about the system set up 

and methodology, the cells and macros used to perform and analyze the measurements, see 

Appendix A, B and C respectively]. 

4.5 Results and Discussion 

Figures 4-2 to 4-4 show the a-Si:H based device maximum power as a function of light soaking 

time at an air mass (AM) of 1.5 and an intensity of 1 sun. The cells were measured at the 

temperature they were being degraded at. The linear effect of temperature on the power is -0.016 

W/oC which is similar to the results found by Sandia National Laboratories [27]. The method of 

coefficient determination can be found in Appendix F. The kinetics of degradation show similar 

effects to those reported previously [28-31]. The comparison of different thickness at the same 

temperature is already known with the results supporting thinner cells at STC [28-31]. At 25 oC, 

STC dictates that thinner (420 nm) cells provide superior degraded steady-state (DSS) 

performance than thicker (630 nm and 840 nm) cells due to the SWE. However, as can be seen in 

Figure 4-2, if the thicker cells are degraded at higher temperatures they stabilize at a higher power 

than the thinner cells at STC. Figure 4-2 shows the maximum power of cells with i-layers of 

thickness of 420 nm degraded at 25 oC relative to the 630nm and 840nm cells at 50 oC. The error 

in the power measurements was estimated to be ±0.36% as discussed in Appendix F. 
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In Figures 4-2 to 4-3, a comparison between cells of different i-layer thicknesses operating at 

different temperatures is shown to demonstrate the impact of elevated operating temperature. If 

the effect of temperature on the maximum power performance was incorporated into the 

comparison, the power output of the higher temperature thicker cells would greatly exceed that of 

the thinner cells at lower temperatures. This implies that when choosing the correct thickness for 

the a-Si:H in a PVT system, the 25oC DSS from SWE is not the limiting factor and that the 

operating temperature of the PV panel should also be considered.  

  

Figure 4-2:Comparison of the maximum power as a function of light soaking time for cells 

with i-layers of thickness of 420nm and degraded at 25 
o
C to the 630nm and 

840nm cells at 50 
o
C 

As has been suggested before, Figure 4-2 clearly shows that the use of STC in determining the 

design of an a-Si:H based PV cell is suboptimal [32]. If the thinner cells operating at 50 oC are 

compared to thicker cells at higher temperatures (90 oC), the pattern is still the same for the 

higher temperatures as can be seen in Figure 4-3.  
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Figure 4-3:Comparison the maximum power as a function of light soaking time for cells 

with i-layers of thickness of 420nm and  degraded at 50 
o
C, to the 630 and 840 

nm cells degraded at 50 and 90 
o
C 

From Figure 4-2, the power and energy gain for the 630nm cell is 1 % when compared to the 

420nm cell. This further supports the concept of using thicker cells if the operating temperature is 

higher. In addition, even when the thinner cells are compared at the higher temperature of 90 oC, 

as seen in Figure 4-4, the thicker cells indicated a superior performance. This demonstrates that 

when designing a PVT system, depending on the optimal absorber temperature, the thickness of 

the a-Si:H can be modified to produce the maximum electrical and thermal output. 
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Figure 4-4: Comparison of the maximum power as a function of the light soaking time for 

cells with i-layers of thickness of 420nm, 630 and 840nm at 90 
o
C 

Based on these findings, if the system is running at less than 90 oC, the thinner cells would be 

better suited for PVT applications and the opposite is true at temperatures greater than or equal to 

90 oC. When running the system at 90 oC with the thicker cells, (i.e., 630nm and 840nm), 2% and 

0.5% more power, respectively is produced when compared to the thinner cell at the same 

temperature. Furthermore, designing a system, with a layer thickness that corresponds to the 

thermal system's requirements, will lead to a PVT system designed as an optimized system. 

Further research is required to determine the most favourable thickness for a given temperature 

and this will also depend on the climatic location of the system. 
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4.6 Conclusions  

The performance of a-Si:H-based solar photovoltaic devices are highly dependent on operating 

temperature. The higher the temperature (up to 90 oC) the higher the DSS is at a given thickness, 

due to annealing of SWE defects. This study found that this effect could be utilized for targeting a 

PVT absorber material with thicker a-Si:H PV layer. When comparing the power of the thicker 

cells running at 90 oC to that of the thinner cells at 50 oC, it was found that the thicker cells 

produced 1% more power and energy under 1 sun illumination. Running all the cells at 90 oC, the 

thicker cells performed better than the thinner cell by 0.5% and 2% for the 840nm and 630nm. 

These results imply that utilizing a thicker intrinsic layer of a-Si:H for the use in PVT systems 

will allow for the system to be optimized both for the electrical and thermal aspects. 
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4.7 Chapter Summary 

In this chapter, it was shown that an a-Si:H cell with an i-layer thickness of 630nm performed 

better than a typical thinner cell. However, regardless of the higher stabilization efficiency; the 

results show that degraded performance is still significantly lower than its initial efficiency. 

Chapter 5 explores the concept of pulse annealing in the attempt to further improve the a-Si:H 

performance in the PVT system. 
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Chapter 5 

Effects on Amorphous Silicon Photovoltaic Performance from High-

temperature Annealing Pulses in Photovoltaic Thermal Hybrid Devices 

5.1 Chapter Introduction 

To improve the overall performance of the a-Si:H cell in a PVT system, the potential of using 

pulse annealing was evaluated in this paper. The authors of the paper are M.J.M Pathak, J.M. 

Pearce and, S.J. Harrison and this paper will be submitted to Solar Energy Materials & Solar 

Cells. 

5.2 Abstract 

There is a renewed interest in photovoltaic solar thermal (PVT) hybrid systems, which harvest 

solar energy for heat and electricity. Typically, a main focus of a PVT system is to cool the 

photovoltaic (PV) cells to improve the electrical performance, however, this causes the thermal 

component to under-perform compared to a solar thermal collector. The low temperature 

coefficients of amorphous silicon (a-Si:H) allow for the PV cells to be operated at higher 

temperatures and are a potential candidate for a more symbiotic PVT system. The fundamental 

challenge of a-Si:H PV is light-induced degradation known as the Staebler-Wronski effect 

(SWE). Fortunately, SWE is reversible and the a-Si:H PV efficiency can be returned to its initial 

state if the cell is annealed. Thus an opportunity exists to deposit a-Si:H directly on the solar 

thermal absorber plate where the cells could reach the high temperatures required for annealing. 

In this study this opportunity is explored experimentally. First a-Si:H PV cells were annealed for 

1 hour at 100 ˚C on a 12 hour cycle and for the remaining time the cells were degraded at 50 ˚C in 

order to simulate stagnation of a PVT system for 1 hour once a day. It was found that, when 
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comparing the cells after stabilization at normal 50 ˚C degradation, this annealing sequence 

resulted in a 10.6% energy gain when compared to a cell that was only degraded at 50 ˚C. 

5.3 Introduction 

Photovoltaic solar thermal (PVT) hybrid systems have been shown to be more efficient at solar 

energy collection on the basis of exergy, energy and cost [1-7]. Most current PVT systems are 

based on crystalline silicon (c-Si) photovoltaic (PV) materials, whose performance drops at 

0.04%/oC [8]. Thus, these PVT system designs are primarily focused on cooling the PV cells to 

maximize the electrical gain, while the extracted thermal energy is viewed as a secondary benefit 

[7]. The result of this design focus is that the thermal component of the PVT system significantly 

under-performs when compared to standard solar thermal collectors [9-12]. Focusing the design 

on only maximizing solar electrical output thus prevents the PVT system from being optimized.  

A potential solution to this challenge is to use a PV material that can operate at higher 

temperatures. One such promising material is hydrogenated amorphous silicon (a-Si:H), which 

has a temperature coefficient of only -0.01%/ oC [8], a quarter that of c-Si. A fundamental 

challenge recognized shortly after the discovery of a-Si:H was light-induced degradation known 

as the Staebler-Wronski effect (SWE) [13-17]. SWE causes defects to form in the a-Si:H material 

when exposed to sunlight, which lowers the efficiency of the cell. For commercial high-quality a-

Si:H materials, these defects saturate after a long (~100 hours of continuous 1 sun) illumination 

and the efficiency of the cell is considered stabilized at this point [18-20]. This is known as the 

degradation steady-state (DSS). Fortunately, SWE is reversible and the a-Si:H PV efficiency can 

be returned to its initial state if the cell is heated to 150oC for four hours [13, 21-23] as the defect 

states are annealed. Various schemes have been devised to take advantage of thermal annealing in 

a-Si:H, such as removing the entire PV array and annealing them in an air oven at lower 
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temperatures (e.g. at 80oC) and extended times [24]. In addition, it has been found that a-Si:H PV 

performs better at higher temperatures since the optoelectronic properties of a-Si:H materials [25-

27] stabilize at a higher efficiency [18, 28]. In a solar thermal flat plate collector the temperature 

can easily reach over 100oC and even climb higher than 200oC if the system is stagnated [29]. 

Thus an opportunity exists to deposit a-Si:H directly on the solar thermal absorber plate [30, 31] 

where the cells could reach the high temperatures required for annealing. This suggests that a-

Si:H would be an excellent choice of PV material for a PVT system and that careful control of the 

temperature of the thermal side of the PVT could be used to introduce annealing pulse cycles to 

raise the overall PV performance. 

This paper explores this potential and reports on a series of experiments in which a-Si:H based 

PV cells were exposed to high temperature pulse annealing for which the temperature and 

duration were determined by the possible stagnation conditions in a PVT system. The results are 

discussed to determine the value of utilizing a scheme of thermal cycling in PVT systems to 

maximize the overall solar energy harvested. 

5.4 Materials and Methods 

The a-Si:H PV cells used in this study were fabricated by an AKT Plasma Enhanced Chemical 

Vapour Deposition chamber. The i-layer thicknesses of 210, 420, 630 and 840 nm were chosen 

for this study. From the bottom up the structure of the cells is: AGC float glass (3mm)/SnO2:F 

(700 nm) - textured fluorinated tin oxide/ Ag(200nm)/ AZO (100nm)/ n-a-Si:H 25nm/ i-a-Si:H 

210nm to 840 nm/ p-a-Si:H 15nm/ ITO 70nm. These cells were supplied by ThinSilicon. The 

composition can be found in Figure 5-1. 
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p 15 nm 

i 210/420/ 

630/840 nm 

n 25 nm 
AZO 100 nm 

SnO2:F 700 nm 

Ag 200 nm 

AGC float glass 

3 mm 

ITO 70 nm 

 

Figure 5-1: The composition of the a-Si:H cells used in this study 

The following sections describe the various methodologies required to complete and acquire the 

data for this study. [See Appendix B for more information about the cell.] 

[Appendix A gives a greater explanation of Sections 5.4.1-5.4.3. Appendix C discusses the 

macros used to take and analyze the measurements and Appendix E demonstrates stagnation 

temperatures achieved by the cells used in this work.] 

5.4.1 Light-Induced Degradation  

A Newport AAA solar simulator was used to apply 1 sun illumination to the cells described in 

Section 5.4 until a degraded steady state (DSS) was reached. Degradation temperatures were 

maintained with a Chemat Technology Inc. hot plate attached to a Cole Parmer Digi-Sense k-type 

temperature controller. A k-type thermocouple was placed beside the cell to monitor and maintain 

surface temperature at the desired temperatures of 25, 50 or 90oC during the degradation. PV 

Measurements I-V Curve software K2400 I-V was used with a Keithley’s 2000 multimeter and 

2400 sourcemeter to measure the current-voltage output of the cells. An AutoIt macro was 

implemented to run the program to take the measurements at desired intervals.  
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5.4.2 Spike Annealing at the DSS 

After reaching the DSS, the cells were exposed to a thermal spike annealing cycle with a set point 

of 100oC for one hour. This test was to simulate stagnation of the thermal component of the PVT 

system. The 100 oC was determined as feasible by experimentally simulating stagnation using a 

test rig containing the cell array used in this study. For greater understanding of the methodology, 

see Appendix E. Given the high reflectivity of the cells, this number is conservative. The 1 hour 

annealing time was considered a short enough period of time to not greatly affect the thermal 

system performance but long enough to partly anneal the cell. The cell was then allowed to cool 

to its degraded temperatures of 90, 50 and 25oC in stages and remained at these temperatures for 

at least 10 minutes to obtain an accurate temperature correlation. 

5.4.3 Spike Annealing Cycle 

Following the methods outlined in Section 5.4.1 and 5.4.2, the spike annealing cycle test was 

completed on a 12 hour cycle. The cell was degraded at 50oC for 10 hours and 45 minutes, at 

which time the surface temperature of the cell was raised to 100oC over approximately 15 

minutes and was maintained at that temperature for 1 hour and then allowed to cool naturally to 

50oC. It should be noted that the typical operating temperature for a PV module is 50oC [32]. 

5.5 Results and Discussion 

It is known that a-Si:H PV when degraded at higher temperatures will stabilize at higher 

efficiencies, as can be seen in Figure 5-2 showing the normalized maximum power (Pmax) with a 

630 nm i-layer thick a-Si:H cell degraded at 25, 50 and 90oC [19]. 
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Figure 5-2: A normalized temperature series of 25, 50 and 90 
o
C degradation under 1 sun 

for a cell with an i-layer thickness of 630 nm. 

From Figure 5-2, it can be easily determined that running an a-Si:H cell at higher temperatures 

will increase the energy output of the cell due to the earlier occurrence of the DSS. This supports 

the concept of using a-Si:H in PVT systems as a-Si:H cells stabilize at higher efficiencies at 

higher operating temperatures. However, it would be more beneficial if the cell could retain its 

initial efficiency rather than its DSS lower efficiency. In order to test if this was possible, high-

temperature annealing pulses (or spike annealing) was tested. The spike annealing process was 

applied to the stabilized cells of the temperature series found in Figure 5-2 and the results are 

shown in Figures 5-3 to 5-5. In each graph, the fill factor, maximum power and annealing 

temperature profile are plotted. The fill factor (FF) indicates the quality of the cell performance 

as the ratio of actual power output to theoretical power output (explained further in section 

2.2.2). The annealing temperature profile displays the change in temperature over time applied to 
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the cell. It should be noted that the end points of each line segment are known, but changes 

between them are not displayed. 

 

Figure 5-3: Spike annealing results for the 25 oC degradation test (A: 80 
o
C, B: 50 

o
C, C: 

fan turned on, D: 25 
o
C) 
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Figure 5-4: Spike annealing results for the 50 
o
C degradation test (A: 80 

o
C, B: 50 

o
C) 

 

Figure 5-5: Spike annealing results for the 90 
o
C degradation test (A: 90 

o
C, B: 80 

o
C, C: 50 

o
C) 
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As can be seen in Figures 5-3 to 5-5, there are some interesting patterns that arise in all cases. 

During the ramp up in temperature, the power drops initially, but then slowly increases thereafter. 

This may be because the cell initially suffers from the rapid increase in the temperature during the 

ramp up until it is closer to achieving surface cell temperatures of 100 oC required for the 

annealing process to take a significant effect [24]. Although a-Si:H does perform better at higher 

temperatures, it is also very sensitive to fluctuations in temperature. This can clearly be seen in 

Figures 5-4 and 5-5 at the 100 oC plateau, where the temperature fluctuated by a couple degrees 

resulting in a wavelike scattered pattern during this period. In all three annealing tests, the fill 

factor (FF) spiked at around 80 oC whereas the power reaches its maximum at temperatures lower 

than 50 oC. These findings can be explained by understanding the temperature relationships 

between the short circuit current (Isc) and open circuit voltage (Voc). Looking at any PV panel data 

sheet, it can be found that the Isc increases with temperature slightly, whereas the Voc decreases 

significantly with temperature, typically 3-4 times as fast. Therefore, at 80 oC the conditions are 

set such that the Isc has only dropped a little while the Voc has increased significantly. This 

combination would greatly increase the FF. In the case of the power maximum at 50 oC, the Voc 

has increased dramatically allowing for a larger maximum voltage and therefore greatly 

increasing the Pmax output. This is interesting because this shows that the FF and Pmax are 

independent of each other. 

Considering Figure 5-2, it is clear that the starting point for Figures 5-3 to 5-5 is dependent on 

what temperature the cells are degraded at. As mentioned before, the higher the temperature, the 

faster the DSS and higher the corresponding Pmax. At the lower degraded temperatures in Figures 

5-3 and 5-4, the annealing has a larger effect on the power increase compared to the higher 

temperature in Figure 5-5. This is expected given that the DSS Pmax is highest at 90 oC, such that 

the power gain is smaller when being annealed at only 10 degrees higher. To compare the relative 
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regeneration of the cells, the final Pmax in Figures 5-3 to 5-5 were divided by the initial Pmax in 

Figure 5-2, which resulted in percentage regenerations of 84.1%, 86.2% and 96.8% for the 25 oC, 

50 oC and 90 oC tests respectively. Thus, at the highest degradation temperature, the cell is almost 

fully regenerated in the spike annealing, even though the gain is the smallest. This can be 

understood by noting that the cell stabilizes at a higher Pmax at higher temperature. 

The degradation at 50 oC and relevant spike annealing tests were completed for different i-layer 

thicknesses (i.e., 210, 420, 630 and 840 nm) to determine if the patterns were consistent as shown 

in Figure 5-6. The different shades show the different temperature stages of the pulse annealing 

test at different temperature time periods; ramp up, 100 oC plateau, cooling down, 50 oC plateau 

and cooling down again. The darker regions show the temperature plateaus.  

 

Figure 5-6: Spike annealing thickness series using a-Si:H cells with i-layer thicknesses of 

210, 420, 630 and 840nm degraded at 50 
o
C under 1 sun. 

As can be seen in Figure 5-6, regardless of the i-layer thickness of the cell, the same pattern is 

followed. However, for the thinner the cell, the effect of a one hour spike anneal on the power of 
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the cell is greater. This is by virtue of the thicker cells having more material, which means they 

have more defect states that require a greater annealing time [33, 34]. Therefore, after the 1 hour 

of annealing, the thicker cells will have more defects remaining and will therefore produce less 

energy.   

A realistic application of the spike annealing concept would be to apply it once a day in a PVT 

system to minimize the detrimental impact on the thermal component of the system. This 

sequence was simulated and the results are shown in Figure 5-7. Thus, Figure 5-7 compares a 50 

oC degradation of the 630 nm i-layer thick cell to the same cell degraded at 50 oC but spike 

annealed at 100 oC in a 12 hour cycle period for a duration of just over 1 week described in 

Section 5.4.3. 

 

Figure 5-7: Comparison of the same 630 nm i-layer thick cell degraded at 50 
o
C under 1 sun 

(Normal Degradation) to results obtained for degradation at 50 
o
C under 1 sun 

coupled with spike annealed at 100 
o
C on a 12 hour cycle for 192 hours (Spike 

Annealing). 
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From Figure 5-7, the comparison between a normal 50 oC degradation test to a 12 hour 

degradation and spike annealing test reveals that, over the course of just over 1 week, the spike 

anneal cycle test produces 8.5% more energy if both were run for 192 hours. This assumes that 

the normal degradation has stabilized and therefore produces constant energy from 132 to 192 

hours. When comparing the two tests from the point where the normal 50 oC degradation test 

stabilized (140 hours) to the end of the test (192 hours), it was found that the spike annealing 

cycle test produced 10.6% more energy. Since there is very little change in the spike annealing 

cycle test from 140 hours onwards, this would imply that over the course of the lifetime of the 

PVT system, applying the spike annealing once a day would produce 10.6% more energy than if 

the system was not annealed at all. If the a-Si:H cell was 10% efficient this would mean the cell’s 

overall efficiency would increase to just over 11%. 

5.6 Future work 

In this study, the efficiency of the cell was assumed to be 10% which was based on what an a-

Si:H typically performs at. If the use of a micromorph or multi-junction a-Si:H cell were used, 

the efficiency may increase further [35]. Therefore, another study would be required to 

determine the effects of the spike annealing on these higher efficiency cells.  

It is therefore suggested that an i-layer thickness series study be completed comparing the effects 

of spike annealing over time. Furthermore, the possibility of conducting the spike annealing at 

higher temperatures for a shorter period of time might also produce the same effects but have 

less of a negative effect on the thermal component.  

Future work would need to assess the feasibility of stagnating the PVT system to determine if the 

gain from the solar cells exceeds the losses in thermal energy output due to the stagnation period. 

It would be interesting to determine the best time during a day that would produce the required 
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annealing temperature while minimizing the stagnation thermal losses. For example, in the 

middle of the day where the irradiance is highest, a high stagnation temperature can be achieved 

but the thermal losses would be greater than if this was completed at the end of the day. 

In recent years the use of Feed-In-Tariffs (FIT) programs has been introduced to various countries 

to promote green technologies. In Ontario, Canada, the FIT program offers 80 cents/kWh of PV 

energy while the cost of electricity is only 3.7-10.6 cents/kWh [36, 37]. It may therefore be more 

beneficial to spike anneal even in the middle of the day since the electricity gained greatly 

exceeds the cost of purchasing it. Another concept would be to only spike anneal at times when 

the thermal demand is zero or when the occupants will not be using the hot water for a while, 

such as when the occupants are on vacation. This would then not affect the performance of the 

thermal component while improving the electrical efficiency. Finally, the electricity could be 

stored on the grid to allow for the electrical gains to benefit the surrounding area and not be 

wasted. 

5.7 Conclusions 

This paper explored the potential of spike annealing a-Si:H based PV cells by simulating high 

temperature sequences that would occur during imposed stagnation conditions in hybrid PV 

thermal solar collectors. Through simulating the stagnation of an a-Si:H PVT system for 1 hour 

where the cell was maintained at 100 ˚C, it was found that there was 10.6% gain in solar 

electricity production compared to running a cell only at 50 ˚C once both had reached the normal 

50˚C stabilized state. Assuming the rates of degradation were maintained throughout their 

lifetime, the relative gain would be maintained for the cells with spike annealing. With the 

prospects of producing more energy from spike annealing, PVT systems could become a major 

player in the solar market. 
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5.8 Chapter Conclusion 

From this paper, it has been shown that the pulse annealing can greatly improve the electrical 

output of the PVT system. This further demonstrates the potential of an a-Si:H as the absorber 

material in a PVT system. A greater in depth investigation of these implications can be found in 

Chapter 6. 
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Chapter 6 

Summary Discussion and Future Work 

It was determined through an exergy analysis that PVT is the better option for limited roof space 

when compared to a PV + T and PV only system. From this analysis, further optimization is still 

possible such as the use of a PV material that operates better at higher temperatures. a-Si:H was 

chosen as the material and it was shown that thicker i-layer cells performed better than typical 

thinner cells in PVT operating conditions. To further improve the performance of the a-Si:H PVT 

system, spike annealing was found to improve the energy gain of the PV cells by 10.6%. The 

following sections discuss the implications, challenges, limitations and future work of the results 

discussed in the previous chapters. [Appendix F contains error estimation information.] 

6.1 Exergy Model 

The purpose of the exergy analysis was to demonstrate that PVT should be the system of choice 

when roof space is limited. In completing the analysis, one assumption was that all the available 

exergy was used as it was being produced which is not always the case in a real life. In a practical 

optimization, the magnitude and frequency of the demands would be considered. This would 

require adapting the analysis to take into account for these parameters.  

The current model was developed based on certain assumptions that may not apply in all cases, 

e.g., the air-flow in the solar absorber was turbulent. If conditions other than those assumed in the 

model are to be studied, the code can be easily to accommodate these constraints The program 

also assumed the use of a crystalline cell instead of the better option of using a-Si:H with its 

superior temperature coefficient and absorption coefficient [1, 2] as was demonstrated in this 

thesis. If a-Si:H is to be used, it is recommended that additional code be added to incorporate the 

effects of annealing and improved performance at higher temperatures.  
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Another interesting comparison would be to change the configurations of the PVT systems such 

as glazed/unglazed, double/single pass, changing the flow rates, coolant and PV material. Some 

work has been done already in this area but comparing all the parameters and studying the effects 

in different locations has not been [3, 4] undertaken. A further extension of this parameter 

comparison would be to use these findings to geographically optimize the PVT system. It would 

also be interesting to create a PVT system geographical map displaying where each design of 

system works best.   

6.2 a-Si:H Material Properties 

In this study four i-layer thicknesses (i.e., 210, 420, 630, 840nm) were tested. Adding a few more 

thicknesses such as 1 micron would further expand the range and the potential preferred thickness 

for PVT applications. In this study, glass was used the substrate, however, PVT absorber plate 

materials are typically aluminum or copper [5]. It would therefore be beneficial to deposit a-Si:H 

on other absorber type materials for a better understanding of the potential stagnation 

temperatures and effects on the solar collector performance. 

The cells were tested at 25, 50 and 90 ˚C; however, there was some interesting effects around 

80˚C which might be worth investigating. Completing a finer increment of temperatures over the 

tested temperature range would also allow for the optimal operating temperature for the a-Si:H to 

be determined. Once this temperature has been determined, it would be ideal to establish how 

often the PVT system would operate at that temperature and how these temperatures affect the 

solar collector’s performance. It would also be beneficial to determine the best absorber operating 

temperature and the optimal range in which both the PV and T components work to produce the 

highest efficiencies. 
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To add to the optimization of the a-Si:H, the cells could be modeled using D-AMPS (Analysis of 

Microelectric and Photonic Structures with new Developments). This program would first be 

used to model existing degradation studies produced by the cells to determine the various defect 

states and how these defects affect the cell’s performance. Once the present data sets have been 

modeled, the models could be modified so that changes in cell performance would help determine 

optimal thicknesses and operating temperatures. These new models could then be verified by 

creating and testing these cells. 

The use of other characterization techniques such as ellipsometry, Scanning Electron Microscopy 

(SEM), Atomic Force Microscopy (AFM), Tunnelling Electron Microscopy (TEM), 

spectrophotometry or Quantum Efficiency measuring could be used to further enlighten the 

properties of the a-Si:H. There has been a significant amount of work done on understanding the 

properties of a-Si:H, however understanding the effects of changing the fabrication of the cells, 

and, the exact properties of the cells used in the study would benefit the optimization for PVT 

applications.  

A limitation of this study was that only the gain in power and energy was investigated. A more 

complete study would require an investigation of the extra costs associated with the thicker cells. 

However, this 2% increase in stabilized power is noteworthy in the PV market. 

6.3 High-temperature Annealing Pulses  

The study of high-temperature annealing pulses inspired a method to improve the overall energy 

output of the system. This implies that further work should be completed to optimize this effect. 

The study analyzed a 12 hour cycle however, normal daylight hours may range from 8-16 hours 

[6]. It would therefore be interesting to understand what the effects of the different daylight 
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periods have on the a-Si:H performance. Furthermore, this study did not take into account the 

annealing that would occur during the night. 

Another spike annealing parameter to consider would be the length of time to anneal the cell. It 

has been found in other studies that at higher temperatures, the annealing time would be 

minimized compared to annealing at lower temperatures [7]. This implies that having the 

annealing temperature closer to 150˚C or higher might only need 30 minutes rather than the hour 

at 100˚C used in this study. The spike annealing could then potentially occur at the peak sun 

hours where it is more likely to achieve higher temperatures and therefore would require a shorter 

period of time and have less of an effect on the solar collection of thermal energy. Alternatively, 

the spike annealing could be completed at lower temperatures for a longer period of time since 

lower temperatures are less likely to damage the system [4]. This could be completed at the end 

of the day where the effects on the solar collector’s performance would be minimal. 

The current tests were completed either through simulations or testing of the a-Si:H PV module 

alone. To truly understand the potential of the a-Si:H PVT system, a prototype should be built. 

The prototype could be used to test the exergy simulation if a solar collector and PV panel were 

also tested. The prototype would give a yearly response and accurate depiction of the effects of 

the spike annealing. The irradiance, wind speed and ambient, absorber plate, inlet and outlet 

temperatures would need to be recorded for this study. 

6.4 Improving the Data Collection 

To improve the data collection, it would be beneficial to write a LabVIEW program that not only 

takes the IV measurements but also records the temperature at the time of the measurement. This 

would give a greater accuracy in the measurements since the temperatures typically fluctuate up 

to ±1 ˚C. It would also be favourable to be able to manipulate the temperature controller via some 
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computer program such as LabVIEW so that the entire tests could be programmed. This would 

also make the tests more accurate and consistent. Lastly, if the shutter of the solar simulator could 

be automated then running the cycled spike annealing test at shorter cycles (such as an 8 or 16 

hour cycle rather than a 12 hour cycle as suggested in Section 6.3) could be easily accomplished. 

Although tests could be performed outside, this requires specific weather conditions which are 

not always available.  

The room was controlled by a window air conditioner but it would be advantageous to complete 

these tests in a temperature controlled room to ensure a greater consistency in the room and cell’s 

temperature and the room’s humidity. During the tests, the room temperature changed over time 

from 19 ˚C to 23 ˚C and the humidity from 40% to 66%. 
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Chapter 7 

Conclusion 

This study demonstrated that PVT is the superior system to use based on an exergy analysis and 

that to further improve the system a-Si:H PV should be used as the absorber material. The exergy 

analysis compared a PVT, PV + T and PV only system which all had the same total area in the 

locations of Detroit, Denver and Phoenix. It was found that that the PVT system produced almost 

72% more exergy than the PV + T for all locations. Further compared to the PV system, the PVT 

system produced 8.0, 8.6 and 9.9% more exergy for Detroit, Denver and Phoenix. Upon studying 

the monthly efficiencies of the three systems in each location, the PVT and PV + T system had 

less of a drop in efficiency in the summer months compared to the winter months relative to the 

PV-only system. This was caused by the thermal components performing better in the summer 

months and therefore giving an extra exergy boost even though the PV contribution decreased 

due to the higher summer temperatures. Analyzing the daily profiles of the two solstices and 

equinoxes showed that the PVT system underperformed in the early morning and end of the day 

when compared to the PV only system. This was due to the irradiance being too low to produce a 

significant temperature rise in the air flowing through the thermal portion of the collector. Under 

such cases, pumping losses associated with moving the fluid may result in the exergy efficiency 

being negative. Therefore, it would be more benefical to not run the thermal component when the 

irradiance was extremely low (less than 50 W/m2). Furthermore, although Detroit was found to be 

the most efficient location, both Denver and Phoenix produced more exergy. These results 

prompted the study to improve the PVT system through the use of a-Si:H.  
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a-Si:H was chosen because it performs better at higher temperatures, thereby allowing for the 

PVT system to be designed as an integrated, optimized system. A thickness series was tested at 

typical PV panel operating temperatures (e.g., 50 ˚C) and PVT operating temperatures (e.g., 90 

˚C) to determine the best thickness to use. When comparing the thicker cells (630nm and 840nm 

i-layer thickness) running at 90 ˚C to the more typical i-layer thickness (420nm) running at 50 ˚C, 

the thicker cells produced 1% more energy. When all the cells were run at 90 ˚C, the thicker cells 

outperformed the thinner cell by 2% and 0.5% for the 630nm and 840nm thicknesses. This 

demonstrates that, when using a-Si:H as the PV material, specifying a thicker than normal cell 

should be used to maximize the PV potential. 

To further improve the a-Si:H performance, high temperature pulse annealing was demonstrated 

to increase the energy output over the lifetime of the system by 10.6% when compared to a 

system which was not annealed. The benefit and pattern of the pulse annealing was displayed in 

all four i-layer thicknesses when the pulse was applied after the cells had stabilized. The fill 

factor peaked when the cells were at 80 ˚C and the maximum power peaked, and remained 

constant, after the cells reached 50 ˚C. The pulse annealing was repeated on a 12 hour cycle for 

192 hours and was compared to a 50 ˚C degradation test of the same cell. Over the course the test, 

the pulse annealing produced 8.5% more power than the normal degradation. These results 

indicate that there is potential to force a PVT system into an operating mode that will cause the 

solar collector and PV coating to reach high temperatures. The fact that high temperatures are 

required for a short period supports this potential. These results suggest that a PVT system could 

be devised that routinely implements a pulse annealing mode for regeneration of the performance 

of the PV layer. This is seen as a promising avenue for future research.  
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Appendix A 

Solar Simulator and Halogen Light Setup 

This appendix is about the various instruments used to test and measure the PV solar cells. An 

ELH bulb and AAA Solar Simulator degradation station were used to degrade the cells. The ELH 

bulb set up was originally used, but once the AAA Solar Simulator was operational, all the 

measurements were repeated and completed on the solar simulator. PV Measurements LabVIEW 

IV measurement program, K2400 I-V, alongside a Keithly’s Multimeter 2000 and Sourcemeter 

2400 and PV Measurements’ irradiance monitor were used to measure the IV curve of the cells 

and calibrate the degradation stations. Macros were used to sort and analyze the data. These 

macro descriptions can be found in Appendix C. 

A.1 List of Component Specifications 

In this section, the system components used to take the measurements are described and their part 

numbers are also given. 

A.1.1Components used by both Degradation Stations 

 Table A-1 displays the equipment that was used by both the ELH and AAA solar simulator 

setups. 
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Table A-1: Components used by the ELH bulb and AAA solar simulator degradation 

station 

Name of Component Part Number Notes 

Reference Cell  
RC2-G5 * 

PVM620 • Temperature coefficient of Isc is -2E-5/˚C 

• Cell must not go below 5 ˚C or above 60 ˚C 

• See Data sheet for remaining Cell Data. 

PV Measurements 
basic I-V Curve 
software K2400 I-V 

K2400 I-V • LabVIEW program 

• Takes measurements and saves them 

• Can make a summary sheet as well 

Irradiance Monitor PV Measurement 
Irradiance Monitor 

• Glass and a solar cell used to calculate the IV 
curve 

Keithley’s Digital 
Mulitmeter 2000 ∆  

UL Sourcemeter 
47A4 

• See Below 

Keithley’s 
Sourcemeter 2400 ∆ 

IEEE-448 • See Below 

Signatone Manual 
Joystick 
Micropositioners 

S-750 • Have magnetic base 

Signatone Probe Tip 
Holder 

S1-S-1 • 2.25” long, straight 

• Screw lock to hold tip at 45˚ angle 

Signatone Probe Tips SE-T • Tungsten tip 

• 5 micron diameter 

Thermal Couple 
Probe 

K-Type •  

Temperature 
Controller 

Cole-Parmer Digi-
Sense model 
2186-10 

• K-Type only 

• Used to control the temperature of the hot plate 

Hot Plate Chemat 
Technology Inc. 
Model KW-2AH 

• Has a built in Omron PID temperature controller 
model E5CN 

Thermal Paste Daoreguizhi HZ-
KS101 

• ISO 9001 

Computer Fans Multiple • AVC 4.5 A 120 V DC model DB12038BB 12H – 
used to cool the cells down during 25 C tests 

• Nidec Beta 2.3 A 12 V DC model M35291-35 – 
used to cool down ELH bulbs 

Retort stands N/A • Used to hold up the irradiance monitor and ELH 
bulbs 

Spectrophotometer+ Avates NIR 
Spectrophotometer 

• Used to measure the irradiance spectrum of the 
ELH bulbs and Solar Simulator 
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Notes: 

* The reference cell is a mono-crystalline silicon cell with the dimensions 2X2 cm mounted on an 

aluminum block attached to a K-type thermocouple. The protective window is made from a KG5 

filter. The Isc is expected to between 45-51 mA and the Voc between 0.52-0.58 V when the cell is 

at 25 ºC and under 1.5 AM Global spectral irradiance (ASTM G 173). When the cell was 

calibrated at VLSI Standards Inc, it was found to have an Isc of 50 ± 0.5 mA and a Voc of 

0.5667±0.0032 V under STC. The room temperature was 22.3 ± 1 ºC and the humidity was 32 ± 

2%. 

∆ The voltage accuracy is ±0.1% for the reading and ±0.1% for the full scale ranged selected. The 

accuracy of the current measurement is ±0.2% for the reading and ±0.1% for the full scale or 

range selected. The IEC 60904-2 requirements for the voltage and current measurements is 

±0.2%.  

+ Acaspec-204 8-USB2-RM : fiber optic spectrometer, 2048 pixel CCD detector for visible and 

256 InGaAs detector with 2stage TEC for NIR. The range of the system is 200-2500nm where the 

first detector is for 200-1100nm and 1000-2500nm for the NIR. The system can average the 

results in the region were the two detectors overlap or produce separate results.  

A.1.2 Halogen Bulb Solar Simulator Components 

In this section, the equipment used specifically in the ELH bulb Solar Simulator set up is 

tabulated. The components can be found in Table A-2. 
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Table A-2: Components of the ELH bulb setup 

Name of Component Part Number Notes 

ELH Halogen Bulbs* GE projector 
bulbs 

MR16 Shape, 300W, 35 hour life 

KG 2 Filter Schott KG2 50.8X50.8mm 

Variac Model NO 
SC-5M 

0-130 V AC 60 Hz 

Calibration Cell Sample Mono-crystalline cell; 0.022mX0.015m 

 

Note: 

*Change the bulb every 24-30 hours to maintain consistent light output. 

A.1.3 AAA Solar Simulator Components 

Table A-3 displays the equipment only used by the AAA solar simulator. 

Table A-3: Components used by the AAA solar simulator 

Name of Component Part Number Notes 

Power Supply Newport 
69920  

Ensure that the setting are correct for 450 W 
Ensure that there is proper ventilation or the power 
supply may fail 

450 W Xenon Bulb Newport 
6279NS 

Ozone free bulbs, recommended for this solar 
simulator 

AAA Solar Simulator  Newport 
94023A 

Beam output: 2X2 in, working distant 12.0”±0.5”, 
Collimation <±4˚ 

 

A.2 Apparatus Setup 

This section states how the halogen bulb and AAA solar simulator degradation stations were 

setup. In the setup, calibration and testing of the cells followed IEC 60904 standards.  

A.2.1 IEC Standard Solar Simulator Classification 

The AAA solar simulator complies under the IEC 60904-9 ed. 2 (2007) solar simulator 

performance requirements as stated by the Performance Validation Certifications found in the PV 
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Measurement Manuals. The ELH halogen bulb system would be classified as a C class system 

based off the literature. Typically, ELH halogen bulb degradation stations are used to degrade the 

cells, but a solar simulator is used to make the measurements since the halogen bulbs are cheaper 

but do not have the same spectral matching as most simulators.  

The global reference solar spectral irradiance distribution for the IEC 60904 standards can be 

found in Table A-4. 

Table A-4: The global reference solar spectral irradiance distribution as described in the 

IEC 60904 Standards 

 Wavelength Range 
(nm) 

Percentage of the 
total irradiance in 
the wavelength 
range 400-1100nm 

Upper Limit Lower Limit 

1 400-500 18.40% 23.00% 13.80% 

2 500-600 19.90% 24.88% 14.93% 

3 600-700 18.40% 23.00% 13.80% 

3 700-800 14.90% 18.63% 11.18% 

5 800-900 12.50% 15.63% 9.38% 

6 900-1100 15.90% 19.88% 11.93% 

  

Table A-5 shows the IEC 60904 for a solar simulator. This table defines the requirements of each 

level of classification for spectral matching, non-uniformity and temporal instability (short term 

instability [STI] and long term instability [LTI]). 
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Table A-5: IEC 60904 standards solar simulator classifications requirements 

Classifications Spectral Matching (see Table 
4)  

Non-
Uniformity of 
irradiance 

Temporal instability 

Upper limit Lower Limit STI LTI 

A 1.25 0.75 2% 0.5% 2% 

B 1.4 0.6 5% >2% 5% 

C 2.0 0.4 10% 10% 10% 

 

The IEC 60904 standard describes in detail the process to determine the classification of the solar 

simulator based on the spectral matching, non-uniformity and instability. The spectral match is 

determined by measuring the intensity of the light in each of the set wavelength ranges and 

determining its percentage contribution to the total wavelength range. It should be noted that the 

worst result makes the classification for the spectral matching. Therefore if the 800-900 nm range 

was rated as a C but the rest of the spectrum was rated as an A, the solar simulator would still be 

classified as a C class simulator for the spectral matching. The non-uniformity is determined by 

taking multiple measurements in a grid-like manor in the desired testing area. The equation for 

non-uniformity can be seen in Equation A-1.  

100×






 −
−

minmax

minmax

irradiance+irradiance

irradianceirradiance
=uniformitynon   Eq. A.1 

The instability is defined by two types, STI and LTI. STI is the data sampling time of a data set 

during an IV measurement. LTI is related to the time it takes to complete the entire IV curve. 

Equation A-2 is used to determine the instability of the system. 

100×






 −

minmax

minmax

irradiance+irradiance

irradianceirradiance
=yInstabilit  Eq. A.2 
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A.2.2 IEC Calibration Requirements 

A.2.21 IEC60904-1 Calibrating the system – Requirements 

The instrumentation used to measure the temperature of the reference and the specimen must be 

within an accuracy of +/- 1 ºC with a repeatability of +/- 0.5 ºC. The reference is required to be 

adjusted to the calibrated measured temperature if the reference differs by +/- 2 ºC. The active 

surface area of both the reference cell and specimen are required to be within a coplanar angle of 

+/- 2 degrees. The current and voltage measuring devices need to have an accuracy of +/- 0.2%. 

The chosen reference cell must match the specimen well in terms of spectral distribution and 

range of irradiance. The reference cell need to be larger or of equal size to the test cell. If the 

reference cell is smaller, then multiple tests are required within the area to confirm uniformity and 

the average of the reference cell values should be used for the irradiance setting. 

A.2.2.2 IEC 60904-2 – Reference Cell Requirements (secondary cell) 

The primary and secondary reference cells need to be within +/-1 degree of being coplanar and 

normal to the light by +/- 5 degrees. The temperature of both cells should be 25 +/-2 ºC. 

A.2.3 ELH Halogen Bulb Degradation Setup 

The setup of the halogen bulb degradation station comprised of retort stands, a hot plate, 

numerous amounts of ELH bulbs, a variac, a temperature controller and temperature and voltage 

probes. The location of where the cells were to be placed on the hot plate was drawn on to 

maintain consistency in the results. A square was drawn where the reference cell (2X2 cm area) 

was when the calibration was completed. Extended crosshairs were drawn on the hot plate to ease 

the alignment of the cells for testing / future calibrations. The irradiance monitor was placed as 

close as possible to the cells as possible while being co-planar. The ELH light source is 20.5 cm ± 
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0.1 cm from the surface of the hot plate to the bottom of the lamp holder. The lamp holder was 

held up using a retort stand. A fan was placed in line with the cells and with the bulbs to cool 

them. The hot plate was plugged into the temperature controller so that its temperature could be 

monitored by the controller. The temperature probe was on the surface of the cell array but beside 

the desired cells of the degradation. The voltage probes were placed on the cell contacts to make 

the current voltage data. 

ELH bulbs produce a large amount of infrared light which is more than the normal spectrum of 

light. To reduce the IR on the cells, a KG2 Filter was used. The KG2 filter was place over the 

desired degraded cells and the irradiance monitor. Figure A-1 displays the light intensity of the 

ELH bulb with and without the KG2 filter. An Avantes NIR spectrophotometer was used to make 

the measurements. The spectrophotometer cosine corrector tip was placed at the exact same 

location as the center of the reference cell in all three planes. The affect of the KG2 filter can be 

seen in Figure A-1. 
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Figure A-1: A comparison of the irradiance of the ELH bulb with and without the KG2 

filter 

From Figure A-1, the effect of the KG2 filter can be seen with it almost eliminating the IR light. 

A.2.3.1Halogen Calibration Data 

ELH bulbs have an operating life of 35 hours but to prevent the bulbs degradation to affect the 

results, the bulbs were replaced every 24-27 hours. At every bulb change, the old bulb and new 

bulb irradiance was measured using a calibration cell. The calibration cell is a 2.2 X 1.5cm mono-

crystalline cell which was calibrating using the reference cell. It was determined that an Isc of 

49.98 ± 0.28 mA (1000 W/m2) from the reference cell produced an Isc of 46.13 ± 0.39 mA. The 

reason for using the calibration cell is to maintain the quality and accuracy of the reference cell. 

At each bulb change 5 measurements were taken using the calibration cell, since it was found that 

the light source had poor stability which is seen in Figure A-2 where the 210nm cell had 

measurements constantly taken.  
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Figure A-2: A comparison of the 210nm degradation using the ELH bulb and the Solar 

Simulator (SS) 

The voltage supplied to the ELH bulb was controlled with a Variac power supply and the voltage 

was set to approximately 70 V and the current was 5 A. This was adjusted slightly to meet the 

required Isc of the calibration cell. 
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Tables A-6 to A-9 display the calibrated data for the halogen bulbs used in each of the 25 ºC tests.  

Table A-6: ELH bulbs calibrated initial (bolded) and degraded final values for the 210nm 

25 C degradation test 

 

Voc  

(V) 

Error  

(V) 

Jsc  

(mA) 

Error 

(mA) 

FF  

(%) 

Error  

(%) 

Power 

(mW) 

Error 

(mW) 

bulb1 0.547 0.002 46.00 0.79 54.63 1.09 13.75 0.11 

bulb1 0.551 0.003 45.72 0.36 54.90 0.50 13.84 0.25 

bulb2 0.499 0.001 55.91 0.44 53.28 0.42 14.85 0.07 

bulb2 0.560 0.002 62.05 0.59 55.28 0.53 19.21 0.14 

bulb3 0.525 0.001 46.61 0.37 53.96 0.65 13.20 0.08 

bulb3 0.548 0.002 42.88 0.39 57.55 0.36 13.54 0.19 

bulb4 0.528 0.001 46.12 0.42 54.30 0.64 13.22 0.07 

bulb4 0.553 0.002 47.18 0.37 46.51 0.30 12.14 0.10 

bulb5 0.527 0.001 46.33 0.71 49.93 1.05 12.19 0.11 

bulb5 0.553 0.003 45.51 0.52 54.87 0.62 13.82 0.11 

 Table A-7: ELH bulbs calibrated (bolded) and degraded values for the 420nm 25 C 

degradation test 

 

Voc  

(V) 

Error 

(V) 

Jsc  

(mA) 

Error 

(mA) 

FF  

(%) 

Error 

(%) 

Power 

(mW) 

Error 

(mW) 

bulb1 0.547 0.002 46.00 0.09 54.63 0.28 13.75 0.06 

bulb1 0.551 0.003 45.72 0.14 54.90 0.34 13.84 0.08 

bulb2 0.499 0.002 55.91 0.13 53.28 0.28 14.85 0.07 

bulb2 0.560 0.003 62.05 0.89 55.28 0.60 19.21 0.47 

bulb3 0.525 0.002 46.61 0.24 53.96 1.58 13.20 0.34 

bulb3 0.548 0.003 42.88 0.16 57.55 1.18 13.54 0.29 

bulb4 0.528 0.002 46.12 0.58 54.30 1.15 13.22 0.12 

bulb4 0.553 0.002 47.18 0.32 46.51 0.83 12.14 0.19 

bulb5 0.527 0.002 46.33 0.12 49.93 0.33 12.19 0.07 

bulb5 0.553 0.002 45.51 0.23 54.87 0.34 13.82 0.11 

 



 

 97 

Table A-8: ELH bulbs calibrated (bolded) and degraded values for the 630nm 25 C 

degradation test 

 

Voc  

(V) 

Error 

(V) 

Jsc  

(mA) 

Error 

(mA) 

FF  

(%) 

Error 

(%) 

Power 

(mW) 

Error 

(mW) 

bulb1 0.547 0.001 46.00 0.03 54.63 0.12 13.75 0.06 

bulb1 0.551 0.001 45.72 0.53 54.90 0.34 13.84 0.05 

bulb2 0.499 0.001 55.91 0.13 53.28 1.03 14.85 0.30 

bulb2 0.560 0.006 62.05 1.30 55.28 0.95 19.21 0.18 

bulb3 0.525 0.002 46.61 0.89 53.96 1.25 13.20 0.25 

bulb3 0.548 0.005 42.88 0.88 57.55 1.71 13.54 0.32 

bulb4 0.528 0.001 46.12 0.19 54.30 0.08 13.22 0.03 

bulb4 0.553 0.002 47.18 0.64 46.51 0.43 12.14 0.09 

bulb5 0.527 0.001 46.33 0.24 49.93 0.35 12.19 0.06 

bulb5 0.553 0.004 45.51 0.47 54.87 0.35 13.82 0.10 

 

Table A-9: ELH bulbs calibrated (bolded) and degraded values for the 840nm 25 C 

degradation test 

 

Voc  

(V) 

Error 

(V) 

Jsc  

(mA) 

Error 

(mA) 

FF  

(%) 

Error 

(%) 

Power 

(mW) 

Error 

(mW) 

bulb1 0.547 0.004 46.00 0.29 54.63 0.43 13.75 0.11 

bulb1 0.551 0.004 45.72 0.57 54.90 0.73 13.84 0.22 

bulb2 0.499 0.003 55.91 0.27 53.28 0.36 14.85 0.11 

bulb2 0.560 0.004 62.05 0.22 55.28 0.51 19.21 0.21 

bulb3 0.525 0.003 46.61 0.27 53.96 0.67 13.20 0.11 

bulb3 0.548 0.004 42.88 0.37 57.55 0.74 13.54 0.13 

bulb4 0.528 0.003 46.12 0.36 54.30 0.44 13.22 0.10 

bulb4 0.553 0.003 47.18 0.30 46.51 0.38 12.14 0.08 

bulb5 0.527 0.004 46.33 0.65 49.93 1.54 12.19 0.31 

bulb5 0.553 0.004 45.51 0.72 54.87 0.66 13.82 0.22 

 

A.1.2.4 AAA Solar Simulator Degradation Station Setup 

The AAA solar simulator degradation station setup consisted of the solar simulator, a hotplate, 

temperature and voltage probes, a temperature controller, an irradiance monitor and fans. The 

solar simulator and hot plate were elevated such that the working distance between the surface of 
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the hot plate and the lens of the solar simulator was 12” ± 0.25”. This is the required working 

distance of this solar simulator. The irradiance monitor was positioned as close as possible to the 

cells using a retort stand. The surface of the hot plate, the irradiance monitor and solar simulator 

were checked and positioned such that they were all co-planar to each other. This was done using 

a level. The fan was position such that it could cool the cells to 25 ºC however it was only used 

for the 25 ºC tests. The hot plate was plugged into the temperature controller so that it could be 

controlled. The temperature probe was placed on the surface of the cells but on the side as to not 

affect the cell’s performance. The voltage probes were placed on the contacts so that the current 

and voltage could be measured. 

The solar simulators irradiance spectrum was recorded using an Avantes NIR Spectrophotometer. 

The spectrophotometer cosine corrector tip was placed where the cells were degraded. The 

irradiance was measured when the power supplied to the xenon bulb was 450 W. The results are 

shown in Figure A-3. The bulb was run at 450 W for all the degradations tests. 
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Figure A-3: 450 W AAA solar simulator irradiance profile 

The profile may seem to be odd but this is what a xenon 450 W arc lamp’s spectrum looks like as 

found on the Newport website (http://www.newport.com/450---1000-W-Solar-

Simulators/373272/1033/catalog.aspx ). Based off of the IEC 60904 standards which can be 

found in Table A-4, this profile is within the desired ratings. The percentage of the total 

irradiance in the wavelength range 400-1100nm for the solar simulator can be found in Table A-

10. The percentages were found by integrating under the curve and dividing each section by the 

total range (400-1100nm). 
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Table A-10: Total percentage of irradiance for the AAA solar simulator running at 450 W 

 Wavelength Range 
(nm) 

Percentage of the 
total irradiance in the 
wavelength range 
400-1100nm 

1 400-500 17.19% 

2 500-600 19.08% 

3 600-700 18.41% 

3 700-800 13.19% 

5 800-900 13.18% 

6 900-1100 18.94% 

 

A.2.4.1 AAA Solar Simulator Calibration Data 

In this section the process and results of the calibration of the solar simulator are discussed. Five 

measurements were taken at each step as required under the IEC standard 60904. The reference 

cell was placed in the exact same spot each step and was located in the center of the solar 

simulator light beam. The reference cell and irradiance monitor were co-planar to each other and 

to the solar simulator. The reference cell was connected to the temperature controller during the 

measurements so that its temperature could be read during the readings. The cell and room 

temperature and room humidity were recorded during the calibration measurements. The 

simulator was only calibrated if the Isc was not within the standard deviation (std) of the reference 

cell. Table A-11 displays the calibration results. 
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Table A-11: Calibration Data for the AAA Solar Simulator 450 W Xenon Bulb 

Time 

Voc  

(V) 

Error 

(V) 

Jsc  

(mA) 

Error 

(mA) 

FF  

(%) 

Error 

(%) 

Power 

(mW) 

Error 

(mW) 

Ref Cell 0.5667 0.0032 50.00 0.7 70.00 0.70 19.80 0.50 

Start 0.5612 0.0017 50.21 0.10 69.36 0.36 19.54 0.07 

After ~500 hrs 0.5619 0.0017 47.83 0.10 68.02 0.35 18.28 0.07 

Calibrated 500 

hrs 0.5650 0.0017 50.42 0.10 68.93 0.35 19.64 0.07 

After 1059 hrs 0.5644 0.0017 49.53 0.10 67.81 0.35 18.95 0.07 

Calibrated 1059 

hrs 0.5641 0.0017 50.36 0.10 68.14 0.35 19.35 0.07 

After 1440 hrs 0.5690 0.0018 50.04 0.10 68.54 0.35 19.52 0.07 

 

A.3 Measurement Methodology 

In this section, the general method for measurement and recording, for the multiple cell 

degradation test, for the single cell degradation test, for the spike annealing test and for the cycle 

spike annealing test are described. 

A.3.1 General Method for Obtaining and Saving Measurements  

1. Turn on computer, Keithley’s Multimeter and Source meter, Newport power supply and solar 

simulator. To ensure that the Xenon bulb is warmed up, turn it on 30 minutes before 

measurements and any calibrations are performed.  

2. Double click on I-V Icon on the desktop. This will open the PV Measurement's program to 

run the system. For the program to work, both Keithley devices need to be on. If the Error 2 

message stating the possible problem of not enough memory pops up, one of the possible 

solutions is that either both or one of the Keithleys are/is not connected / turned on. This error 

will occur when going to the “Measure” tab. 

3. Load the desired Setup file. 
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4. Click the “Get Setup from File” 

5. Click the little horizontal arrow under “Edit”  

6. Chose 11_04_01_Stepup.txt 

7. Change the parameters to desired values. See PV Measurements’ Solar Simulator Manual 

for details. Figure 1 displays the parameters used in all the measurements for this study. 

 

FigureA.4: Experimental Setup 

8. Choose a folder / directory to save data files to by clicking on the “Data Directory” folder 

icon. Note that if you do not choose a directory, you cannot save files and if you take a 

measurement and go back to the “Setup” tab you will lose that measurement data. 
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9. Click the “Measure” tab and enter the name of the test in the “Device ID”, up to 16 characters 

long, and any notes in the “Notes” textboxes. 

10. Place the cells onto the hot plate and align them such that the middle of the desired measured 

cell is in the designated testing area. Coat thermal paste onto the bottom of the cells to 

improve the thermal contact between the glass substrate and the hot plate for any test 

requiring the use of the hot plate (e.g. at 50˚C or 90 ˚C) 

11. Ensure that the probes are properly touching the contacts or the results will be incorrect. 

Furthermore, for a NIP cell (cells used in this study) the red and white alligator clips need to 

be attached to the probe in contact with the top contact and the black and green alligator clips 

should be attached to probe touching the bottom contact. 

12. To prevent all the cells from being degraded, the cells that are not being tested (all but the 

desired one) should be covered during the measurement. In this study cardboard was used, as 

it was thick enough to block the light and was easily cut into the necessary shapes to ensure 

all the cells but the desired cell were covered during the measurement.  

13. Place the thermocouple probe beside the desired testing cells for the duration of the entire 

test. The thermocouple may require a weight or tape to hold the tip in contact with the top 

surface of the cell array. Avoid any shading on the cells. 

14. Set the temperature controller to the desired temperature by pushing the “push in” button and 

rotating the adjusting dial. It is recommended to set the temperature a few degrees above the 

desired temperature to account for temperature fluctuations. Furthermore, ensure the hot plate 

is plugged into the back of the temperature controller or it will not control the temperature of 

the hot plate. 
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15. If the cell surface temperature is required to be greater than room temperature (50˚C or 90 

˚C), turn on the hot plate. Otherwise keep the hot plate turned off. It was found that to achieve 

a surface cell temperature of 50, 90, 100 ˚C, the hot plate was required to be set at 53-55, 108 

and 124 ˚C. It should be noted that these temperature correlations are for a room temperature 

of 20 ˚C. 

16. Open the solar simulator shutter so that AM 1.5 1000 W/m2 of light can irradiate the cell. 

17. Click “Measure” to take a measurement. 

18. Click “Test Report & Save”, then “Save”, then “Done” to save the file. If you have already 

saved the file but try to save it again it will ask you to replace the file; click yes or you will 

have to start at step 3 again. Note that the file is saved as “IV year/month/day-

hour/minutes/seconds” and is in military time. Example: IV 030807-143005.txt is August 8th, 

2003 at 2:30:05 pm. 

19. Repeat steps 5 to 13 for multiple measurements. 

 

A.3.2 Multiple Cell Degradation Procedure 

In a multiple cell degradation tests, 4 cells were degraded at the same time whilst the remaining 

cells were covered. The measurement process is still the same as described in Section 1.3.1, 

however when measuring one of the 4 degraded cells, the remaining cells are all covered to 

prevent further degradation. It was found that applying this test to the 50 ºC degradation test 

caused the failure of the cells due to the rapid heating and cooling of the cells. Therefore, for all 

the 50 ºC and 90 ºC tests, the single cell degradation found in Section A.3.3 was applied.  The 

cells were degraded until they stabilized, meaning that the fill factor was constant for at least 10 

hours under illumination. Furthermore, the multiple cell test was only completed using the ELH 

halogen bulb degradation station. 
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Since the testing area of the cells is greater than the reference cell area, a uniformity check, 

described under the IEC 60904-1 standard, was required for the desired testing area of 4 X 2 cm. 

The reference cell was used to make three measurements, one in the center, one 1 cm shifted to 

the right and one 1 cm shifted to the left. Three different bulbs were measured to determine if it 

could be assumed that the uniformity trend was consistent. The results of this test can be found in 

Table A-12. 

Table A-12: Short circuit current values in the ELH testing area 

 avg stdev %Deviation 

Center 50.15 0.72 1.44 

Right 50.04 1.27 2.54 

Left 46.13 1.05 2.28 

 

From the results shown in Table A-12, the results differ at most by 2.54% by IEC Standards 

would classify the testing area a B class for being less than 5%  and greater than 2% and therefore 

it can be assumed that all the bulbs used in the 25 degradation have a non-uniformity for intensity 

of a B Class. 

A.3.3.Single Cell Degradation Procedure 

In the single cell degradation tests, one cell was degraded while the remaining cells were covered. 

This test follows the procedure A.3.1. However, in this test the Auto Clicker Macro on the 

computer desktop found in Appendix C was used to take and save the measurements. Double 

clicking on the macro icon will prompt the input requirements to start the test. The typical 

settings for the macro are ~7 seconds for 3600 seconds, 30 seconds for 120 minutes and then 60 

seconds for the remaining time (1000 hours). The cell is degraded until it has stabilized which is 

defined as the fill factor value has not changed over at least 10 hours. 
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A.3.4 Spike Annealing Procedure 

The spike annealing test is completed once a single cell degradation test cell has stabilized. The 

spike annealing is annealing the cell for 1 hour at 100 ºC with the light is still on. This is to 

simulate stagnation of the PVT system during the day. Without turning off the test, press ‘esc’ on 

the computer to stop the Auto Clicker Macro. Start up the Auto Clicker Macro by double clicking 

on it on the computer desktop. The typical settings for the macro are ~7 seconds for the first 3600 

hours and 30 seconds for the next 5 hours and then set the remaining values to 60 seconds for 5 

hours. The tests typically take just over three hours to complete. When the auto clicker is 

restarted, a timer is also initialized to start counting up. At the same time the temperature 

controller is step to 103 ˚C and the hot plate is also set to 124 ˚C. The test is divided into four 

intervals, ramp up, 100 ºC plateau, stabilized temperature (25, 50 or 90 ºC) and cool down. The 

ramp up is the time period from the start of the test to when the cell achieves 100 ºC. At this time 

the fill factor and time are recorded. After an hour at 100 ˚C (100 ˚C plateau) is completed hot 

plate is turned off and the fill factor and time are recorded again. As the cell is cooling (cool 

down period) the fill factor values and time are recorded at 90, 80, 70, 60, 50 and 37 ˚C. If the 

cell was degraded at 90 ˚C or 50 ˚C, when the cell reaches its original degradation temperature, 

the hot plate is turned on and the temperature controller set such that this temperature can be 

maintained for at least 10 minutes. This is done so that the affects of the spike annealing can be 

observed for the different degradations. The cells are cooled to 37 ºC because after this point it 

takes hours to cool further and cannot be cooled to 25 ºC without the help of the fan. 

Furthermore, for the 50 and 90 ˚C tests, there is no need to see how the cell behaves that the 

temperature since it is significantly below the degradation test and lastly, at 37 ˚C the cell is cool 

enough to safely remove from the hot plate. Only in the 25 ˚C degradation test does spike test 

cool down to 25 ºC. At around 34 ºC, the fan is turned on so that the 25 ºC can be reached.  
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A.3.5 Cycle Spike Annealing Procedure 

In the cycle spike annealing test, the cells are degraded and then annealed for 1 hour and this 

cycle is repeated over a week. In this study, it was a 12 hour cycle which meant that the cell 

degraded for 10 hours and 45 minutes and then the cell was ramped up for 15 minutes and then 

the cell was maintained at 100 ºC for 1 hour and then allowed to cool back to its degradation 

temperature value. In this study that temperature was 50 ºC. This study follows the same steps at 

section A.3.1, A.3.3 and A.3.5. 

A.3.6 Annealing Cells 

It is known from the literature that if the amorphous silicon cells are heated to 150 ºC for 4 hours 

will return the cells to their initial efficiencies. When the cells required annealing they were 

placed on the hot plate with all the cells covered but one which did not work. Beside this specific 

cell, the temperature probe was placed. The temperature controller was set to 155 ˚C to allow the 

cell to heat up slightly above 150 ˚C without the hot plate turning off (consistent heating). The hot 

plate was set to 160 ˚C to ensure that the surface of the cell achieved a temperature equal to and 

greater than 150 ˚C. The cover of hot plate was placed over the cell and top of the hot plate. A 

cloth was place over the top of the hot plate to ensure the cells were in the dark. Thirty minutes 

was allowed for the cells to reach the desired temperature and then four hours for the cells to 

anneal. The cells were then allowed to cool for at least three hours to reach room temperature. 

Thermal paste was smeared onto the bottom of the cells to improve the thermal contact between 

the glass substrate and the hot plate. 
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Appendix B 

Cell Information 

B.1 Cell Composition 

The cells used in this study are n-i-p amorphous silicon cells. The cells were deposited on AGC 

floating glass and the substrate used was Asahi TCO U-type. The back reflector layers were silver 

(Ag) and 1% aluminum (Al) doped Zinc Oxide (AZO) and these layers were deposited by 

physical vapour deposition (PVD). These layer thicknesses are 200 nm and 100nm respectively. 

The n-,i-,p-layers of the amorphous silicon cells were deposited using a AKT plasma enhanced 

chemical vapour deposition (PECVD) in individual chambers to reduce the impurity level. The n-

layer was created from a Silane (SiH4) + Hydrogen (H2) + Phosphine (PH3) gas mixture and the 

layer’s thickness is 25 nm. The i-layer thicknesses used in this study were 210, 420, 630 and 840 

nm and were produced from a gas mixture of SiH4 + H2. A gas mixture of SiH4 + H2 + 

Trimethylboron (TMB) was used to create the p-layer. The typical deposition conditions for the i-

layer was a pressure range of 1 to 3 mTorr, temperature range of 200-300 oC and a H2 to SiH4 

ratio of 2/1 to 12/1. The last layer of the cell make up is the ITO layer which was deposited using 

PVD to a thickness of 65 nm and with a sheet resistance of 30 ohms/sq. The cells were defined in 

the ITO layer using a liftoff and the area of the cells was 0.85 cm2
. Silver paint was placed used as 

the metal contacts. 

Figure B-1 displays the makeup of the cells. 
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p 15 nm 

i 210/420/ 

630/840 nm 

n 25 nm 
AZO 100 nm 

SnO2:F 700 nm 

Ag 200 nm 

AGC float glass 

3 mm 

ITO 70 nm 

 

Figure A-2: Cell make up 

On every cell array, a red tick was placed at the top corner of the array. This signified cell 1 and 

at the bottom of this column was cell 10. To the top right corner was cell 31 and in the opposite 

corner to cell 1 is cell 40. All the cells appear like the one found in Figure B-2. It should also be 

noted the high reflectivity of the ITO layer, as the photographer can be seen in the reflection. The 

silver found at the top and bottom and on each cell are the contacts. The top and bottom contact 

can either be used as the back contact. The contacts on the cells are the top contacts. This is all 

displayed in Figure B-2. 
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Figure B-2: A photograph of the 840nm i-layer thick cell array 

Contacts 

a-Si 

ITO 
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Appendix C 

Macros 

C.1 Introduction 

The macros used in this program aided in the collection, organization and processing of the 

current voltage (IV) data. The Exp-Marco-rev5 also known as the auto clicker was used to take 

measurements at set times. The File Management macro was used in the multiple cell 

measurements where this macro organized and processed the data. The Excel Deg with power 

macro was used to analysis the single cell data. To run any of the programs pressing ‘F5’ or 

double clicking on the program will start it. However there are some requirements for running the 

programs discussed in the following sections. To use these macros, AutoIt is required which is an 

open source program. 

C.2 Exp-Macro-rev5 Marco 

This program was written by Nabeil Alazzam. To use this program, the PV Measurements IV 

program, K2400 I-V, needs to be ready to take a measurement and have the measurement tab 

open. To start this macro, double click on the program’s icon on the computer’s desktop. Once 

started, the user will be required to enter the specific times for the measurements. The first input 

is to determine how long the user wants the Auto Clicker to take measurements at ~7 seconds. 

The input is in seconds and typically 1800 or 3600 seconds are chosen. Next the user is to decide 

how long the second interval between testing is with a minimum time of 25 seconds. Typically, 

30 seconds was chosen. The third input is how long the 30 second measurements should be taken 

in minutes and usually this was 120 minutes. There are two more time intervals and lengths to be 

entered and for both instances, the intervals are in seconds with a minimum of 25 seconds and the 

durations are in hours. For this study 60 seconds and 100 hours were chosen for both. 
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C.2.1 Exp-Macro-rev5 Code 

This section has the code of the macro. 

1 Global $pos_M, $x_Measure, $y_Measure, $x_Test, $x_Save, $y_Save, $pos_S 
2 

3 HotKeySet("{ESC}", "MyExit") ;Pressing esc during the test to stop the program from running 
4 

5 $period1 = 1000 * InputBox ( "Period Length", "It is possible to have a first period that 
will process as quickly as possible. How long would you like this period to be in seconds. 
If you do not want a period like this, then please enter 0 seconds") 
6 

7 $timeStep2 = 1000 * InputBox ( "Time Interval", "Input time interval between measurments 
in seconds for second period (min 25 secs)") 
8 

9 $period2 = $period1 + ( 60000 * InputBox ( "Period Length", "Input period length in 
minutes for second period") ) 
10 

11 $timeStep3 = 1000 * InputBox ( "Time Interval", "Input time interval between measurments 
in seconds for third period (min 25 secs)") 
12 

13 $period3 = $period2 + (3600 * 1000 * InputBox ( "Period Length", "Input period length in 
hours for third period")) 
14 

15 $timeStep4 = 1000 * InputBox ( "Time Interval", "Input time interval between measurments 
in seconds for fourth period (min 25 secs)") 
16 

17 $period4 = $period3 + (3600 * 1000 * InputBox ( "Period Length", "Input period length in 
hours for fourth period")) 
18 

19 $global_Start = TimerInit() 
20 

21 while 1 
22 

23 WinActivate("K2400 I-V.vi", "") 
24 

25 $pos_M = WinGetPos("[active]") 
26 

27 $x_Measure = $pos_M[0] + 264 
28 $y_Measure = $pos_M[1] + 94 
29 

30 ;Measure Button Click 
31 MouseClick("left", $x_Measure, $y_Measure) 
32 

33 Local $starttime = TimerInit() 
34 

35 $x_Test = $pos_M[0] + 494 
36 

37 if TimerDiff($global_Start) < $period1 then 
38 Sleep(4000) 
39 Else 
40 Sleep(10000) 
41 EndIf 
42 

43 ;Test and Results button click 
44 MouseClick("left", $x_Test, $y_Measure) 
45 

46 WinActivate("Save and Print.vi", "") 
47 

48 $pos_S = WinGetPos("[active]") 
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49 

50 $x_Save = $pos_S[0] + 121 
51 $y_Save = $pos_S[1] + 634 
52 

53 ;Save click 
54 MouseClick("left", $x_Save, $y_Save) 
55 

56 if TimerDiff($global_Start) > $period1 then 
57 Sleep(5000) 
58 EndIf 
59 

60 $x_Save = $pos_S[0] + 360 
61 $y_Save = $pos_S[1] + 634 
62 

63 ;Done button click 
64 MouseClick("left", $x_Save, $y_Save) 
65 
66 

67 ; Determining waiting period 
68 

69 if TimerDiff($global_Start) < $period1 then 
70 $timeStep = 0; 
71 ElseIf TimerDiff($global_Start) < $period2 then 
72 $timeStep = $timeStep2; 
73 ElseIf TimerDiff($global_Start) < $period3 then 
74 $timeStep = $timeStep3; 
75 Else 
76 $timeStep = $timeStep4; 
77 EndIf 
78 
79 

80 While TimerDiff($starttime) < $timeStep 
81 

82 if TimerDiff($global_Start) > $period3 then 
83 $timediff = ($timeStep - TimerDiff($starttime))/(60000) 
84 ToolTip($timediff) 
85 Else 
86 $timediff = ($timeStep - TimerDiff($starttime))/1000 
87 ToolTip($timediff) 
88 EndIf 
89 

90 WEnd 
91 

92 WEnd 
93 

94 Func MyExit() 
95 Exit 
96 EndFunc 

C.3 File Management Macro 

In the File Management Macro, the measurement text files are sorted into folders based off of 

time and cell. This program was designed for the multiple cell test found in Appendix A Section 

A.3.2 but it could be used for the single cell method as well found in Section A.3.3 of Appendix 
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A. The program is run by clicking on the file. Once run, the user is required to enter some 

information. The first input is the number of cells tested. The next is the number of measurements 

taken for each cell. The third input is the number of time measurements and lastly where are the 

cells located. It is necessary to but a ‘/’ at the end of the directory path or else the macro cannot 

find the files. Once these inputs have been entered, the last inputs are entering the times of in 

hours. After all the inputs have been given, the program sorts the files and then creates summary 

files for each cell and time. In these files, the measurement text files are imported into separate 

sheets and their fill factor, short circuit current and open circuit voltage are tabulated in a 

summary sheet in the excel file. This was to allow the user to plot any of the IV curves as well as 

compare the measurements of the specific cell at a specific time. Lastly, the macro takes all the 

tabulated summaries and creates one full test summary of all the measurements and time. This 

will allow the user to observe the degradation of the cell(s). 

C.3.1 File Management Code 

This section displays the code of the File Management macro. 

1 #Include <File.au3> 
2 #Include <Array.au3> 
3 #include <Excel.au3> 
4 ; In case program needs to be stoped 
5 HotKeySet("{ESC}", "Terminate") 
6 

7 Func Terminate() 
8 Exit 0 
9 EndFunc 
10 
11 

12 Dim $CellsNum = InputBox ( "Number of Cells", "Input the number of cells tested") ; user 
enters number of cells tested 
13 Dim $MeasureNum = InputBox("Number of Measurements", "Input the number of Measurements 
taken for each Cell") ; user enters the number of measurements taken for each cell 
14 Dim $TimeNum = InputBox("Number of Time Measurements", "Input the number of Time 
Measurements taken put 0 number for less than 10") ; user enters the number to time 
measurements 
15 Dim $Directory = InputBox("Where are the Files", "Input the path to the files eg. 
C:\Documents and Settings\User\My Documents\") ; the user enters the location of the files 
16 

17 ;Defining Variables 
18 Dim $Time[$TimeNum] 
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19 $Num = 1 
20 

21 For $n = 0 to ($TimeNum-1) Step 1 ;gets user to define time measurements E.g. 0, 1 hrs, etc 
22 $Time[$n] = InputBox("Time in Hours", "Input Time (hr) put 0 number for less than 10") 
23 Next 
24 
25 
26 

27 $FileList=_FileListToArray($Directory) ; converts the file list into an array 
28 If @Error=1 Then 
29 MsgBox (0,"","No Folders Found.") 
30 Exit 
31 EndIf 
32 If @Error=4 Then 
33 MsgBox (0,"","No Files Found.") 
34 Exit 
35 EndIf 
36 

37 _ArraySort($FileList) ; Sorts list of files into ascending order (low to high) 
38 
39 

40 ; sorts the the files into folders for organization 
41 For $i = 0 to ($TimeNum-1) Step 1 ;Number of Time Measurements 
42 

43 For $j = 1 to ($CellsNum) Step 1 ;Number of Cells 
44 

45 For $k = 0 to ($MeasureNum-1) Step 1 ;Number of Measurements 
46 FileCopy(String($Directory)&String($FileList[$Num]),String($Directory)&"Files\" 
&String($Time[$i])&" Hrs\Cell "&String($j)&"\" , 9) 
47 

48 $Num = $Num + 1 
49 Next 
50 Next 
51 Next 
52 

53 $PathToExcel = String($Directory)&"Files\" ;Directory for where the excel file will be saved 
54 Dim $Array[1] 
55 Dim $ExcelArray[128][6] 
56 Dim $TestFileList[1] 
57 Dim $count = 0 
58 

59 For $i = 1 to ($TimeNum) Step 1 ;Number of Time Measurements 
60 

61 For $j = 1 to ($CellsNum) Step 1 ;Number of Cells 
62 

63 Local $oExcel = _ExcelBookOpen("L:\Macro\Cell IV Macro.xls") ;Create new book, 
make it visible 
64 $PathToFiles = String($Directory)&"\Files\"&String($Time[$i-1])&" Hrs\Cell "&String 
($j)&"\" 
65 

66 $TestFileList=_FileListToArray($PathToFiles) ; converts text file names found in 
folder into array 
67 If @Error=1 Then 
68 MsgBox (0,"","No Folders Found.") 
69 Exit 
70 EndIf 
71 If @Error=4 Then 
72 MsgBox (0,"","No Files Found.") 
73 Exit 
74 EndIf 
75 
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76 ; creates a summary folder in the excel document and inputs 'summary' at the end 
of each set of data 
77 _ExcelSheetAddNew($oExcel, "Summary") 
78 _ExcelSheetActivate($oExcel, "Summary") 
79 _ExcelWriteCell($oExcel, "Time (Hr)", 2, 1) 
80 _ExcelWriteCell($oExcel, $Time[$i-1], 3, 1) 
81 _ExcelWriteCell($oExcel, "Summary", 2, ($MEasureNum+1)+1) 
82 _ExcelWriteCell($oExcel, "Summary", 2, 2*($MEasureNum+1)+1) 
83 _ExcelWriteCell($oExcel, "Summary", 2, 3*($MEasureNum+1)+1) 
84 _ExcelWriteCell($oExcel, "Summary", 2, 4*($MEasureNum+1)+1) 
85 _ExcelWriteCell($oExcel, "Summary", 2, 5*($MEasureNum+1)+1) 
86 _ExcelWriteCell($oExcel, "Summary", 2, 6*($MEasureNum+1)+1) 
87 
88 

89 For $m = 1 to $MeasureNum ;creates new sheet and places txtfile into sheet 
90 _ExcelSheetAddNew($oExcel, "Test "&String($m)) 
91 

92 _ExcelSheetActivate($oExcel, "Test "&String($m)) 
93 

94 _FileReadToArray($PathToFiles&String($TestFileList[$m]), $Array) 
95 

96 ;This converts textfile into an array taking out the tabs 
97 For $p = 0 to (Ubound($Array)-1) 
98 $ArrayTemp= StringSplit(String($Array[$p]), @TAB) 
99 For $q = 1 to (Ubound($ArrayTemp)-1) 
100 $ExcelArray[$p][$q-1]=$ArrayTemp[$q] 
101 Next 
102 Next 
103 

104 _ExcelWriteSheetFromArray($oExcel, $ExcelArray, 1, 1, 0, 0) 
105 

106 _ExcelSheetActivate($oExcel, "Summary") ; starting to make summary file 
107 

108 ;Inputing Voc, Joc, FF, Vmax, Imax, Shunt, VocSlope into the excel sheet 
109 _ExcelWriteCell($oExcel, $ExcelArray[103][0], 3, $m+1) 
110 _ExcelWriteCell($oExcel, $ExcelArray[106][0], 3, $m+($MEasureNum+1)+1) 
111 _ExcelWriteCell($oExcel, $ExcelArray[108][0], 3, $m+2*($MEasureNum+1)+1) 
112 _ExcelWriteCell($oExcel, $ExcelArray[110][0], 3, $m+3*($MEasureNum+1)+1) 
113 _ExcelWriteCell($oExcel, $ExcelArray[111][0], 3, $m+4*($MEasureNum+1)+1) 
114 _ExcelWriteCell($oExcel, $ExcelArray[112][0], 3, $m+5*($MEasureNum+1)+1) 
115 _ExcelWriteCell($oExcel, $ExcelArray[113][0], 3, $m+6*($MEasureNum+1)+1) 
116 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+1) 
117 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+($MEasureNum+1)+1) 
118 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+2*($MEasureNum+1)+1) 
119 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+3*($MEasureNum+1)+1) 
120 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+4*($MEasureNum+1)+1) 
121 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+5*($MEasureNum+1)+1) 
122 _ExcelWriteCell($oExcel, "Test "&String($m), 2, $m+6*($MEasureNum+1)+1) 
123 

124 if $m==1 Then 
125 _ExcelWriteCell($oExcel, "Voc", 1, $m+1) 
126 _ExcelWriteCell($oExcel, "Joc", 1, $m+($MEasureNum+1)+1) 
127 _ExcelWriteCell($oExcel, "FF", 1, $m+2*($MEasureNum+1)+1) 
128 _ExcelWriteCell($oExcel, "Vmax", 1, $m+3*($MEasureNum+1)+1) 
129 _ExcelWriteCell($oExcel, "Imax", 1, $m+4*($MEasureNum+1)+1) 
130 _ExcelWriteCell($oExcel, "Shunt", 1, $m+5*($MEasureNum+1)+1) 
131 _ExcelWriteCell($oExcel, "Voc Slope", 1, $m+6*($MEasureNum+1)+1) 
132 

133 EndIf 
134 
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135 

136 Next 
137 

138 For $n = 0 to 3 ; removes Sheets1-3 so only Test 1-x will be in the excel file 
139 _ExcelSheetDelete($oExcel, "Sheet"&String($n)) 
140 Next 
141 
142 
143 

144 _ExcelBookSaveAs($oExcel, $PathToExcel&"Cell "&String($j)&" - "&String($Time[$i-1 
])&" Hrs","xls",1,0) 
145 ;~ _ExcelBookSaveAs($oExcel, "F:\Macro\test data\Files\"&"Cell "&String($j)&" - 
"&String($i)&" Hrs","xls") 
146 

147 _ExcelBookClose($oExcel,0) 
148 $count = $count +1 
149 
150 

151 Next 
152 Next 
153 
154 

155 $ExcelFileList=_FileListToArray($PathToExcel) ;writes file list to an array 
156 If @Error=1 Then 
157 MsgBox (0,"","No Folders Found.") 
158 Exit 
159 EndIf 
160 If @Error=4 Then 
161 MsgBox (0,"","No Files Found.") 
162 Exit 
163 EndIf 
164 

165 _ArraySort($ExcelFileList) ; Sorts list of files into accending order (low to high) 
166 

167 $Start = 0 ; Determines where to start file array to get excel file names 
168 $u = 0 
169 

170 While ($Start==0) ;gets the file name 
171 

172 If StringCompare(StringLeft(String($ExcelFileList[$u]),4),"Cell",2)==0 Then 
173 $Start = $u 
174 

175 EndIf 
176 

177 $u= $u+1 
178 WEnd 
179 

180 Local $oExcel3 = _ExcelBookOpen("L:\Macro\Summary Macro.xls") 
181 Dim $c = 1 
182 Dim $t = 0 
183 

184 For $c = 1 to $CellsNum ; opens the excel files from before and copies the summary sheet 
data into one summary sheet in another excel file 
185 _ExcelSheetAddNew($oExcel3, "Cell "&String($c)) 
186 

187 While ($t<= $TimeNum-1) 
188 

189 Local $oExcel2 = _ExcelBookOpen($PathToExcel&String($ExcelFileList[$Start+$t])) 
;Opens one of the Cell test times 
190 _ExcelSheetActivate($oExcel2, "Summary") 
191 
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192 If $t == 0 Then 
193 $int = 1 
194 $end = 3 
195 ElseIf $t > 0 Then 
196 $int = 3 
197 $end = 0 
198 EndIf 
199 

200 $SheetArray = _ExcelReadSheetToArray($oExcel2, $int, 1, $end) ;Read 2 Columns 
201 

202 _ExcelBookClose($oExcel2) 
203 

204 _ExcelSheetActivate($oExcel3, "Cell "&String($c)) 
205 

206 If $t==0 then 
207 

208 _ExcelWriteSheetFromArray($oExcel3, $SheetArray, 1, 1) 
209 Else 
210 _ExcelWriteSheetFromArray($oExcel3, $SheetArray, $t+3, 1) 
211 EndIf 
212 

213 $t = $t +1 
214 WEnd 
215 $t = 0 
216 $Start = $Start + $TimeNum 
217 

218 Next 
219 

220 For $n = 0 to 3 ; removes Sheets1-3 so only Test 1-x will be in the excel file 
221 _ExcelSheetDelete($oExcel3, "Sheet"&String($n)) 
222 Next 
223 

224 _ExcelBookSaveAs($oExcel3, $PathToExcel&"Summary File100.xls") ; names and saves excel 
file to desire location and name 

C.4 Excel Deg with power Macro 

This macro takes all the files in a certain directory and extracts the fill factor, open circuit 

voltage, short circuit current, power, name of file, shunt resistance, slope of the open circuit 

voltage, maximum current and voltage and notes from each text file. This macro requires the user 

to edit the script by right clicking on the file name and selecting edit. Once the program is 

opened, the user will have to change where the files are located and where and what the excel file 

should be saved as. When the program is completed it will beep. The program also creates a 

timeline of measurements where the first measurement is time zero. The time difference between 

each measurement thereafter is compounded for each measurement to allow the user to plot time 

versus the measurement values.  
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C.4.1 Excel Deg Code 

This section has the code for the Excel Deg macro. 

1 #Include <File.au3> 
2 #Include <Array.au3> 
3 #include <Excel.au3> 
4 ; In case program needs to be stoped 
5 HotKeySet("{ESC}", "MyExit") 
6 HotKeySet("q", "dump") 
7 

8 Local $Array[1] ;Used as an array to store file name list 
9 Dim $ExcelArray[127][6] ;text file turn into array array 
10 Dim $TimeInt = 0 ;time of the previous test or zero at the start 
11 Dim $HrInt = 0 ; hours 
12 Dim $MinInt = 0 ; minutes 
13 Dim $SecInt = 0 ;seconds 
14 Dim $Mult = 0 ;multiplier used to signify a new day 
15 Dim $TimeTot = 0 ;sum of the hours, minutes and seconds for that specific time of 
measurement 
16 
17 

18 $PathToFiles = "F:\11_05_20_210nm 25C Cal\" ; location of the text files - needs to be 
changed for each test 
19 

20 $TestFileList=_FileListToArray($PathToFiles) ; converts textfile names found in folder 
into array 
21 If @Error=1 Then 
22 MsgBox (0,"","No Folders Found.") 
23 Exit 
24 EndIf 
25 If @Error=4 Then 
26 MsgBox (0,"","No Files Found.") 
27 Exit 
28 EndIf 
29 _ArraySort($TestFileList) ; sorts the names of the files in alpha numerical order (puts 
the oldest measurement at the top) 
30 
31 

32 Local $oExcel = _ExcelBookNew();Creates an excel file to import that data into 
33 _ExcelSheetAddNew($oExcel, "Summary") 
34 

35 For $m = 1 to UBound($TestFileList)-1 
36 
37 
38 

39 _FileReadToArray($PathToFiles&String($TestFileList[$m]), $Array) ; reads the 
text file into an array 
40 
41 

42 For $p = 1 to (Ubound($Array)-1) ; converts the text file array into a 
multi-dimensional array to allow for the extraction of certain data points 
43 $ArrayTemp= StringSplit(String($Array[$p]), @TAB) 
44 For $q = 1 to (Ubound($ArrayTemp)-1) 
45 $ExcelArray[$p-1][$q-1]=$ArrayTemp[$q] 
46 Next 
47 Next 
48 

49 ;~ 
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50 
51 

52 _ExcelSheetActivate($oExcel, "Summary") ; starting to make summary file 
53 

54 if $m==1 Then ; creates column headings in to the excel file 
55 _ExcelWriteCell($oExcel, "Time", 1, 1) 
56 _ExcelWriteCell($oExcel, "File Name", 1, 2) 
57 _ExcelWriteCell($oExcel, "Voc", 1, 3) 
58 _ExcelWriteCell($oExcel, "Joc", 1, 4) 
59 _ExcelWriteCell($oExcel, "FF", 1, 5) 
60 _ExcelWriteCell($oExcel, "Vmax", 1, 6) 
61 _ExcelWriteCell($oExcel, "Imax", 1, 7) 
62 _ExcelWriteCell($oExcel, "Power", 1, 8) 
63 _ExcelWriteCell($oExcel, "Shunt", 1, 9) 
64 _ExcelWriteCell($oExcel, "Voc Slope", 1, 10) 
65 _ExcelWriteCell($oExcel, "Notes", 1, 11) 
66 _ExcelWriteCell($oExcel, "File Name", 1, 12) 
67 EndIf 
68 
69 

70 If $m == 1 Then ; converts the file name into time 
71 $TimeTot = 0 
72 Else 
73 $Time = StringMid(String($TestFileList[$m]),11,6) 
74 $Hour = StringLeft($Time,2) 
75 $Minute = StringMid($Time,3,2) 
76 $Seconds = StringRight($Time,2) 
77 

78 $TimeInt = StringMid(String($TestFileList[$m-1]),11,6) 
79 $HrInt = StringLeft($TimeInt,2) 
80 $MinInt = StringMid($TimeInt,3,2) 
81 $SecInt = StringRight($TimeInt,2) 
82 

83 If $HrInt > $Hour Then 
84 $Mult = $Mult + 1 
85 EndIf 
86 
87 

88 $TimeTot = $TimeTot + ($Hour -$HrInt)+($Minute-$MinInt)/60 + ($Seconds- 
$SecInt)/3600 
89 EndIf 
90 

91 ;inputs the extracted data into the excel file into their designated columns 
92 _ExcelWriteCell($oExcel, ($TimeTot+($Mult*24)), $m+1, 1) 
93 _ExcelWriteCell($oExcel, $ExcelArray[124][0], $m+1, 2) 
94 _ExcelWriteCell($oExcel, $ExcelArray[102][0], $m+1, 3) 
95 _ExcelWriteCell($oExcel, $ExcelArray[104][0], $m+1, 4) 
96 _ExcelWriteCell($oExcel, $ExcelArray[107][0], $m+1, 5) 
97 _ExcelWriteCell($oExcel, $ExcelArray[109][0], $m+1, 6) 
98 _ExcelWriteCell($oExcel, $ExcelArray[110][0], $m+1, 7) 
99 _ExcelWriteCell($oExcel, $ExcelArray[108][0], $m+1, 8) 
100 _ExcelWriteCell($oExcel, $ExcelArray[111][0], $m+1, 9) 
101 _ExcelWriteCell($oExcel, $ExcelArray[112][0], $m+1, 10) 
102 _ExcelWriteCell($oExcel, String($ExcelArray[125][0])&String($ExcelArray[125][1 
])&String($ExcelArray[125][2])&String($ExcelArray[125][3])&String($ExcelArray[125][4])& 
String($ExcelArray[125][5]), $m+1, 11) 
103 _ExcelWriteCell($oExcel, $TestFileList[$m], $m+1, 12) 
104 
105 
106 
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107 

108 Next 
109 

110 For $n = 0 to 3 ; removes Sheets1-3 so only Test 1-x will be in the excel file 
111 _ExcelSheetDelete($oExcel, "Sheet"&String($n)) 
112 Next 
113 

114 _ExcelBookSaveAs($oExcel, "F:\11_05_20_210nm 25C Cal\210nm 25 C cal.xls") ;location and 
file name of the excel file - change for each test 
115 

116 Beep(); to inform when the test is done 
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Appendix D 

Scilab Code 

D.1 Introduction to Scilab 

Scilab is a free open source programming software that was used in the Chapter 3 for the 

simulations of the PV, solar thermal and PVT systems. The licenses are accepted by the FLOSS 

(Free, Libre Open Source Software) community. The language and user interface are similar to 

MATLAB (Matrix Laboratory), but does not contain the same amount of libraries and options. It 

can, however, work with LabVIEW (Laboratory Virtual Instrumentation Engineering 

Workbench). 

D.2 How to use the code 

The code is comprised of 3 functions and one main function (StepUpAll). The three functions, 

PV3, Thermal3 and PVT3cutoff take in the typical meteorological year (TMY3) irradiance, wind 

speed and ambient temperatures and output their respective temperature (PV panel or absorber) 

and their exergy efficiencies. Figure D-1 displays the flow chart of the code and how it works; 1) 

the TMY 3 data is extracted using the StepUpALL main function which then 2) is entered into the 

three functions to calculate the exergy efficiency and system temperature which is then 3) 

organized by the StepUpALL function into a array that is 4) saved as a text file. 
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Figure D-1: Scilab flow chart 

The area of all the systems is the same and the PV panel used was a Heliene 72M 300 W panel 

since it was longer than other panels currently on the market. Furthermore, for the stagnation test, 

a Heliene panel glass was used as the cover and more information about this can be found in 

Appendix E. All the variable values were found in the “Solar Engineering of Thermal Processes” 

2006 by Duffie and Beckman. The equations with number references [eg. (6.7.5)] are the 

equation/figure numbers found in the textbook. The models used for the systems follow examples 

found in the textbook. If the user is happy with the set up of the systems, the user does not have to 

touch the 3 functions. The user does have to know where the functions can be located so that they 

can be called in the StepUpALL main function. 

To run the main function, the user must manually enter in the code for the locations of the 3 

functions, the location of the modified excel input file and where and what name the output excel 

file sheet needs to be. The modified excel input file needs to have the first sheet have the inputs in 
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the following order starting in column 3 (C); irradiance, ambient temperature and wind speed. 

Table D-1 has a 24 hour example of the input excel sheet. The data was copied from the TMY3 

data excel file for Detroit City Airport. The first row shows the excel sheet values (A�E) and the 

first column displays the row numbers of the excel sheet. 

TableD-1: 24 data set of Detroit City Airport extracted into the data input excel file 

N/A A B C D E 

Row Date 
(MM/DD/YYYY) 

Time 
(HH:MM) 

ETR 
(W/m^2) 

Dry-bulb 
(C) 

Wspd 
(m/s) 

1 01/01/2005 1:00 0 5.6 3.6 

2 01/01/2005 2:00 0 3.9 4.1 

3 01/01/2005 3:00 0 2.2 3.6 

4 01/01/2005 4:00 0 1.1 2.1 

5 01/01/2005 5:00 0 0 0 

6 01/01/2005 6:00 0 -0.6 2.6 

7 01/01/2005 7:00 0 -1.1 2.6 

8 01/01/2005 8:00 0 -1.7 1.5 

9 01/01/2005 9:00 93 -1.1 0 

10 01/01/2005 10:00 291 -0.6 2.6 

11 01/01/2005 11:00 448 0.6 2.1 

12 01/01/2005 12:00 549 1.1 3.1 

13 01/01/2005 13:00 588 1.7 1.5 

14 01/01/2005 14:00 562 2.2 3.1 

15 01/01/2005 15:00 472 2.2 4.6 

16 01/01/2005 16:00 325 1.7 4.6 

17 01/01/2005 17:00 133 1.1 4.1 

18 01/01/2005 18:00 2 0 5.1 

19 01/01/2005 19:00 0 0 5.7 

20 01/01/2005 20:00 0 0 5.2 

21 01/01/2005 21:00 0 0 4.6 

22 01/01/2005 22:00 0 0 5.2 

23 01/01/2005 23:00 0 0 3.6 

24 01/01/2005 24:00:00 0 0 5.2 
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The user could read the data directly from the TMY3 excel sheet but would need to modify the 

location of the columns within the StepUpALL code. However, the reason the program was set 

up this way was so that once the program had been run, the simulated data could be imported 

beside the inputted data. Therefore it is up to the purpose and user preference on how the program 

should be set up. Once all the required data has been modified in the StepUpALL code, to run the 

program press F5 or ctrl + E. 

D.3 Code 

The following sections have the SciLab code described above. 

D.3.1 StepUpALL Code 

In this section, the StepUpALL code is displayed. 

// loads thermal, PV and PVT functions 
exec('L:\11_08_28_Exergy Paper/Thermal3.sci' ); 
exec('L:\11_08_28_Exergy Paper/PV3.sci' ); 
exec('L:\11_08_28_Exergy Paper/PVT3cutoff.sci'); 
Sheets = readxls ('L:\11_08_28_Exergy Paper/DetriotAll.xls')// 
reads the input file, 
will change depending on the file name and location 
typeof (Sheets); 
s2 = Sheets(1); 
s2.value; //get the first sheet value field 
s2.text; //get the first sheet text field 
ThermalEx = zeros (8761,2); //initializes thermal array 
PVEx = zeros (8761,2); //initializes PV array 
PVTEx = zeros (8761,3); //initializes PVT array 
for i=1:8755 
test = s2(i+2,3); // irradiance value 
if(test <=10) //filtering irradiance less than 10 W/m^2 and 
setting values to 0 to 
simulate night if less than 10 
ThermalEx(i,1) = 0; 
ThermalEx(i,2) = 0; 
PVEx(i,1) = 0; 
PVEx(i,2) = 0; 
PVTEx(i,1) = 0; 
PVTEx(i,2) = 0; 
PVTEx(i,3) = 0; 
else 
//inputs the excel sheet irradiance, wind speed and ambient 
temperature into 
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the thermal, PV and PVT functions 
[ThermalEx(i,1),ThermalEx(i,2)] = Thermal2(s2(i+2,4),s2(i 
+2,3),s2(i +2,5)); 
[PVEx(i,1),PVEx(i,2)] = PV2(s2(i+2,4),s2(i +2,3),s2(i +2,5)); 
[PVTEx(i,1),PVTEx(i,2),PVTEx(i,3)] = PVT2(s2(i+2,4),s2(i 
+2,3),s2(i +2,5)); 
end 
end 
Data = [ThermalEx,PVEx,PVTEx]//all arrays put into one array 
write_csv (Data, 'L:\11_08_28_Exergy 
Paper/dataDetriotAllcutoff2.txt'); //writes data 
into a cvs (uses , as decimal place holders...) text file and 
this will change 
depending on the file name and location 

D.3.2 PV3 Code 

The code for the PV panel is shown below. 

function [T_PV, eta] = PV2(ambT,sun,wind) 
//Note: C is celcuis not coulumbs 
V_w = wind; //Wind Speed (m/s) 
S= sun;/ / Solar Irradiance (W/m^2) 
T_s = 5777; // Temperature of the sun (K) 
T_amb = ambT+273; // Ambient Temperature (K) 
T_sky = T_amb - 6; // Sky Temperature (K) 
sig = 5.67E-8; //Stephan-Boltzmann constant 
k = 1.3806503E-23 // Boltzmann Constant (m^2*kg/s^2*K) 
q = 1.602E-19; // Electron Charge (Coloumbs) 
// System Parameters 
eta_o = 0.9; //Optical Efficiency for the solar panel 
eps_pv = 0.88; //Emissivity of solar panel 
//Heliene 72m - 300 W 
I_mp_ref = 8.2; // Rated Current (Amps) 
V_mp_ref = 36.55; // Rated Voltage (V) 
I_sc_ref = 8.77; // Rated Short circuit current (Amps) 
V_oc_ref = 44.96; // Rated Open circuit voltage (V) 
T_cREF = 25; // Reference cell temperature (C) 
al = 6.139E-3; // Temperature coefficient short-circuit current 
A/C 
Be = -0.152864; // Temperature coefficient open circuit voltage 
V/C 
C = 0.0002677; // for silicon (23.2.10b) 
S_REF = 1000; //Reference irradiation W/m^2 
L_1 = 1.984; // Length of the panel (m) 
L_2 = 0.984; // Width of the panel (m) 
A_p = L_1*L_2; // Area of panel (m^2) 
N_s = 72; // Number of cells 
// See Table 1 in King%20SAND for x and y values, in this case 
module type is 
Glass/cell/polymer sheet - open rack 
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x = -3.56; // Empirically-determined coefficient establishing the 
upper limit for 
module temperature at low wind speeds and high solar irradiance 
y = -0.075; // Empirically-determined coefficient establishing 
the rate at which the 
module temperature drops as wind speed increases 
deltaT = 3; // Temperature difference between front and back 
S_o = 1000; // Reference solar irradiance on module (W/m^2) 
T_m = S*exp(x+y*V_w)+T_amb; // Cell back temperature from 
King%20SAND eqn 11 
T_c = T_m + (S/S_o)*deltaT; // Cell front temperature from 
King%20SAND eqn 12 
h_w = 2.8 + 3*V_w; // Convection Heat transfer coefficient 
h_rad = sig*eps_pv *(T_sky +T_c) *(T_sky ^2+T_c^2); // radiative 
heat transfer 
coefficient 
U_L = h_w+h_rad; // Heat loss coefficient 
//Calculated from EES code for a Heliene 72 - 300 W 
R_sh_ref = 348.7; //ohms 
a_ref = 1.942; //V 
I_L_ref = 8.778; //Amps 
I_o_ref = 7.587E-10; //Amps 
R_s_ref = 0.336; // ohms 
//Assuming series resistance R_s is independent of both 
temperature and solar 
radiation 
R_s = R_s_ref; //ohms (23.2.12) 
//Assuming shunt resistance R_sh is independent of temperature 
R_sh = R_sh_ref*(S_REF /S); //ohms (23.2.11) 
a = a_ref*(T_c/(T_cREF +273)); //V (23.2.8) 
I_L = (S/S_REF) *(I_L_ref +al*((T_c -273)-T_cREF)); // Amps 
(23.2.9) 
E_g_ref = 1.12; // eV 
E_g = E_g_ref*(1-C*(T_c-(T_cREF +273))); // eV (23.2.10b) 
I_o = I_o_ref*((T_c /(T_cREF +273)) ^3)*exp((q/k)*(E_g_ref 
/(T_cREF +273)-E_g/T_c)); // 
Amps 
deff('I_sc_T = Isc(I_sc)','I_sc_T = 
I_L-I_sc-I_o*(exp(I_sc*R_s/a)-1)-I_sc*R_s/R_sh' ); 
I_sc = fsolve (I_sc_ref,Isc); //solving for the short circuit 
current 
deff('V_oc_T = Voc(V_oc)','V_oc_T = I_L -I_o*(exp(V_oc/a)-1)-
V_oc/R_sh'); 
V_oc = fsolve (V_oc_ref,Voc); //solving for the open circuit 
voltage 
t = 1; 
count = 0; 
V_mp_g = V_mp_ref; // maximum voltage guess 
I_mp_g = I_mp_ref; // maximum current guess 
while (t==1) // determining the maximum voltage and current 
iterations 
deff ('VMP = MP1(V_mp_g)','VMP = I_mp_g/V_mp_g 
-
((I_o/a)*exp((V_mp_g+I_mp_g*R_s)/a)+1/R_sh)/(1+(R_s/R_sh)+((I_o*R
_s)/a)*exp((V_mp_g+I 
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_mp_g*R_s)/a))' ); 
V_mp = fsolve (V_mp_g,MP1); // solving for the maximum voltage 
deff ('IMP = MP2(I_mp_g)','IMP = I_mp_g - I_L 
+I_o*(exp((V_mp+I_mp_g*R_s)/a)-1)+(V_mp+I_mp_g*R_s)/R_sh' ); 
I_mp = fsolve (I_mp_g,MP2); //solving for the maximum current 
if(abs(V_mp -V_mp_g) <1d-10) 
t=0; 
elseif (count >10000) 
t=0; 
end 
V_mp_g = V_mp; 
I_mp_g = I_mp; 
if(abs(I_mp_g /I_L)>1) 
I_mp_g = I_L; 
end 
if(abs(V_mp_g /V_oc) >1) 
V_mp_g = V_oc; 
end 
count = count + 1; 
end 
// EXERGY 
//Exergy input 
Ex_in = S*A_p*(1-((4/3)*(T_amb /T_s)) +((1/3)*(T_amb /T_s)^4)); 
//Exergy Efficiency 
eta = (V_mp*I_mp/Ex_in) *100; 
T_PV = T_c; 
Endfunction 

D.3.3 Thermal3 Code 

This section displays the Thermal3 code. 

function [T_T,eta_Ex] = Thermal2(ambT,sun,wind) 
V_w = wind; //Wind Speed (m/s) 
S= sun;/ / Solar Irradiance (W/m^2) 
T_amb = ambT+273;//10.6+273; // Ambient Temperature (K) 
T_sky = T_amb - 6; // Sky Temperature (K) (4.5.13) 
T_s = 5777; // Temperature of sun (K) 
sig = 5.67E-8; //Stephan-Boltzmann constant 
g = 9.81; // Gravity (m/s^2) 
// System Parameters 
T_pm = T_amb + 50; // Temperature of absorber plate (K) 
T_in = T_amb; // Temperature of the inlet flow (K) 
T_out = T_in + 25; // Temperature of outlet flow (K) 
L_1 = 1.984; // Length of the panel (m) 
L_2 = 0.984; // Width of the panel (m) 
A_p = L_1*L_2; // Area of panel (m^2) 
Di = 0.04; // Inner Diameter of pipe (m) 
t = 0.02; // Thickness of pipe wall (m)s 
D = Di + 2*t; // Outer Diameter of pipe (m) 
W = 0.0844; // Pipe's center to center distance (m) 
N = int(L_2/W); // Number of pipes 
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eta_opt = 0.84 // optical constant 
M_dot = 0.056; //Total Mass flow rate (kg/s) 
m_dot = M_dot/N; // mass flow rate of pipe (kg/s) 
A = %pi*(Di/2)^2; // Cross-sectional area of pipe (m) 
// Heat loss Coefficient 
h_w = 2.8 + 3*V_w; // wind heat transfer coefficient (3.15.3) 
M = 1; // Number of glass covers 
b = 0; // Collector Tilt (degrees) 
eps_p = 0.92; // Emissivity of the absorber plate 
eps_c = 0.88; //Emissivity of covers 
f = (1+0.089 *h_w-0.1166 *h_w*eps_p) *(1+0.07866 *M); 
C = 520*(1-0.000051 *b^2); 
k_p = 384; // Thermal conductivity of the plate (W/m*K) 
k_i = 0.05; // Thermal conductivity of the insulation (W/m*K) 
L_b = 0.08; // Thickness of back insulation (m) 
U_b = k_i/L_b; // Bottom Loss coefficient 
L_e = 0.04; // Thickness of edge insulation (m) 
L_g = 0.04; //Thickness of glass covers (m) 
L_p = 0.002; // Thickness of plate (m) 
L_panel = 2*L_g+L_p+L_b; // Overall thickness of panel (m) 
U_e = (k_i/L_e) *(2*(L_1+L_2)) *L_panel /A_p; // Side loss 
coefficient 
y=1; //While loop switch 
Tpnew = 0; // initializing absorber plate temperature a value 
saver 
blah = 0; //counter 
while (y==1) 
//calculate C_p, rho, mu, k [Values from Table A.4 from 
Fundamentals of Heat and 
Mass Transfer] 
T_avg = (T_in+T_out) /2; 
T_min = 200; 
// print(%io(2),blah,T_avg,T_out,T_pm); 
blah = blah +1; 
Cp_val = [1007 1006 1007 1009 1014 1021 1.030 1.040 1.051]; // 
Specific Heat 
(J/kg*K) 
rho_val = [1.7458 1.3947 1.1614 .995 .8711 .774 0.6964 0.6329 
0.5804]; // Density 
(kg/m^3) 
mu_val = 1E-7*[132.5 159.6 184.6 208.2 230.1 250.7 270.1 288.4 
305.8]; // Dynamic 
viscosity (N*s/m^2) 
k_val = 1E-3*[18.1 22.3 26.3 30 33.8 37.3 40.7 43.9 46.9]; // 
Thermal 
Conductivity (W/ m*K) 
x = 1; //while loop switch 
i = 1; //counter 
while (x==1) // determines the Cp, density, dynamic viscosity and 
conductivity for 
air at a specific heat during each iteration 
if((T_avg >(T_min +(i-1)*50))&(T_avg <=(i*50+T_min))) 
C_p = Cp_val(i)+(Cp_val(i +1)-Cp_val(i)) *(T_avg -(T_min +(50*(i-
1)))) /50; 
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rho = rho_val(i)+(rho_val(i +1)-rho_val(i)) *(T_avg -(T_min 
+(50*(i-1)))) /50; 
mu = mu_val(i)+(mu_val(i +1)-mu_val(i)) *(T_avg -(T_min +(50*(i-
1)))) /50; 
k = k_val(i)+(k_val(i +1)-k_val(i)) *(T_avg -(T_min +(50*(i-1)))) 
/50; 
x=0; 
elseif (i>8) 
x=0; 
end 
i = i + 1; 
end 
// Calc hfi 
Re = 4*m_dot /(%pi*Di*mu); // Reynolds number of fluid in pipe 
(example 3.14.1) 
Nu = 0.0158*Re^(0.8); // Nusselt number of fluid in pipe (3.14.6) 
hfi = Nu*k/Di; // Heat transfer coefficient between the fluid and 
the pipe wall 
(W/K) (example 3.14.1) 
// Calc pressure loss --> Assume P_in = 0 (for coding purposes) 
Vf = m_dot/(rho*A); // velocity of fluid in pipe (m/s) 
if(Re<=2200) 
fr = 64/Re; 
else 
fr = 0.316*Re^(-0.25); 
end 
deltaP = (fr*rho*L_1*Vf^2)/(2*Di); //Exergy Efficiency and 
Optimum Operation of 
Solar Collectors 
e = 0.43*(1-100/T_pm) // constant power 
U_t = 1/(M/((C/T_pm) *((T_pm -T_amb) /(M+f)))^e + (1/h_w)) 
+(sig *(T_pm ^2+T_amb ^2)*(T_pm +T_amb)) /((1/(eps_p +0.00591 
*M*h_w)) +((2*M+f-1+0.133 *eps_p) 
/eps_c) -M); //Top Loss Coefficient (6.4.9) 
U_L = U_t + U_b + U_e; // Total loss coefficient 
m = sqrt(U_L/(k_p*L_p)); // (6.5.4a) 
F = tanh(m*(W-D)/2)/(m*(W-D)/2); // Standard fin efficiency 
(6.5.12) 
F_p = (1/U_L) /(W*((1/(U_L *(D+(W-D)*F)))+(1/(%pi*Di*hfi)))); // 
Collector 
efficiency factor (6.5.18) 
F_r = (m_dot*C_p/(A_p*U_L)) *(1-exp(-A_p*U_L*F_p/(m_dot *C_p))); 
// Collector heat 
removal factor (6.7.5) 
Q_u = A_p*F_r*(S-U_L*(T_in -T_amb)); //Actual useful heat energy 
gain (6.7.6) 
Tpnew = T_in + ((Q_u/A_p) /(F_r*U_L)) *(1-F_r); // Mean plate 
temperature (6.9.4) 
T_out = T_in + Q_u/(m_dot *C_p); //outlet temp 
if(abs(T_pm -Tpnew) <1E-6)// determines if iteration is complete 
T_pm = Tpnew; 
y=0; 
else 
T_pm = Tpnew; 
end 
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end 
//Exergy 
E_col = m_dot*C_p*(T_out -T_in-T_amb *log(T_out /T_in)) -m_dot 
*T_amb *deltaP /(rho*T_in); 
// Exergy Output 
E_in_sun = S*A_p*(1-((T_amb /T_s))); //Exergy input from the sun 
eta_Ex = (E_col/E_in_sun) *100; // Exergy efficiency 
T_T = T_pm; 
Endfunction 

D.3.4 PVT3cutoff code 

In this section, the code of the PVT3cutoff function is shown. 

function [T_PVT,Eta_pv,Eta_t] = PVT2(ambT,sun,wind) 
V_w = wind; //Wind Speed (m/s) 
S= sun;/ / Solar Irradiance (W/m^2) 
T_s = 5777; // Temperature of the sun (K) 
T_amb = ambT+273; // Ambient Temperature (K) 
T_sky = T_amb - 6; // Sky Temperature (K) 
sig = 5.67E-8; //Stephan-Boltzmann constant 
k_b = 1.3806503E-23 // Boltzmann Constant (m^2*kg/s^2*K) 
q = 1.602E-19; // Electron Charge (Coloumbs) 
// System Parameters 
eta_o = 0.9; //Optical Efficiency for the solar panel 
eps_pv = 0.88; //Emissivity of solar panel 
eps_c = 0.88; //Emissivity of glass 
eps_p = 0.92; // Emissivity of the absorber plate 
L_1 = 1.984; // Length of the panel (m) 
L_2 = 0.984; // Width of the panel (m) 
A_p = L_1*L_2; // Area of panel (m^2) 
k_i = 0.05; // Thermal conductivity of the insulation (W/m*K) 
k_p = 384; // Thermal conductivity of the plate (W/m*K) 
L_e = 0.04; // Thickness of edge insulation (m) 
L_g = 0.04; //Thickness of glass covers (m) 
L_p = 0.002; // Thickness of plate (m) 
L_gap = 0.01; //Thickness of the air gap (m) - Used Maple to calc 
thickness 
L_b = 0.08; // Thickness of back insulation (m) 
L_panel = L_g+L_p+L_b+L_gap; // Overall thickness of panel (m) 
A = L_2*L_gap; // cross sectional area of duct (m^2) 
//Side losses 
U_e = (k_i/L_e) *(2*(L_1+L_2)) *L_panel /A_p; // Side Loss 
Coefficient 
//Insulation Back loss 
U_b = k_i/L_b; 
//Fluid information 
D = 4*(L_2*L_gap) /(2*L_2+2*L_gap); // Hydraulic Diameter (m) 
T_in = T_amb; // initializing inlet temperature 
if(S<50) //if the irradiance is less than 50, the thermal system 
is shut off with 
the really low flow rate 
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m_dot = 1E-9; 
else 
m_dot = 1/18; 
end 
//Heliene 72m - 300 W 
I_mp_ref = 8.2; // Rated Current (Amps) 
V_mp_ref = 36.55; // Rated Voltage (V) 
I_sc_ref = 8.77; // Rated Short circuit current (Amps) 
V_oc_ref = 44.96; // Rated Open circuit voltage (V) 
eta_pv = I_mp_ref*V_mp_ref /(A_p*S); // Reference values for the 
cell efficiencies 
T_cREF = 25; // Reference cell temperature (C) 
al = 6.139E-3; // Temperature coefficient short-circuit current 
A/C 
Be = -0.152864; // Temperature coefficient open circuit voltage 
V/C 
C = 0.0002677; // for silicon (23.2.10b) 
S_REF = 1000; //Reference irradiation W/m^2 
//Calculated from EES code for a Heliene 72m - 300 W 
R_sh_ref = 348.7; //ohms 
a_ref = 1.942; //V 
I_L_ref = 8.778; //Amps 
I_o_ref = 7.587E-10; //Amps 
R_s_ref = 0.336; // ohms 
//Estimating temperature of PV/Absorber 
// See Table 1 in King%20SAND for x and y values, in this case 
module type is 
Glass/cell/polymer sheet - open rack 
x = -3.56; // Empirically-determined coefficient establishing the 
upper limit for 
module temperature at low wind speeds and high solar irradiance 
y = -0.075; // Empirically-determined coefficient establishing 
the rate at which the 
module temperature drops as wind speed increases 
deltaT = 3; // Temperature difference between front and back 
S_o = 1000; // Reference solar irradiance on module (W/m^2) 
T_m = S*exp(x+y*V_w)+T_amb; // module back temperature from 
King%20SAND eqn 11 
T_c_g = T_m + (S/S_o) *deltaT; // Cell front temperature from 
King%20SAND eqn 12 
T_out = T_c_g-10; // Guessing the outlet flow temperature (K) 
T_cg = T_c_g; //guess glass temperature 
num = 0; //counter 
y = 1; //while loop switch 
while (y==1) 
//calculate C_p, rho, mu, k [Values from Table A.4 from 
Fundamentals of Heat and 
Mass Transfer] 
T_avg = (T_in+T_out) /2; 
T_min = 200; 
Cp_val = [1007 1006 1007 1009 1014 1021 1.030 1.040 1.051]; // 
Specific Heat 
(J/kg*K) 
rho_val = [1.7458 1.3947 1.1614 .995 .8711 .774 0.6964 0.6329 
0.5804]; // Density 
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(kg/m^3) 
mu_val = 1E-7*[132.5 159.6 184.6 208.2 230.1 250.7 270.1 288.4 
305.8]; // Dynamic 
viscosity (N*s/m^2) 
k_val = 1E-3*[18.1 22.3 26.3 30 33.8 37.3 40.7 43.9 46.9]; // 
Thermal 
Conductivity (W/ m*K) 
x = 1; //while loop switch 
i = 1; //counter 
while (x==1) //determines the specific values 
if((T_avg >(T_min +(i-1)*50))&(T_avg <=(i*50+T_min))) 
C_p = Cp_val(i)+(Cp_val(i +1)-Cp_val(i)) *(T_avg -(T_min +(50*(i-
1)))) /50; 
rho = rho_val(i)+(rho_val(i +1)-rho_val(i)) *(T_avg -(T_min 
+(50*(i-1)))) /50; 
mu = mu_val(i)+(mu_val(i +1)-mu_val(i)) *(T_avg -(T_min +(50*(i-
1)))) /50; 
k = k_val(i)+(k_val(i +1)-k_val(i)) *(T_avg -(T_min +(50*(i-1)))) 
/50; 
x=0; 
elseif (i>8) 
x=0; 
end 
i = i + 1; 
end 
//Calculating U_t from the top of the absorber plate 
deff ('q1=Qloss1(T_cg)' ,'q1=(T_amb-T_cg)*((2.8 + 
3*V_w)-(sig*eps_c*(T_amb^2+T_cg^2)*(T_amb+T_cg)))-(T_cg-
T_c_g)*sig*(T_cg^2+T_c_g^2)*(T 
_cg+T_c_g)/((1/eps_c)+(1/eps_pv)-1)' ); // Defining heat loss 
from glass to air 
T_cg = fsolve (T_cg,Qloss1,1.d -7); // solving for the glass 
temperature 
// print(%io(2),T_cg); 
hw = 2.8 + 3*V_w; // Heat loss coefficient of wind (W/m*2) 
hr1 = sig*eps_c *(T_amb ^2+T_cg^2)*(T_amb +T_cg); // Radiation 
loss between glass and 
air 
R1 = 1/(hw+hr1); // between glass and air 
hr2 = sig*(T_cg ^2+T_c_g ^2)*(T_cg +T_c_g) /((1/eps_c) 
+(1/eps_pv) -1); 
R2 = 1/hr2; // between glass and cell top 
Re = m_dot*D/(L_2*L_gap *mu); // Reynolds number of fluid in pipe 
(example 3.14.1) 
Nu = 0.0158*Re^(0.8); // Nusselt number of fluid in pipe (3.14.6) 
hf = Nu*k/D; // Heat transfer coefficient between the fluid and 
the pipe wall 
(W/m^2*K) (example 3.14.1) 
// Calc pressure loss --> Assume P_in = 0 (for coding purposes) 
Vf = m_dot/(rho*A); // velocity of fluid in pipe (m/s) 
if(Re<=2200) 
fr = 64/Re; 
else 
fr = 0.316*Re^(-0.25); 
end 
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// P_out = L_1*g*rho*sin(b) + (f*rho*L_1*Vf^2)/(2*Di); // from 
bernoulli's equation 
and Exergy Efficiency and Optimum Operation of Solar Collectors 
deltaP = (fr*rho*L_1*Vf^2)/(2*D); //Exergy Efficiency and Optimum 
Operation of 
Solar Collectors 
//Assume temperature of cell bottom is the same as absorber top 
R3 = L_p/k_p; // between the top and bottom absorber 
U_t = 1/(R1+R2+R3) // Total thermal losses from the top 
Q_in =S*eta_o *(1-eta_pv); // Total thermal input from the sun 
U_L = U_t + U_e + U_b; // Total Thermal losses for the system 
// Assuming the top and bottom of the ducts are equal in 
temperature 
hr = 4*sig*T_c_g ^3/((2/eps_c) -1); //radiation coefficient 
F_p = 1/(1+U_L/(hf+(1/((1/hf)+(1/hr))))); // Collector efficiency 
factor (figure 
6.14.2 a) 
Cap = m_dot*C_p/(A_p*U_L*F_p); // Dimensionless capacitance rate 
F_pp = Cap*(1-exp(-1/Cap)); // collector flow factor (6.7.5) 
F_R = F_p*F_pp; // Collector heat removal factor (6.7.5) 
Q_u = A_p*F_R*(Q_in -U_L*(T_in -T_amb)); //Actual useful heat 
energy gain (6.7.6) 
T_out = T_in + Q_u/(m_dot *C_p); // outlet temperature 
T_c = T_in + (1-F_R)*(Q_u /A_p)/(U_L*F_R); // Mean plate 
temperature (6.9.4) 
//Assuming series resistance R_s is independent of both 
temperature and solar 
radiation 
R_s = R_s_ref; //ohms (23.2.12) 
//Assuming shunt resistance R_sh is independent of temperature 
R_sh = R_sh_ref*(S_REF /S); //ohms (23.2.11) 
a = a_ref*(T_c/(T_cREF +273)); //V (23.2.8) 
I_L = (S/S_REF) *(I_L_ref +al*((T_c -273)-T_cREF)); // Amps 
(23.2.9) 
E_g_ref = 1.12; // eV 
E_g = E_g_ref*(1-C*(T_c-(T_cREF +273))); // eV (23.2.10b) 
I_o = I_o_ref*((T_c /(T_cREF +273)) ^3)*exp((q/k_b)*(E_g_ref 
/(T_cREF +273) -E_g/T_c)); 
// Amps 
// print(%io(2),R_sh,a,I_L,I_o,R_s); 
deff ('I_sc_T = Isc(I_sc)','I_sc_T = 
I_L-I_sc-I_o*(exp(I_sc*R_s/a)-1)-I_sc*R_s/R_sh' ); 
I_sc = fsolve (I_sc_ref,Isc); //determines the short circuit 
current 
deff ('V_oc_T = Voc(V_oc)','V_oc_T = I_L -I_o*(exp(V_oc/a)-1)-
V_oc/R_sh'); 
V_oc = fsolve (V_oc_ref,Voc); // determines the open circuit 
voltage 
t = 1; 
count = 0; 
V_mp_g = V_mp_ref; //sets the max voltage guess 
I_mp_g = I_mp_ref; //sets the max current guess 
while (t==1) 
deff('VMP = MP1(V_mp_g)','VMP = I_mp_g/V_mp_g 
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-
((I_o/a)*exp((V_mp_g+I_mp_g*R_s)/a)+1/R_sh)/(1+(R_s/R_sh)+((I_o*R
_s)/a)*exp((V_mp_g+I 
_mp_g*R_s)/a))' ); 
V_mp = fsolve (V_mp_g,MP1); //determines the max voltage 
deff('IMP = MP2(I_mp_g)','IMP = I_mp_g - I_L 
+I_o*(exp((V_mp+I_mp_g*R_s)/a)-1)+(V_mp+I_mp_g*R_s)/R_sh' ); 
I_mp = fsolve (I_mp_g,MP2); //determines the max current 
if(abs(V_mp -V_mp_g) <1d-10)//determines convergence 
t=0; 
elseif (count >10000) 
t=0; 
end 
V_mp_g = V_mp; 
I_mp_g = I_mp; 
if(abs(I_mp_g /I_L)>1) 
I_mp_g = I_L; 
end 
if(abs(V_mp_g /V_oc_ref) >1) 
V_mp_g = V_oc_ref; 
end 
count = count + 1; 
end 
eta_pv = I_mp*V_mp/(A_p*S); //temperature corrected PV efficiency 
if(abs(T_c -T_c_g) <1d-8) //determines convergence 
y=0; 
elseif (num > 10000) 
y=0; 
end 
num = num +1; 
T_c_g = T_c; 
end 
//EXERGY 
//Exergy input 
Ex_in = S*A_p*(1-((4/3)*(T_amb /T_s)) +((1/3)*(T_amb /T_s)^4)); 
//PV Exergy Efficiency 
Eta_pv = (V_mp*I_mp/Ex_in) *100; 
E_col = m_dot*C_p*(T_out -T_in-T_amb *log(T_out /T_in)) -m_dot 
*T_amb *deltaP /(rho*T_in); 
// Thermal exergy 
E_in_sun =(1-eta_pv) *S*A_p*(1-((T_amb /T_s))); //Exergy input 
from the sun 
if(S <50) //If the irradiance is less that 50 thermal system is 
turned off 
Eta_t = 0; 
else 
Eta_t = (E_col/E_in_sun) *100; 
end 
T_PVT = T_c; // temperature of plate 
endfunction 
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Appendix E 

Stagnation 

E.1 Introduction 

Stagnation in a solar thermal collector occurs when there is no flow of coolant through the 

system. During stagnation, the system can get as hot as 180 ˚C or more. Typical solar cells can 

get up to about 50 ˚C, however, if one insulates the system and creates a green house effect, the 

solar cells can get up to temperatures over 100 ˚C. It has been determined that with amorphous 

silicon (a-Si:H) as the absorber plate for a photovoltaic solar thermal hybrid (PVT) system can 

get to temperatures great than 100 ˚C. This is advantageous because a-Si:H degrades in sunlight 

but it can be annealed at 150 ˚C for 4 hours to return it to its original efficiency. In Chapter 3, 

spike annealing was proposed as a way of increasing the power output of the a-Si:H solar cells by 

stagnating the PVT system for 1 hour. It was found to give 10% more power and with a minimal 

loss to the thermal system performance. The purpose of this stagnation test was to determine the 

stagnation temperature in which the solar cells used in this study could achieve. It was found that 

the a-Si:H used in this studycould achieve temperatures greater than 100 ˚C. 

E.2 Design of the system 

The 630nm i-layer thick cell was used in the stagnation testing. There are 40 cells of 5 mm X 15 

mm in a four by ten array which is on a 101.6X101.6X3mm floating glass substrate. For more 

information about the cell please see Appendix B. The absorber plate used in this experiment was 

a TiNox classic copper substrate 0.2mm thick and it was cut to the same size as the glass 

substrate. The purpose of the absorber plate was to use it as a reference to determine how realistic 

the results were for the a-Si:H cell’s temperature. 
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E.2.1 Model Test Rig 

The model consisted of a 297X301X50.8 mm high temperature resistant insulation (base 

insulation) as a base for the cell / absorber plate to be placed on. A second piece of insulation 

(aperture insulation) with the dimensions of 391x365X25.4 mm was used to insulate the sides of 

the cell / absorber. This size is approximately 25.4 mm larger than the piece of glass which will 

help prevent the glass acting like a fin. A stripe of blue expanded polyethylene thermal foam 

insulation was placed around the perimeter of the glass to further insulate the glass. A 

101.6X101.6 mm hole was cut in the middle of the aperture insulation to allow sunlight to make 

contact with the cell / absorber. Lastly another piece of insulation (top insulation) was placed on 

the top of the glass to completely insulate the glass with the exception of the 101.6X101.6mm 

aperture hole cut into it. The top insulation has the same dimensions as the aperture insulation. To 

prevent shading from the top insulation when the cell was tilted at 30 degrees, the aperture hole 

was cut at approximately 30 degrees. This was done by tilting the top insulation at 30 degrees and 

cutting the insulation parallel to the floor. Figures E-1 to E-4 show the makeup of the model test 

rig. 
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Figure E-1: Top View of the completed 

model 

 

Figure E-2: Top view of the completed rig 

without the top insulation 

 

Figure E-3: Top view of the base insulation 

with the TiNox on top 

 

Figure E-4: a-Si:H with the thermal couple 

taped to the back 

 

The glass used in this experiment was Heliene tempered glass which is used in their PV panels. It 

has the dimensions of 305X305X4mm.  The glass was taped to the aperture insulation with 3M 

9890 10 mm thermally conductive adhesive transfer tape (double sided). The tape was placed 

completely around the perimeter of the aperture hole at approximately 25.4 mm away. This was 

to prevent an air gap and to allow for any thermal gas expansion. A groove was cut into the top of 

the base insulation to allow the thermal couple wire to slide in to prevent an air gap from forming 

between the base and aperture insulation layers. A combination of Kapton thermally conductive 

adhesive transfer tape and Scotch 3M 5490 3.5 mm PTFE film tape (extruded) was used to attach 

a T-Type thermal couple to the back of the cell. A T-type thermal couple was soldered onto the 
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middle of the back of the absorber plate. To prevent gassing from occurring when the insulation 

was heated up, tin foil was placed on the sides of the aperture hole where the insulation was bare.  

E.3 Methodology of the stagnation testing 

In this section, the methodology of the indoor and outdoor testing are discussed. 

E.3.1General methodology 

In all the tests, the temperature of the TiNox absorber or the a-Si:H cell were taken every 30 

seconds for the first 20 minutes and then the measurements were completed every 5 minutes 

thereafter. The test was considered finished when the difference in the material’s temperature in 

the last 10 minutes was zero. Both the TiNox and a-Si:H were taped onto the base insulation 

using Scotch 3M 5490 3.5 mm PTFE film tape to prevent a air gap from forming beneath them. 

Clamps were used hold the layers of insulation together and to reduce the any air gaps between 

the layers. 

E.3.2 Indoor AAA Solar Simulator Test 

In the indoor test, a AAA solar simulator was used. The AAA solar simulator was calibrated 

following the methodology found in Appendix A. The test rig was placed on a platform such that 

the Heliene glass cover was at a working distance of 12” ±0.25” from the solar simulator. During 

the test the room temperature and humidity was recorded. The aperture of the test rig was aligned 

such that the collimated beam of the solar simulator was completely covering the aperture. Figure 

E-5 displays the coverage of collimated beam.  
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FigureE-5: a-Si:H under the collimated light of the AAA solar simulator 

From Figure E-5, the collimated light just barely covers the corners of the a-Si:H sample. Section 

E.3.2.1, the uniformity of the collimated beam is discussed and the average irradiance is 

determined for the 101.6X101.6mm test area. 

E.3.2.1 AAA Solar Simulator Collimated Beam Uniformity 

To determine the average irradiance value for the 101.6X101.6mm testing area, the testing area 

was divided into a 5X5 20X20mm grid. The 20X20mm grid was chosen since that was the size of 

the reference cell. Table E-1 depicts the grid used in this test. 

Table E-1: Grid layout for the uniformity of the AAA solar simulator collimated beam 

A1 A2 A3 A4 A5 

B1 B2 B3 B4 B5 

C1 C2 C3 C4 C5 

D1 D2 D3 D4 D5 

E1 E2 E3 E4 E5 
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The reference cell was placed at each section of the grid and 5 short circuit measurements were 

taken. The room temperature, humidity and cell temperature were recorded as well. Using 

Equation E-1 which can be found in section 5.1.5 in the IEC Standard 60904-10 the irradiance 

(G) in W/m2 was calculated. 

( )( )2511000 −−××= mrc

rc

sc T
I

I
G α   Eq. E-1 

Where Isc is the short circuit current measured (mA), Irc is the reference cell calibrated short 

circuit (mA), αrc is the cell’s short circuit temperature coefficient (0.0002/˚C) and Tm is the 

temperature of the cell (˚C). 

Table E-2 displays the irradiance values corresponding to the location in the grid found in Table 

E-1. 

Table E-2: Irradiance values (W/m
2
) for the uniformity of the AAA solar simulator 

collimated beam following the grid layout of Table 1 

505 958 903 860 347 

955 1046 1041 1050 924 

1061 1026 1009 1023 1055 

1026 1037 1012 1033 1059 

780 1041 1043 1050 917 

The average irradiance for the testing area is 950 W/m2.  

E.3.3 Outdoor Test 

The outdoor tests were done on cloudless days with a light wind during the peak sun hours 

(10am-2pm). The test rig was placed on an existing multi-PV panel test rig with a pyranometer 

co-planar to the panels. The multi-PV panel test rig can be seen in Figure E-6. The angle of the 

rig was measured to be approximately 30 degrees.  
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Figure E-6: Outdoor testing site where the test rig was placed on top of the panels 

The pyranometer values were recorded at each temperature measurement and converted to the 

irradiance by dividing the pyranometer current measurements in mA by 0.0088mA/W/m2. The 

average irradiance values for the duration of the TiNox absorber and a-Si:H cell test are 945 and 

958 W/m2 respectively. To ensure the largest irradiance value to hit the surface of the test rig, a 

nail was punched into the top of the test rig. The nail’s shadow was used to help align the rig with 

the sun by minimizing the nail’s shadow as much as possible by tracking the sun’s movement. 

Pivoting the multi-PV panel test rig at one of its corners and rotating it, the sun was tracked. The 

wind speed was recorded by an anemometer. The average wind speed was 1.5 m/s for both tests. 

E.4 Results 

Following the methodology prescribed above, the model test rig was tested indoors and outdoors. 

The results from these tests can be found in Figure E-7. 
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Figure E-7: Stagnation temperature profiles of a TiNox absorber plate and an a-Si:H cell in 

a testing rig with a 101.6 x 101.6 mm aperture during indoor and outdoor 

testing 

It is interesting to note that although the outdoor and indoor testing had the approximately the 

same irradiance of 950 W/m2, the indoor testing produce a higher temperature result. This is most 

likely due to the fact that there was a 1.5 m/s breeze for the outside test and that the test rig was 

not always perfectly aligned with the sun since it was not on a tracker. However, this does 

demonstrate that the a-Si:H cell can reach temperatures greater than 100˚C. Therefore, it is 

reasonable to assume that if a-Si:H was used as the absorber material, the stagnation of the PVT 

could reach a temperature of at least 100˚C. As a result, for the spike annealing tests describe in 

Chapter 5 and in Appendix A section A.3.4, 100˚C for the annealing is acceptable. 
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Appendix F 

Error Analysis 

In this appendix the error calculations are discussed. 

F.1Power Measurement Error 

To calculate the power produced by the solar cell, the voltage and corresponding current 

measurements were multiplied together. This can be seen in Equation F-1 

IV=P  Eq. F-1 

The total error was determined by the addition of the error of the voltage and current in 

quadrature. The equation used to make this measurement can be found in Equation F-2. 

( ) ( )( )22
VdI+IdV=dP ±  Eq. F-2 

Since the error of the voltage and current was a percentage Equation F-2 was converted to 

Equation F-3 found below. 

( ) ( )( )22
dI+dV=

P

dP
±  Eq. F-3 

If the percentage error of the voltage and the current is entered into Equation F-3 the result is 

found in Equation F-4. 

( ) ( )( )22
0.30.2± +=

P

dP
 Eq. F-4 

The result of Equation F-4 can be seen in Equation F-5. 

±0.36=
P

dP
% Eq. F-5 

Therefore the total error in all the power measurements in this thesis is 0.36%. 
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F.2 Time Measurement Error 

Truncation error in the TimerInit()  function, found in the Autoclicker macro described in 

Appendix C, does not affect the time results. This is because when a measurement is saved, the 

time that it is saved is recorded based off of the computer clock. The first measurement is set to 

zero and every other measurement is with respect to the first measurement. The truncation error 

would be considered if the exact time intervals were required however, for this study they are not 

since there are not any specific times in the analysis of a degradation test. 

Therefore the error in the energy calculations is the same as the error in the power since there is 

no error in the time measurements. 

F.3 Error in Temperature 

The error in the Digi-Sense temperature controller is ±0.25%. It was observed that the 

temperature during the tests fluctuated about 2% of the measurements due to changes in the room 

temperature. This translates to a ±0.5˚C change for the 25 ˚C degradation, a ±1˚C change for the 

50 ˚C degradation and ±2˚C change for the 100 ˚C degradation. Therefore, the total error in the 

temperature measurements if added in quadrature is ±2.02% error. 

The power temperature correlation was also determined. This was done by recording the power 

value as the 630nm i-layer thick stabilized cell at 50 ˚C to 100 ˚C. The measurements were taken 

every 5 ˚C. It was found that the power temperature correlation was -0.0161 mW/˚C. This was 

found by determine the linear slope of the points and this can be seen in Figure F-1. 
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Figure F-1: Power temperature correlation using the 630nm i-layer thick cell 

When this change in power is compared to actual power values such as 3, which is less than the 

lowest power measurement, and 6, which is higher than the large power measurement, it is found 

that this power temperature correlation affects the measurements by 0.27%-0.54%. Therefore, the 

slight fluctuations in temperature will not greatly affect the overall results significantly.  

F.4 Error in the Calibration Measurements 

As required under the IEC 60904 standard and describe in Appendix A, 5 measurements must be 

taken and they must all not vary by more than ±0.5% [IEC 60904-2 ed2.0 Section 12.3.5]. The 

standard deviation was measured using Equation F-6. 

1

)( 2

−

−
=
∑

N

xxi

xσ   Eq. F-6 
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The standard error was calculated by taking the standard deviation and dividing by the number of 

measurements. For this study N is equal to the five measurements taken.  

N

x

x

σ
σ =   Eq. F-7 

If the error of the of the Keithley’s 2400 Sourcemeter are taken into account (±0.2% for the 

current measurements and ±0.3% for the voltage measurements), the total deviation in the 

calibration measurements can be found. Using Equation F-8, the total error of the 5 measurements 

was found. 

( ) ( )( )22

lStatisticaalInstrumentTotal d+d=d ±   Eq. F-8 

Table F-1 shows the error in the current and voltage measurements. 

Table F-1: Statistical, Instrumental and Total Error of the Current and Voltage 

Time 
Voc  
(V) 

Statistical  
Error (%) 

Instrumental  
Error (%) 

Total  
Error(%) 

Jsc  
(mA) 

Statistical  
Error (%) 

Instrumental  
Error (%) 

Total  
Error(%) 

Ref Cell 0.5667 n/a n/a 0.25 50 n/a n/a 0.63 

Start 0.5612 0.05 0.30 0.30 50.21 0.05 0.20 0.21 

After  
~500 hrs 0.5619 0.05 0.30 0.30 47.83 0.01 0.20 0.20 

Calibrated  
500 hrs 0.5650 0.06 0.30 0.31 50.42 0.02 0.20 0.20 

After  
1059 hrs 0.5644 0.05 0.30 0.30 49.53 0.02 0.20 0.20 

Calibrated  
1059 hrs 0.5641 0.05 0.30 0.30 50.36 0.03 0.20 0.20 

After  
1440 hrs 0.5690 0.08 0.30 0.31 50.04 0.01 0.20 0.20 

 

From Table F-1, it can be seen that all the measurements match the requirements for the IEC 

standards of ±0.5%. 
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F.5 Quality of Cells 

As discussed in Appendix B, the cells are arranged in a 4X10 array. All the cells in the array are 

created at the same time and under the same conditions and under normal circumstances they 

should all be the same. However, this was not the case for any of the arrays. Before any testing is 

completed, all the cells are measured using the AAA Solar Simulator following steps discussed in 

Appendix A Section A.3.1. It was determined from the initial measurements that only a select few 

were of reasonable quality to produced fill factor values greater than 60%. These were the cells 

chosen for the studies. It was found that the cells, 36-39 and 17-19, produced the best results and 

were used for repeated and multiple tests. Most of the tests were completed with cell 17 or 18. 

Although not all the cells worked, this does not affect the results of the testing since only a few 

are needed to complete the tests.  

There are many possible reasons for the poor yield since there are many parameters in making of 

the cells. The quality of the cells depends on the substrate temperature, chamber temperature, 

flow rate of gases, mixture ratio and potential impurities. Shunting appeared to be the biggest 

problem with the low yield. Shunting occurs when the top contact and bottom contact connect 

creating a direct current path and the cell ceases to function. There are many potential causes but 

it is suspected that it has to do with the silver layer. It was found in the literature that the silver 

deposition conditions greatly affected the roughness of the silver layer[1]. The rougher the layer, 

the lower the yield was found to be. It was found that depositing the silver at lower temperatures 

(>350 ºC) produced a lower yield. Another possibility is microvoids in the amorphous silicon 

material and that when the cell was heated up the contacts were allowed to diffuse and connect 

creating shunting. 
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