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Summary 

While tropical climate zones are gaining momentum in the global 

photovoltaic (PV) market, very little scientific work has been carried out on 

the performance of PV modules under such climatic conditions. This PhD 

thesis compares and analyses the performance of various PV modules (several 

thin-film technologies as well as several crystalline silicon wafer based 

technologies) in the tropics by conducting comprehensive indoor measure-

ments and outdoor monitoring tests. A thorough study of the modules’ spectral 

responses is performed, revealing that the blue-shifted spectrum in the tropics 

causes significant differences in the module performance. Based on outdoor 

testing data, a model is derived to extract the temperature coefficients of the 

modules’ maximum power points and to understand their dependence on 

irradiance and module temperature. Module degradation rates are found to be 

relatively high compared to temperate climates. Finally, ‘Tropical Test 

Conditions’ are defined, which enable a standardised performance comparison 

across different PV module technologies in tropical regions. 
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Chapter 1 Introduction 

1.1 Motivation 

As the demand of electric energy consumption keeps rising with the world’s 

ever-growing population, one of the key challenges facing humanity in the 

long run will be to generate electricity in a carbon-neutral and sustainable way. 

Among the different renewable energies, solar energy is by far the most 

abundant and available virtually everywhere [1]. The effect of generation of 

voltage or electric current in a material upon exposure to light is called 

photovoltaics (PV) [2]. The application of PV modules has seen a massive 

growth since the 2000s, thanks to the introduction of feed-in tariffs, 

predominantly in Europe. This development is expected to continue at a 

smaller growth rate, however now from a higher level (see Figure 1.1).  

   
Figure 1.1: Historic and expected development of the global solar PV market [3]. 
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Based on a fast and continuous economic development, the Asia Pacific 

region is predicted to account for more than half of the planet’s energy 

consumption by 2035, according to a study by the Asian Development Bank 

[4]. The high demand of energy has raised social, political, and economic 

challenges, which call for sustainable solutions. Renewable energy has thus 

been given more attention and grown continuously in this region.  

The Asian tropical sunbelt, with about 50 per cent more annual solar 

radiation than temperate regions like Japan or Germany [4], makes it more 

appropriate for solar applications. The market size for PV in south-east Asia is 

expected to reach 20 GW by 2017 [5]. Presently, Thailand, Malaysia and 

Indonesia are driving the south-east Asian PV market. Thailand has accounted 

for the majority of installations in the region and became the fifth largest 

market in Asia in 2012 (after China, Japan, India and Australia). Malaysia has 

aimed for 55 MW of PV system installations by the end of 2015 [6], and 

Indonesia also plans to install solar systems for thousands of more households 

in rural eastern Indonesia [7]. The Singapore government has invested large 

efforts into PV development and realization. Given the rapid decreases in the 

cost of solar panels in the past several years, solar electricity has become cost-

competitive with traditional energy from the grid in Singapore, reaching the 

so-called “grid parity” in 2012 for larger roof-top systems [8]. The Singapore 

government has an ambitious target of 80% green buildings by 2030, and is 

pioneering various solar projects on the island [9]. It is expected that the PV 

system market in South-East Asia will grow continuously and substantially in 

the coming years. However, the environmental conditions in the tropics 

(constantly high ambient temperature, high humidity, and fast-changing 
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irradiance) are very different from those in temperate climates, under which 

PV module performance is widely reported. The performance and reliability of 

PV modules depends on the operating conditions. It is therefore important to 

fill the knowledge gap on PV module performance in the tropics. This 

information can provide constructive advice to manufacturers to produce PV 

modules optimized for the tropical climates and is also desirable for system 

integrators and investors to easily determine which type of PV module techno-

logy gives the best performance at the given conditions in the tropics. 

1.2 Background and review 

1.2.1 Current status of PV module technologies 

Solar PV module production is set to reach 49 gigawatts (GW) in 2014 [10]. 

Among all the technologies in the PV market, wafer-based crystalline silicon 

("c-Si") is so far the most developed material for PV cells and modules, and 

huge achievements have been reached in improving its costs and conversion 

efficiencies [11]. The market share of monocrystalline silicon (mono c-Si) and 

multicrystalline silicon (multi c-Si) together was over 90% at the end of 2013 

[12]. The multicrystalline Si technology itself accounts for 62% of all modules 

produced. Although thin-film modules comprise less than 10% of the global 

PV market, the production keeps growing due to the overall growth of the 

industry. The major materials for thin-film PV modules are (1) amorphous 

silicon ("a-Si"), (2) microcrystalline silicon ("c-Si"), (3) Cadmium telluride 

("CdTe"), and (4) Copper indium gallium diselenide ("CIGS") [13]. Figure 1.2 

shows the expected production capacities of thin-film materials until 2015 [14]. 
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Figure 1.2: Production capacities of thin-film PV module for CdTe, a-Si/μc-Si and CIGS [14]. 

The much lower share of thin-film modules is mainly due to their lower 

efficiencies compared to c-Si modules at comparable prices [15]. While c-Si 

modules have an average efficiency between 13% to 20%, thin-film modules 

are only between 7% to 16% [16]. It was believed that thin-film technologies 

generically have the potential of lower manufacturing cost due to less material 

usage and standardised, high-throughput machines [17]. However, due to a 

current over-capacity in the c-Si PV industry and the availability of low-cost 

silicon feedstock, prices for c-Si modules have fallen constantly over the past 

few years to below 0.7 EURO/Wp today, which is comparable to that of thin-

film modules (0.6 EURO/Wp) [18]. Thin-film technologies have the advantage 

to be deposited at low temperatures, which enables the photo-active layers to 

be deposited onto a number of materials including glass, plastic, metal as well 

as flexible substrates [1, 19]. In addition, the room for efficiency improvement 

is large and the world records for CIGS and CdTe modules are being broken 
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every few months [20, 21]. Since the aim of this study is to provide advice on 

how different PV module technologies perform under tropical climates, this 

work will thus focus on the module technologies available on the market, 

including crystalline Si, amorphous Si, micromorph Si, CdTe, and CIGS 

modules. Based on the findings, suggestions to industrial production are also 

proposed for optimized module performance in the tropics. The characteristics 

of each technology and the influence of environmental factors to the module 

performance are reviewed in the following part of this chapter. 

1.2.2 Characteristics of various PV module technologies 

1.2.2.1 Crystalline Si 

Crystalline Si refers to both monocrystalline Si (mono c-Si) and multi-

crystalline Si (multi c-Si), depending on the presence of grain boundaries in 

the Si. Monocrystalline Si is also often called “single-crystal” Si. It is mainly 

produced using the Czochralski process, which requires high temperatures 

(~1500°C) and long process times to grow single-crystal ingots [22]. Multi 

c-Si is produced in a simpler and faster way, including the melting and cooling 

of silicon [23]. The grain sizes of the resulting multi c-Si can range from 

millimetres to centimetres, depending on the temperature control of the 

process [24]. Since mono c-Si solar cells do not have grain boundaries which 

introduce discontinuities in the silicon and deteriorate the local electronic 

properties, their conversion efficiency is higher than multi c-Si solar cells if 

the same cell structure is used. The present average prices for a 156-mm mono 

c-Si solar cell and a 156-mm multi c-Si solar cell are around $2.7 and $2.2, 

respectively [25]. The efficiency gap of about 1-2 % (absolute) between mono 

c-Si solar cells and multi c-Si solar cells has remained stable over the years 

http://www.thequartzcorp.com/en/blog/2013/08/16/why-the-czochralski-process-needs-spruce-pine/1
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[26]. The rated module efficiencies of conventional crystalline Si modules are 

about 13% to 16% [27-29]. The warranty for crystalline Si modules usually 

covers 25 years. The performance of c-Si modules is generally stable and the 

performance degradation rate is relatively low, usually less than -1%/year [30].  

1.2.2.2 High-efficiency crystalline Si 

Various approaches have been devised to enhance the conversion efficiency 

of c-Si solar cells. To improve the c-Si cell efficiency, high-carrier-lifetime 

substrates are usually required, in combination with extra processing and 

sophisticated structures, such as laser grooved buried contacts (LGBC), 

emitter wrap through (EWT), all back contact (ABC), and heterojunction with 

intrinsic thin layer (HIT) cells [31-35]. The first three technologies enhance 

the cell efficiency through the reduction of shading losses caused by the front 

metal contacts. HIT is a technology using the excellent surface passivation 

properties of a-Si on c-Si to improve the cell conversion efficiency. Module 

efficiencies beyond 20% have been commercialized with these novel solar cell 

technologies [36]. But these high-efficiency modules usually have a higher 

manufacturing cost due to the numerous and complicated fabrication processes.  

1.2.2.3 Amorphous Si 

Amorphous Si (a-Si) PV modules have been in commercial production 

since 1980 [37]. The production of a-Si requires only about 1% of the silicon 

that would have been used to produce a c-Si based solar cell, so in theory they 

should be much cheaper than c-Si based solar cells [38]. However, the 

conversion efficiency of a-Si modules is about 6 to 8 % (absolute) lower than 

that of c-Si modules, and thus one would have to cover a larger surface with 
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a-Si solar panels compared to crystalline-based solar panels for an equal 

output of electrical power. The low space-efficiency also means that the costs 

of space and support structures will increase.  

The amorphous structure results in high defect density and low doping 

efficiency. Hydrogen is thus used to passivize the defects and enhance doping 

efficiency for a-Si module production [39]. Some weak Si-H bonds are broken 

due to light soaking and dangling bonds are generated, which causes signifi-

cant reduction in efficiency during the initial implementation [40, 41]. The 

number of dangling bonds reaches equilibrium after prolonged illumination so 

that further photodegradation is limited. The efficiency reduction can be up to 

30% in the first several months [42], and the wide-range variation in power 

and voltage causes additional difficulty in sizing the inverter because inverters 

can work with high efficiency only in certain voltage ranges [43]. Even after 

this initial degradation, a combination of the light-induced degradation (also 

called Staebler-Wronski effect) [44] and annealing effect, which reverses the 

photodegradation effects [45], continue to cause seasonal variations in the 

efficiency of a-Si PV modules. These changes in efficiency are driven by the 

module’s operating temperature, but also by its history of exposure to light 

and the temperature of operation [46]. The density of these so-called “light-

induced defects” can be decreased by annealing at temperatures above a 

hundred degrees Celsius [47], while in real-life operation, the annealing effect 

causes a-Si modules to perform relatively better in summer than in winter in 

temperate regions [48]. The nameplate power of a-Si modules are usually 

stated as the stabilized power, which is under-rated to accommodate for the 

degradation effects.  
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1.2.2.4 Multi-junction Si 

Since the efficiency of solar cells based on single-junction a-Si is too low to 

be competitive for power applications, tandem-cell technologies were 

developed to better utilize the solar spectrum and thereby boost the PV 

efficiency [49]. Adding germanium (Ge) to the silicon can reduce the bandgap 

of the amorphous material, thus enabling the double- ('tandem') or triple-

junction (e.g., a-Si/a-Si/a-SiGe) solar cells. One company, United Solar 

Ovonic, was commercially making such triple-junction modules [50], but it 

went bankrupt in 2012. Amorphous Si cells can also be combined with another 

silicon based material such as nano- or microcrystalline silicon (nc-Si or μc-Si) 

to form a tandem solar cell [51]. Such technology is usually referred to as 

“micromorph” Si. Sharp and Kaneka are presently the two main companies 

producing multi-junction Si modules. Multi-junction cells are interconnected 

in series, and the current of the two stacked cells is usually optimized for the 

standard Air Mass 1.5 global (AM1.5G) spectrum.  

1.2.2.5 Cadmium telluride (CdTe) 

The world-record efficiency for CdTe solar cells and modules to date are 

19.6% and 16.1%, respectively [15], held by First Solar, the most successful 

company producing commercial CdTe modules. CdTe is, in principle, one of 

the best-suited materials for photovoltaics with its direct bandgap of 1.44 eV, 

close to the optimum for solar conversion [14]. There are, however, environ-

mental issues with products that rely on cadmium – a heavy metal and 

potential carcinogen that can accumulate in plant and animal tissues [52]. 

While the threat is minimal so long as the compound is contained within the 

solar panel [53], the safety is still an issue in case of fire accidents. In addition, 
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the disposal and recycling remains a concern [54]. Compared to a-Si, CdTe 

exhibits relatively better stability, but it is also reported to show light-induced 

metastabilities after extended light soaking (more than 5000 hours) [55, 56].  

1.2.2.6 Copper indium gallium diselenide  (CIGS) 

In 2013, a CIGS solar cell with a new record efficiency of 20.4% was 

achieved on flexible polymer foils [20]. This makes CIGS-based solar panels 

the highest performing thin-film solar panels to date. The commercial CIGS 

modules sold today usually have efficiencies in the range of 10 to 14 % [57-

59]. Although CdS is used as an n-type window layer (as in CdTe modules), 

much less of the toxic material cadmium is present in CIGS solar cells 

compared to CdTe solar cells. There are now also Cd-free CIGS modules 

commercially available [60]. CIGS solar cells are reported to exhibit 

pronounced metastabilities and performance variation with light exposure [61, 

62]. If the devices are stored for a long time in in the dark, the fill factor and 

VOC are considerably smaller (especially at elevated cell temperatures) than 

would otherwise be the case [63]. The quasi-stable properties of CIS or CIGS 

modules are still not clearly identified, and the light soaking effects vary 

greatly depending on the device structure and especially the buffer layer 

composition [64, 65]. Some module types were reported to be very sensitive to 

illumination and even an exposure to light for less than a second can vary the 

material states, whereas others show better stability [66, 67]. Despite the high 

sensitivity, it has been verified that the flash test (with a sweep time of less 

than1 second) itself does not cause significant light-induced effects to CIGS 

modules [68]. 
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1.2.3 PV module power rating and outdoor performance indicator 

1.2.3.1 Standard test conditions (STC)  

The current internationally accepted standard test conditions (STC) specify 

25°C module temperature, Air Mass 1.5 Global (AM1.5G) solar spectrum, and 

a solar irradiance intensity of 1000 W/m
2
 for power measurements of 

terrestrial non-concentrating ('flat-plate') PV devices. The conditions represent 

a compromise between the measurements that can be performed indoors with 

accurate research equipment and the actual operating conditions. Manufac-

turers usually assign a nameplate power to a module type based on the power 

output measured at STC. Because this number is a typical value for a given 

model, the difference between a particular PV module’s nameplate power and 

its actual output power under STC is accounted for by the power tolerance 

(typically ±3% for c-Si modules and -5%/+10% for thin-film modules).  

The accuracy of the STC power measurement is mainly affected by three 

factors: spectral mismatch correction, pre-measurement conditions, and 

possible capacitance effects [68-76]. Spectral mismatch occurs when the 

spectral response (SR) of the PV module is different from that of the reference 

sensor for irradiance calibration. To apply a correction, it is necessary to 

measure the spectral response on module level, which will be discussed in 

detail in Chapter 2. The effect of the pre-measurement conditions and the 

capacitance effects are outside of the scope of this thesis, while proper 

procedures were applied to minimise their influences.  

1.2.3.2 Performance Ratio (PR) 
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As the outdoor conditions in real-life operations are different from the 

indoor test conditions, the outdoor module efficiency can deviate significantly 

from the indoor measurements [75, 77]. The "Performance Ratio" (PR), 

relating the outdoor performance with the STC measured efficiency, is widely 

applied as a gauge to evaluate the relative merits of PV installations of 

different sizes, locations, technologies, and climates [78]. The Performance 

Ratio has been established by the International Energy Agency (IEA) 

Photovoltaic Power Systems Programme and defined in IEC standard 61724 

[79], given by  

     
  

  
 (1.1) 

where the final PV system yield Yf is the net energy output EAC divided by 

the nameplate DC power P0 of the installed PV array. It represents the number 

of hours that the PV array would need to operate at its rated power to provide 

the same energy. The reference yield Yr is the total in-plane solar radiation    

divided by the reference irradiance   . It represents an equivalent number of 

hours at the reference irradiance to provide the equivalent solar energy.  

The Performance Ratio calculated as described indicates the various losses 

due to the operating conditions (e.g., temperature, irradiance intensity and 

spectrum), system component inefficiencies (e.g., cabling and inverter), and 

incomplete utilization of the radiation (e.g., shading, soiling, reflection). 

Typical values of the performance ratio of PV systems are reported to be in the 

70 - 90 % range [80].  
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The term “ erformance  atio” was actually set up for systems, but can be 

applied to modules as well. For module analysis, the practical calculation of 

PR is as follows: 

   
      

     
 (1.2) 

where EDC is the cumulative DC energy output of the module,    is the 

irradiance under STC condition (1000 W/m
2
), Ei is the in-plane radiation 

(measured with an irradiance sensor), and P0 is the nameplate power output of 

the module.  

PR calculations are based on the irradiance incident on the plane-of-array 

(POA) and the module power rating under STC. Error in field measurements 

of the solar irradiance can contribute directly to the uncertainty in calculation 

of module Performance Ratio [81, 82]. For a-Si modules, the actual module 

power during the first few months of deployment can be significantly higher 

(up to 30%) than the nameplate power to accommodate for initial degradation 

effects. Thus the PR results might be significantly higher in the initial months 

of implementation.  

1.2.4 Environmental factors affecting the module performance 

1.2.4.1 Irradiance 

The irradiance intensity incident on a PV module in the field is not constant, 

and may only reach 1000 W/m
2
 around solar noon. Ideally, the power output 

of a solar panel is proportional to the incident irradiance since the photo-

current is proportional to the irradiance [83]. However, the irradiance intensity 

will affect the conversion efficiency of a PV module due to the parasitic 

resistances and the diode quality of the solar cells [84-87].  
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The power loss due to series resistance (Rs) increases with irradiance 

intensity because the loss goes with the square of the electric current (I²·RS). 

When the light intensity decreases, the current through the solar cell decreases 

as well. The equivalent resistance of the solar cell may thus approach the shunt 

resistance [2]. When these two resistances are similar, the fraction of the total 

current flowing through the shunt resistance increases, thereby increasing the 

fractional power loss due to the shunt resistance [88]. Thus, at low light levels 

(below 400 W/m
2
), the effect of the shunt resistance (RShunt) becomes 

increasingly important. 

The loss due to non-standard irradiance intensity depends on the low-light 

performance of individual modules [86, 89]. Crystalline Si and CIGS modules 

show similar efficiency variation with irradiance, while the efficiencies of 

CdTe and a-Si modules remain more or less constant under low-light 

conditions [90].  

1.2.4.2 Module temperature 

The module temperature is one of the most important parameters affecting 

the power output of PV modules. The efficiency of c-Si modules decreases 

with increasing temperature, while thin-film modules show a less predictable 

trend, with additional dependence on the operating histories [91]. The effect of 

temperature originates from the semiconductor properties, whereby the 

bandgap decreases with increasing temperature. With decreasing bandgap the 

short-circuit current increases slightly, since lower-energy photons may excite 

an electron across the bandgap. However, with the decrease in bandgap, the 

quasi-Fermi-level splitting also decreases, hence the VOC of the device 

decreases [2]. The decrease in voltage is inversely proportional to the increase 
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in temperature, while the increase in current is only logarithmically 

proportional to the increase in temperature [1]. Thus, the VOC effect dominates 

and the net effect is a reduction in PV efficiency.  

The temperature sensitivity of a solar cell depends on its open-circuit 

voltage [92]. Solar cells with a higher VOC are less affected by temperature. As 

an example, HIT modules show a lower temperature dependence with a 

correspondingly higher open-circuit voltage [93].  

Temperature coefficients are widely applied to yield and performance ratio 

predictions for PV systems. Conventional PV performance analysis software 

(for example PVsyst [94] and PV*SOL [95]) use fixed temperature 

coefficients over all irradiance and temperature ranges. However, the 

dependence of the temperature coefficient on irradiance and module 

temperature is not well studied and remains a controversial topic [96-99]. 

 ower temperature coefficients γ measured indoors at 1000 W/m
2
 (as given on 

product datasheets) are always negative, meaning an increase in temperature 

leads to a reduced power output. Interestingly, the magnitude of the γ is not 

always confirmed outdoors, with significant differences between technologies, 

and even positive coefficients reported in some cases (e.g., a-Si) [100]. Thus, 

further investigation on this topic is required. 

1.2.4.3 Spectrum 

For most solar cell measurements, the spectrum is standardised to the 

AM1.5G spectrum (as defined and tabulated in IEC standard 60904-3 [101]) 

to allow comparison of photovoltaic devices from different manufacturers and 

measured with different solar simulators. Hence most solar cells are optimised 
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according to the AM1.5G spectrum. However, the outdoor spectrum is also a 

variable and location-dependent parameter. 

The Air Mass (AM) in the “AM1.5G” is the path length that light goes 

through the atmosphere normalized to the shortest possible path length when 

the sun is directly overhead (see Eq. (1.3)) [2]. 

    
 

    
 (1.3) 

where θ is the zenith angle. When the sun is directly overhead, the Air 

Mass is 1.0. 

The Air Mass relates the reduction in the power of sunlight to the 

absorption and scattering by air and dust as it passes through the atmosphere 

[102]. AM1.5 was chosen because it represents the average air mass (AM) at 

solar noon for optimally tilted PV arrays at latitudes in the continental USA. 

For a specific location, a higher air mass corresponds to a red-shifting of the 

solar spectrum and vice versa [103-105]. Besides air mass, the spectral 

distribution is also influenced by other meteorological factors such as the 

relative humidity and the aerosol content of the air [106].  

The influence of spectral irradiance distributions has been studied widely in 

mid-latitude regions [78, 107-109], e.g., the performances of a-Si and multi c-

Si modules on the basis of two-year accumulated outdoor data in Japan [110]. 

The results show that the efficiency difference of the a-Si module between 

summer and winter was about 15%. Studies from the same group calculated 

the average photon energy (APE) and compared the influence of spectrum and 

temperature on the performance of a-Si and multi c-Si [111]. The results 

indicate that the output energy of a-Si modules depends more on the spectral 

distribution and is less sensitive to the module temperature than for multi c-Si 



16 

modules. Another study showed that a micromorph silicon module was highly 

spectrally sensitive compared to multi c-Si modules installed under the same 

conditions [112]. A linear relation between the average photon energy and the 

energy yield of a-Si modules was found in Thailand, and the authors suggested 

that a-Si PV modules might be better suited for tropical climates considering 

the blue-rich spectrum [113].  

1.2.4.4 Incident angle 

PV modules are rated under standard test conditions (STC) with normally 

incident light, while under outdoor conditions photons arrive on a PV module 

surface at various angles. Irradiance coming at high angles of incidence can be 

reflected significantly from the module’s front surface and depends, to some 

extent, on the surface type and soiling [114, 115]. On the other hand, for thin-

film modules with very thin absorber layer, large incidence angles caused by 

diffuse light can lead to longer optical path length in the solar cells and 

therefore better light absorption [116]. The effect of the incident angle on the 

PV performance in Singapore was studied and a theoretical annual angular 

loss of 3.3% was calculated [117]. Since in the measurement setups of this 

work a c-Si irradiance sensor is used to measure the in-plane irradiance, it is 

reasonable to assume that the irradiance sensor and the test modules 

experience similar angular loss. Thus, angular loss is not considered further in 

this work. 

1.3 Considerations for PV modules operating in the tropics 

Although PV has been widely applied and studied in temperate climates, 

very little scientific work has been carried out on how the modules perform in 
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tropical regions. Literature studies indicate that the performance of PV 

modules is very location dependent [118], and specifically is a function of the 

operating conditions and environmental factors such as irradiance intensity 

and spectrum, ambient temperature, and humidity. Due to its geographical 

location near the equator, Singapore’s climate is characterized by constantly 

high ambient temperatures (daily variation between 25 and 33 °C), high 

humidity (mean annual relative humidity 84.2%) and abundant rainfall (annual 

average 2156 mm) [119]. Unlike in temperate climates, the module 

temperature in Singapore will never go below 25°C (STC temperature). The 

lowest module temperature observed at noon time is around 30°C, which 

incurs under fast-changing irradiance. The highest module temperatures can be 

up to 70°C [120]. The irradiance intensity varies substantially during the day 

because of differences in cloud coverage. In addition, the solar spectrum 

deviates from the standard spectrum (AM1.5G). Thus the operating conditions 

of PV modules in tropical Singapore are highly variable during the day. 

Located close to equator (1° north), the irradiance and ambient temperature at 

solar noon are not varying significantly throughout the year. 

The long-term reliability of PV modules is another consideration for PV 

applications in tropical regions. Most markets require that c-Si module manu-

facturers qualify their modules according to international standards, such as 

IEC 61215 [121] for c-Si modules or IEC 61646 for thin-film modules [122]. 

These standards prescribe stress tests to accelerate failure mechanisms 

identified during historical outdoor exposure. The standard tests specify, for 

example, 1000 hours of damp heat exposure at 85°C and 85% relative 

humidity. The stress tests in the standard are designed to identify and detect 
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early failure mechanisms [123]. Some studies claim that c-Si modules would 

last for 15 to 20 years in a fairly moderate climate, if they had initially passed 

IEC 61215 [124]. However, according to field aging tests, passing the standard 

tests does not necessarily indicate good long-term reliability under outdoor 

operation [125]. Sometimes, a product that has passed the test can degrade 

faster (compared to those not passing the test) under outdoor monitoring [126]. 

In addition, the assumption that the tests are valid to identify previously 

identified failure mechanisms for the various module technologies may not 

always be the case. For thin-film modules (a-Si, CIGS and CdTe) that 

generally use a transparent conductive oxide (TCO) at the front surface of the 

cells, the reliability of the TCO might play an important role in the field [127, 

128]. Many studies reported on the corrosion of TCO under accelerated damp 

heat tests [126, 129-131]. It was found that the electro-migration of sodium 

atoms from the glass is the root cause for the degradation of the TCO layer. 

The degradation is accelerated if the modules are under negative voltage bias. 

BP Solar successfully identified the potential TCO delamination problem of a 

newly developed product by applying a bias voltage during the standard damp 

heat tests [125]. Field studies are necessary to identify the different failure 

mechanisms of different PV technologies, followed by an amendment of the 

testing procedures for truly reflecting the module degradation modes [132].  

As mentioned earlier in this section, the ambient temperature and the 

relative humidity in Singapore are constantly high. When a module is 

operating under high stable irradiance, the module temperature can reach 70°C. 

High temperatures are the root-cause of several failure (or degradation) modes 

of PV modules [133, 134]. Elevated temperatures increase stresses associated 
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with thermal expansion and trigger temperature-related chemical degradation 

processes [126]. High relative humidity also accelerates the degradation of 

power output of PV modules [135, 136]. It is thus reasonable to consider that 

PV modules operating in the tropics might show a higher degradation rate 

compared to modules deployed in temperate climates. For its CdTe modules, 

First Solar recommended degradation modelling with -0.5%/year for 

temperate climates and -0.7%/year for hot climates, considering that heat 

increases the impurity diffusion and leads to faster degradation [137, 138]. 

1.4 Thesis aims and objectives 

This PhD work aims to study the performance of PV modules of various 

technologies in a tropical climate. A main objective is to understand the 

impact of tropical operating conditions (e.g., constantly high ambient temper-

ature and humidity, fast-changing irradiance conditions, blue-shifted spectrum) 

on the performance of different module technologies. Another key task is to 

define the proper conditions to standardize PV module performance measure-

ments across different PV technologies for benchmark comparisons in tropical 

regions.  

To achieve these goals, outdoor monitoring tests were conducted, together 

with rigorous indoor measurements. For outdoor monitoring, the methodology 

was to continuously record the module current-voltage characteristics (I-V 

curves) at regular intervals. At the same time the in-plane solar irradiance and 

the temperature of the module's rear surface was logged. The monitored data 

are analysed systematically and statistically for each individual environmental 

factor. For indoor measurements, special attention was paid to the accurate 

measurement of the spectral response of different PV module technologies. 
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Some of the results in this thesis were presented at international conferences 

and published in peer-reviewed journals. A list of the publications arising from 

this thesis is given in Appendix A.  

1.5 Thesis outline 

The remainder of this thesis is organized as follows: 

Chapter 2 focuses on the spectral response of full-sized PV modules. The 

spectrum in the tropics is usually blue-shifted compared to the AM1.5G 

spectrum. In order to determine how this non-standard spectrum affects the 

performance of different PV module technologies, the spectral response (SR) 

of the various module technologies was analysed, using both simulation and 

experimental methods. Circuit simulations illustrate the impact of the series 

interconnection of the individual cells within the module to the module SR. 

Measurements of module spectral response using the full-sized illumination 

method are given, including a detailed uncertainty analysis. Spectral mismatch 

correction factors are calculated based on the measured module SR. Spectral 

correction to indoor characteristic measurement is discussed.  

Chapter 3 starts with a review of studies on the effects of the solar spectrum 

on the module performance. The solar spectrum in Singapore is measured and 

analysed. Thereafter the effects of the non-standard spectrum on the module 

performance are investigated on an annual basis, a monthly basis, and for an 

averaged day. The results obtained from the present study are compared to 

those of prior studies, and special attention is paid to the severe haze events 

occasionally observed in Singapore during the forest burning season in 

neighbouring countries.  
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Chapter 4 focuses on the fast-changing irradiance in the tropics and its 

effect on PV module performance. The distribution of fast-changing irradiance 

is studied statistically based on the duration of stable irradiance. The influence 

of the fast-changing irradiances on the short-circuit current (ISC), module 

temperature, and efficiency of different technologies are analysed.  

Chapter 5 focuses on the effects of module temperature on the module 

power output. The dependence of the temperature coefficient on irradiance 

and module temperature remains a controversial topic. This chapter thus starts 

with a discussion of the temperature coefficient. A mathematical method 

based on the one-diode model is proposed to extract the temperature 

coefficient of power from measured outdoor data. The dependence of the 

temperature coefficients on irradiance and temperature is studied. Then, the 

module operating temperature in the tropics is presented. The chapter ends 

with calculations of the annual power loss due to the high operating 

temperature. 

Chapter 6 presents the performance assessment of PV modules operating in 

the tropics over a three-year continuous monitoring period. The in-field 

degradation rate of various PV module technologies is investigated. First, a 

statistical method to decompose the trend and the seasonal components of a 

data set is introduced. Then the degradation trend of the performance ratios of 

the monitored modules operating in tropical Singapore is extracted using the 

statistical decomposition method. The degradation of individual I-V curve 

parameters is also analysed. Seasonal performance variations are found to be 

minimal for modules operating in Singapore. 
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Chapter 7 discusses the typical operating conditions of PV modules in 

tropical Singapore, including irradiance level, irradiance spectrum, and 

module temperature. Based on the experimental and theoretical analysis of this 

work, “Tropical Test Conditions” (TTC) are defined, which enable a standard-

ised performance comparison across different PV module technologies in 

tropical regions.  

Finally, the conclusion chapter summarizes the main scientific contributions 

of this work. 
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Chapter 2 Study of the spectral response of full-sized PV 

modules
*
 

Spectral response (SR) measurements at the solar cell level are well 

established and understood [76, 114, 139-143]. However, at a PV module 

level they are not yet fully understood and the standard measurement 

procedure is still under development. This is because the SR measurement of 

PV modules has a higher complexity, owing to the fact that they consist of 

series-connected cells, which may have different SRs and often are 

additionally connected to bypass diodes. Complications arise because (1) the 

series interconnection itself will influence the measurement, and (2) there is to 

date no steady-state high-intensity monochromatic light source available for 

full-area module illumination. The existing IEC standard 60904-8 [144] 

describes different experimental setups (i.e., monochromator, filter wheel and 

pulsed flash-light) to measure the SR of a PV module, but the impact of series 

interconnection to the module SR is not discussed. Additional standards for an 

adequate measurement procedure to determine the SR of a PV module are still 

under discussion [145-148]. In this chapter, the spectral response of full-sized 

PV modules is studied thoroughly by both simulations and experiments. 

2.1 Simulation 

2.1.1 Methodology 

                                                 
*
 The work described in this chapter is based on the publication “On the spectral response of 

PV modules,” Meas. Sci. Technol. 25 095007 DOI:10.1088/0957-0233/25/9/095007. The 

circuit simulation work is mainly done by Siyu Guo. 
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To study the influence of the series interconnection of cells in a PV module 

on the module SR, numerical computer simulation was conducted on how 

shunt resistances and bypass diodes affect the resulting module SR. 

A typical silicon wafer-based PV module usually consists of 60 solar cells 

connected in series with 3 bypass diodes, see Figure 2.1. A typical thin-film 

PV module, such as a single-junction a-Si module, usually consists of more 

than 100 solar cells connected in series without bypass diodes. The shunt 

resistances RShunt within a thin-film module are usually much smaller (half or 

less) compared to those of wafer-based modules [149, 150].  

  

Figure 2.1: Sketch of a typical silicon wafer-based c-Si module as used in the simulation.  

If all solar cells within the module are identical, the SR of the PV module 

would be the same as the SR of the individual cells. However, under realistic 

conditions, the solar cells within a PV module will have different properties 

and thus there is a spread in the cell SRs. This will influence the spectral 

response of the PV module.  

The RShunt of the cells and the bypass diodes of the module can affect the 

operation point of the cells within the module and thus might also influence 

the spectral response of the PV module. As described below, individual cells 
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with high RShunt values will have a pronounced influence on the resulting 

module SR. Thus in the simulation study, a silicon wafer-based module 

(exhibiting higher RShunt values than thin-film modules) was chosen.  

 

Figure 2.2: Sketch of the circuit simulation model of a silicon wafer-based PV module based 

on the one-diode model. 

In order to test how the individual cell spectral responses, their shunt 

resistances and the bypass diodes influence the spectral response of a PV 

module, circuit modelling using the LTSPICE simulation software was 

conducted [151]. The corresponding circuit model of a wafer-based PV 

module is shown in Figure 2.2. The circuit model is based on the one-diode 

model (see Equation (2.1)) describing the individual cells within the module, 

including a current source, a shunt resistance and a series resistance. The 

reverse saturation current    for all cells is set to 110
-10

 A and the cell area is 

assumed to be 156 mm × 156 mm. As cells are connected in series, variation 

of the series resistance of individual cells can be accumulated as a lumped 

series resistance of the whole module and will not affect the module SR. Thus 

the series resistances of all cells are specified by the same value of 0.24 Ω·cm
2
, 

and only the shunt resistances (and the SRs) of the cells are varied statistically. 

The light-generated current IL is assumed to be equal to the short-circuit 

current ISC (see Equation (2.2)), and the ISC of individual cells within the 



26 

module under monochromatic illumination is specified by the given spectral 

response of this cell as described in the IEC standard 60904-7 [152]. 

            
             

    
  

          

      
 (2.1) 

                     
            (2.2) 

where I0, n, k, T, A are the reverse saturation current, the ideality factor, the 

Boltzmann constant, the cell temperature and the cell area and       
         is 

the ideal monochromatic spectral irradiance according to the standardized 

global solar spectrum (AM1.5G). 

First, PC1D (a standard computer programme for semiconductor solar cell 

simulation [153]) is used to simulate 60 slightly different cell SRs by varying 

individual solar cell parameters (thickness of front AR coating (68 to 73 nm) 

and front texture angle (56 to 58 nm)) with uniform distribution. The short-

circuit currents (ISC in Equation (2.2)) for the individual cells under the same 

monochromatic illumination intensity (corresponding to the AM1.5G solar 

spectrum) are simulated using PC1D. In a second step, the individual cell ISC 

are used as input parameters within the circuit model in LTSPICE to calculate 

the resulting module current    
        under zero external bias. The spectral 

response of the module can then be calculated according to  

           
   
       

       
        

  (2.3) 

where       
         is the ideal monochromatic radiation of the AM1.5G solar 

spectrum at wavelength . 
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Four scenarios of shunt resistances RShunt are assigned to the network in 

order to study how shunt resistances affect the resulting module SR: (1) 

idealized case: all cells have an infinite shunt resistance; (2) all cells have a 

high realistic shunt resistance of 250 kΩ·cm
2
; (3) all cells have a low realistic 

shunt resistance of 1.7 kΩ·cm
2
; (4) 59 cells have a low shunt resistance of 1.7 

kΩ·cm
2
 but one cell has a high shunt resistance of 250 kΩ·cm

2
. Typical values 

for area-normalized shunt resistances are in the magnitude of MΩ·cm
2 

for 

laboratory-type solar cells and kΩ·cm
2
 for commercial solar cells [154, 155]. 

Thus 1.7 kΩ·cm
2
 is a reasonable value for low shunt resistances, as well as 

250 kΩ·cm
2
 for high RShunt. The reason to show these four cases is that they 

have covered, and can explain, all realistic conditions, as we will discuss in the 

later section. For each condition, the SR of the module with and without 

bypass diodes was calculated. 

2.1.2 Results 

2.1.2.1 Idealized case: module with infinite shunt resistances 

A spectral response is usually measured at zero voltage bias across the 

module. If no bypass diodes are used, the current passing through each cell 

must be the same due to the series connection. Current mismatch causes some 

cells to work under voltage bias other than short-circuit conditions. Cells with 

lower ISC operate under negative voltage bias (i.e., reverse bias). This can be 

as high as -25 V for a module consisting of 60 cells in serial connection 

(shown later in Figure 2.6(a), where current matching is sketched for two cells 

for illustration). Assuming infinite RShunt values, the I-V curve of the cell with 

minimum ISC is “flat” even under high negative bias, so the short-circuit 

current of the module is equal to that cell’s ISC. Thus for every wavelength of 
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light applied, the module current must be the minimum ISC of all the individual 

cells. Correspondingly, for each wavelength, the SR of the module is the 

minimum of all cell SRs, see Figure 2.3. An increase of the response for 

wavelengths above 500 nm and below 1000 nm is obtained using bypass 

diodes, while below 500 nm and above 1000 nm the SR remains the same as 

the one without bypass diodes. The effect of the shunt resistance is much more 

pronounced under low illumination (as explained in Figure 2.4). Thus, under 

the low irradiance level, the reverse bias of the string with lower current is not 

high enough to activate the bypass diode. As the current increases, the bypass 

diodes are activated and thus transport additional current. The effect of bypass 

diodes on module SR is discussed in later section in more detail. 

 

Figure 2.3: Simulated SR of a 60-cell PV module with (red dashed line) and without (black 

solid line) bypass diodes. Each cell has an infinite shunt resistance, but a slightly different SR. 

The SR curves of all individual cells fall into the grey band. 

2.1.2.2 Influence of shunt resistances 

Figure 2.4 shows the current-voltage curves of an individual solar cell, 

exhibiting either a high RShunt of 250 kΩ·cm
2
 or a low RShunt of 1.7 kΩ·cm

2
, 
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comparing 1-sun radiation (AM1.5G spectrum) to monochromatic radiation 

(400 nm light with an intensity of 50 W/m
2
). Obviously, the effect of a low 

shunt resistance is much more pronounced under low radiation, which is the 

case during the spectral response measurement. 

  

Figure 2.4: I-V curves of cells with high shunt resistance of 250 kΩ·cm
2
 (black solid) and low 

shunt resistance of 1.7 kΩ·cm
2
 (red dashed) under (a) 1 sun condition (AM1.5G solar 

irradiance) and (b) monochromatic illumination (400 nm light with an intensity of 50 W/ m
2
). 

When the shunt resistances are not infinite, the module SR is no longer the 

minimum of the cell SRs, see Figure 2.5. As discussed before, current mis-

match causes some cells to operate under positive bias and some other cells to 

operate under negative bias (refer also to Figure 2.6). As can be seen in Figure 

2.4, even a high realistic shunt value (RShunt = 250 kΩ·cm
2
) still leads to 

significantly higher current at negative bias (i.e., at -5 V). When the module is 

illuminated with monochromatic light, the operating current of the current-

limiting cell can be higher than its short-circuit current because of the negative 

bias applied to this cell, see Figure 2.4(b). Therefore, the resulting module 

current is no longer the minimum of the short-circuit currents of individual 

cells in the module. 
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Figure 2.5: Simulated module SR of a silicon wafer-based module with (red dashed line) and 

without (black solid line) bypass diodes, consisting of 60 cells as sketched in Figure 2.1, 

exhibiting a slightly different SR. (a) Each cell has a high shunt resistance of 250 kΩ·cm
2
; (b) 

each cell has a low shunt resistance of 1.7 kΩ·cm
2
; (c) 59 cells have a low shunt resistance of 

1.7 kΩ·cm
2
, and 1 cell has a high shunt resistance of 250 kΩ·cm

2
 and this one cell having a 

low SR in the wavelengths of 500 nm to 1000 nm; and (d) this one cell having a high SR in 

the wavelengths of 500 nm to 1000 nm. The SR curves of all individual cells are shown in 

grey. 

If realistic low shunt resistances of RShunt   1.7 kΩ·cm
2
 are assumed for all 

cells, the module SR is now higher compared to the high shunt resistance case 

(see Figure 2.5(b)). The negative-biased cells allow transporting a higher 

current compared to the high shunt resistance case (compare Figure 2.6(a) to 

Figure 2.6(b)). Thus a higher module current can be transported, and the 

resulting SR is higher.  
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Figure 2.6: Current-voltage curves of two crystalline Si solar cells with different short-circuit 

currents due to different SR and (a) the same high shunt resistances; (b) the same low shunt 

resistances; (c) the cell with the low SR having a high shunt resistance and the cell with the 

high SR having a low shunt resistance; and (d) the cell with the low SR having a low shunt 

resistance and the cell with the high SR having a high shunt resistance. The corresponding 

operating points when the two cells are connected in series are indicated as blue points. 

 

Cells with a high shunt resistance will dominate the resulting SR of the PV 

module. This is illustrated in Figure 2.5 (c-d), where we assume only one cell 

having a high RShunt in the module (all other cells are assumed to have low 

shunt resistance values). This cell is then always determining the SR of the 

module, irrespective of exhibiting a low SR (Figure 2.5(c)) or a high SR 

(Figure 2.5(d)). When the high shunt resistance cell has a low SR, it is 
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negative biased (see Figure 2.6(c)). When the high shunt resistance cell has a 

high SR, it is positive biased (see Figure 2.6(d)). In both cases, the operating 

points under series connection are determined by the “flat” region of the high 

shunt resistance cell (compare Figure 2.6(c) to Figure 2.6(d)). Thus the 

module current is determined by this cell. 

The distribution of RShunt might also affect the module SR. The cases 

discussed in Figure 2.6(c) and Figure 2.6(d) are for two cells connected in 

series to explain the series-interconnection effect. If there are more cells 

connected in one string (such as 20 cells in this simulation study), more 

different cases should be considered. For Figure 2.6 (c), if more than half of 

the cells with low SR and high RShunt, the negative bias is shared so there is 

less negative bias for each cell. The operating point of the string tends to move 

towards the short-circuit conditions, and thus lower SR is expected. For Figure 

2.6(d), if the proportion of the cells with higher Isc and RShunt, increases, the 

negative bias increases, and thus the operating point of the string moves 

towards higher current, resulting in a higher SR.  

 

 

2.1.2.3 Influence of bypass diodes 

Figure 2.7 shows the simulated I-V curves and operating points of two 

series-connected strings when they are illuminated with low intensity. Each of 

the strings comprises 20 cells with high RShunt (250 kΩ·cm
2
). Assuming the 

two strings generate different photocurrents, if the strings are not connected 

with bypass diodes, the voltage bias resulting from the different photocurrents 

is very high (9.8 V); if bypass diodes are applied, the current difference is 
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compensated by the bypass diode connected to the string with lower current, 

and the voltage bias decreases to 0.42 V. Thus bypass diodes help to keep the 

voltage bias of the string within a small range.  

Figure 2.7: I-V curves of two strings, each with 20 silicon wafer-based cells connected in 

series, having different photocurrents. The red curve is the I-V curve of the string with the 

higher photocurrent, and the black curve is the one with the lower photocurrent. Blue points 

are the operating points when the two strings are connected in series (a) without bypass diodes 

and (b) with bypass diode (the I-V curve of the bypass diode is sketched as blue solid line). 

 

As shown in Figure 2.5(b), if all cells have low RShunt values, there is no 

difference in the module SR with and without bypass diodes. This is because 

the negative voltage bias of the string with the lower current is not high 

enough to activate the bypass diode. However, if the current-limiting cells 

have high RShunt values (see Figure 2.3 and Figure 2.5(c)), the bypass diode of 

the string with the current limiting cell will be activated due to the highly 

negative voltage bias and thereafter transport additional current. Thus the 

module current is no longer limited by the string with the lowest current, and 

the module with bypass diodes shows a higher SR (compare Figure 2.5 (a) and 

(c)). 
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2.1.3 Summary of the simulation results 

The spectral response of a PV module depends on: (1) the SRs of the indi-

vidual cells, (2) the shunt resistances of the individual cells, and (3) the bypass 

diodes. Only when RShunt is infinite and no bypass diodes are used, the module 

SR is the minimum SR of all cells (for each wavelength). Realistic shunt 

values (in the order of 20 kΩ·cm
2
) lead to a module SR which is somewhere 

between the minimum and maximum of all cell SRs. Without bypass diodes, 

cells with high RShunt will dominate the module SR. Bypass diodes only have 

an influence on the module SR if the shunt resistances of all cells are large. 

Modules using bypass diodes generally show higher (or equal) SR compared 

to the case of using no bypass diodes. 

2.2 Experimental measurement 

Ideally, the SR of a whole module should be measured by irradiating the 

module uniformly with a narrow-bandwidth light source at a series of different 

wavelengths covering its response range [144] with an irradiance (in W/m
2
) 

similar to that of the standard AM1.5G reference solar spectrum, and 

measuring the module's short-circuit current at each of these wavelengths. The 

module SR (in Amperes per Watt) is then obtained by dividing the current 

densities by the irradiances at each wavelength measured [144]. However, 

currently such a high-intensity large-area uniform monochromatic light source 

is not readily available. 

In reality, in order to measure the SR of a PV module, currently either (1) 

SR measurements of some individual cells within the module are performed 

(applying a monochromatic partial illumination on a small area of the module) 
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[140, 152, 156], or (2) an SR measurement of the whole module is performed 

(applying a pulsed full-area illumination, with band-pass filters to generate 

quasi-monochromatic radiation) [147, 157, 158]. As the partial illumination 

method measures the SR of some chosen cells within the module, an 

averaging procedure is needed to estimate the SR of the whole PV module. On 

the other hand, it is also of interest to measure the uniformity of SR among the 

component cells in a module and within a cell in a module. The full-area 

illumination method measures the SR of the whole module in a direct way. 

However, since it applies wide-bandwidth filters to generate high-intensity 

quasi-monochromatic radiation, uncertainty related to the wide bandwidth as 

well as to the spatial inhomogeneity of the quasi-monochromatic radiation will 

occur. At the Solar Energy Research Institute of Singapore (SERIS), the full-

area illumination method is used to measure the SR of full-sized modules. The 

measurement uncertainty is studied for five modules with different technolo-

gies. The overview of this method is described in the following. 

2.2.1 Full-area illumination method to determine the spectral response 

of PV modules 

For full-area module measurements, usually a pulsed solar simulator is used 

to provide enough illumination intensity for a large area. Using a set of band-

pass filters, high-intensity quasi-monochromatic radiation can be obtained to 

measure the SR of a PV module directly [147, 159]. However, the bandwidths 

of the band-pass filters have to be sufficiently wide to ensure a high enough 

intensity of the quasi-monochromatic radiation. This wide bandwidth can 

introduce large errors to the SR measurement [140]. Thus the conventional 

full-area illumination method has been improved by using a reference solar 
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cell (i.e., a calibrated crystalline silicon solar cell for which the SR is known), 

and the short-circuit current for the PV module as well as for the calibrated 

reference solar cell are measured under quasi-monochromatic radiation [160]. 

Doing so, the above stated errors can be considerably reduced as only the 

difference in the slope of the module SR and the calibrated cell SR contributes 

to the error, which is discussed in detail later. 

Using a calibrated reference solar cell, the SR of the PV module is calcu-

lated as: 

            
   
             

   
   

        
            (2.4) 

where            is the SR of the module under test,    
        and    

   
    

are the measured short-circuit currents of the test module and the reference 

cell under quasi-monochromatic illumination.       and      are the cell area 

of the test module and the reference cell, and           is the calibrated SR of 

the reference cell. A further advantage of this improved full-area measurement 

procedure is that the SR of the PV module is directly measured as absolute SR, 

by using a calibrated reference cell. Although the relative SR is enough for the 

calculation of the spectral mismatch factor [152], the absolute SR is helpful 

for the cell-to-module loss analysis and also for the improvement of module 

structure. 

2.2.2 Test modules 

Since the present setup in SERIS is not equipped with coloured bias light, it 

is not readily applicable to multi-junction modules. Thus, only single-junction 

modules are studied here. In this work, a wafer-based multicrystalline Si 
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module, a heterojunction crystalline Si module, a single-junction amorphous 

silicon (a-Si) module, a CIGS module, and a CdTe module were measured. 

The specifications of the five modules are listed in Table 2.1.  

Table 2.1. Specifications of the five modules under test 

Module  

technology 

Nominal 

power (W) 

Module 

area (m
2
) 

Number of 

cells 

Number 

of bypass 

diodes 

Multicrystalline Si 
230 1.64 60 3 

Heterojunction c-Si 
210 1.26 72 3 

Single-junction a-Si 60 0.95 108 0 

CIGS 70 0.76 118 1 

CdTe 75 0.72 116 0 

 

2.2.3 Experimental setup  

A pulsed solar simulator (PASAN IIIB) with a constant illumination 

intensity plateau of about 12 ms is used at SERIS to measure the I-V charac-

teristics of full-size PV modules. Besides a lamp unit with its control unit, the 

setup also includes a thermostatic chamber for the measurement of temper-

ature coefficients, and a set of filters for testing I-V curves at different 

irradiance levels [161]. The schematic is shown in Figure 2.8.  
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Figure 2.8: Setup for I-V curve and SR measurement.  

The 15 quasi-monochromatic filters cover the 400 - 1100 nm range with 

approximately one filter per 50-nm wavelength interval, providing a quasi-

monochromatic beam with a comparatively high light intensity over a large 

area. The width of the transmission band of the filters is about 100 nm (see 

later in Figure 2.11). Due to the large band-width of the filters, the quasi-

monochromatic irradiance passing through the filters is comparable with the 

corresponding AM1.5G illumination filtered with ideal rectangular on/off 

filters of 50 nm bandwidth. Since spectral response is defined as the quotient 

of short-circuit current over the incident monochromatic light intensity using a 

narrow-bandwidth high-intensity light source [144], in principle no bias light 

is needed for this method. If the non-linear effect of the module SR is not 

negligible at this intensity, then either the intensity of the monochromatic light 

source used has to be increased to a level with the same order as the AM1.5G 

monochromatic illumination, or an additional bias light should be applied as 

described in [162]. The exact illumination intensity to be used depends on the 

non-linearity of the device itself [142]. The light source used in our setup 
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already provides quasi-monochromatic high-intensity radiation close to the 

AM1.5G solar spectrum (however with a lower spectral resolution, which will 

cause errors, see Figure 2.11, and the detailed uncertainty analysis as 

described later in this section). So the spectral response can be measured 

directly for linear modules (instead of measuring the differential spectral 

response via the bias light method). The linearity of the studied modules was 

confirmed by measuring the short-circuit current under different illumination 

levels as shown in Figure 2.9. 

 

Figure 2.9: Short-circuit current vs. irradiance intensity of studied modules. 

In the following, experimental details of the full-area illumination method 

established at SERIS are outlined. 

2.2.3.1 Illumination intensity (time dependence) 

The solar simulator for the full-area illumination SR measurement is a 

large-scale pulsed flash with the time dependent irradiance as shown in Figure 

2.10. The stable irradiance plateau lasts for about 12 ms. The data acquisition, 
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which requires about 10 ms, occurs during the plateau period, whereby the 

light intensity varies by less than ± 1%. 

 

Figure 2.10: Irradiance of one large-area pulse versus time. During the data acquisition time 

(10 ms), the irradiance varies by less than ± 1%. 

2.2.3.2 Spectral distribution 

A spectroradiometer (Ocean Optics QEB1034 & NQ51A0200), which can 

accurately measure irradiance in the wavelength range from 300 to 1700 nm, 

was used to measure the spectral distribution of the light source and the 

spectral transmission of the 15 filters. The corresponding measured spectrum 

of the solar simulator with and without filters is shown in Figure 2.11. The 

spectral irradiance of the light source (flash) is close to the standard AM1.5G 

spectrum, as can also be seen from Figure 2.11. In order to ensure a high 

enough light intensity, the used quasi-monochromatic filters have a compara-

tively large bandwidth (defined as full width at half maximum (FWHM)) of 

around 50 nm, which corresponds to a spectral range of around 100 nm 

associated to each filter, see Figure 2.11. This bandwidth is much broader 

compared to the bandwidth of filters which are typically used for spectral 
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response measurements of solar cells (10 to 25 nm). In the following section it 

is discussed how this will affect the measured SR of the module (uncertainty 

analysis). 

 

Figure 2.11: Spectral characteristics of the light source of the solar simulator (with and 

without quasi-monochromatic filters). The global AM1.5 spectrum is also shown for 

comparison.  

Figure 2.12 shows the integrated irradiance from the light source passing 

through the filters compared to an ideal case where the standard AM1.5G 

spectrum and “ideal” rectangular on/off filters with a bandwidth of 50 nm are 

assumed. As can be seen, the integrated irradiance of the measured quasi-

monochromatic flashed radiation is close to the ideal case at most wavelengths, 

except for 400, 450, 1000 and 1050 nm.  
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Figure 2.12: Integrated irradiance passing through the filters. The black bars represent the 

measured irradiance from the solar simulator using the actual filters. The red bars represent 

the ideal case (AM1.5G spectral irradiance with ideal rectangular on/off filters with 50 nm 

bandwidth). 

2.2.4 Uncertainty calculations 

An uncertainty analysis was conducted for the full-area illumination 

method established at SERIS. The calculation was conducted according to the 

“Guide to the Expression of Uncertainty in Measurement” [163]. The SR of 

the module under test is calculated from the measured short-circuit current of 

the tested module and the calibrated reference cell according to Eq. (2.4). Thus 

the relative uncertainty of the absolute SR measurement for the module under 

test is: 

                  
   
       

   
   

   
 

 

              

      
      

    
 

(2.5) 

Two main contributions are involved in this equation: (1) a contribution 

stemming from the quotient of the short-circuit current measurements, 
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 , and (2) a contribution stemming from the known 

uncertainty of the calibrated SR of the reference solar cell    
   

  

           .      itself has a component that is derived from the spatial non-

homogeneous irradiance (spatial uncertainty of Isc), and another one from the 

different spectral responses of the test module and the reference cell in the 

finite bandwidth of the applied filters (spectral uncertainty of Isc), as shown in 

(2.6). A monocrystalline Si cell calibrated in Fraunhofer ISE was used as the 

reference cell for this study. The SR calibration of the reference cell was based 

on the differential spectral response method, using a primary calibrated 

reference cell (traceability: PTB, Germany) to determine the irradiance level. 

The relative uncertainty of the calibrated SR of the reference cell is listed in 

Table 2.2. 

Table 2.2: Standard uncertainty of the SR calibration of the reference cell [%]. 

Wave- 

length 

[nm] 

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 

   
   

 4.5 1.0 1.0 1.0 1.0 1.0 1.0 1.5 1.5 1.5 1.5 1.5 1.5 5.0 9.5 

 

     itself has three components: electrical, temperature, and optical [164]. 

In the following, the uncertainty components are calculated as the standard (k 

= 1) uncertainties expressed in %. The divisor of    is used for components 

with a rectangular probability distribution (temperature).  

2.2.4.1 Electrical uncertainty 

The short-circuit current for the calibrated c-Si reference solar cell are 

measured using the same instrument under the quasi-monochromatic 
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illumination. Due to the different magnitude of signal, different channels 

(0.1/0.3/1/3/10/30 A) were assigned for the Isc measurement, for which the 

manufacturer guarantees the accuracy for each channel to be within ±0.2%. 

The reference cell measurement is using the 0.3 A channel, while modules are 

measured with either the 3 A or the 10 A channel. The accuracy transfers to a 

standard uncertainty of 0.077% assuming a 99% confidence level (k = 2.586), 

and thus the resulting standard electrical uncertainty for the     ratio is within 

±0.15%.  

2.2.4.2 Temperature uncertainty 

The temperature range during the SR measurement is 25.0 ± 0.5 °C. This 

results in the standard uncertainty of 0.289°C. Assuming the temperature 

coefficient for current to be 0.05%/°C at 25°C, the resulting uncertainty for 

current is calculated as follows: 

0.5%/°C×±0.289°C = ±0.14% 

Thus, the resulting standard temperature uncertainty is within ±0.28%. 

2.2.4.3 Optical uncertainty 

The optical uncertainty arising from the wide-bandwidth filters is discussed 

from two sides: the spatial non-homogeneous irradiance (spatial uncertainty of 

ISC), and the different spectral responses of the test module and the reference 

cell in the finite bandwidth of the applied filters (spectral uncertainty of ISC), 

as shown in (2.6):  

           

        
 

      

         
 

 (2.6) 
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1) Uncertainty due to spatial non-homogeneous irradiance  

Due to the different sizes of the reference cell and the module under test, 

spatially non-homogeneous irradiance will alter the quotient 
   
       

   
   

   
. To 

analyse the corresponding measurement error resulting from the spatial 

irradiance non-homogeneity, the irradiance intensity   
       

 through each 

filter were measured with a c-Si reference cell at 9 positions (3×3) in the test 

area. Results are shown in Figure 2.13. The spatial uniformity of the flash light 

without filters at those 27 positions in the test area was also measured, and the 

uniformity is within ± 1%, indicating very good spatial uniformity of the light 

source itself.  

 

Figure 2.13: Measured spatial irradiance uniformity over the module testing area for all 15 

filters. The whiskers denote the 10% and 90% values of the deviation. The 25% and 75% 

values are used as the bottom and top edges in the box charts, and the lines inside the boxes 

denote the median. 

Slightly different photocurrents, corresponding to the measured spatial 

irradiance distribution, are assigned to 60 otherwise identical silicon wafer 

solar cells. The resulting short-circuit current of the module is then simulated 
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with the LTSPICE simulation software to calculate the uncertainty     

       
 

according to Eq. (2.7): 

 
   

       
    

   
    

   
   

 

  

    

     
   
    

   
   

 

  

      

 (2.7) 

The above mentioned uncertainty quotient is evaluated under spatially 

homogeneous and inhomogeneous conditions. Simulation is conducted for 

different RShunt conditions and the largest uncertainty obtained is taken for 

    

       
.  

2) Uncertainty due to finite bandwidth of filters 

In spectral regions where the slope of the reference cell’s S  is different to 

that of the module under test, absorbed photons within the finite bandwidth of 

the filters contribute differently to the measured short-circuit currents    
   

 and 

   
    , thus the quotient 

   
       

   
   

   
 will be altered. The corresponding uncertainty 

stemming from the finite bandwidth of the applied filters      

        
 is calcu-

lated according to  

    

             
   
       

   
      

      
     

        

   
       

 
     

       

   
      

  

(2.8)    
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where    refers to the whole spectral range of the filters.      
          is the 

measured quasi-monochromatic light intensity with the wide bandwidth filters 

as per Figure 2.11.  

2.2.4.4 Total uncertainty of the full-area measurement method 

The final expanded (k = 2) combined uncertainty of the SR measurement is 

listed in Table 2.3. 

Table 2.3: Total uncertainty of SR measurement, with 95% confidence level [%]. 

Wave-

length [nm] 

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 

     
   9.0 2.0 2.0 2.0 2.0 2.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 10.0 19.0 

         
   9.6 2.5 3.3 2.1 2.1 2.1 2.1 3.1 3.1 3.1 3.1 3.1 3.1 10.1 21.2 

     
   9.0 2.0 2.0 2.0 2.0 2.1 3.6 4.5 7.0 8.3      

     
   9.1 2.1 2.8 2.1 2.1 2.1 2.1 3.1 3.1 22.0 3.2     

     
   9.7 2.5 3.3 2.1 2.1 2.1 2.1 3.1 3.1 3.1 3.1 3.1 3.1 10.1 21.2 

 

2.2.4.5 Results and discussion 

Using the full-area illumination method with calibrated reference solar cell 

as outlined above, the absolute SR (in A/W) of the five types of PV modules 

under investigation were measured. The results are shown in Figure 2.14, 

together with the SR of the c-Si reference solar cell.  
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Figure 2.14: Absolute SR measurements of the five modules measured at SERIS with full-area 

illumination, together with the calibrated SR curve of the used c-Si reference solar cell. The 

error-bars were calculated as described in the previous sections. 

Since a calibrated c-S- wafer solar cell was used as a reference cell in this 

study, if a wafer-based PV module is measured, the SR mismatch between the 

reference cell and the module under test is small (see Figure 2.14), as is the 

uncertainty caused by the wide bandwidth of the quasi-monochromatic filters. 
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The resulting total measurement uncertainty is then mainly determined by the 

uncertainty of the calibrated SR of the reference cell. 

In contrast, if a thin-film module is measured, the SR mismatch between 

the c-Si reference cell and the measured module can be quite large at long 

wavelengths. This large difference leads to large measurement uncertainties 

related to the finite bandwidth of the quasi-monochromatic radiation. The 

more different the slopes of the SR of the calibrated reference cell and the SR 

of the measured module are, the larger is the error introduced by the band-

width of the filters, see also Eq. (2.8). As a result, if the used calibrated 

reference cell has a SR that is similar to that of the module under test, the 

uncertainty caused by the wide bandwidth of the quasi-monochromatic filters 

can then be significantly reduced. For example, in case of measuring thin-film 

a-Si modules, a calibrated crystalline silicon reference cell covered with an 

additional band-pass filter (KG-3 or KG-5) could be used in order to adjust the 

reference cell’s S  to that of the tested module. However, because of the small 

value at the tail after the steep decrease, the error introduced is not significant, 

and thus it is acceptable to use mismatched cells in this case. 

2.3 Application of spectral response 

This section discusses the application of spectral response for spectral 

mismatch correction. The correction to AM1.5G spectrum for solar simulator 

is presented.  

2.3.1 Spectral mismatch 

The spectral mismatch is a common source of error in irradiance 

measurements for PV. A spectral mismatch occurs when a PV device is rated 
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with respect to a standardized reference spectral irradiance [104, 143, 165-

167]. The standard AM1.5G spectrum, which is commonly used to calibrate 

irradiance sensors, is seldom met in real-life conditions. This affects the 

irradiance measurements, as these are based on the spectral response of the 

sensor. For example, if the reading of a sensor measuring radiation with a non-

standard spectral distribution is 1000 W/m
2
, it means that the sensor generates 

the same output as it does under the standard spectrum of that intensity. 

However, a module with a different spectral response (such as a-Si) might not 

generate the same short-circuit current under these two spectra, even though 

the measured light intensity is the same. The short-circuit current of a PV 

module depends on both the spectral response of the module and the spectral 

distribution of the light within the module's active wavelength range. There-

fore it is necessary to correct the irradiance intensity for the spectral mismatch. 

This requires for the calculation of the so-called mismatch factor (MMF). The 

following formula describes the MMF and all values that need to be measured 

(Taken from IEC standard 60904-7 [152]).  

     
                                      

  

  

  

  

                 
  

  
                      

  

  

 (2.9) 

with: 

EAM1.5 AM1.5G spectral distribution 

SRref spectral response of reference cell 

Eλ  realistic spectrum (solar simulator or real solar spectrum) 

SRDUT spectral response of module under test 

  ,    starting and end wavelength of the SR of reference cell 

  ,    starting and end wavelength of the SR of module 

Spectral mismatch can occur in both outdoor and indoor measurements. For 

outdoor applications, the MMF is applied to calculate the effective irradiance 
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intensity for various PV technologies, which will be discussed in Chapter 3. 

For indoor measurements, the MMF is applied to calibrate the intensity of the 

solar simulator to obtain the standard irradiance for the test device.  

2.3.2 Spectral mismatch correction to AM1.5G for solar simulators 

With the spectral responses of the modules and the reference cell (from 

calibration reports), and the spectrum of the solar simulator (measured by a 

spectrometer as shown in Figure 2.11), we can calculate MMF based on a c-Si 

reference cell by Equation (2.9). The derived mismatch factors are shown in 

Table 2.4.  

Table 2.4. Mismatch factor (MMF) for the studied modules 

 Multicrystalline 

Si 

Heterojunction 

c-Si 
a-Si CdTe CIGS 

MMF 1.011 1.011 1.033 1.053 1.027 

 

The intensity of the solar simulator is thereafter adjusted so that the reading 

of the c-Si reference sensor shows            according to (2.10): 

           
  

   
 (2.10) 

where            is the irradiance reading of the reference sensor corrected 

for spectral mismatch,    is the standard irradiance reading (1000 W/m
2
 for 

STC) of the reference sensor. 

For the present setup used in SERIS, if a non-filtered c-Si reference cell is 

used for irradiance calibration, the spectral mismatch can introduce an error of 

3.3, 5.3 and 2.7% for the a-Si single-junction module, the CdTe module, and 

the CIGS module, respectively. There are also a GaAs and a KG-3 filtered 

c-Si reference cell in SERIS, which are recommended for CdTe modules and 
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a-Si single-junction modules, respectively [169, 170]. Calculations of MMF 

with these two reference cells were conducted for the CdTe and the a-Si 

modules. Results show that for a-Si single-junction module, by using the 

KG-3 filtered reference cell, MMF reduces to 1.00. Although the SR of the 

GaAs reference cell is closer (compared to the non-filtered c-Si reference cell) 

to the CdTe module, 2% spectral mismatch remains (MMF = 1.020). The 

accuracy of power measurement for thin-film modules is improved by about 3% 

relative with spectral mismatch correction. 

2.4 Conclusions 

A thorough study was conducted on the spectral response of PV modules. It 

was found that the spectral response of PV modules depends on (1) the SRs of 

the individual cells, (2) the shunt resistances of the cells, and (3) the use of 

bypass diodes. A detailed measurement uncertainty analysis was conducted for 

the SR measurement setup in SERIS. For c-Si modules, the uncertainty mainly 

depends on the uncertainty of the calibrated reference cell used. For thin-film 

modules, the uncertainty depends additionally on the SR mismatch between 

the reference cell and the measured module. The application of spectral 

response to correct solar simulator intensity for the AM1.5G spectrum was 

discussed. For the solar simulator used in SERIS, the spectral mismatch error 

accounts for 3 to 5 % of the maximum power measurement uncertainty for 

different thin-film modules. 
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Chapter 3 Influence of irradiance spectrum on module 

performance in the tropics
*
 

A lot of research work has been carried out to understand the performance 

of PV modules in outdoor operating conditions [171-176]. These results show 

that the actual performance often deviates from that at STC. Especially for 

thin-film modules, their stabilized performance depends significantly on the 

operating conditions. Starting from this chapter, this thesis will focus on the 

outdoor performance analysis of PV modules in the tropics. Following the 

previous chapter on the spectral response of PV modules, this chapter will 

study the effect of the local solar spectrum on the performance of various thin-

film PV module technologies in tropical Singapore.  

3.1 Effect of solar spectrum on module performance 

Exceptionally high measured performance ratios of above 95% have been 

reported for amorphous silicon PV systems operating in tropical Singapore, 

while c-Si based PV systems are usually operating in the 80 - 90 % range 

[177]. Since the power output of amorphous silicon modules is particularly 

sensitive to the spectrum of the incident light, the high PR may be partly due 

to a spectral effect. The seasonal spectral variation under outdoor conditions 

has been studied widely in mid-latitude regions with various climates [78, 

107-109, 178-181]. In regions with high latitude, the spectrum has a bias 

towards shorter wavelengths (more "blue-rich") in summer and towards longer 

wavelengths (“red” shift) in winter, compared to the standard AM1.5G 

                                                 
*
 The work described in this chapter is based on the publication “Effect of solar spectrum on 

the performance of various thin-film PV module technologies in tropical Singapore,” IEEE 

Journal of  Photovoltaics, DOI:10.1109/JPHOTOV.2014.2328585 
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spectrum. Thus, the spectral effect on the energy yield of PV modules over the 

whole year is partially cancelled out, with the net spectral influence depending 

on the specific location [182]. However, in tropical regions with low latitude 

and only little variation of the air mass throughout the year (at solar noon) 

[183], seasonal variations of the spectrum are negligible. Therefore the 

spectral distribution can have a significant impact on the module performance, 

if a constant “blue-shifted” or “red-shifted” spectrum prevails all year round. 

Hence, this study aims to quantify the spectral effect on the performance of 

PV modules under the tropical climate conditions of Singapore.  

Four different thin-film PV modules (single-junction amorphous Si, CdTe, 

CIGS, double-junction “micromorph” Si) are investigated. They are all 

commercial modules bought from the market. Figure 3.1 shows the relative 

spectral responses (obtained by scaling of the measured SRs (in A/W) so that 

the maximum SR value is unity) of the four PV modules studied in this work. 

The SR of a multicrystalline Si (c-Si) sensor for outdoor irradiance 

measurements is also shown for comparison. The SRs of the single-junction 

modules were measured with the full-area illumination method as described in 

Chapter 2. The SR of the micromorph module is taken from the literature 

[157]. 
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Figure 3.1: Measured relative SRs of the investigated single-junction PV module technologies 

(single-junction a-Si, CdTe and CIGS). Data before 400 nm and after 1100 nm are obtained 

with extrapolation. The SR curves for the top and bottom cells of the investigated double-

junction micromorph Si technologies (dashed lines) are taken from the literature [184]. Also 

shown, for comparison, is the SR of a multicrystalline Si sensor. 

3.1.1 Effective irradiance 

As explained in Section 2.3.1, the non-standard spectrum of a light source 

can introduces error to the irradiance measurement, and therefore it is 

necessary to compensate the irradiance reading for the spectral mismatch. 

There are generally two methods to determine the effective irradiance intensity 

of the reference spectrum for a module based on either the spectral mismatch 

factor or the short-circuit current, as outlined below. 

3.1.1.1 Spectral mismatch factor calculated from measured SR 

The spectral mismatch factor (MMF), which was described in Chapter 2, is 

applied to adjust the intensity of an irradiance with a non-standard spectrum to 

the intensity the irradiance would need to have if it was of the standard spec-
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trum in order that a test device will produce the same current under both 

irradiances.  

If a pyranometer is used as the irradiance sensor,          is equal to 1 over 

all wavelengths. The MMF then becomes the spectral factor (SF) according to 

Refs. [185, 186]. The spectral response of the reference device affects the 

value of the irradiance reading and the spectral mismatch factor, but the 

corrected irradiance reading to indicate the intensity of the AM1.5G spectrum 

is not dependent on the SR of the reference device. However, larger differ-

ences in SR between the reference sensor and the test module can lead to 

higher uncertainty in the calculation of MMF [187]. A c-Si reference cell was 

used in this study for the irradiance measurement.  

Assuming a negligible effect of the operating conditions on the relative SR 

of each module, the real-time MMF can be calculated with the spectrum 

measured outdoors (every minute from 7:00 till 19:00) and the SRs of the 

modules and the reference sensor measured indoors. Thus the effective 

irradiance intensity (  ) of the reference AM1.5G spectrum that generates the 

same short-circuit current in the test device as generated by the outdoor 

spectrum at the measured irradiance intensity ( ) is given by [152, 188]: 

    
        (3.1) 

where    is the effective irradiance intensity and  is the in-plane irradiance 

intensity measured by an irradiance sensor, which is a c-Si reference cell in 

this study.  
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3.1.1.2 Spectral mismatch from measured short-circuit current 

Another way to determine the effective irradiance intensity of the AM1.5G 

spectrum is based on the short-circuit current (   ) of the test device. The 

short-circuit current of a PV module depends on both the spectral response of 

the module and the spectral distribution of the light within the module’s 

responsive range. When a module operates outdoors, the measured     can be 

further affected by other factors such as the cosine response of the module and 

the irradiance linearity at low illumination [88, 117]. In this study, the spectral 

effect is considered in more detail, while the effects of cosine response and 

irradiance linearity are assumed to be negligible. Thus, the deviation of the 

irradiance spectrum from the standard spectrum will alter the module’s    , 

and the     loss (or gain) compared to AM1.5G radiation indicates how the 

effective irradiance intensity of the non-standard spectrum differs from the 

AM1.5G spectrum.  

Before being compared to the     measured at STC, the     measured 

outdoors was corrected for the temperature influences. The temperature 

coefficient for the short-circuit current (α) from the manufacturer’s datasheet 

is applied to     , as follows: 

                          (3.2) 

where           is the short-circuit current of the module corrected to 25°C 

module temperature (  ), and     is the short-circuit current measured out-

doors. The effective irradiance intensity for a module can then be calculated 

based on the outdoor-measured     as follows: 
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    (3.3) 

The asterisk (
*
) denotes the STC conditions; thus,    

  and   are the short-

circuit current at STC and the irradiance with the AM1.5G spectrum, respec-

tively.  

3.1.2 Effective Irradiance Ratio (EIR)  

The effective irradiance ratio (EIR) is defined by the present author [189] as 

the ratio between the cumulative effective irradiance intensity for a module 

(  ) and the cumulative irradiance intensity measured by a c-Si reference cell 

( ) over a period of time (t): 

     
   

 

   
 (3.4) 

where t is the summation over the period of interest. For example, to 

calculate the annual EIR, t is 365 days.  

The“effective” here refers to the measured irradiance corrected for spectral 

mismatch. If EIR > 1, the effective radiation is higher than the measured 

radiation, indicating a spectral gain for the module. Similarly, EIR < 1 

indicates a spectral loss for the module. 

Hence, the EIR calculated based on the MMF is: 

    
     

     
 

 

   
 (3.5) 

while the EIR based on     is: 

    
    

     
 

 

   
 (3.6) 
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3.1.3 Average photon energy (APE): 

To quantitatively determine whether a spectrum is “red-shifted” or “blue-

shifted” compared to the standard AM1.5G spectrum, the "average photon 

energy" (APE) within a certain wavelength range (  ,   ) has been proposed 

[111, 178]. The APE includes no information about the PV device and is 

calculated by: 

    
                     

                   
 

       
  

  

       
  

  

   
       

  

  

 
    
    

  
  

  

 (3.7) 

where    and    are the wavelength range of interest.      is the spectral 

distribution of a spectrum, and      is the photon flux density of the spectrum. 

h and c are the Planck constant and the speed of light, respectively. The APE 

value between 305 and 1150 nm (the measurement range of the 

spectroradiometer used in this work) of the standard AM1.5G spectrum is 

approximately 1.83 eV. 

3.2 Setup for outdoor monitoring of PV modules 

The outdoor module testing (OMT) facility is a specialized testing setup for 

outdoor PV module performance under real-life conditions in tropical 

Singapore. It is built and operated by the Solar Energy Research Institute of 

Singapore (SERIS) and located on the main campus of the National University 

of Singapore (NUS), see Figure 3.2. 
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Figure 3.2: Outdoor PV module performance testing system at NUS. 

All modules studied in this thesis were installed in August 2010 with a fixed 

tilt angle of 10° facing true south. DC parameters including full I-V curves, 

VOC, ISC, Vmpp, Impp, Pmpp together with module temperature are measured 

every 10 seconds for each module. While the full I-V curve is recorded every 

minute to save storage space, the other parameters are logged every 10 

seconds. The module temperature is measured at the back of each module with 

PT1000 temperature sensors. Environmental parameters including in-plane 

solar irradiance G, ambient temperature Tamb, wind speed and wind direction 

are logged simultaneously with the DC parameters.  

Between I-V measurements, electrical energy is extracted from the modules 

at their maximum power point (MPP). This avoids unwanted side effects (such 

as keeping amorphous modules in open-circuit conditions under illumination, 

causing significant light-induced degradation) and ensures that the modules 

are not hotter than they would be in a real system. The uncertainty of all 

electrical measured parameters is within ±0.1%. The in-plane solar irradiance 

intensity G is measured with a calibrated c-Si reference cell. The calibration 
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uncertainty of the reference cell at 1-sun condition is within ±2%. The 

modules under investigation in this study were not cleaned during the data 

acquisition period, but weekly checking was conducted to remove bird 

droppings, to ensure minimal external effects on module performance. 

However, the silicon sensors were cleaned every week and calibrated every 

two years to ensure accurate irradiance readings. In addition to the c-Si 

irradiance sensor, an SPN1 pyranometer with shadow mask is used to measure 

the diffuse/global irradiance, with an uncertainty of ± 5%. 

A spectroradiometer (EKO MS-700 grating spectroradiometer) was 

installed in January 2013 to measure the outdoor spectrum. The device was 

installed with the same tilt angle as the module plane. The spectroradiometer 

measures the spectrum from 305 to 1150 nm, with a measurement interval of 

3.3 nm. The spectrum is measured and logged every minute, simultaneously 

with the measurement of the module characteristics. So the MMF and the 

effective irradiance were calculated every minute.  

3.3 Results 

The effective irradiance ratios for different PV module technologies under 

the tropical spectral conditions of Singapore are calculated for the period 

studied. 

3.3.1 Annual Results (    ) 

The effective irradiance ratio (    ) for the year 2013 is calculated for the 

four modules using equations (3.5) and (3.6). The data availability is above 99% 

for the CdTe, CIGS, and micromorph Si modules, however only 94% for the 

single-junction a-Si module calculation, because this module was taken out 
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from the measurement setup for 20 days in June due to a setup rearrangement. 

This would only affect the     
    calculation. The results are shown in Table 

3.1. 

 
Table 3.1. Annual effective irradiance ratio (EIRy) for the four thin-film PV modules, 

calculated based on MMF and Isc.  

 
Single-

junction a-Si 
CdTe CIGS 

Double-

junction 

micromorph Si 

    
    1.07 1.03 1.00  

    
    1.06 1.02 1.00 0.99 

As shown in Table 3.1, the annual EIR calculated using the MMF and the 

module     are generally consistent. The     
    values are generally slightly 

higher than the     
   values. This is because the short-circuit current is 

affected by other factors (such as soiling losses, reflection, and varying 

temperature coefficient with irradiance and temperature) besides the spectral 

effect. For the a-Si module, the EIR
MMF

 of 1.07 indicates that the cumulative 

effective irradiance intensity is 7% higher than the cumulative measured 

irradiance intensity over the year 2013. Thus, the module can generate 7% 

more energy due to the “blue-shifted” spectrum, which helps to explain the 

observed high performance ratios for a-Si PV systems in Singapore reported in 

[177], where the a-Si systems was operating at around 95% and c-Si systems 

in the range of 80 to 90 %. If we subtract the 7% irradiance gain, the a-Si 

system would operate with a PR value of 88%, which is then comparable to 

the PR values of the c-Si systems. For the double-junction micromorph Si 

module     
    is less than 1, indicating that the blue-shifted spectrum causes a 

decrease in the current output due to the current mismatch between the two 

cells in the stack.  
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3.3.2 Monthly Results (    )  

Figure 3.3 shows the monthly EIR for the modules studied. The seasonal 

variation of the spectral effect is not as strong as in temperate regions, where 

the spectrum has a positive influence (up to 14%) on the performance of 

single-junction a-Si technology in summer and a negative influence (up to -9%) 

in winter [178, 182, 190, 191].  

 

Figure 3.3: Monthly effective irradiance ratios of the investigated thin-film PV modules based 

on the spectral mismatch factor (    
   ) (solid lines) and the short-circuit current (    

   ) 

(short-dash lines). The     
    for the single-junction a-Si module in June was calculated 

based on data from 1
st
 June to 10

th
 June. The     

   for the double-junction micromorph 

module is missing because the SR of this module was not available. 

As a special effect, a severe haze occurred in Singapore in June 2013, 

increasing the Pollutant Standards Index (PSI) to ~400 during several days 

[192]. As can be seen from Figure 3.4, the irradiance on one typical day with 

heavy haze (19 June 2013, PSI in the range of 350) showed a spectrum with 

higher distribution in the long-wavelength region (red shift). This is because 

the atmosphere contained additional particles (such as aerosols), causing 
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enhanced scattering of short-wavelength light [193]. The haze spectrum shows 

an APE value of 1.82 eV, while the APE value for the AM1.5G and the 

averaged day solar noon spectrum is 1.83 and 1.90 eV, respectively. Since the 

haze caused a red-shift in the spectral irradiance, the spectral distribution was 

getting closer to that of the AM1.5G spectrum. Thus the spectral effect for the 

a-Si and the CdTe technologies showed a decrease in June 2013, see Figure 

3.3. 

 

 

Figure 3.4: Solar noon spectra for a hazy day and an averaged day in Singapore in 2013. The 

grey line shows the AM1.5G spectrum. 

 

The single-junction a-Si module was taken out from the measurement setup 

for rearrangement of the setup, which happened to be the time before the haze 

period. Thus, although only data from 1
st
 June to 10

th
 June were available for 

the     
    calculation, it represents the normal June conditions, i.e., without 

haze effects. The difference between     
    and     

    indicates that the 
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haze decreases the EIR for the a-Si module by about 2%. A similar decrease of 

EIR due to the haze can be seen for the CdTe module, in both the     
    and 

the     
   .   

3.3.3 Averaged Day Results (    ) 

Further analysis is carried out by studying the EIR for an averaged day. An 

averaged day is obtained by averaging the 1-year measurement results into a 

single day. Due to the high variations in cloud coverage in Singapore, the 

intra-day irradiance changes drastically (from 200 - 350 W/m
2
 to 900 - 1100 

W/m
2
) and is highly variable. However, due to the low latitude, neither the 

length of day nor the “weather” changes significantly throughout the year. 

Considering these climate characteristics, an averaged day is thus used to 

represent the average environmental conditions in Singapore. The in-plane 

irradiance (Gi), diffuse irradiance (Gd), and the APE for the averaged day in 

2013 in Singapore are shown in Figure 3.5. The APE value is higher than that 

of the AM1.5G spectrum over the whole day, indicating that the spectrum in 

Singapore is overall more blue-rich. The APE is higher in the afternoon than in 

the morning because Singapore is, on average, sunnier in the morning than in 

the afternoon. Since the fraction of shorter-wavelength photons in diffuse solar 

irradiance is larger than that in direct solar irradiance, APE is higher in cloudy 

conditions. 
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Figure 3.5: In-plane (Gi), diffuse irradiance (Gd) and average photon energy (APE) of the 

outdoor spectrum for an averaged day in Singapore. An averaged day is obtained by averaging 

the 1-year results into a single day. The APE of the standard AM1.5G spectrum from 305 to 

1150 nm (1.83 eV) is also shown for comparison. 

Figure 3.5 shows that the APE is highest in the early morning and the late 

afternoon, when the irradiance is low and mainly diffuse. Light scattering due 

to the high air mass enhances the blue diffuse irradiance [106] and thus the 

APE.   

The EIR over an averaged day for the four thin-film modules is shown in 

Figure 3.6, calculated hourly based on both the MMF and the    . From 

Figure 3.6 it can be seen that the single-junction a-Si module has a 

consistently high EIR of 1.06 - 1.08. CdTe shows an EIR of around 1.03. The 

EIR for CIGS is around 1.00 over the whole averaged day, with a slight 

decrease in the early morning and late afternoon.  

Figure 3.6 also shows that the     
    of the a-Si and CdTe module is 

higher in the afternoon than in the morning. This asymmetry of the spectral 
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effect between the morning and afternoon is due to typically more cloudy 

conditions in the afternoon in Singapore, as mentioned previously.  

 

Figure 3.6: Averaged day effective irradiance ratio based on the MMF (    
   ) (solid lines) 

and the          
   ) (short-dash lines) for the thin-film PV modules studied on an averaged 

day in Singapore. 

 

 

The two methods give similar results, except for early morning and late 

afternoon when     
    shows sharp increases for the single-junction a-Si 

module and the CdTe module. This is possibly due to the fact that we assumed 

the cosine effect and irradiance linearity effect to be negligible, while these 

effects become more pronounced during early morning and late afternoon, 

hence surfacing in     
   . The     

    of the micromorph Si module decreases 

slightly with increasing APE in the afternoon, because the more “blue-shifted” 

the spectrum gets, the more serious the current mismatch between the two 

cells becomes. 
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3.4 Conclusion 

The effective irradiance ratio (EIR) has been defined in this work to 

indicate the ratio between the cumulative effective irradiance of AM1.5G 

spectrum and the cumulative measured irradiance, for a specific time and 

location. Its value in tropical Singapore was quantified experimentally for four 

different thin-film PV module technologies, using two different methods (one 

based on the MMF, the other based on the ISC). Specifically, the annual EIR, 

monthly EIR, and hourly EIR over an averaged day were determined. It was 

found that the spectrum in Singapore is constantly blue-rich compared to the 

standard AM1.5G spectrum, which results in the EIR of 1.07 and 1.03 for the 

single-junction a-Si module and the CdTe module, respectively. EIR larger 

than 1 indicates energetic irradiance gain. The blue-rich spectrum does not 

significantly affect the CIGS module, while causing around 1% loss to the 

double-junction micromorph Si module. On a monthly basis, the spectral 

variation is not significant throughout the year due to Singapore’s low latitude. 

A haze event, which occurred in the middle of the investigation period, caused 

a red-shift of the spectrum and thus affected the effective irradiance intensity, 

especially for the a-Si and the CdTe modules. The constantly blue-rich 

spectrum in Singapore allows the wide-bandgap PV modules to better utilize 

the solar spectrum and generate extra energy relative to AM1.5G conditions, 

which (together with their lower temperature coefficient) explains the 

observed overperformance of a-Si systems in tropical Singapore. 
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Chapter 4 Influence of irradiance intensity on module 

performance in the tropics
*
 

Tropical climate regions (such as in Singapore) are characterized by fast-

changing irradiance conditions due to high variations in cloud coverage. 

Different PV technologies possibly react differently to these variations of 

irradiance conditions, which in turn will influence the module power output. 

This chapter analyses and discusses the effects of the fast-changing irradiance 

on the module performance in tropical Singapore. 

4.1 Fast-changing irradiance conditions 

In tropical areas, besides the constant high temperature and humidity, the 

weather is also characterised by fast-changing irradiance conditions. In fact, 

for the case of Singapore (1° north of the equator), clear-sky conditions over 

the course of a full day were only observed on one single day in a 1-year 

observation period based on SERIS meteorological data. Typically, the 

irradiance in Singapore is highly variable with cloud coverage. The effect of 

fast-changing irradiance on the electrical parameters and performance of PV 

modules has not been investigated for tropical regions. In this work, a method 

is proposed that allows to quantify the level of irradiance fluctuation and to 

investigate its effect on the performance of different module technologies. 

4.1.1 Methodology 

Figure 4.1 (black curve) shows the measured irradiance of a typical day (03-

Apr-2011) in Singapore with fast-changing irradiance conditions and a clear 

                                                 
*
 The work described in this work is based on the publication “Outdoor  V module 

performance under fluctuating irradiance conditions in tropical climates”, Energy Procedia 33, 

pp. 238-247, 2012. DOI:10.1016/j.egypro.2013.05.064 
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distinction between low irradiances (200 - 350 W/m
2
) and high irradiances 

(900 - 1100 W/m
2
). In this chapter, a method to distinguish fast-changing 

irradiance into “low” and “high” irradiances, with a clear-sky model as 

reference, is proposed. 

 

Figure 4.1: Measured irradiance on a typical day in Singapore (03-Apr-2011) characterised by 

a high level of variability (in black), compared with simulated clear-sky irradiance (in blue) 

and the 2011 averaged day irradiance (in red) [194].  

A number of models have been proposed to simulate the horizontal 

irradiance under clear-sky conditions [195, 196]. Based on the calculation of 

the Pearson correlation coefficient using two years' data from Singapore [197], 

the Adnot model, which is a function of the solar zenith angle, was found to fit 

the Singapore irradiance best: 

                               (4.1) 

where    denotes the solar zenith angle. Equation (4.1) results in the global 

irradiance received horizontally on a clear day. It can be adjusted to simulate 
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the irradiance on a titled surface by changing the solar zenith angle to the 

incident angle on the tilted plane (θ), as shown in Equation (4.2):  

                              (4.2) 

The solar incident angle on a tilted surface can be obtained from an NREL 

online solar position algorithm calculator [145, 168].  

It is noted that under clear-sky conditions the maximum irradiance over the 

whole year in Singapore is around 951 W/m
2
, hence not even reaching the 

1000 W/m
2
 used in the Standard Test Conditions (STC) to rate PV modules. 

The solar noon zenith angle for Figure 4.1 (April-03-2011) is 3.8°, so the 

zenith angle for the tilted surface is 13.8°, and thus the calculated irradiance 

peak is 919.5 W/m
2
. Irradiance values above that (as seen in Figure 4.1) result 

from the albedo effect of the ground and reflections from clouds.  

The simulated in-plane irradiance using the Adnot model was verified with 

measured irradiance on a clear-sky day (05-Aug-2011) from a silicon sensor 

with the same orientation as the studied modules. The comparison is shown in 

Figure 4.2. The solar noon zenith angle on 05-August-2011 is 15.75°, and the 

zenith angle for the tilted surface is 25.75°, resulting in the peak irradiance of 

825 W/m
2
. The results from Equation (4.2) and the empirical data have a 

 earson’s correlation coefficient of 0.999.  
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Figure 4.2: Comparison of simulated irradiance with measured irradiance during an 

exceptional day with clear-sky conditions in Singapore (05-Aug-2011).  

 

Figure 4.1 also shows the average irradiance values (red line) for every 10 

seconds over the course of a full year (here: 2011). This is equivalent to the 

averaged day in-plane irradiance. The definition of the averaged day is given 

in Section 3.3.3. The maximum of the averaged day irradiance is around 69% 

of the clear-sky model. This value was used in the following to separate the 

irradiance values into: “low irradiance” (irradiance lower than 69% of the 

simulated clear-sky irradiance) and “high irradiance” (irradiance higher than 

69% of the simulated clear-sky irradiance). To see if there is an influence on 

module performance from fast-changing irradiance, the two categories (high 

and low irradiance) were further classified into six groups based on the 

number of minutes with relative stable irradiance. The six groups are: (1) less 

than or equal to 2 minutes; (2) longer than 2 minutes, less than or equal to 5 

minutes; (3) longer than 5 minutes, less than or equal to 10 minutes; (4) longer 
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than 10 minutes, less than or equal to 20 minutes; (5) longer than 20 minutes, 

less than or equal to 30 minutes; and (6) longer than 30 minutes. These 

categories are chosen with the consideration of possible time scales for 

irradiance forecasting. 

4.1.2 Distribution of fast-changing irradiance 

Measured irradiance over a whole year from January to December 2011 in 

Singapore was separated and classified with respect to different energy 

radiation levels and different stable irradiance durations. Figure 4.3 shows the 

distribution of cumulative radiation energy with different irradiance levels and 

duration ranges (number of minutes with stable irradiance conditions). The 

irradiance was measured with the same Si sensor mentioned above. 

Considering irradiance of less than 30-minute duration as fast-changing 

irradiances, these contributed more than half of the total radiation energy 

(1465 kWh/m
2
). It can be seen from Figure 4.3 that the share of fast-changing 

irradiance increases with higher irradiance levels. As mentioned earlier, the 

peak irradiance (from the Adnot clear-sky model) in Singapore should have its 

maximum value at around 951 W/m
2
, hence irradiance values above that are 

attributed to reflection from clouds, and would mostly occur during times of 

partly cloudy skies. 
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Figure 4.3: Radiation energy distribution with respect to irradiance level and time range of 

variability in Singapore (2011 data).  

4.2 PV module performance under fast-changing irradiance 

Four different PV technologies were selected to investigate the impact of 

fast-changing irradiance on PV performance. For equal comparison and to 

avoid influences from the thermal behaviours of different module construc-

tions, only modules with the same glass-cell-backsheet encapsulation structure 

were selected for this analysis. The data sheet information of the studied 

modules is listed in Table 4.1.  

Table 4.1. Specifications of PV modules under investigation for the influence of irradiance 

intensity on the module performance in Singapore. 

PV 

module Technology Nominal power 

(Wp) 
Temperature coefficient of 

ISC (%/°C) 
1 Mono c-Si 180 +0.050 

2 
Single-junction 

a-Si 60 +0.075 

3 Double-junction 

a-Si 95 +0.080 

4 Micromorph Si 110 +0.056 
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4.2.1 Short-circuit current of PV modules under fast-changing 

irradiances 

The short-circuit current (ISC) of a PV module is proportional to the solar 

irradiance and practically insensitive to the PV module temperature [198]. 

Therefore it is used as a gauge to analyse the response of the various PV 

technologies to fast-changing irradiances. The normalized ISC/G ratio was 

calculated via 

 
   
 

 
          

 
   
    
    

    

  

       (4.3) 

where 

   : Measured short-circuit current of a module 

 :  Measured instant in-plane irradiance 

   
 : Short-circuit current of a module under STC 

  : Reference irradiance under STC, which is 1000 W/m
2
 

The normalized ISC/G ratio is then plotted as box chart with percentage 

against the time intervals of stable irradiance duration, at both high and low 

irradiances (see Figure 4.4).  

 

 

 



76 

  

  

Figure 4.4: Box charts of relative    
     of selected PV modules: (a) monocrystalline Si; (b) 

micromorph Si; (c) a-Si single junction; (d) a-Si double junction. “Low” and “High” 

represents the irradiance conditions “sun covered by clouds” (low irradiance) and “direct sun 

exposure” (high irradiance) according to irradiance levels lower and higher than the 69% of 

the modelled clear-sky irradiance. 

The 25% and 75% values were used as the bottom and top edges in the box 

charts, and the lines inside the boxes denote the median. The results indicate 

that the ISC of the monocrystalline Si module varies only little around its 

average value and is independent of irradiance fluctuations. However, the data 

of the thin-film Si modules (a-Si single-junction, a-Si double-junction, and 

micromorph Si) show a large range of variability, especially at low irradiances. 

The normalised ISC of the a-Si modules (both single-junction and double-

junction) were 5 - 7 % higher at low irradiances compared to high irradiance 

conditions, and also exhibit wide variations (larger boxes). The normalised ISC 

was less scattered at high irradiances and more stable conditions. For the 

micromorph Si module, in contrast, its normalised ISC values under low 

(a) (b) 

(c) (d) 
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irradiance conditions were around 2% lower than that under high irradiance 

conditions, with wider variations under low irradiances. 

As discussed in Chapter 3, such change in ISC for Si based thin-film 

modules is most likely attributed to the spectral variation. The outdoor spectra 

on a fast-changing day (17-Oct-2011) were measured with an Ocean Optics 

spectroradiometer (NQ51A0200 & QEB1034), which can accurately measure 

spectral irradiance from 300 to 1700 nm. Spectra were measured within 30 

minutes around noon time so that the air mass influence can be neglected. 

They were normalized by the total energy of AM1.5G between 300 and 1200 

nm. The normalized spectra are shown in Figure 4.5. 

 

Figure 4.5: Measured spectra at various irradiance levels on 17
th

 October 2011, normalised 

with the AM1.5G reference spectrum. 

Spectra with low irradiances were measured when the sun was covered by 

clouds, while the high irradiance spectra were measured when the sun was not 

covered. It can be seen that the lower the irradiance gets, the higher is the 

normalized irradiance in the range of 350 - 600 nm. The average photon 
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energy (APE), as described in Section 3.1.3, is thus also higher, which is 

favourable for a-Si modules. In contrast, spectral distribution deviating from 

the standard spectrum leads to a current mismatch between the top cell and the 

bottom cell for micromorph Si modules since this kind of tandem solar cell is 

optimized for the AM1.5G spectrum. The higher the APE gets, the larger the 

current mismatch becomes - unless the module stack is specifically designed 

for that (e.g., through varying the thicknesses of the individual layers). 

Thus the spectral variation during fast-changing irradiance conditions is the 

main reason leading to the variation of the normalised ISC of PV modules. The 

lower the irradiance gets during irradiance variation, the higher the APE 

becomes. As a result, a-Si modules show a higher normalised ISC under low 

irradiance, while micromorph modules perform worse due to the current 

mismatch between the top and bottom cells. Crystalline Si modules do not 

show significant changes in the normalised ISC under variable irradiance 

conditions. 

4.2.2 Temperatures of PV modules under fast-changing irradiance 

Figure 4.6 shows the temperature distribution of the monocrystalline Si PV 

module during January to December 2011 (the other investigated PV module 

technologies show a similar behaviour and hence are not shown here). At low 

irradiances, the module temperature decreases with longer duration of stable 

irradiance, allowing the PV modules to gradually approach equilibrium with 

the ambient air temperature. The decrease is smaller initially (i.e., at higher 

variability) due to the smoothing effect of the thermal inertia of the PV 

modules, which typically follows an exponential curve [46]. In contrast, at 
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high irradiance, the module temperature increases with increasing duration of 

the irradiance, due to the continuous absorption of direct solar radiation and 

the relatively large heat capacity of a solar module, which is in the range of 

(1.5 - 3.0)×10
4
 J/K for standard PV modules [199]. As can be seen from 

Figure 3.2, the test setup facilitates good ventilation of the PV modules. Since 

there is only little contact area between the PV modules and the frame, the 

influence of heat conduction is negligible. The main heat exchange portions 

are therefore radiation and convection. Quantitative studies on the heat 

transfers require dynamic experimental data in short time scale, which were 

unfortunately not available. Therefore, the module temperature could only be 

qualitatively analysed here. 

 

Figure 4.6: Mono c-Si module temperature vs. duration of the stable irradiance, for low and 

high irradiance levels. 
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4.2.3 Outdoor average efficiencies of PV modules under fast-changing 

irradiance 

As the open-circuit voltage (VOC) of a PV module is significantly 

influenced by the module temperature, and is only marginally affected by 

irradiance when irradiance levels are above 100 W/m
2
 [88], the impact of 

irradiance variation on the VOC is correlated with the impact on PV module 

temperatures. Instead of analysing VOC alone, the efficiency, which depends 

on both VOC and the module temperature, is characterised under fast-changing 

irradiance here. Figure 4.7 shows the outdoor average efficiencies with 

increasing number of minutes of stable irradiance for low and high irradiance 

conditions. For the mono c-Si module, as the duration of stable irradiance 

increases, the average efficiency increases for low irradiances and decreases 

for high irradiances. This trend is inversely proportional to the module’s 

temperature (see Figure 4.6), as expected. In contrast, the a-Si technologies 

(both single-junction and double-junction) show little change in efficiency 

with duration of the stable irradiance, indicating that the effect of module 

temperature on the efficiency is not so significant for these technologies. 

However, they show a considerable difference between the efficiencies at high 

and low irradiances, which is equivalent to the effect seen in the normalised 

ISC distribution (see Figure 4.4). Therefore the efficiency of a-Si modules is 

less dependent on the irradiance variability, but more on the irradiance level, 

with spectral variation as the main reason. For the micromorph Si module, its 

efficiency trend is similar to mono c-Si, indicating that the μc-Si cell 

dominates. At low irradiances, the efficiency is lower at fast-changing 

conditions, where there is a negative impact from the current mismatch 
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between the bottom (μc-Si) and the top (a-Si) cell, which is again due to a 

different spectral distribution under different irradiance levels. 

 

Figure 4.7: Average annual efficiencies of the four investigated PV module technologies 

versus the increasing duration (in minutes) of stable irradiance, for low-irradiance and high-

irradiance conditions. Lines are guides for the eye. The value at 2 min shows the readings for 

< 2 min; the value of 5 min shows the readings for 2 - 5 min, etc. 

4.3 Conclusion 

A method was introduced to study fast-changing irradiance and its 

influence on PV module performance in tropical Singapore, separating 

measured unstable irradiance into high and low irradiance using a clear-sky 

irradiance model as basis. The distribution of fast-changing irradiance (defined 

as stable irradiance with duration of less than 30 minutes) in Singapore is 

presented. More than half of the radiation energy in Singapore can be 

classified as fast-changing irradiances. The normalised ISC of wafer-based 

modules were found to be independent of the irradiance changes, but the ISC 

distribution of a-Si and micromorph Si modules revealed relevant 
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dependences on the irradiance levels and the variation frequency. The average 

efficiency of the mono c-Si modules was found to be mainly affected by the 

module temperature, while the efficiency for a-Si thin-film modules showed a 

much stronger dependence on the irradiance level than on its variability or the 

module temperature. Higher efficiencies at low irradiances for a-Si modules 

are attributed to the “blue-shifted” spectrum. The micromorph Si module 

showed similar characteristics as mono c-Si for high irradiances (including 

temperature dependence), but a relatively lower efficiency for low irradiances, 

caused by the internal current mismatch between the top and bottom cells.  
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Chapter 5 Influence of temperature on PV module 

performance in the tropics
*
 

Temperature is one of the most important parameters affecting the power 

output of PV modules. Tropical regions are characterized by constantly high 

ambient temperature throughout the year. Hence, the power loss due to high 

module temperature can be significant. In order to correct for the temperature 

effect and compare with the STC efficiency, temperature coefficients are 

applied to various electrical parameters such as voltage, current and maximum 

power [102]. However, the dependence of temperature coefficient on 

irradiance and temperature is still controversially discussed [99, 200, 201]. In 

this study, a model is derived to extract the temperature coefficient of the 

modules’ maximum power and to understand its dependence on irradiance and 

temperature. Later, the PV module temperatures and the resulting losses due to 

high operating temperatures in tropical Singapore are discussed.  

5.1 Temperature coefficient  

The temperature coefficient of the maximum power (γ hereafter) is widely 

used to predict energy yield and performance ratio (PR) of PV systems [86, 97, 

98]. The temperature coefficient γ is obtained by measuring the module power 

either indoors or outdoors under controlled conditions [121, 202]. Although it 

is stated in the IEC standard [121] that the coefficient determined is valid only 

at the irradiance at which the measurements were made, there is only one γ on 

the datasheet provided by the manufacturers. Usually the γ provided was 

                                                 
*  The work described in this chapter is based on the publication “Determination of  V 

module temperature coefficient from outdoor testing data in the tropics,” International 

Journal of Photoenergy (submitted). 
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measured under 1000 W/m
2
, and it is then applied to all irradiance intensities 

during yield and PR predictions. In this section, an expression is derived based 

on the one-diode model to extract γ from outdoor monitoring data, and I-V 

data measured under STC conditions. Thereafter the dependence of γ with 

irradiance and module temperature can be studied. To exclude spectral and 

other technology-related effects, two monocrystalline Si modules from the 

same manufacturer but with different constructions (standard with frame and 

glass-glass without frame) are used for this study. 

5.1.1 Theory 

Emery et al. and Kurnik et al. have discussed the dependence of γ on 

irradiance measured through indoor controlled experiments with continuous 

illumination [99, 200]. Polynomial fitting of efficiency with temperature by 

Garg and Agawal showed that γ is proportional to the reciprocal of operating 

temperature and the γ for the studied crystalline silicon module at 25°C was 

calculated to be around -0.4 %/°C [203]. Reindl et al. used a linear model to 

regress power on temperature within a limited band of irradiance and found 

that the γ for c-Si modules decrease with irradiance in real operating 

conditions [96]. King et al. extracted γ using clear sky Impp and Vmpp data and 

reported the dependence of γ on irradiance and temperature for c-Si and a-Si 

modules [102]. So far the reported methods are all based on clear-sky or quasi-

stable irradiance conditions [201, 204]. Considering the unique weather 

characteristics in the tropics (highly variable during a day and little seasonality 

throughout the year), data from the averaged day (obtained by averaging the 

1-year measurement results into a single day, refer to Section 3.3.3 for a 

detailed explanation) is used to extract the γ.  
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The power at the maximum power point, Pmpp, of a PV module is a function 

of both irradiance G and module temperature T. In accordance with IEC61215 

[121], the maximum power Pmpp under arbitrary G and T delivered by a PV 

module can be written with the temperature coefficient as: 

                                 (5.1) 

where (*) denotes the STC conditions (i.e., module temperature   = 25°C 

and    = 1000W/m
2
). γ is the temperature coefficient of the module's power 

output. 

To be precise, γ should be measured separately at each level of irradiance, 

but this is not done in practice. Instead, the temperature coefficient is 

measured at 1000 W/m
2
, and then this value is used in Equation (5.1) to find 

the effect of temperature on the module power at all irradiance levels. 

The form of Equation (5.1) implies that the diode parameters (ideality factor 

n and reverse saturation current Io) are constant with temperature, and all the 

temperature dependence of module power is incorporated into γ. Given the 

fact that γ measured at STC irradiance is applied at all irradiance levels, it also 

implies that the diode parameters (n and Io) are constant with irradiance. In 

this study, we extract γ from outdoor testing data based on Equation (5.1) and 

study how γ behaves with varying irradiance and temperature in real outdoor 

operating conditions. 

By using the three parameters of the I-V curve (short-circuit current ISC, 

open-circuit voltage VOC, and fill factor FF), Equation (5.1) can be written as: 

                                                     (5.2) 
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Note that the ISC, VOC, and FF in Equation (5.2) are values at 25°C, which 

seldom occur in real-life operating conditions. To derive the temperature 

coefficient from outdoor data, we need to calculate these parameters from 

outdoor operating conditions. In the following, we will find an expression for 

each of the          ,          , and          based on indoor and 

outdoor measurements and certain assumptions. 

Short-circuit current ISC 

ISC can be considered proportional to the solar irradiance G [35, 83]. Since a 

c-Si sensor was used to measure the irradiance, the spectral effect for the c-Si 

module under investigation can be neglected. So we have: 

         

          
  

 

  
 (5.3) 

Rearranging the terms in Equation (5.3), we get: 

                     
 

  
 (5.4) 

Open-circuit voltage VOC 

From the one-diode model describing solar cell characteristics [205], we 

have: 

              
        

   
      

     

      
 (5.5) 

where   ,  ,  ,   are the reverse saturation current, the ideality factor, the 

Boltzmann constant and the cell temperature, respectively.    and        are 

the series and shunt resistances. 

Assuming a high-quality solar cell with high shunt resistance, which is 
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usually the case for commercial c-Si modules,       , and the open-circuit 

voltage     is given as 

     
   

 
   

   

  
    (5.6) 

  and    are assumed to be the same as in the STC conditions. Dividing 

          by           , we get: 

         

          
 

   
   

  
    

   
   
 

  
    

 (5.7) 

For any practically relevant light intensity, the "-1" in the logarithmic term 

can be neglected. Rearranging leads to: 

         

          
 

   
   

  
  

   
   
 

  
  

 (5.8) 

Fill Factor FF 

Fill factor is defined as the ratio of maximum output power to the product of 

open-circuit voltage and short-circuit current. It represents the rectangularity 

of the I-V curve and is dependent on the series resistance and shunt resistance 

of a module. Large series resistance and low shunt resistance result in low fill 

factor and thus low power output. The temperature effect on fill factor is 

negligible under moderate illumination levels (below 1.2 suns) [206]. So we 

have: 

                 (5.9) 

Dividing (5.9) by a common denominator of           and rearranging 

gives: 
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 (5.10) 

Temperature coefficient γ: 

Substituting (5.4), (5.8) and (5.10) into (5.2), results in: 

    

            
 

  
        

     
   

   

  
  

   
   
 

  
  

            
       

         
 

             

 
 

  
  
   

   

  
  

   
   
 

  
  

  
       

         
                         

 

(5.11) 

Making γ in (5.11) the subject: 

  
 

      
 
                

   
 

  
            

                 
   

  
          

    (5.12) 

This is an expression for γ which depends on values at STC (  ,   , 

           ,    
 ,   

 ,          ) and values from outdoor measurement ( , 

 ,          ,    ,        ). 

Determination of   
   

The   
  in Equation (5.12) was determined from the I-V curve measured 

under STC conditions, using the partial fitting method proposed by Yordanov 

[207]. This method is based on the one-diode model. When studying the 

higher voltage part of an I-V curve, the model can be shown as: 
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 (5.13) 

where    denotes the number of cells in a module. 

By choosing the    resulting in the best linearity (based on least-squares 

residual) of                versus           , the vertical axis intercept of 

the linear fit (equalling to          ) can be determined and    is derived. 

5.1.2 Data for study 

Measured data from the outdoor module testing (OMT) facility at SERIS 

was used for the study. Measured data over a 1-year period from 1-Jan-2011 

till 31-Dec-2011 were used. As discussed in Section 3.3.3, the averaged day is 

defined to characterize the average environmental conditions in Singapore. 

Thus the extraction of the temperature coefficient   was conducted on the 

averaged day for 2011. The averaged day irradiance of 2011 is shown in 

Figure 5.1 (black solid line), together with the module temperatures of the two 

modules in the study. The same averaging method was applied to the 

measured data of the studied modules in 2011 to obtain the averaged day 

values of     ,     and    , for the extraction of  . 
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Figure 5.1: Temperature of the two studied modules and irradiance on the averaged day of 

2011 in Singapore. 

5.1.3 Results and discussion 

Following Equation (5.12), Figure 5.2 shows the extracted temperature 

coefficient as a function of irradiance and module temperature. The nameplate 

  are denoted as blue planes. Data with irradiances below 200 W/m
2
 were 

omitted because angular loss and large air mass at these irradiances may 

violate earlier assumptions. The projections of Figure 5.2 on y-z and x-z 

planes are shown in Figure 5.3. 
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Figure 5.2: Temperature coefficient   as a function of irradiance and module temperature for 

the module with (a): standard glass-backsheet construction and (b): glass-glass construction on 

the 2011 averaged day. The blue plane shows the datasheet value of  . 

 

Figure 5.3: Projection of Figure 5.2 on y-z and x-z planes for the module with (a) standard 

glass-backsheet construction and (b) glass-glass construction. 

We observe a split of data points for the morning and afternoon, which is 

due to higher module temperatures (about 3°C) in the afternoon than in the 
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morning under the same irradiance (see Figure 5.4). It is evident that both the 

module temperature and the irradiance affect the temperature coefficient. 

 

 

Figure 5.4: Module temperatures of the two modules vs irradiance for different times of the 

day. 

It can be seen from Figure 5.2 and Figure 5.3 that the temperature 

coefficient increases with decreasing irradiance, especially when irradiance is 

relatively low (< 300 W/m
2
). For moderate irradiance values (> 400 W/m

2
),   

remains fairly constant. The saturated values of   are -0.45%/°C and -

0.41%/°C for the glass-backsheet module and the glass-glass module, 

respectively (see Figure 5.2). Under the same irradiance,   is higher in the 

afternoon than in the morning (see Figure 5.3 (a1) and (b1)), indicating that   

increases with increasing module temperature. 

Figure 5.4 shows the module temperature of the two modules versus 

irradiance on the 2011 averaged day. The temperatures of the two modules are 

found to be very similar. However, slower heat absorption/dissipation can still 

be observed for the glass-glass construction as compared to the glass-
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backsheet construction because of its larger thermal mass [46]. As the 

temperature of the glass-glass module is lower in the morning but higher in the 

afternoon, the temperature effect is more evident for the glass-glass module, 

showing a bigger split between morning and afternoon for    in Figure 5.2. 

The larger thermal mass of the glass-glass module affects its temperature 

behaviour and thus  . 

In the theory section, we explained that due to the form and usage of 

Equation (5.14), we held n and    constant in the extraction of the temperature 

coefficients from the outdoor data. In reality, n and    are themselves functions 

of both temperature and irradiance. By holding them constant, the dependence 

of these parameters on irradiance and temperature surfaces in   instead. For 

example, the reason why    increases at low irradiance is because n increases 

at low irradiance [84]. And the reason why   is higher in the afternoon than in 

the morning is because    increases with increasing temperature [208]. 

Of course, it would have been possible to allow n and    to vary with 

irradiance and temperature, but that would have prevented any reasonable 

outcome at all. Even   = 0 could have resulted. The problem with the 

temperature coefficient is that it is an abstraction, not a physical solar cell 

parameter. The module behaviour is already fully described by the ideal diode 

equation, but the temperature coefficient does not appear here. The 

temperature coefficient as defined by Equation (5.14) may be a convenient 

way to describe a module’s temperature behaviour, but it is an over-

simplification. This is probably also the reason for the controversy 

surrounding temperature coefficients in the literature [96, 99, 102, 201]. 
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5.2 Operating temperatures of PV modules in Singapore 

The PV module temperature is reported to be highly sensitive to irradiance 

and wind speed, and practically insensitive to the ambient temperature [209]. 

The mean daily wind speed in Singapore is relatively small, in the range from 

1.3 to 2.5 m/s, according to 69 years of data recording [119]. Our measure-

ment of wind speed at the outdoor module testing (OMT), as described in 

Section 3.2, confirms that mean wind speed over a 3-year monitoring period 

from January 2011 to December 2013 was only 1.5 m/s, with a standard 

deviation of 1.1 m/s. Thus, the effect of wind speed on the PV module 

temperature can be considered small in Singapore [120].  

The ambient temperature in Singapore is constantly high over the whole 

year, as shown in Figure 5.5, a comparison of the average ambient temperature 

between Singapore and Frankfurt. 

 

Figure 5.5: Average ambient temperature comparison between Singapore and Frankfurt. [234] 
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The dependence of module temperature on ambient temperature and 

irradiance can be studied for different PV modules by extracting the Ross 

coefficient   from the following model [210]: 

              (5.14) 

where      and      are module and ambient temperatures, respectively. 

The slope   is called the Ross coefficient which expresses the temperature rise 

above ambient with increasing irradiance [211].  

Measurement data of 10 various PV modules from OMT from 01-Jan-2012 

to 31-Dec-2012 were used for such temperature analysis. Only irradiance 

values above 400 W/m
2
 which remain stable (variation within ±80 W/m

2
) for 

more than 2 min were selected for the modelling. The relevant information of 

the studied modules and the calculated   values are listed in Table 5.1.  

Table 5.1: Information of modules for temperature comparison using the Ross coefficient  . 

PV 

module 
Technology 

Nominal 

power (W) 
Module 

area (m
2
) 

Rear 

material 
Frame   

1 
monocrystalline 

Si 
180 1.28 Backsheet Yes 0.016 

2 
monocrystalline 

Si 
170 1.70 Glass No 0.015 

3 
hetero-junction  

c-Si 
210 1.26 Backsheet Yes 0.016 

4 
monocrystalline 

Si back-contact 
95 0.55 Backsheet Yes 0.016 

5 
multicrystalline  

c-Si 
230 1.63 Backsheet Yes 0.016 

6 
Double-junction 

micromorph-Si 
110 1.22 Backsheet Yes 0.017 

7 
single-junction  

a-Si 
60 0.95 Backsheet Yes 0.017 

8 
double-junction  

a-Si 
95 1.45 Backsheet Yes 0.018 

9 CIGS 70 0.76 Glass Yes 0.016 
10 CdTe 75 0.72 Glass No 0.016 
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Since all the modules are installed on the same racks at the same site with 

good ventilation (see Figure 3.2), the Ross coefficients are in a relatively small 

range from 0.015 to 0.018. Most of the studied modules show   of 0.016. The 

Si based thin-film modules show slightly higher values of 0.017 to 0.018, 

which might be attributed to their lower efficiency, so more absorbed energy 

turns into thermal energy. The reported   value for a setup with similar 

characteristics (concrete rooftop material and with more than 1-meter distance 

from the ground) extracted from PV systems in Singapore is around 0.022 

[120], which is significantly higher than the result from the OMT. This discre-

pancy might be attributed to the fact that only one module in a string is 

measured for the case of PV systems, and very often the one in the middle of 

the string is measured. Therefore the ventilation might not be as good as an 

individual free-standing module (like at the OMT setup) and hence the module 

temperature increases at a higher rate.  

Figure 5.6 shows the dependence of the temperature difference between 

module and ambient environment on the irradiance level. The module 

temperatures were measured at the backside using a PT1000 thermocouple. 

The thermocouples were calibrated by the manufacturer with an uncertainty 

within ±0.7% for the measurement range. As can be seen, the temperature 

difference among the various PV modules is within 3°C for the same 

irradiance intensity.  
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Figure 5.6: Dependence of module temperature above ambient temperature on irradiance 

intensity for the 10 modules in this study. The module type corresponding to each number is 

listed in Table 5.1. 

Compared to summer in temperate climate regions, the module temperature 

in the tropics is not significantly higher [212]. However, due to little variation 

of the module temperatures throughout a year, higher thermal loss for 

crystalline Si modules is expected. On the contrary, for a-Si modules, the 

constantly high module temperature has positive effect to their performance 

since they are continuously annealed, healing dangling bonds caused by the 

Staebler-Wronski effect [44, 45].  

Figure 5.7 shows the distribution of module temperature during daytime 

period (irradiance above 20 W/m
2
) for the monocrystalline Si with the 

standard glass/cell/backsheet construction with aluminium frame. The 

temperature distribution has two peaks. The one in the range of 31 to 35 °C is 

mainly attributed to irradiance below 400 W/m
2
. The other in the range of 45 

to 51 °C is mostly contributed by irradiance between 600 and 900 W/m
2
.  
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Figure 5.7: Distribution of module temperatures (monocrystalline Si module with standard 

glass-backsheet construction) over a 1-year period from 1-Jan-2013 till 31-Dec-2013. Data 

with irradiance below 20 W/m
2
 was filtered out to exclude night time conditions. 

5.3 Thermal loss of PV modules working in the tropics  

As discussed in Section 5.1, the temperature coefficient of      is not a 

physical parameter and its value in reality is dependent on irradiance, 

temperature, and possibly the material status of the module. A full under-

standing of the thermal behaviour of various PV module technologies would 

require continuous power measurement under temperature-controlled environ-

ments. These experiments are not covered in this work but are recommended 

as future work. 

To estimate the loss of the module power due to relatively high operating 

temperature in Singapore throughout the year, the   from the datasheet is 

applied. The relative thermal loss (TL) over a period of time can be calculated 

as: 
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(5.15) 

The annual thermal loss for the 10 PV modules listed in Table 5.1 is shown 

in Figure 5.8. The error bars account only for the measurement uncertainty of 

the setup, which is ±2%. 

 

Figure 5.8: Thermal loss of the 10 PV modules, calculated based on the temperature 

coefficient from datasheet. 

The correspondingly calculated annual thermal loss of the conventional c-Si 

modules (mono c-Si and multi c-Si) is around -5.5%, while the high-efficiency 

c-Si modules (hetero-junction c-Si and back-contact c-Si) show 1 to 2 % lower 

losses. Amorphous Si modules show the least thermal losses, of less than -3% 

per year. The annual thermal loss percentage is correlated to the absolute 

reduction of the Performance Ratio of the studied modules.  

5.4 Conclusions 

An expression was derived, based on the one-diode model, to extract the 

temperature coefficient from outdoor monitoring data and STC measured I-V 

characteristics. It was found that the temperature coefficient of the maximum 
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power for the studied modules depends on both irradiance and module 

temperature. The distribution of module temperature in tropical Singapore was 

presented and the difference between module and ambient temperatures for 

various module technologies under the same operating conditions was shown 

to be around 3°C. The annual thermal loss of power for various module types 

was calculated to be between 2.5 and 5.5 %. 
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Chapter 6 Long-term outdoor performance of PV modules 

in tropical Singapore
*
 

This chapter focuses on the long-term performance of PV modules 

operating in tropical Singapore, including a degradation study and the 

discussion on the seasonal performance variation. The performance of ten PV 

modules with nine different solar cell technologies (and one different module 

construction) was monitored over a 3-year period. The statistical method 

applied for the long-term performance study is first introduced. Then the 

degradation and seasonality are discussed. The module degradation rates are 

found to be relatively high compared to those reported in temperate climates. 

The seasonality of the PV module performance is shown to be small for c-Si 

modules, and insignificant for thin-film modules.  

6.1 Methodology 

The degradation of PV modules is usually studied with regression fitting to 

continuous data (i.e., monthly or daily performance ratio (PR) as defined in 

IEC standard 61724 [79]), assuming a linear degradation over the long-term 

operation [118, 213-215]. Other methods include comparing the annual PR 

[216], periodic indoor evaluations [214, 217-219], or regular outdoor measure-

ments under similar meteorological conditions [133, 213, 220]. Although the 

degradation of PV modules is often regarded as linear for long-term operation, 

thin-film modules tend to show a steeper degradation during the initial months 

of exposure to sunlight [3, 6]. In addition, linear regression is sensitive to data 

                                                 
*
 The work described in this chapter is based on the publication “ erformance degradation 

of various  V module technologies in tropical Singapore,” IEEE Journal of Photovoltaics, 

DOI:10.1109/JPHOTOV.2014.2338051 
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outliers and neglects the possible seasonality of the data, so several complete 

cycles (typically five years) are needed to obtain reasonably accurate 

degradation rates [221]. Statistical decomposition, in contrast, is known as a 

robust way to determine both degradation rates and seasonal trends at the same 

time, with smaller uncertainties, even for shorter observation periods 

compared to linear fitting [222]. Therefore, in this work, a statistical 

decomposition method is used to extract the degradation rates and seasonality 

from the data. Degradation rates for the performance ratio (see Section 

1.2.3.2), as well as I-V characteristics, VOC, ISC and FF are obtained for 10 PV 

modules with 9 different technologies over a 3-year period. 

The statistical decomposition method applied in this study is based on the 

locally weighted scatterplot smoothing (LOWESS) [197, 223] to extract the 

degradation trend of the PR. 'LOWESS' allows more flexible regression than 

some other smoothers like linear regression or polynomial regression. It 

effectively fits a complex curve driven by the local properties of the data. The 

time series is decomposed into seasonal, trend and irregular components by 

applying a sequence of LOWESS. It is an interacting process of filtering to 

look for the optimized seasonal and trend components by assigning robustness 

weights to data depending on the remainders calculated from the previous pass. 

The seasonal component was found by LOWESS smoothing the seasonal sub-

series (i.e., the series of values at each month across the years of observation, 

the first sub-series being the January values), which assumes that the seasonal 

index variation is the same for each year of observation. The trend was then 

obtained by subtracting the seasonal component from the original data, 

followed by LOWESS smoothing. The irregular component is the remaining 
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variation in the data beyond that in the seasonal and trend components. 

Depending on the remainder, weights are assigned to each data point and the 

decomposition process is repeated until the trend and seasonal components 

converge. Supposing that the data, the seasonal component, the trend 

component, and the remainder component are denoted by Y, S, T, and R, 

respectively, then the decomposition can be written as: 

        
(6.1) 

The trend component is the low-frequency (lower than seasonality) 

variation in the data together with non-stationary, long-term changes in level. 

Since robustness weight is considered during the LOWESS smoothing, 

outliers are assigned with small weights during the regression and cause only 

small uncertainties to the decomposition. Figure 6.1 shows an example of the 

decomposition of the monthly PR values for the investigated double-junction 

micromorph Si module. 
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Figure 6.1: The decomposition of monthly performance ratio (PR) for the double-junction 

micromorph Si module from 01-Jan-2011 till 31-Dec-2013. 

6.2 Data for the study 

In this study, measurement data from the outdoor module testing (OMT) 

facility at SERIS (as described in Section 3.2) from 1
st
 January 2011 to 31

st
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December 2013 were used for the long-term performance analysis. All of the 

modules studied were installed in August 2010 and had been exposed to 

outdoor solar radiation for more than 4 months before the data analysis period; 

hence it is reasonable to assume that this study is not influenced by the initial 

light-induced degradation processes. For the parameters of these modules, 

please refer to Table 5.1 on page 95.  

6.3 Degradation 

Although the degradation of PV modules has been studied widely [118, 133, 

216, 218, 220, 224], very few reports are found for the tropics [217, 225]. 

While the warranties from manufacturers are usually 20 to 25 years regardless 

of operating conditions, evidence indicates that the degradation mechanisms 

and degradation rates of PV modules are location dependent [118, 217]. In 

temperate regions where the ambient temperature changes considerably from 

summer to winter, the degradation of the interconnections attributed to 

thermo-mechanical fatigue is one of the dominant factors [226]. In Singapore, 

the ambient temperature varies daily between 25 to 33 °C, with little variation 

over the year. The humidity is constantly high with the mean annual relative 

humidity of 84.2% and annual average rainfall of 2156 mm [119]. Thus, high 

humidity combined with high temperature quite likely contributes to enhanced 

moisture ingress into modules, leading to a faster corrosion of solder bonds in 

c-Si modules, or of the transparent conductive oxide layer of thin-film PV 

modules [130, 227]. 
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6.3.1 Degradation trend 

6.3.1.1 Performance ratio (PR) 

In this study, the DC performance ratio (PR), which is described in Section 

1.2.3.2, is used as an indicator of the module performance. 

Figure 6.2 shows the measured monthly PR of the studied modules from 1
st
 

January 2011 to 31
st
 December 2013. A decreasing trend is obvious, especially 

for the thin-film modules. After applying the decomposition, the trend of the 

PR is shown in Figure 6.3. The a-Si, micromorph Si and the CdTe modules 

show a higher degradation rate in the first year, and tend to decrease more 

slowly from the second year onwards. The degradation rate of the GIGS 

module, however, seems to increase after month 9 (i.e., September 2011). 

 

Figure 6.2: Measured monthly performance ratios (PR) of the 10 module types under 

investigation in this study. 
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Figure 6.3: The decomposed trend of performance ratios (PR) of the 10 module types under 

investigation in this study. 

6.3.1.2 Analysis of the degradation of individual components  

To understand the reasons leading to the degradation of the PR, the 

degradation trend of the three parameters from the outdoor-measured I-V 

curves (short-circuit current ISC, open-circuit voltage VOC, fill factor FF) are 

studied. For a better comparison, only data at irradiance intensities within 900 

± 10 W/m
2
 and which remained stable for at least 2 minutes were selected. 

The reason to choose 900 W/m
2
 instead of 1000 W/m

2
 is that irradiances 

above 1000 W/m
2
 are mainly attributed to cloud reflection and are usually not 

stable, as discussed in Chapter 4. The parameters were then averaged monthly 

for long-term comparison purposes. Thereafter the decomposed trends of these 

three parameters (ISC, VOC, FF) were extracted with the same decomposition 

method as described earlier. 

Figure 6.4 shows the degradation rates of the decomposed trends of the I-V 

curve components (ISC, VOC, FF) for the various modules. Based on these 
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results, the average annual degradation rates calculated from the decomposed 

trends of the monthly PR and the I-V curve parameters can be seen in Figure 

6.5. 

 

Figure 6.4: Decomposed trend of short-circuit current (ISC), open-circuit voltage (VOC), and 

fill factor of the 10 modules under investigation in this study. 
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Figure 6.5: Average annual degradation rate (%) of performance ratio (PR) and the I-V curve 

components: short-circuit current (ISC), open-circuit voltage (VOC), fill factor (FF) for the 10 

module types under investigation in this study. 

The average degradation rates of the monocrystalline Si modules 

(monocrystalline Si, monocrystalline Si frameless, hetero-junction c-Si, mono-

crystalline Si back-contact) are less than -0.8%/year, which is within the range 

to meet the 20-25 year power output warranty. The glass-glass mono-

crystalline Si module (labelled “frameless” in the graphs) shows exceptionally 

low degradation over the 3-year period. The multicrystalline Si module shows 

a slightly higher degradation rate of around -1.0%/year. The CIGS module 

showed the - by far - highest degradation rate of the PR of around -6%/year, 

which is related to significant decreases in VOC and fill factor. The degradation 

rate of the a-Si (single-junction and double-junction), micromorph Si, and 

CdTe modules is around -2%/year.  

6.3.2 I-V characteristics 

In order to provide a familiar visual representation of the degradation, we 

compare the I-V curves measured outdoors on two days in separate years 

under similar operating conditions. Figure 6.6 shows the outdoor-measured 
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I-V curves of the 10 different modules on 01-Jan-2011 and 01-Jan-2013 at 

around the same time (11:30 am) with the same irradiance of ~900 ± 10 W/m
2
 

(stable for > 2 min). Since the I-V curves were measured at the same day of 

the year and around the same time of the day with stable irradiance conditions, 

differences in air mass and spectrum can be considered minimal [213]. The 

differences in module temperatures for all studied modules were within 

±1.5
o
C when the two measurements were conducted. Therefore, it is 

reasonable to assume that the differences in the I-V curves indeed result from 

the degradation of the modules rather than differences in the measurement 

conditions. 
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Figure 6.6: I-V curves of the 10 module types under investigation in this study on 01-Jan-2011 

and 01-Jan-2013, at around 11:30 with irradiance of 900 ± 10 W/m
2
 (stable for > 2 min). 
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For the five crystalline Si modules (monocrystalline Si, monocrystalline Si 

frameless, hetero-junction c-Si, monocrystalline Si back-contact, and multi-

crystalline Si modules), the short-circuit current decreases slightly, while the 

open-circuit voltage remains almost the same. For the double-junction 

micromorph Si module and the CIGS module, the short-circuit currents 

decreased very little, but both the open-circuit voltage and fill factor decreased 

significantly, leading to the strong decrease of the maximum power. The 

single-junction a-Si module, the double-junction a-Si module, and the CdTe 

module show a reduction in I-V curve parameters at a similar rate. The results 

are consistent with the degradation rates shown in Figure 6.5. 

6.3.3 Discussion 

6.3.3.1 Decrease in short-circuit current ISC: 

Since the PV modules were not cleaned during the outdoor exposure, the 

soiling effect is naturally incorporated into the degradation results. Soiling will 

affect the ISC of modules (by reducing the irradiance passing through the front 

glass), but not the other parameters. Since all the modules are installed on the 

same rooftop with the same tilt angle, all modules received the same amount 

of soiling, while framed modules tend to have more soil accumulation at the 

lower frame edge. Besides soiling, there are other factors which decrease the 

ISC of the modules, depending on the module type and technology, such as 

EVA discoloration or decreased transmission of the short-wavelength photons 

[133, 220]. Hence, the maximum soiling rate should be less than the decrease 

rate of ISC, which is around -1%/year, as shown in Figure 6.5. Further 
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investigations are needed to quantify the contributions leading to the decreased 

ISC.  

6.3.3.2 Decrease in open-circuit voltage VOC:  

For all the thin-film modules in this study, the decrease in VOC was signifi-

cant. In contrast, for all c-Si modules the variation in VOC was negligible. The 

decrease in VOC is related to the deterioration of the diode quality, such as an 

increase in the saturation current or the ideality factor, or both [228]. Different 

technologies have different failure mechanisms. In the case of a-Si modules, 

their degradation is mainly attributed to the quasi-stable characteristics under 

illumination (the so-called “Staebler-Wronski effect”) [44]. Exposure to light 

increases the defect density inside the solar cells and hence decreases VOC 

[229]. However, other than cell technology, difference in module construction 

can also impact the reliability of the underlying PV cells, which will be 

discussed later. 

6.3.3.3 Fill factor (FF): 

For the four monocrystalline Si modules studied, no significant variation in 

fill factor was observed. From this, we can assume that the series and shunt 

resistances of these modules did not change significantly. If the series 

resistance remains the same and ISC decreases, then the power loss resulting 

from the series resistance will decrease and thus the fill factor will actually 

increase slightly. As a result, the degradation of the monocrystalline Si 

modules is partially compensated by the fill factor gain.  

The a-Si (single-junction and double-junction), micromorph Si, CdTe, and 

CIGS modules suffered from fill factor degradation due to either increased 



114 

series resistance and/or decreased shunt resistance. No noticeable electrical 

connector degradation was observed for all the ten modules studied. 

6.3.3.4 Possible reasons for the observed degradation rates 

All the thin-film modules in this study have one or no bypass diode. It has 

been reported that the external bypass diode of modules with monolithic panel 

fabrication and long-thin-stripe cells only start operation when a large area 

(>40%) of the module is shaded, while the shaded cells can experience high 

reverse bias with small shadows [230]. If the shadow is only on one or a few 

cells, significant reverse bias stresses occur. The monolithic modules with 

frames used in this study are tilted with the cells vertical, so that the shading 

induced by dust accumulation at the lower frame edge is symmetric for all 

cells and not causing highly reverse-biased cells. Without appropriate bypass 

diode design, monolithic panels are more susceptible to reversed stresses 

induced by partial shadowing, compared to c-Si wafer-based modules with 

integrated bypass diodes. It has been reported that saturation current increases 

significantly after negative-bias stress, causing a decrease in both VOC and FF 

[231]. This might contribute partially to the degradation rates seen in this 

study for thin-film modules but should not be the main cause, because 

installation was designed for minimal shading.  

The CIGS module in this study showed a particularly severe degradation 

rate of -6%/year (see Figure 6.5). Some CIGS modules are reported to show 

high sensitivity to moisture ingress, with significant decrease in VOC and FF 

due to increased leakage current [232, 233]. The observed high degradation 

rate might be related to the constantly high humidity (above 80%) in 
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Singapore, in addition to the reverse-bias behaviour as discussed above. 

However, since only one module for each technology was monitored, the 

result is not statistically significant enough to draw general conclusions about 

particular technologies. It is possible that the CIGS module in this study was 

an outlier.  

Different module constructions (e.g. encapsulant material, rear material, use 

of edge sealing) employed by different manufacturers can strongly influence 

the performance degradation. Research on the impact of construction to 

performance degradation is thus highly necessary. 

6.3.4 Summary 

The degradation of the c-Si modules is mainly due to the decrease in ISC. 

The thin-film modules showed a significant reduction in VOC and fill factor. 

While the fill factor of the monocrystalline Si modules increased with the 

decreasing ISC, the fill factor of all thin-film modules decreased due to the 

increased series resistances and the decreased shunt resistances. 

6.4 Seasonality  

In tropical regions near the equator like Singapore (1° north), which show 

no distinctive “seasons” and are characterized by constant high ambient 

temperatures, it is logic at first to assume that the performance of PV modules 

would not show any seasonal variations. However, the decomposed seasonal 

element of the monthly PR (Figure 6.7) indicates a small seasonality of less 

than ±2%, compared to temperate climates where performance variation can 

be as high as 25% [182].  
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Figure 6.7: Decomposed seasonality of different PV technologies from 1-Jan-2011 to 31-Dec-

2013. 

The c-Si modules shows similar trends of seasonal variation, which follows 

the variation of the air mass at solar noon as shown in Figure 6.8 [183]. By 

calculating the correlation coefficient between the daily average module 

temperature and the daily performance ratio, it is found that the performance 

variations of the c-Si modules are mainly related to the module temperature 

variations [183]. The air mass at solar noon is correlated to the radiation 

energy arriving on the ground; hence the module temperature is directly 

proportional to the incident irradiance (see Section 5.2 on page 94). Since the 

efficiency of c-Si modules is highly dependent on the module temperature, 

their performance varies correspondingly.  
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Figure 6.8: Variation of air mass in Singapore at solar noon over a year [183]. 

However, for the thin-film modules, the seasonal variations in performance 

ratio vary differently for each technology. Besides module temperature, the 

performance of thin-film modules depends additionally on the spectral 

distribution or the history of illumination and annealing. The significance of 

each factor also varies depending on technologies. Hence the seasonal 

variation is not as pronounced as for the c-Si modules.  

6.5 Conclusion 

The performance of 10 different types of PV modules was continuously 

monitored over 3 years in tropical Singapore. A statistical decomposition 

method was applied to extract the degradation trend and the seasonal 

component. The degradation rate of the monocrystalline Si module in this 

study was less than -0.8%/year, while the multicrystalline Si module degraded 

at around -1.0%/year. The studied thin-film modules showed degradation rates 

of around -2%/year, with an exceptionally high degradation rate of -6%/year 
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for the investigated CIGS module. However, the results are not statistically 

significant enough to draw general conclusions about particular PV 

technologies, since only one module for each technology was monitored. The 

mono c-Si frameless module with the glass/glass construction showed the 

lowest degradation rate, demonstrating the suitability of this module 

construction for deployment in the tropics. 

The seasonality of PV module performance was shown to be small for c-Si 

modules, which is mainly corresponding to the temperature variation. For thin-

film modules, the seasonality is insignificant. 
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Chapter 7 Tropical test conditions (TTC) 

The existing standard test conditions (STC) reflect more the environmental 

conditions in temperate regions. As discussed in the previous chapters, the 

tropical conditions (irradiance intensity, spectrum, module temperatures) are 

much different from the STC and they can result in significant deviations of 

the effective module efficiency and energy yield. The performance ratio 

comparison across different technologies based on STC therefore leads to 

inconclusive results, even though they are part of an identical measurement 

setup (see Figure 7.1).  

 

Figure 7.1: DC performance ratio (PR) based on STC power for individual modules. Data 

from 01-Jan-2013 till 31-Dec-2013 were used for the calculation. 

Hence, it would be desirable to have a set of test conditions which can be 

used for either indoor or outdoor measurements and reflect the tropical PV 

module working conditions, to enable a standardized performance comparison 

across different PV technologies under these conditions. This chapter 
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summarizes the typical operating conditions of PV modules in tropical 

Singapore. Thereafter, so-called “Tropical Test Conditions” (TTC) are 

proposed. The power rating under TTC is demonstrated to serve as a 

benchmark for outdoor module performance comparison. 

7.1 Defining the new tropical test conditions (TTC) 

In order to define the tropical test conditions, representative values for the 

irradiance, the module temperatures, and solar spectrum need to be defined.  

7.1.1 Irradiance 

In Chapter 4, the radiation distribution with respect to time range of 

variability and irradiance level for year 2011 was discussed. Correspondingly, 

Figure 7.2 shows the radiation energy distribution with irradiance level for the 

year 2013, which shows a similar trend as 2011. The distribution of solar 

radiation peaks at irradiance between 700 to 900 W/m
2
 and contains 

substantial portions of stable irradiance (see Figure 4.3 on page 74) in this 

range. Considering that the TTC should also be compatible with convenient 

outdoor measurements, stable irradiance conditions are necessary. Thus, 800 

W/m
2
 is chosen for the irradiance intensity. To define the spectrum and the 

module temperature part of the TTC, the range of 700 to 900 W/m
2
 is 

considered as initial input parameters. 
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Figure 7.2: Distribution of radiation energy with respect to irradiance level over year 2013. 

7.1.2 Spectrum 

Chapter 4 showed that the spectrum in tropical regions is constantly blue-

rich compared to AM1.5G. This is a combined effect of the low latitude (i.e., 

the low air mass), the high humidity, and the high diffuse/direct irradiance 

ratio. Figure 7.3 shows the distribution of the solar radiation against the 

average photon energy (APE) (as explained in Section 3.1.3, calculated for the 

range of 305 - 1150 nm) for all irradiance levels over the 1-year period of 

2013. The radiation energy peaks at the APE of 1.87 eV, while the APE value 

for the standard AM1.5G spectrum is 1.83 eV.  
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Figure 7.3: Histogram of APE for all irradiance levels over the whole year of 2013. 

For irradiances between 700 and 900 W/m
2
, the APE is mainly around 1.88 

eV, as shown in Figure 7.4. 

 

Figure 7.4: Histogram of APE with irradiance within the 700 - 900 W/m
2
 range. 
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To choose the APE value for the spectrum, the average irradiance weighted 

APE is calculated by applying Equation (7.1), using the one-year data from 

01-Jan-2013 till 31-Dec-2013 and the irradiance band 700 - 900 W/m
2
. 

The resulting annual average irradiance-weighted APE is 1.879 eV. Thus 

1.88 eV is chosen for the tropical test conditions. The spectral distribution was 

obtained by averaging the spectra with 1.880 ± 0.005 eV and irradiance 700 

- 900 W/m
2
 of every wavelength into a single spectrum. The tabulated value of 

the spectrum is attached in Appendix 2.  

7.1.3 Module temperature 

In Section 5.2, the actual operating temperature of PV modules installed in 

Singapore was discussed, with Figure 5.7 showing the distribution of module 

temperatures for the monocrystalline Si standard construction (glass/cell/ 

backsheet with aluminium frame) for all relevant irradiance levels. The other 

investigated PV module technologies show a similar distribution and hence are 

not shown additionally. To define a representative module temperature for the 

tropical test conditions, Figure 7.5 zooms into the irradiance range of 700 - 

900 W/m
2
.  

                 
         

   

     
   

 (7.1) 
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Figure 7.5: Histogram of module temperature over a one-year period from 01-Jan-2013 to 31-

Dec-2013, with irradiances between 700 and 900 W/m
2
.  

 Similarly, average irradiance weighted module temperature is calculated by 

applying Equation (7.2), using the same data set for the average irradiance-

weighted APE. 

The resulting annual average irradiance-weighted module temperature is 

49.5°C Hence we define the Tropical Test Conditions (TTC) module 

temperature as 50°C.  

7.2 TTC-based performance ratio (PR) 

To verify the validity of the tropical test conditions (TTC), six PV modules 

with different technologies (mono c-Si, hetero-junction c-Si, multi c-Si, a-Si 

single-junction, CIGS and CdTe) were measured indoors with the newly 

defined conditions. Multi-junction modules (micromorph Si and a-Si double-

               
       

   
   

     
   

 (7.2) 
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junction) were excluded from this study since the spectral responses of these 

modules are not available for spectral mismatch correction. The intensity of 

the solar simulator was corrected for spectral mismatch as discussed in Section 

2.3.2 by applying the spectral mismatch factor: 

           
         

   
 (7.3) 

where            is the corrected irradiance reading of the reference sensor, 

          is the standard irradiance reading (800 W/m
2
 for TTC) of the 

reference sensor. MMF here is calculated based on the TTC spectrum. 

The annual performance ratio (PR) (see Section 1.2.3.2 for the definition) of 

these 6 PV modules were calculated based on the TTC rated power. When 

calculating PR with the TTC rated power, Equation (1.2) on page 12 needs to 

be modified to  

   
        

       
    (7.4) 

where      is the irradiance level at TTC, which is 800 W/m
2
. 

Data from 01-Jan-2013 till 31-Dec-2013 were used for this study. Results 

are shown in Figure 7.6.  
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Figure 7.6: Performance ratio (PR) based on newly defined Tropical Test Conditions (TTC), 

as proposed in this work. 

As discussed at the beginning of this Chapter (see Figure 7.1), the PR 

calculated based on the STC power shows a wide spread across different 

technologies. The biggest difference in PR can be up to 18% (between single-

junction a-Si and CIGS). Thus this value cannot provide reference information 

on whether the installation is good or not. In contrast, the performance ratio 

calculated based on the TTC power (Figure 7.6) is close to 100% for all the 

modules studied, indicating that the overall outdoor operating conditions are 

close to TTC.  

The under-performance of the CIGS module is due to its high degradation 

rate, as discussed in Chapter 6. The over-performance of the a-Si module can 

be explained by the more blue-rich spectrum at lower irradiances. As 

discussed in Section 5.1, the temperature coefficient of the maximum power 

point is a function of irradiance and temperature. Since the TTC temperature is 

similar to the actual outdoor operating temperatures, applying the temperature 
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coefficient can be avoided, which eventually reduces the uncertainty of the 

performance analysis. 

7.3 Conclusions 

Based on the typical operating conditions in Singapore, Tropical Test 

Conditions of 50°C module temperature, tropical solar spectrum as tabulated 

in Appendix 2, and a solar irradiance intensity of 800 W/m
2
 are defined. Such 

defined conditions are representative of the real outdoor operating conditions 

in tropical Singapore, as demonstrated by the TTC based performance ratio, 

which is close to 100% for all the studied modules. Thus TTC can provide a 

suitable benchmark comparison across various technologies in the tropics, and 

provide an initial estimation on the outdoor performance of the tested module, 

based on indoor test data. 
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Chapter 8 Summary 

8.1 Main contributions 

The main scientific contributions of the present work are as follows: 

A thorough study on the module spectral response (SR) was performed by 

both numerical simulation and experiments. The SR of PV modules was found 

to depend on (1) the SRs of the individual cells, (2) the shunt resistances of the 

cells, and (3) the use of bypass diodes. A detailed measurement uncertainty 

analysis was conducted for the module SR measurement setup at the Solar 

Energy Research Institute of Singapore (SERIS). For c-Si modules, the 

uncertainty was shown to mainly depend on the uncertainty of the calibrated 

reference cell used. For thin-film modules, the uncertainty depends 

additionally on the SR mismatch between the reference cell and the measured 

module. For the solar simulator used in SERIS, the measurement accuracy for 

thin-film modules can be enhanced by 3 to 5 % by applying spectral correction. 

The finding was presented at the 23
rd

 Photovoltaic Science and Engineering 

Conference in Taipei in 2013, and a paper on this topic has been published in 

the journal Measurement Science and Technology.  

The effective irradiance ratio (EIR) was defined in this work to quantify the 

effect of different solar spectra on module performance. It was found that the 

spectrum in Singapore is constantly blue-rich and with minimal variation over 

the year due to the low latitude. The constantly blue-rich spectrum in 

Singapore results in an annual EIR of 1.07 and 1.03 for the single-junction 

a-Si module and the CdTe module, respectively. These results, together with 

their lower temperature coefficients, explain the exceptionally high measured 
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performance ratios of single-junction a-Si modules in tropical Singapore. The 

blue-rich spectrum does not significantly affect the CIGS module, while 

causing an annual EIR of less than 1 to the double-junction micromorph Si 

module due to a current mismatch between the top and the bottom cells. A 

journal paper summarizing these findings has been published in IEEE Journal 

of Photovoltaics. 

A method was introduced to study fast-changing irradiance and its 

influence on PV module performance in tropical Singapore. It was found that 

more than half of the irradiance in Singapore can be accounted to fast-

changing conditions (defined as less than 30 min constant), mostly attributed 

to irradiances of 950 W/m
2
 and above. The average efficiency of the mono 

c-Si modules was found to be mainly affected by the module temperature 

rather than different irradiance levels, while the efficiency for a-Si thin-film 

modules showed a much stronger dependence on the irradiance intensity. 

Higher efficiencies at low irradiances for a-Si modules were attributed to the 

“blue-rich” spectrum. The micromorph Si module showed similar character-

istics as mono c-Si for high irradiances (including temperature dependence), 

but a lower efficiency at low irradiances, caused by the internal current 

mismatch between the top and bottom cells. The results were presented in the 

2012 PV Asia-Pacific Conference and documented as a conference paper in 

Energy Procedia. 

An expression for the temperature coefficient of the power output at the 

maximum power point      of PV modules was derived from the one-diode 

model. The expression depends on outdoor measurement data and parameters 

measured at STC. It was found that the temperature coefficient depends on 
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both the irradiance and the module temperature. The results give an improved 

insight into the temperature behaviour of      and its change with irradiance 

and module temperature. The annual average loss of power due to the high 

operating temperature was calculated for various modules and the loss range is 

between -2.5 to -5.5 %, correlated to the absolute reduction of the Perform-

ance Ratio.  

The performance degradation in tropical Singapore was studied for 10 

different types of PV modules. For the modules studied in this work, the 

degradation rate of the monocrystalline Si module was less than -0.8%/year, 

while the multicrystalline Si module degraded at around -1.0%/year. Thin-film 

modules showed degradation rates of around -2%/year, with the CIGS module 

showing an exceptionally high degradation rate of -6%/year. The relatively 

high and constant degradation rate of the CIGS module indicates that this 

particular module might have some generic shortfalls, which possibly are 

related to the high humidity in Singapore (some CIGS modules were reported 

to be very sensitive to moisture). The degradation of the c-Si modules is 

mainly due to a decrease in ISC (with a slight increase in fill factor). The thin-

film modules showed a significant reduction in VOC and fill factor. The latter 

is due to the increased series resistances and the decreased shunt resistances. A 

journal paper on the module performance degradation has been published in 

IEEE Journal of Photovoltaics.  

Tropical test conditions (TTC) were defined based on the monitoring data 

in tropical Singapore, and the Performance ratio based on TTC was verified to 

serve as a benchmark. Thus a standardized performance comparison across 
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different PV technologies in tropical regions is possible with the newly 

defined conditions. Since the newly defined conditions are representative of 

the actual outdoor operating conditions in tropical regions, the TTC rating can 

provide an initial estimation on the outdoor performance under real-world 

tropical conditions, based on indoor measurements. 

8.2 Recommended future work: 

The Tropical Test Conditions defined here are based on the data monitored 

in Singapore. To further verify the general applicability of the tropical test 

conditions, it is important to conduct meteorological measurements and 

module testing in other tropical locations. Monitoring of the solar spectrum is 

important, considering its significant impact on module performance. 

The study on the performance degradation of PV modules only depends on 

three years of data, which is far less than the warranty life time (20 to 25 years) 

provided by manufacturers. Modules should be extensively monitored to 

further examine the degradation rate and failure modes of PV modules under 

tropical conditions.  

It will be also interesting to study whether the smaller, but higher 

temperature range experienced in tropical areas, and the absence of frost and 

snow loading, can translate into lower cost module production methods. 

Standard tests, such as the mechanical load test, could be designed to be more 

flexible based on the local operation conditions.  
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Appendix 1: Publications arising from this work 

Journal papers: 

[1]  J.Y. Ye, T. Reindl, A.G. Aberle, and T.M. Walsh, Effect of solar 

spectrum on the performance of various thin-film PV module technolo-

gies in tropical Singapore, IEEE Journal of Photovoltaics, vol. 4, pp 

1268-1274, 2014. DOI:10.1109/JPHOTOV.2014.2328585 

[2]  J.Y. Ye, T. Reindl, A.G. Aberle, and T.M. Walsh, Performance 

degradation of various PV module technologies in tropical Singapore, 

IEEE Journal of Photovoltaics, vol. 4, pp. 1288-1294, 2014, 

DOI:10.1109/ JPHOTOV.2014.2338051 

[3]  J.Y. Ye, S.Y. Guo, T.M. Walsh, Y. Hishikawa, and R. Stangl, On the 

spectral response of PV modules, Meas. Sci. Technol., vol. 25, pp. 

095007, 2014. DOI:10.1088/0957-0233/25/9/095007 

[4]  H. Liu, A.M. Nobre, D. Yang, J.Y. Ye, F.R. Martins, R. Ruther, T. 

Reindl, A.G. Aberle, and I.M. Peters, The impact of haze on the 

performance ratio and the current generation for PV systems in 

Singapore, IEEE Journal of Photovoltaic, vol. 4, pp. 1585-1592, 2014. 

DOI: 10.1109/JPHOTOV.2014.2346429  

[5]  L.H.I. Lim, Z. Ye, J.Y. Ye, D. Yang, and H. Du, A linear method to 

extract diode model parameters of solar panels from a single I-V curve, 

Renewable Energy, vol.76, pp. 135-142, 2015.  

Conference papers: 

[1]  J.Y. Ye, T. Reindl, and J. Luther, Seasonal variation of PV module 

performance in tropical regions, Proc. 38
th

 IEEE Photovoltaic 

Specialists Conference, pp. 2406-2410, Austin, 2012 

[2]  J.Y. Ye, K. Ding, T. Reindl, and A.G. Aberle, Outdoor PV module 

performance under fluctuating irradiance conditions in tropical 

climates, Proc. PV Asia Pacific Conference 2011, Singapore. Energy 

Procedia 33, pp. 238-247, 2012 

[3]  J.Y. Ye, S.Y. Guo, T.M. Walsh, and R. Stangl, On the spectral 

response of PV modules, Proc. 23
rd

 International Photovoltaic Science 

and Engineering Conference, Taipei, 2013  

http://dx.doi.org/10.1088/0957-0233/25/9/095007
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Appendix 2: TTC spectrum 

Wavelength 
(nm) 

Spectral irradiance 
(µW∙m-2∙nm-1) 

Wavelength 
(nm) 

Spectral 
irradiance (µW∙m-

2∙nm-1) 

303.5 31.4 442.3 1191.6 

306.9 61.0 445.7 1230.2 

310.3 111.6 449.1 1291.7 

313.7 175.1 452.4 1312.5 

317.0 204.0 455.8 1323.7 

320.4 265.9 459.2 1334.9 

323.8 315.2 462.6 1349.1 

327.2 409.6 466.0 1319.9 

330.5 442.6 469.4 1319.0 

333.9 427.3 472.8 1342.8 

337.3 427.1 476.2 1359.5 

340.7 477.7 479.6 1381.0 

344.1 470.8 483.0 1362.4 

347.4 449.2 486.4 1277.1 

350.8 432.0 489.8 1310.9 

354.2 412.6 493.2 1331.7 

357.6 410.7 496.6 1343.1 

361.0 431.9 500.0 1307.2 

364.3 490.6 503.3 1291.7 

367.7 538.2 506.7 1311.9 

371.1 530.8 510.1 1313.8 

374.5 536.0 513.5 1294.5 

377.9 573.7 516.9 1246.5 

381.3 535.0 520.3 1261.6 

384.7 512.8 523.7 1306.4 

388.0 582.2 527.1 1309.4 

391.4 588.2 530.5 1334.0 

394.8 595.9 533.9 1331.3 

398.2 779.7 537.3 1328.8 

401.6 931.0 540.7 1313.0 

405.0 956.0 544.1 1310.5 

408.4 974.5 547.5 1319.3 

411.8 1019.3 550.9 1321.8 

415.1 1045.9 554.3 1321.9 

418.5 1037.8 557.6 1303.2 

421.9 1040.9 561.0 1293.3 

425.3 1020.1 564.4 1296.3 

428.7 942.8 567.8 1275.0 

432.1 989.8 571.2 1266.5 

435.5 1088.0 574.6 1270.5 

438.9 1106.1 578.0 1273.6 
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581.4 1291.6 740.4 937.2 

584.8 1269.7 743.7 969.4 

588.2 1192.6 747.1 989.1 

591.6 1163.3 750.5 982.3 

595.0 1186.0 753.9 969.6 

598.4 1206.8 757.2 877.5 

601.7 1234.2 760.6 620.2 

605.1 1250.9 763.9 604.9 

608.5 1245.7 767.3 771.3 

611.9 1224.1 770.7 890.6 

615.3 1208.6 774.0 924.4 

618.7 1211.3 777.4 928.7 

622.1 1202.1 780.8 923.3 

625.5 1177.4 784.1 912.8 

628.9 1161.1 787.5 882.7 

632.2 1161.6 790.8 855.2 

635.6 1169.0 794.2 843.2 

639.0 1168.6 797.5 831.4 

642.4 1157.3 800.9 819.0 

645.8 1120.2 804.2 813.2 

649.2 1095.7 807.6 802.4 

652.6 1090.5 810.9 734.8 

655.9 1061.9 814.3 626.0 

659.3 1109.6 817.6 574.7 

662.7 1143.4 821.0 582.4 

666.1 1151.1 824.3 596.8 

669.5 1149.8 827.7 622.3 

672.9 1141.8 831.0 634.9 

676.2 1134.8 834.4 669.3 

679.6 1123.9 837.7 711.7 

683.0 1093.0 841.1 744.8 

686.4 1002.8 844.4 764.1 

689.8 981.9 847.7 767.9 

693.1 949.7 851.1 750.0 

696.5 982.5 854.4 743.3 

699.9 972.2 857.8 759.8 

703.3 979.0 861.1 769.0 

706.7 999.2 864.4 753.6 

710.0 1014.1 867.8 740.3 

713.4 981.6 871.1 744.8 

716.8 822.4 874.4 742.8 

720.2 724.4 877.8 739.3 

723.5 734.0 881.1 732.8 

726.9 715.3 884.4 720.0 

730.3 747.2 887.7 712.1 

733.6 841.9 891.1 675.3 

737.0 895.9 894.4 586.3 
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897.7 489.7 1052.2 492.1 

901.0 460.2 1055.4 502.7 

904.3 459.1 1058.7 493.9 

907.7 422.4 1061.9 470.1 

911.0 392.2 1065.2 471.1 

914.3 380.1 1068.4 446.6 

917.6 413.1 1071.6 462.2 

920.9 448.1 1074.9 441.3 

924.2 425.6 1078.1 438.5 

927.5 305.9 1081.3 422.2 

930.8 163.6 1084.6 456.9 

934.2 98.1 1087.8 427.3 

937.5 124.1 1091.0 420.3 

940.8 144.6 1094.3 408.3 

944.1 139.7 1097.5 401.1 

947.4 146.0 1100.7 369.3 

950.7 155.9 1103.9 321.8 

954.0 172.2 1107.1 246.9 

957.3 196.8 1110.4 179.7 

960.6 231.1 1113.6 98.9 

963.9 275.1 1116.8 49.5 

967.1 350.3 1120.0 30.4 

970.4 396.2 1123.2 23.9 

973.7 386.5 1126.4 26.8 

977.0 400.0 1129.6 43.2 

980.3 446.2 1132.8 47.8 

983.6 499.8 1136.0 59.5 

986.9 542.0 1139.2 77.6 

990.2 557.3 1142.4 66.1 

993.4 564.9 1145.6 14.1 

996.7 564.9 

1000.0 561.4 

1003.3 555.3 

1006.5 550.3 

1009.8 554.0 

1013.1 560.6 

1016.3 558.4 

1019.6 550.0 

1022.9 552.4 

1026.1 540.8 

1029.4 535.8 

1032.7 538.6 

1035.9 535.8 

1039.2 543.3 

1042.4 520.1 

1045.7 518.8 

1048.9 510.9 
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