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Abstract The real energy performance of solar cells is not completely identical to what is revealed by the producers since cell’s performance is measured under the standard testing condition (1000W/m2 irradiation, air mass 1.5 spectrum and maintaining the cell’s temperature at 25oC). Total irradiance and cell's operating temperature are known to have a significant role in the determination of PV performance and are widely used in performance models already. In addition, it is realized that spectral distribution can affect the energy performance as well. Particularly for narrower spectral response (e.g. amorphous silicon cells) this effect is reported to be more severe. The aim of this research was to investigate the effect of a varying solar spectrum on the energy performance of solar cells. In this study the energy performance of a multi-crystalline silicon cell (mc-Si) and an amorphous silicon cell (a-Si) are modelled for a complete year using the well-known one-diode equation. Two different sets of minutely spectra were utilized for modelling cells performance: I. Simulated spectral data, using measured radiation data from KNMI (Royal Netherlands Meteorological Institute) and the SEDES2 spectral model; II. Scaled AM1.5 spectra using global tilt irradiance. The modelled energy performance derived from each set of spectra was compared and as result, a mismatch factor (MMF) was determined to address the spectral effect. The energy performance and MMF were then graphed against global irradiance, air mass, and sky clearness index for every month. The result shows a negative annual spectral effect for both a-Si and mc-Si equal to -3% and -1.7%, respectively. This implies that a scaled AM1.5 spectrum overestimates cell performance. Maximum monthly spectral effect was found to be equal to -14% in the summer and -3% in the winter respectively for a-Si and mc-Si. The annual yield (kWh/Wpeak) was found higher for a-Si than mc-Si and calculated at 1.28 and 1.18 correspondingly for a-Si and mc-Si. This result indicates that per each watt peak power installed, a-Si produces 8% more energy than mc-Si annually.
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1 Introduction The photovoltaic effect was first observed by Edmund Becquerel in 1839 (Becquerel, 1839), while, it took exactly one century until the pn-junction in silicon semiconductor devices was discovered by chance by Russell Ohl (IEEE, 2006). In the following decades the interest in exploiting solar cells increased, however, the first solar cells and modules assembled were neither efficient enough nor economically feasible for mass production. Nevertheless research and use of solar cells for space applications gradually improved knowledge on energy conversion efficiency of solar cells as well as on economic feasibility. Since then, efforts to make terrestrial solar cell systems cheaper became more and more successful. Improvements of solar cell efficiency have been achieved by the use of more effective and less expensive material as well as new design techniques that aim to maximize the effective use of available solar irradiance. Correct prediction of PV efficiency and performance for a given module is essential for a widespread use of PV, as it ensures the actual energy output of an electricity generation unit rather than its installed capacity. Owners and/or users of PV systems then can be certain about the annual amount of generated kWh, which they do not have to buy from the utility. Moreover, in many countries a feed-in tariff structure is used as a financial incentive for PV use. This makes the prediction of annual yields and incomes from the basis of analyses of profitability of PV systems more significant, since initial investments are high. The annual yield of a PV system depends on many factors, not related to solar cell characteristics only. Of course the geographical location of a specific site (latitude, longitude, elevation) has a high influence, as it determines the annual incident irradiation. A higher annual amount of irradiation leads to a higher energy yield, i.e. annual yields in Spain are about twice as large as in The Netherlands. However, a higher yield due to higher irradiation does not necessarily mean a better system performance. Therefore annually averaged efficiencies of PV, or the so-called performance ratio (PR) defined as electricity output divided by incident irradiation, are used to compare system performances. The investigation on annual energy yield and averaged efficiencies is still a topic of current research (Reich et al., 2005), as due to the different parameters influencing the energy yield it is not simple to derive PV performance from the PV performance dataset as defined in the Standard Testing Conditions (STC). Although a lot of effort has been put into the development of highly efficient and more cost effective solar cells the only widely accepted standard for PV efficiency is related to STC (1000 W/m2 irradiation, Air Mass 1.5, 25 degrees cell temperature). Three main factors that affect solar cell performance can be distinguished as: cell temperature, irradiation intensity and solar spectral distribution. Among the three mentioned factors, temperature and total irradiance have a significant role in the determination of PV performance and are widely used in performance models already. Solar spectral irradiance is not a straightforward factor to predict and model since the spectral distribution in partly cloudy and overcast situation is quite variable (Nann et al., 1992). In addition, other parameters influence cell performance, for instance, in a-Si cells annealing and degradation mechanisms are thought responsible for observing inconsistency in cell performance. Solar spectral distribution has a systematic influence on solar cell performance, which, beside the weather and geographical conditions, is also time-of-day dependent (King et al., 1997). Although the basic effect of the spectral distribution is known, “the influence of variations in the incident solar spectrum on solar cells is often neglected” (Gottschalg et al., 2003). The magnitude of the solar spectral effects on different PV technologies depends on the band gap of the cells, meaning that larger band gaps lead to a larger spectral effect (Nann et al., 1992). Therefore a photovoltaic device with a narrow spectral response such as amorphous silicon (aSi) is more sensitive to changes in the spectral composition of irradiation, compared to a wider spectral response device such as crystalline silicon (c-Si).
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In this study a model is developed and validated in order to investigate the effects of spectral variation on solar cells. Due to the fact that spectral effects will be considerably smaller for c-Si cells than for amorphous silicon cells having a narrower band gap, the focus is on thin film amorphous silicon cells.



1.1 Description of spectral effects In general the operation condition of a photovoltaic device having a certain band gap is determined by two parameters: the amount and characteristic of irradiation that reaches the solar cell, and the solar cell temperature that slightly influences the band gap of the junction. Irradiation is often measured and reported as an aggregated value, the global irradiance, which consists of diffuse and direct irradiation. Solar cell temperature depends on irradiation intensity, ambient temperature, wind speed, solar geometry and last but not least the installation site and PV integration type (i.e., roof integrated or free-standing) with correlated heat removal factors. Among the parameters listed above the two key parameters, namely global irradiance and module temperature influence the photo-generated current, which is responsible in producing the output power of a solar cell:



I ph = A(C0 + C1Tc )G



(1)



where Iph (A) is the photo-generated current, A is the area of the cell (m2), C0 (A/W) and C1 (A/WK) are empirical constants, Tc (K) is the device temperature and G (W/m2) is the global irradiance. The irradiance G depends on the many parameters that determine irradiation, such as the weather condition, geographical location, solar and module geometry and orientation. Another parameter that is reported to have an effect on solar cell performance is the solar spectral irradiance received by the device (King et al., 1997). This parameter may not have a large effect on the most used crystalline silicon (c-Si) cells, but it has a significant influence on cells with a larger band gap and narrower spectral response like amorphous silicon (a-Si) (Beyer et al., 2003). The spectral response of different types of solar cells is shown in Figure 1.1. The spectral response (SR) of a cell is defined as the part of the incident photon flux (W/m2.nm) that can be converted by that cell to generate electrical current (A/W). The SR is limited by the amount of energy needed to release an electron from the valence to the conduction band, the so called band gap energy (Eg). The band gap energy of amorphous silicon is larger (1.7 eV) than crystalline silicon (1.1 eV), therefore its spectral response (SR) is narrower, see Figure 1.1.



Figure 1.1. Spectral response of different types of PV. (Kenny et al., 2006)
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Chapter 1: Introduction Terrestrial irradiation intensity and spectra depend on meteorological and geographical factors: ambient temperature, wind speed, relative humidity, and latitude, longitude, and elevation respectively. Furthermore these dependencies vary over time, with both a seasonal and a daily variation. Geographical location, date and time together constitute the solar geometry (solar zenith, azimuth, Air Mass, etc.). Since the spectral distribution of the incident light is not only dependent on the meteorological conditions but also on solar location, time and season, the determination of the exact effect of varying spectra on cell performance is complex. A parameter frequently used in studies on spectral effects is the useful fraction (UF) of the available spectrum (Gottschalg et al., 2005). It is defined as the part of the spectrum which is used by the solar cell divided by the total incident irradiation integrated over the whole spectrum. It is also known as available spectrum ratio. The useful fraction depends on the band gap of the material of the solar cell, and thus equals:



1 UF = G



λ (Eg )



∫ G (λ ).dλ



(2)



0



where G is the total irradiance (global irradiance), λ is the wavelength of the photon and Eg is the band gap of the device. Clearly the higher the UF, the more energy will be produced, and UF is always lower than 1. Figure 1.2 illustrates the components employed for useful fraction calculation.



Figure 1.2. Useful Fraction; available spectrum ratio. (Hirata et al., 1995)



As is shown in above graph, the useful fraction received by a solar cell is dependent on the available spectrum, total irradiance, and the band gap of the device. The generated current in the device equals the convolution of incident spectrum with spectral response. Since the spectral response of a cell is approximately independent of total irradiation, different UF values yield different energy outputs, even if the total irradiance is the same for differing UF. To understand the principles of how energy yields of terrestrial PV systems are affected by different irradiation spectra it is convenient to distinguish irradiation conditions in the summer and in the winter period. In the winter time solar irradiation is much more affected by the atmosphere than in the summer: light rays have to travel a much shorter path length until they eventually reach the earths’ surface in the winter time compared to the summer. The term Air Mass (AM) has been introduced, which is a factor equaling one for the shortest path length light rays have to pass through the atmosphere that is possible. This would be the case of absolutely vertical incident light. In the winter time, at low solar incident angles, the path length through the atmosphere is, i.e. for the case of The Netherlands, between 4 to 5 times larger than the shortest possible path length. Therefore the solar irradiation that will reach earth during the summer time will contain much more blue light in the spectra compared to the winter season, because the higher the AM the higher the absorption towards the infrared. When matching the various spectra of irradiation that occur in a one-year period with the SR of PV, one finds a relation as shown in Figure 1.3. The useful fraction of irradiation that corresponds to the SR of 3



Chapter 1: Introduction a-Si:H solar cells, as shown in Figure 1.3 is clearly higher during the summer periods compared to the winter seasons. “The incident spectrum can shift quite significantly in the course of the day, as well as seasonally” (Gottschalg et al., 2003)



Figure 1.3 Monthly available spectrum ratio (useful fraction) for a-Si, 1998-2001 in Loughborough, UK (Betts et al., 2002)



However, further effects not directly related to air mass have to be considered, i.e. the larger amount of direct sunlight in the summer time (hours of direct sunlight), or for a-Si:H solar cells the performance characteristics that are related to direct and diffuse irradiation. Due to the fact that the a-Si:H layers are very thin a higher absorption will occur for diffuse light compared to direct light. Therefore a-Si:H cells will show better performance at diffuse irradiance (in cloudy weather, usually with a concomitant lower total irradiance). According to Hirata et al. (1995) the energy output of a cell is also dependent on the solar spectral distribution. Hirata et al., compared output of an amorphous silicon (a-Si) module calculated in two ways: 1) direct measurement of the module performance, and 2) calculation of the output using total irradiance and cell temperature Results showed that by measuring the real performance, which obviously has been influenced by naturally occurring spectral variations, a -6% to +14% difference in output of the module is found with respect to the calculation, depending on different seasons. This comparison emphasizes the importance of considering the solar spectral distribution on the performance of amorphous silicon PV modules. (Hirata et al., 1995). In a study by Beyer et al., it is shown that global irradiance is not enough to describe the performance of the device correctly. It is concluded in the same study that the useful fraction of the broadband irradiance in the range of the spectral response plays a noticeable role in order to estimate the short circuit current (Beyer et al., 2003).



1.2 Review on Existing Spectral Models In order to determine the exact effects of spectral variation on PV performance, ideally, one would need precise spectral measurements in combination with simultaneous PV module performance measurements and relevant meteorological parameters. Spectra, global, direct and diffuse irradiance and PV module performance should be measured in a desirable time interval. Accurate spectral measurement equipment is expensive, and impossible to install in all geographical locations where PV systems are installed. Therefore, numerical models were developed in order to estimate and predict the solar spectral data by using easily accessible meteorological parameters such as pressure, ambient temperature, relative humidity and the
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Chapter 1: Introduction geographical information such as longitude, latitude and elevation. This section provides a review of models that are used. 1.2.1 Clear sky models In 1940 the first simple insolation model for estimating the standard irradiance was reported by Moon (Moon, 1940). Since then several numerical model relevant to solar irradiance estimation have been developed such as the numerical solar radiation model based on standard meteorological observations (Atwater et al., 1978). In fact, the rapid development of measuring instruments and computer processing systems brought up this opportunity for scientists to investigate in more detail the dynamic parameters that can influence solar cell performance. In 1981 Bird and Hulstrom formulated a new model for estimating the direct and diffuse irradiance for a simple clear sky based on the comparison of several simple broadband insolation models that were in use at that time (Bird et al., 1981). This model which was upgraded later for both horizontal and tilted surfaces by the Solar Energy Research Institute (SERI) in Colorado (later renamed to National Renewable Energy Laboratory, NREL) by Richard Bird and Carol Riordan was named SPCTRL2 (Bird et al., 1984; Myers, 2006). Gueymard developed another clear sky model so called SMARTS2 (Spectral Model for Atmospheric Transmission of Sunshine) which “Computes clear sky spectral irradiances (direct beam, circumsolar, hemispherical diffuse and total on a prescribed receiver plane - tilted or horizontal) for one set of atmospheric conditions (user specified, or selected from 10 standard atmospheres); and for one to many points in time or solar geometries” (Gueymard, 1995). Both SPCTRL2 and SMARTS2 are categorized as parameterized models which use simpler and more basic parameters in order to estimate the spectra (Myers et al., 2002).



1.2.2 Cloudy sky models Another spectral model is MODTRAN (MODerate resolution TRANsmission) developed by the Air Force Geophysical Laboratory (AFGL), which is a very sophisticated model. It can simulate complex scenarios including different weather conditions (clear and cloudy) and atmospheric structures up to 33 layers (Myers et al., 2004). Although MODTRAN is the most precise spectral model, it is too complex for PV performance determination. It is reported that SPCTRL2, SMARTS2, and MODTRAN are simple, moderate, and complex spectral models respectively to employ (Myers et al., 2002). On the other hand Myers showed that SPCTRL2 lacks the ability to simulate different atmospheric constituents and also is less accurate in comparison with SMARTS2. In addition SMARTS2 is relatively simple and needs less than 30 input parameters; its range of output results is within 2% of the precise MODTRAN model (Myers et al., 2002). Other models beside MODTRAN have been developed to simulate solar spectra for overcast conditions. The model Solar Spectrum, developed by Zdanowicz et al., (Myers et al., 2002) is an upgraded version of SPCTRL2 with the addition that it can also model spectra for cloudy sky conditions. This model is very simple to use and it only needs basic information of time, geographical location, ambient temperature, pressure, relative humidity, global horizontal and diffuse horizontal irradiances and the tilt of the plane. In total, less than 20 input parameters are needed. Outputs are total, direct, diffuse plus the plane of array spectral data. A screen dump of the model is shown in Figure 1.4. It clearly visualizes various spectra and variation of input parameter is easy, and one can directly see the effect on the spectra. However, the model cannot manage a dataset with for instance hourly intervals. So, for each hour manual input is necessary. It would be a very time consuming process to determine spectra for each hour of the year.
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Chapter 1: Introduction



Figure 1.4. A screen dump of the Solar Spectrum model by Zdanovicz et al.



SEDES2 is another spectral model capable to simulate solar spectrum. SEDES2 was developed by the Centre for Solar Energy and Hydrogen Research (ZSW) in Germany by Stefan Nann and Angelika Bakenfelder. SEDES2 is an extension of SPCTRAL2 to include cloudy skies. Opposite to Solar Spectrum this model is designed in a way to process input data from a file containing measured broadband radiation data. The input data file can be in any time interval. “Within a three years effort one hundred thousand solar spectra were recorded1 in the wavelength range from 300 to 1100 nm. These measured spectra were utilized to develop the semi-empirical model that calculates hemispherical solar spectra on a south tilted surface from three readily available meteorological data only: global and diffuse irradiance (alternatively direct irradiance), and dew point temperature (alternatively relative humidity and ambient temperature)” (Nann et al., 1992). The source code of the model is written in FORTRAN and compiled by NREL with the Lahey Fortran compiler for Fortran 90 version 4.501 (Myers, 2006). The model relies on the broadband data to account for clouds; no cloud observations of any kind are required. The main model calculates mean hourly global spectra for clear and cloudy skies within the interval 300-1400 nm with a 10-nm resolution for a south tilted surface. However, by holding direct communication with Daryl Myers the model was improved and become capable to accept any time interval. Hence for each data series as input, an output of solar spectrum can be expected. Figure 1.5 describes the principles of the SEDES2.



Figure 1.5 The structure used in SEDES2 model. (Nann et al., 1992).



1 In the Center of Solar Energy and Hydrogen Research (ZSW), Stuttgart, Germany, 49°N 9°E, a region with about 1800 sunshine hours a year, in a combined effort with the Solar Energy Research Institute, SERI, U.S, before it was renamed to NREL. (Nann et al., 1992).
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Chapter 1: Introduction As already mentioned in comparison to Solar Spectrum, SEDES2 accepts a set of irradiance data as input which can be processed at once. The output is a single file consisting spectral data within the range of 300-1400 nm with a 10-nm resolution. A screen dump of the SEDES2 software, which operates in MS-DOS environment, is demonstrated in Figure 1.6.



Figure 1.6 . A screen dump of the SEDES2 spectral model operating environment.



1.3 Research Background 1.3.1 Spectral effect on PV efficiency Nann and Emery investigated how spectral changes affect the performance of different solar cells. They used the SEDES2 model in order to generate hourly spectra for the irradiance data they collected from six sites in Germany. They also introduced a terminology in order to separate the effects of total irradiance G, spectral irradiance G(λ) and cell’s temperature Tc on efficiency as shown in Table 1.1. It should be noted that solar cells are tested according to Standard Test Conditions (STC) or Standard Reporting Conditions (SRC). In this situation total irradiance is equal to 1000 W/m2, solar spectrum is classified as having air mass 1.5 (AM1.5) and cell temperature is maintained at 25 ºC. Here, Air-Mass is referring to the path length of solar irradiation through the atmosphere. The AM value is defined as 1/cos(θ), with θ the zenith angle. By this definition ‘the fraction ηG(λ) /ηSRC indicates the relative changes in efficiency when a transition is made from STC to conditions where an actual simulated G(λ) is used, while keeping the other two influencing parameters, Tc and G, fixed at their standard values’ (Nann et al., 1992). Table 1.1. Terminology used by Nann et al.(1992), in order to separate the effect of different parameters on efficiency. Total Irradiance G (W/m2)



Cell temp, Tc (oC)



Spectral Irradiance G(λ)



ηSRC



1000 W/ m2



25oC



AM1.5 global



ηG(λ)



1000 W/ m2



25oC



simulated



ηTc



1000 W/ m2



simulated



AM1.5 global



ηG



Simulated



25oC



AM1.5 global



ηG(λ)Tc



1000 W/ m2



simulated



simulated
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Chapter 1: Introduction If one also adds the effect of spectral variations on efficiency by changes in Tc and G, then we can also define other fractions such as ηG(λ)Tc/ηTc and ηG(λ) /ηI . In this case they would have been faced with a complex situation in which the efficiency is influenced in three different dimensions. In their investigation they focused on one-dimensional spectral effects and they assumed that changes in Tc and G do not influence the sensitivity of cells to incident spectral variations. After calculating the spectra using the SEDES2 model it is possible to calculate the cell’s efficiency by means of normalized spectra Gn(λ) defined as:



Gn (λ ) =



Gs (λ ) × 1000 W/m 2 G



(3)



where Gs(λ) is the simulated spectrum. The efficiencies were calculated for 9100 different hours during the years 1987-1989. In Figure 1.7 the relative efficiency is plotted against the real total irradiance of each single hour for an a-Si cell.



Figure 1.7. Hourly spectral effect on a-Si efficiency (Nann et al., 1992).



Since for high incident amounts the spectral distribution is more likely similar to AM1.5 spectrum, the relative efficiency is scattered around 1 for high irradiance amounts. For insolation values below 200 W/m2 cloudy conditions are dominant. This causes spectral distribution shifts towards shorter wavelength which for a-Si cell means increase in efficiency (Nann et al., 1992). The same calculations are performed for c-Si, which are shown in Figure 1.8. Scattering becomes narrower because of a wider spectral response and lower energy band gap which is a general specification of crystalline silicon cells.



8



Chapter 1: Introduction



Figure 1.8 Hourly spectral effect on mono-Si efficiency (Nann et al., 1992).



1.3.2 Spectral effect on PV Output In the study of Hirata et al., the focus was on the output variation of solar cells influenced by environmental factors. It was investigated how changes in solar spectrum can affect the output of the PV modules. They implemented a measuring station which was capable to precisely measure and record the values of global, spectral irradiance, cell temperature and the performance factors of the modules including an I-V curve tracer (Hirata et al., 1995). They studied the spectral distribution of solar radiation. A parameter was defined as the available spectral ratio which is similar to what described in equation 2 as useful fraction (UF). Then the annual distribution of this ratio was plotted for a polycrystalline and amorphous silicon modules (Figure 1.9).



Figure 1.9. The available spectral ratio (UF) distribution during 1993, Kagurazaka, Japan (Hirata et al., 1995).



Finally the output of both modules was studies in two methods. The real performance of both modules was measured, whilst simultaneously using the measured global irradiance and the solar cell temperature in order to calculate a simulated performance (Hirata et al., 1995). The result of the comparison, as can be seen in Figure 1.10, implies that the change in spectral distribution has a significant effect on the performance.
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Chapter 1: Introduction



Figure 1.10. Output result of two modules using the real performance measurement and calculation (Hirata et al., 1995).



1.3.3 Spectral effect on PV performance parameters Gottschalg et al., investigated the effect of spectral variation on the performance of a single and double junction amorphous silicon module. This experimental survey was implemented from October 1999 until March 2000 in Loughborough, England (51.67oN, 1.25oE). They calculated the UF values for the data they obtained and plotted them against the total irradiance measured by the facilities at CREST (Centre for Renewable energy systems Technology) (Gottschalg et al., 2005). In Figure 1.11 the results of calculated UF values against the total irradiance is shown for the six-month period. .



Figure 1.11. ‘Observed dependence of UF on total irradiance’ (Gottschalg et al., 2005).



According to standard practice (see equation 1) the ratio of Isc/G should be a linear line equal to (Co+C1Tc) dependent on the temperature. Figure 1.12 demonstrates that this is only partly true and as considerable scattering around the linear line is present, thus this relation is oversimplified. The scattering cannot be caused by the influence of temperature, since that only can have a slight influence on the effective energy band gap of the device (Gottschalg et al., 2005). The scatter shows that for a specific total irradiance the short circuit current can vary enormously particularly for lower irradiances. For a given irradiance the useful spectrum in the range of the spectral response of the device may vary and this could cause the appreciable scattering in the graph.
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Chapter 1: Introduction In order to reduce the scattering shown, Gottschalg et al. calculated the short circuit current this time by accounting for the irradiation spectra in the following way: λ ( Eg )



I SC = A



∫ SR(λ )G(λ )dλ



(4)



0



where SR(λ) is the spectral response of the device (A/W), G(λ) is the irradiance for wavelength (W/m2.nm) λ (nm) and Eg is the energy band gap of the device. The following relation is then used to calculate the ratio of (ISC/UI) where UI is the useful irradiance: λ ( Eg )



I SC I 1 × = SC ∝ G UF UI



∫ SR(λ )G(λ )dλ 0



(5)



λ ( Eg )



∫ G ( λ ) dλ 0



The new ratio (ISC/UI) is plotted against the total irradiance, which can be seen in Figure 1.12. Clearly, the scattering in this graph is reduced considerably due to eliminating the effect of the spectral variations in the range of the spectral response of the device.



Figure 1.12. ‘(a) Plot of the relative short-circuit current over total irradiance, Isc/G presented as a percentage with respect to the average of all values, against the total irradiance, G for single junction devices. (b) The same as (a) except that (Isc/G)x(1/UF) is plotted against the total irradiance, G’ (Gottschalg et al., 2005).



The above figure indicates that global irradiance is not enough to describe the performance of the device correctly, which is apparent from the lower amount of scattering in the lower plot with respect to the upper one. Clearly, the useful fraction of the broadband irradiance in the range of the spectral response plays a noticeable role in order to estimate the short circuit current. On the other hand this indicates that beside global irradiance one should have enough information regarding solar spectral distribution to estimate short circuit current more precisely. In order to determine the exact effects of spectral variation on PV performance, ideally, one would need precise spectral measurements in combination with simultaneous PV module performance measurements and relevant meteorological parameters. Spectra, global, direct and diffuse irradiance and PV module performance should be measured in a desirable time interval. Accurate spectral measurement equipment is expensive, and impossible to install in all
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Chapter 1: Introduction geographical locations where PV systems are installed. Therefore, numerical models were developed in order to estimate and predict solar spectrum by using easily accessible meteorological parameters such as pressure, ambient temperature, relative humidity and the geographical information such as longitude, latitude and elevation



1.4 Research Objectives This research study aims to assess the influence of a varying solar spectral irradiance on the performance of amorphous silicon and multi-crystalline silicon solar cells for one year period. In addition, the productivity of the solar cell will be calculated based on the total annual energy produced over the nominal peak power (kWh/kWp). Future projects could use the results of this study to optimize the efficiency of a solar cell based on the spectral distribution characteristics of a specific region. The same method can be used for different sub-regions. In order to fulfill the above mentioned goals several questions in this research have to be answered. The main research questions are: 1. How different is solar cell’s performance when using the modeled spectra in comparison to only using the total irradiance and standard (STC) AM1.5 spectra : - What is the solar spectral distribution of Cabauw, the Netherlands (the site where the total, direct and diffuse irradiance is being measured)? - How accurate are the modeled spectra by using SEDES2? - How reliable is the developed performance model? - How does the spectral effect change with irradiance, air mass and sky clearness index in different seasons? 2. What is the annual yield (kWh/Wp) of solar cells using the modeled spectra and how is this distributed throughout a year?



1.4.1 Domains of the research 1.4.1.1 Spectral Modeling



As it is already elaborated in the research methodology solar spectral data is not available for the Netherlands neither in the form of measured data nor reasonably accurate modeled data. Due to the limited amount of time available to implement this master thesis and high costs of preparing a measuring site for solar spectra and providing related instruments, it is decided to model the solar spectral data using the SEDES2 model. This model is described briefly in the background section, more detail about this model can be found in the methodology chapter. 1.4.1.2 Location



The irradiance data were obtained from the Cabauw meteorological site (51.971ºN, 4.927ºE) administrated by the Royal Netherlands Meteorological institute (KNMI) in De Bilt, the Netherlands. By using the irradiance data and basic meteorological parameters both measured on site as input to the SEDES2 model the spectral data is generated and used to calculate the short circuit current of the solar cell. 1.4.1.3 Time frame



Cabauw has been active and continuously measuring irradiance data including total, diffuse and direct normal irradiance since March 2005. The obtained irradiance data and the modeled spectral data belong to a full year period between 1 March 2005 and 28 February 2006. Therefore it should be noted that the final results refer to this time frame. 12
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1.4.1.4 Device temperature



The measured irradiance data (total, direct and diffuse) beside some meteorological parameters (needed as input for model) will be the only experimental data used in this study and no real module is installed on site. All PV performance will be calculated considering the spectral response measured by previous researchers at STS department at Utrecht University (Reich, 2006) thus cells operating temperature is considered the same as the standard testing condition (STC) equal to 25oC. 1.4.1.5 Device type



As described earlier, previous studies showed that the effect of the spectral changes is more serious on thin films solar cells. Thus the boundary of this study is limited to thin film photovoltaic and more specifically is focused on amorphous silicon (a-Si) solar cells. However calculations are repeated for multi-crystalline silicon solar cell as well for comparison. For this study two spectral response and technical specification data of two specific cells were used in order to represent above mentioned type of cells. More technical details about cells can be found in appendix F.



1.5 Justification and relevance In order to clarify the reason of doing this research and to explain why the present study is necessary to be conducted, the following considerations are presented: 1.5.1 Up-to-the-minute study Although there were some previous studies which showed the dependency of the spectral variations on cell performance, none of them presented exact values regarding how the final annual energy yield of thin films are affected by the spectral changes. In most of the cases the results were based on some experimental observations which cannot be implemented everywhere and moreover the results are only valid for that specific geographical location. The advantage of this research is that it is based on spectral modeling thus the procedure can be repeated to obtain increased accuracy. Among previous studies there was one study conducted by Nann et al.2 that used the SEDES2 model in order to derive spectral data. Their derived spectra were based on hourly intervals, while the present study uses minutely intervals. Moreover they did not fully implement the performance comparison for a complete year such as annual energy yield and they were content with an efficiency comparison based on the hourly modeled spectra. The present study is implemented based on modeling the spectra using the minutely measured irradiance at Cabauw site of KNMI, thus it can be considered as an up-to-the-minute study that enables us to model the final energy yield of the cell. By this way difference in energy yield caused by spectral effect can be investigated. Moreover the distribution of the energy yield can be modeled throughout a year.
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SEDES2 was developed by the Centre for Solar Energy and Hydrogen Research (ZSW) in Germany by Stefan Nann and Angelika Bakenfelder.
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Chapter 1: Introduction 1.5.2 New field of research While the effect of solar spectral variation on the performance of solar cells is acknowledged in relatively old research studies, the magnitude and the quality of this effect is not investigated due to lack of spectral distribution data (Betts et al., 2002). This trend has been changed thanks to the evolution of the measuring instruments together with the computer processing systems. We could not find any relevant research (spectral effect on solar cell performance) conducted earlier than 1991 and most of the precise researches concerning this topic were found to be published after 2000. Therefore and considering this fact that the evolution of the solar cell systems is still in progress, it seems to be necessary to continue conducting research on this field of study. 1.5.3 Research necessity especially for thin film and “3rd generation” solar cells It is reported that even though the usage of thin film PV devices such as amorphous silicon (aSi) is expanding as commercially available solar cells in the market, “yet the parametric sensitivity of a-Si devices to variations in the incident spectrum is still not fully understood” (Gottschalg et al., 2005). Kenny et al., reported in their investigation that using only the total irradiance and device temperature may not be adequate for estimating the energy efficiency and output of PV. This is reported as an important issue particularly for thin film PV technology since the dependence of PV performance on air mass or the detail of solar spectral distribution is confirmed (Kenny et al., 2006). Moreover, despite the fact that several studies in the area of qualitative influence of the spectral variations on solar cells performance have been carried out, only few of them focus on quantitative studies (Hirata et al., 1995). No research was found to investigate the spectral effect on the energy productivity of the solar cells, which can be expressed as the annual energy produced by cell divided by the nominal peak power of the device (kWh/WP). In addition, all models that study these effects are based on hourly simulated spectra while in the present study the spectra will be modeled based on minutely irradiance data available. Using minutely spectra instead of hourly spectral data allows for a more accurate determination of the spectral effect on cell performance. The key parameter which limits the absorption of photons’ energy for power generation is the energy band gap (Eg), which partly is reflected in the spectral response of each device. Besides the intensive research on developing more efficient and cheaper semiconductor material, technical specifications of such semiconductors such as band gap and spectral response is becoming one of the main concerns regarding designing optimum solar cells capable in absorbing more energy of the incident light (Zdanowicz et al., 2005). In order to achieve this goal one should be aware of how solar cells react to diverse spectral distributions in different geographical locations and seasons. This can help the manufacturers of PV cells to optimize their product based on different region’s solar spectral distribution in order to increase the annual yield of their product for that specific geographical location. On the other hand the second-generation of solar cells (thin film silicon cells, CIS, CdTe, etc) are largely playing the role of a transition towards even cheaper and more efficient PV products. They are cheaper than crystalline devices while offering less efficiency. Thin films should be further improved to realize a smooth transition to high efficient third-generation solar cells (Green, 2002). 1.5.4 Importance on PV energy yield prediction A good estimation of the energy output in a photovoltaic energy system is nowadays one of the main issues considered in designing a stand alone or grid connected PV system. In a stand alone system, a bad estimation of annual energy yield can cause either over or under sizing of PV system, generating more or less electricity than required. Beside the technical problems, this can initiate unreal economical calculation of the costs and benefits of a PV system and influence the future development of this source of energy (Celik, 2003). In a grid connected system however, this even becomes more important, since the fraction of the electricity produced by solar energy
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Chapter 1: Introduction systems is expected to increase in the next decades and electricity supply should be precisely managed by estimating the electricity output of each supply sector including PV grid connected devices. Since with the current technology large amounts of electricity cannot be stored and the most cost effective way of electricity production is to use it as soon as it is produced, therefore a good management within the supply and demand sectors by knowing how to make a strong prediction of PV systems is essential. Moreover, it is also important to be able to tell consumers what to expect from their PV system. The above goal could only be achieved by knowing the behavior of PV devices in different irradiance conditions depending on the location of the site, date, time of the year and the weather condition. Therefore investigating the effect of spectral variations on the energy yield of the PV devices appears to be vital. 1.5.5 Location dependence The solar irradiance differs not only by the season, day, and time of day, but also by geographical location, meaning that even for the same solar geometry the irradiance quantity and spectral distribution might differ. On the other word two sites at the same latitude but different longitude may have different irradiance regimes depending on elevation and climate condition of that region. This implies that for a precise estimation of the energy yield of a PV system an exclusive measurement and data analysis of the same region may be the only valid data to be considered for study. In the Netherlands at the date of this report there is no measurement on the solar spectral distribution. By KNMI (Royal Netherlands Meteorological Institute), the global, diffuse and direct irradiance has been measured since January 2005 at Cabauw (Knap, 2006). Hence, more research on this field seems to be necessary in the Netherlands in order to independently investigate the effect of the solar spectrum on the performance of PV in the country without exploiting the irradiance data from other locations. More generally, spectral measurements are rarely performed throughout Europe and other continents as well.



1.6 Report Structure This thesis report consists of eight chapters of which Chapter one, seven and eight are introduction, references and appendices correspondingly. In Chapter 2 the research methodology approach is discussed and elaborated. Chapter 3 is dedicated to SEDES2 validation and determining the reliability of the performance model. In Chapter 4 the results of the model along with detail elaborations and analysis can be found. Chapters 5 follows with the discussion of the applied methodology and the results and finally Chapter 6 concludes this research by answering the research questions and giving recommendations for further improvements and possible investigations.
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2 Research Methodology This chapter describes the methodology defined and used in this study. The body of the research method consists of two different models. The first model is used in order to generate solar spectral data which is an amended version of the SEDES2 model. The improvement of SEDES2 was achieved due to constant communication with Daryl Myers at the National Renewable Energy Laboratories (NREL) during the summer of 2006. The second model is developed in Excel spreadsheets using generated spectra and the spectral response data of each cell type. For the calculation of each cell’s performance parameters single-diode equations are employed using empirical relations (Green, 1992).



2.1 Spectral Model 2.1.1 Solar spectral data in the Netherlands Measured solar spectral data history is not available for the Netherlands due to the lack of spectral measurement stations in the country. Since the spectroradiometry stations are not cheap to implement, it will not be established if there is no serious use by research projects. At ECN (Energy Research Centre of the Netherlands) there are some facilities to measure the spectrum but it is designed for specific projects thus not being used continuously. Since March 2005, KNMI has established its own irradiance measurement station which continuously records the total, diffuse and direct irradiance every minute at geographical location of 51.971ºN, 4.927ºE in Cabauw close to the city of Utrecht. Cabauw site is employed by a consortium of research institutes, established in 19723, since 2005 solar and atmospheric radiation are measured according to Baseline Surface Radiation Network standards (KNMI, 2006). Due to the fact that there is no empirical data of spectra in the Netherlands it is decided to use a modeling approach. Measured total, diffuse and direct irradiance provided by KNMI are used in order to derive the simulated solar spectrum for a one year period to run the investigation. Besides radiation information some other basic meteorological data was needed, which was also being measured on site near to the irradiance measurement tools, i.e., at the wind mast (see also Appendix A). 2.1.2 Model Selection Among the models that can simulate the solar spectra for different weather conditions (clear sky and cloudy condition), SEDES2 and Solar Spectrum are the simplest and user friendly software to be utilized for this study, as discussed in previous chapter. MODTRAN is the most precise and complex model, but it is impractical to work with. It is reported that the difference in the result for clear sky is not more than 2% compared to a simple clear sky model such as SMARTS2 (Myers et al., 2002). As the goal of this research is not to investigate the difference in spectral modeling, it is decided to work with one of the simple models. SEDES2 and Solar Spectrum were selected to be appropriate for the purpose of this study. The core code for both models is the clear sky model of SPCTRL2 developed by Bird et al. (Bird et al., 1984). Both models model the clear sky spectrum and use empirical data in order to estimate the spectrum for cloudy conditions. Therefore both are categorized as semi-empirical models. The advantage of SEDES2 is that one can use an input series of hourly based irradiance data and have the hourly estimated spectral data as an output. Solar Spectrum only accepts one time per execution, which is impractical, if one wants to model a large series of spectra. The other advantage of SEDES2 is that the empirical data which is linked to the clear sky model is based on more than hundred thousand measurements done in Stuttgart at the Centre of Solar
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See for more information: http://www.knmi.nl/onderzk/atmoond/cabauw/cabauw.html



Chapter 2: Research methodology Energy and Hydrogen Research (ZSW) located at 49oN, 9oE which is near to the latitude where KNMI irradiance data is being measured (51.971ºN). In order to observe how different the output would be of the SEDES2 model compared to the Solar Spectrum model, a comparison has been made using the input data of NREL for both models and comparing the outputs in several graphs. In Table 2.1 the input data used in order to run both models can be seen. Four different days were selected to represent summer and winter and two sky conditions: clear sky and cloudy sky. Table 2.1 Input data used to run SEDES2 and Solar Spectrum.



Input parameters Month Day of the year Time hh:mm Latitude of Location deg Longitude of location deg Ambient temperature oC Pressure hPa Relative Humidity % Global Horizontal irradiance W/m2 Diffuse Horizontal irradiance W/m2 Direct normal irradiance W/m2 Tilt angle deg



Jan Cloudy Sky 1 4 12:53 40N 105E 1.6 815 69



July Cloudy Sky 7 204 12:53 40N 105E 26.43 823 32



Jan Clear 1 17 12:51 40N 105E -2.94 815 48
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Figure 2.1 SEDES2 and Solar Spectrum results for a Cloudy day in January
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July Clear 7 200 11:51 40N 105E 30 817 18.7
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Figure 2.2 SEDES2 and Solar Spectrum results for a Clear day in January



Figure 2.3 SEDES2 and Solar Spectrum results for a Cloudy day in July
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Figure 2.4 SEDES2 and Solar Spectrum results for a Clear day in July



As can be seen from above figures, the results of SEDES2 and Solar Spectrum are very close, although some difference can be seen. This might be because two models use different codes to model cloudy condition. Since each model uses a different wavelength resolution the absolute difference between different wavelengths of two graphs is not shown. Considering the advantage with respect to input data SEDES2 has compared to Solar Spectrum, it was decided to utilize SEDES2 in order to generate spectral data.



2.2 Performance modeling 2.2.1 Spectral Response The key device parameter for a solar cell is short circuit current (ISC). This parameter can be calculated by having the spectral response of the device (Reich, 2006) and the solar spectral data by using equation 4 (Gottschalg et al., 2005). After generating solar spectra by the use of SEDES2 and irradiance data provided by KNMI, one can calculate the short circuit current (ISC) (see equation 4). Below the spectral response data of an amorphous silicon and multi-crystalline silicon cell which are deployed in this study are shown (Reich, 2006).
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Figure 2.5 Spectral response of a-Si and mc-Si which is used in this study.



2.2.2 Performance calculation After the calculation of short circuit current, which is one of the main parameters in order to calculate other performance parameters, the open circuit voltage (VOC) can be derived using single-diode equations (Green, 1992). First the simplified saturation current should be calculated by using the following formula:



 Eg I 0 = I 00 exp −  nkTc



  



(6)



where I00 is a constant depending on the material and device characteristics and can be empirically determined, Eg is the energy band gap in eV, k is Boltzmann’s constant (1.38x10-23 J/K), Tc is the cell temperature in Kelvin and n is the ideality factor. Note that n≈1 for an ideal p-n junction and n≈2 for p-i-n junctions (Meillaud et al., 2004). Some researchers have estimated the parameter I00. Green suggests I00 to be 1.5.108 (mA/cm2) for crystalline silicon cells (Green, 1992). According to studies done by Meillaud et al., it is suggested that I00 would be equal to 5.104 (mA/cm2) for state-of-the-art amorphous p-i-n diodes (Meillaud et al., 2004). A different approach is employed to calculate accurate parameters (I00 and n) in order to simulate the energy performance of the cells close to their actual tested performance. By having the actual values of open circuit voltage (VOC), fill factor (FF) and peak power (Ppeak) of each cell measured at Standard Testing Condition (STC), a backward calculation was performed using the AM1.5 spectrum assuming a tilt 37 degree and global irradiance equal to 1000 W/m2. In order to reach the above goal, an add-in program was utilized in Excel spreadsheet environment so called Solver. By this method both experimental values were determined and used for the rest of the calculations in both modeled and AM1.5 spectra, see Table 2.2.
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Table 2.2. Calculated n and Ioo values for amorphous and multi-crystalline silicon cells



@1000W/m2 AM1.5



Ppeak (W/m2)



FF (%)



VOC (V)



ISC(ma/cm2)



Eg(eV)



n



a-Si



71



64



0.82



13.5



1.7



1.77 1.1x109



mc-Si



142



73



0.6



32



1.1



1.49 1.4x107



Ioo(mA/cm2)



After the calculation of the saturated current is done, open circuit voltage (VOC) can be derived using the following formula:



VOC =



 nkTc  I SC ln + 1 e  I0 



(7)



where e is the elementary charge =1.602 x 10-19 coulomb, k is Boltzmann’s constant 1.38x10-23 joule/K and Tc is the cell’s temperature in Kelvin. After the calculation of VOC the initial fill factor (FF0) can be calculated using normalized open circuit voltage υoc (Green, 1992):



υ OC =



VOC (nkTc / e)



(8)



FF0 =



υ OC − ln(υ OC + 0.72) υ OC + 1



(9)



The above fill factor is not usually realized since there are series and shunt resistance in the circuit of the diodes and the cell itself. If series resistance (Rs) would be very low and also shunt resistance (Rsh) would be very high then the above fill factor could be used in calculations. However, in order to make the calculations more accurate both series and shunt resistances were taken into account and used in order to calculate the most realistic fill factor. For that purpose the parameter Rch and normalized resistance (rs and rsh) are defined as follows (see Table 2.3):



RCH =



rs =



VOC I SC



(10)



Rs R , rsh = sh Rch Rch



(11)
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Table 2.3, Shunt and series resistance values used for a-Si and mc-Si in this study (Reich, 2006).



Rs(ohm.cm2)



Rsh(ohm.cm2)



a-Si



15.42



1.2 x 104



mc-Si



1



2.0 x 104



Now the final fill factor can be calculated using the following equation:



 (υ + 0.7) FF0 (1 − rs )  FF = FF0 (1 − rs )1 − OC  υOC rsh  



(12)



where FF0 is the ideal fill factor and FF is the realistic fill factor and has an accuracy of up to two significant digits as long as: υoc > 10, rs2.5 (Green, 1992).



After calculating FF the peak power by the cell can be derived using the fill factor equation:



FF =



Ppeak



(13)



VOC I SC



And the efficiency of the device can be derived as follows:



η=



PPeak G



(14)



where Ppeak is the peak power in W/m2 and G is the global tilt irradiance in W/m2. By using the above equations and deriving minutely peak power (Ppeak) values; minutely energy yield can be achieved. Cumulating all minutely energy yields will result in the annual yield.



2.2.3 Performance calculation for scaled AM1.5 spectra It was elaborated in the previous section, how the performance parameters are calculated using the modeled spectral data. Solar cell devices are basically tested under the standard testing condition (G=1000W/m2, Tc=25oC, AM1.5 global spectra and tilt=37o) (Gottschalg et al., 2005) and (Nann et al., 1992). In order to realize the effect of spectral changes on the energy performance, cell performance under actual solar spectral irradiance should be compared to cell performance under STC condition. According to the ASTM (American Society for Testing and Materials) weather and solar geometry conditions for measuring the reference solar spectral irradiance are: incident surface 37° tilt toward the equator, facing the sun (i.e., the surface normal points to the sun, at an elevation of 48.81° above the horizon), an absolute air mass of 1.5 (solar zenith angle 48.19°s), Angstrom turbidity (at 500 nm) of 0.084, total column water vapor equivalent of 1.42 cm, total column ozone equivalent of 0.34 cm and surface spectral albedo (reflectivity) of Light Soil. In



22



Chapter 2: Research methodology Figure 2.6 the AM1.5 reference solar spectral irradiance is shown for direct normal and total tilt irradiance (NREL, 2006).



Figure 2.6 AM1.5 reference solar spectral irradiance according to ASTM G173-03 (NREL, 2006).



In this section, the AM1.5 standard spectrum is scaled using the global tilt irradiance and utilized to model cell performance under the STC condition. The following equation is used in order to generate scaled AM1.5 spectra:



G (λ ) G ⇒ [G (λ ) AM 1.5 / 1000]× G



(15)



where G(λ)G is the scaled AM1.5 spectrum, G(λ)AM1.5 is the AM1.5 global spectrum under the standard testing condition (STC), 1000 (W/m2) is the total irradiance in the standard testing condition and G is the global irradiance measured on site (W/m2). The same procedure as described in section 2.2.2 can be followed in order to derive correspondent performance parameters for scaled AM1.5 spectra. Eventually by having performance parameters a comparison can be made in order to interpret the effect of spectral variations on cell performance.



2.2.4 Spectral effect calculation In order to understand the effect of spectral variation on cells performance, one should be able to measure the performance of the cell in two different conditions. In this study the effect of spectral changes are studied using two different spectra. Generated spectra from SEDES2 spectral model were used against scaled AM1.5 standard spectra. Since SEDES2 is supposed to simulate the natural prevailing spectra; the difference in cell performance was addressed as the effect of the spectral variation. This difference is defined as mismatch factor (MMF) which is derivable by the following equation (Mullejans et al., 2005): 23
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2500nm



∫ MMF =



2500nm



∫



∫



SR(λ )GSEDES 2 (λ )d λ



300nm 2500 nm



. SR(λ )GAM 1.5 (λ )d λ



300 nm



GAM 1.5 (λ )d λ



300 2500 nm



∫



GSEDES 2 (λ )d λ



300



(16) where: SR(λ) is the spectral response of the cell, G(λ) is the irradiance distribution of wavelength (λ) on the tilted cell for SEDES2 and scaled AM1.5 spectra (W/m2/nm). Considering that the first integration is representing the short circuit current which is calculated as described before and also realizing that the second integration is equal to the global tilt irradiance, the above equation can be simplified as follows:



MMF =



Isc SEDES 2 Gtilt AM 1.5 . Isc AM 1.5 Gtilt SEDES 2



(17)



Knowing that global tilt irradiance calculated by SEDES2 is used in order to derive scaled AM1.5 spectra for performance calculation, therefore GtiltSEDES2=GtiltAM1.5 and the second division is equal to 1. Thus:



MMF =



IscSEDES 2 IscAM 1.5



(18)



The above equation is used in order to express the effect of spectral variation on the performance of the cell known as spectral effect.



2.3 Model overview As elaborated in the previous section, in order to run a PV performance model, spectral data should be available. Thus the first step was to generate spectral data using SEDES2 model. For achieving the above goal minutely radiation data supplied by KNMI was set up in appropriate format and utilized as input to SEDES2 model. After generating spectral data, the output file from SEDES2 was employed as input to the performance model. Meanwhile scaled AM1.5 spectra were calculated using the global tilt irradiance (from SEDES2) and the AM1.5 standard spectrum. The minutely performance information then was used for further analysis and comparison. In Figure 2.7 a schematic view of the model structure that is used in this study is demonstrated.
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INPUT KNMI: Minutely radiation data Global Horizontal, Direct Normal and Diffuse Horizontal Irradiance



Formatting data as a proper input to SEDES2 Running



SEDES2



Output of SEDES2: Minutely Spectral Data Used as Input for PV performance



Global tilt Irradiance Scaled AM1.5 spectrum



Performance Model Minutely performance of PV using modeled spectra performance



Minutely performance of PV using scaled AM1.5 spectra



Results analysis and comparisons Figure 2.7. Principal components of the model structure in this study.
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3 Model Validation 3.1 Validation of SEDES2 The key parameter used for the solar cell performance modeling is the short circuit current (Isc) which is calculated based on the spectral data and the spectral response of the cell. Solar cells’ spectral response data are assumed to be precise due to high quality measurements done at the solar laboratory. Hence it is believed that the accuracy of SEDES2 is the largest source of uncertainty in the performance model. Therefore the quality of the SEDES2 model is studied in order to determine how accurate the produced spectral data are. In order to achieve the above goal, some comparisons are made by using available measured spectral data, while knowing the corresponding parameters needed to be used as input for SEDES2. These measured data was available through NREL’s online spectral data site. The utilized data consist of: global horizontal irradiance, diffuse or direct irradiance, temperature, relative humidity and elevation plus geographical location information. The spectra generated with SEDES2 were compared with the measured data. 3.1.1 SEDES2 and AM1.5 standard spectrum One of the first steps towards the accuracy analysis of any spectral model is to challenge its ability in estimating AM1.5 standard spectrum. Although AM1.5 spectrum is realized as a clear sky spectrum, since the main structure of SEDES2 is based on the clear sky spectral modeling such as SPCTRL2, this comparison seems to be necessary. This check is vital to see if the main core of the model works properly. After this check is done overcast condition will be reviewed as well. Two different ways are selected to demonstrate such comparison. 3.1.1.1 AM1.5 simulation



In this method the reference AM1.5 standard spectrum is employed in order to determine its global horizontal and diffuse horizontal irradiation values, which are later used as input to SEDES2 along with other basic meteorological parameters based on the Standard Test Condition (STC). Then the generated spectrum by SEDES2 is compared with the reference AM1.5 spectrum. The elaboration of the comparison procedure can be found below. In Figure 3.1 the ASTM G173-03 reference spectrum can be seen along with the extraterrestrial spectrum (AM0), the spectrum in the middle is the direct and the bottom one is the diffuse irradiance.
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Figure 3.1. ASTM global AM1.5 standard spectrum. (NREL, 2006)



Based on AM1.5 spectrum data acquired from NREL the horizontal irradiance corresponding to incident angle of 37oC is calculated. Since above direct irradiance is related to direct normal irradiance (DNI), direct horizontal irradiance can be calculated using the following equations (Faiman, 2003) and (Iqbal, 1983):



Direct horiz . = DNI * Cos ( zenith)



(19)



Also for diffuse horizontal:



Diffusehoriz . = Diffusetilt × 2 /(1 + Cos (tilt ))



(20)



Global horizontal irradiance data is calculated and used as input for SEDES2 model:



Globalhoriz . = Direct horiz . + Diffusehoriz .



(21)



Global, direct and diffuse horizontal irradiance corresponding to AM1.5 standard spectrum is demonstrated in Figure 3.2.
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Figure 3.2. Global, Direct and diffuse horizontal irradiance calculated based on AM1.5 spectrum.



Since standard AM1.5 spectrum is measured by setting the tilt to 37 degree facing the sun at zenith of 48.19 degrees, a day and time of the year should be figured out to fulfill above conditions. By investigating the sun position at Cabauw by using US naval sun position calculator (U S Nava Observatory, 2006) it is figured out that at the time of 12:00 at the day 28th of March the sun would completely match an air mass 1.5 position and faces the south faced module. Above information are used to run SEDES2 model and generate a spectrum comparable to AM1.5 spectrum. Table 3.1 shows the input used for SEDES2 in order to simulate the AM1.5 spectrum. It should be mentioned that the meteorological parameters used as input for SEDES2 for this test belongs to 28th of March 2005. Since atmospheric condition in measuring the reference AM1.5 standard spectrum is different, the spectrum generated by SEDES2 could show some difference compared to AM1.5 spectrum provided by NREL. Table 3.1. Input parameters used in order to simulate the AM1.5 spectrum. Global Horiz. (W/m2)



Direct Horiz. (W/m2)



Diffuse Horiz. (W/m2)



Time (TST) hh:mm



Elevation (m)



Temp o C



RH %



Pressure mbar



Geographical position Lat, Long



686



560



126



12:00



0



13



80



1015



51.971ºN, 4.927ºE



After using the above information as input for SEDES2 the generated spectrum is compared with ASTM AM1.5 spectrum, which is demonstrated in Figure 3.3.
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Figure 3.3. Comparison of the modeled and reference AM1.5 spectrum.



Figure 3.3 shows that the spectrum simulated by SEDES2 has a very good correlation with the measured AM1.5 spectrum. This good correlation can also be demonstrated by plotting the relative irradiance, which is scattering around 1. In addition the Root Mean Square Error (RMSE) was calculated and is equal to 6% which we believe is fair for such a simple model. This error could decrease by using the same atmospheric parameters when measuring the standard AM1.5 acknowledged by ASTM.



3.1.1.2 Clear day air mass 1.5 SEDES2 result comparing to AM1.5



Another technique used to test SEDES2 accuracy was to select a very clear day and consider its solar spectrum generated by SEDES2 at the time at which air mass of 1.5 occurs. Then by normalizing the spectrum to 1000W/m2 (STC), it can be compared to reference AM1.5 introduced by ASTM. The day selected for this purpose is the 19th of June 2005, which is recognized by KNMI to be one of the clearest days in 2005. Air mass of 1.5 in this day occurs twice: one at 08:30 in the morning and the other one at 15:30 based on true solar time (TST). Modeled spectra and AM1.5 are shown in Figure 3.4.
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Figure 3.4. Clear day modeled spectrum at air mass 1.5 normalized and compared to reference AM1.5 spectrum.



In Figure 3.5 the relative comparison is demonstrated in which both spectra are covering each other. Scattering between plus and minus 10% compared to AM1.5 spectrum can be seen. Although in some small bands there is a considerable difference, the overall image shows a good correlation. As described before, part of the difference may be caused by different atmospheric conditions compared to reference condition in which standard AM1.5 is measured. Calculated RMSE among modeled spectra for morning and afternoon is equal to 1%. RMSE for simulated spectrum compared to reference AM1.5 was found to be equal to 8%.



Figure 3.5. Relative irradiance (SEDES2/AM1.5); comparing modeled and reference spectrum.



In order to see how above scattering could influence the energy performance calculations in this study, short current circuit was calculated by using equation 4. The results for both a-Si and mcSi are shown in Table 3.2. The result implies that although the generated spectrum can have an absolute difference of plus/minus 10% compared to the reference spectrum (AM1.5), the difference in calculated short circuit current is quite low and found to be maximum 0.33% and 2.8% for a-Si and mc-Si, respectively. 30
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Table 3.2. Short circuit current calculation comparison using modeled AM1.5 Vs. reference AM1.5 spectrum. Cell Type



ISC (mA/cm2) AM1.5



ISC (mA/cm2) SEDES2 08:30 , 15:30



Diff (%)



a-Si



13.999



13.977, 13.954



- 0.16, - 0.33



multi-Si



32.22



31.47, 31.30



- 2.8, - 2.3



3.1.2 Validation for different weather conditions The above comparisons showed a good agreement for SEDES2 against AM1.5 spectrum. However, one may say it is not surprising that SEDES2 can simulate clear sky condition including AM1.5 spectrum properly, since the core of its code is based on the SPCTRAL2 clear sky model. This reason encouraged us to do more assessments by including overcast conditions in our comparisons as well. In order to be able to check SEDES2 reliability, measured spectral data is also required. Since spectral data is not available easily, the online spectral database of NREL along with their meteorological and irradiance data bank was utilized. Three different cloudy sky plus one non AM1.5 clear sky conditions were chosen. The cloudiness of the sky was recognized using the sky images of NREL database and also calculating the clearness index (kt). kt is computed by dividing global irradiance on a surface perpendicular to beam light by the extraterrestrial irradiance (1366W/m2) (Muneer, 2004). Figure 3.6 shows the images of the skies which were chosen in order to have their spectra compared to the one generated by SEDES2.



Figure 3.6. Image of the skies which their spectra were chosen and compared to modeled spectra using SEDES2. (NREL, 2003)



All necessary data needed for SEDES2 in order to generate comparable spectra were found through the meteorological and radiation recorded database, thanks to well organized NREL website. Table 3.3 shows the data used as input to SEDES2 for simulation.
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Table 3.3. Input data used to model spectra corresponding to selected sky conditions (data from NREL). Global Diffuse Temp RH Elevation Day, Time Lat, Long Tilt Horiz. Horiz. o (m) C % 2 2 (W/m ) (W/m )



Pressure mbar



08 Dec, 12:00



39.7N, 105E



1829



40



45.8



45.8



-0.1



99



806



13 Jan, 10:00



39.7N, 105E



1829



40



166.1



159



10.28



30



812



20 June, 11:00



39.7N, 105E



1829



40



387



350



21.8



52



811



02 June, 12:00



39.7N, 105E



1829



40



1027



20



22.84



32



815



Using the above data SEDES2 generates spectral data to be compared with real measurements from the NREL database. Results are demonstrated in below graphs where NREL spectra are plotted against the simulated spectrum from SEDES2 and the relative irradiance shows the ratio of SEDES2 result over NREL values. In order to see how the solar spectrum differs by different weather conditions, the scaled AM1.5 spectrum (based on global tilt irradiance) is also plotted besides the other two spectra.
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Figure 3.7. Comparison of measured (NREL) and modeled (SEDES2) spectra, 08 Dec, 12:00, kt=0.03, RMSE=7%
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Figure 3.8. . Comparison of measured (NREL) and modeled (SEDES2) spectra, 13 Jan, 10:00 kt=0.13, , RMSE=5%
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Figure 3.9. Comparison of measured (NREL) and modeled (SEDES2) spectra, 20 June, 11:00, kt=0.28, RMSE=4%
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Figure 3.10. . Comparison of measured (NREL) and modeled (SEDES2) spectra, 02 June, 12:00, kt=0.78, RMSE=3.5%.



As an overall image, the above figures show a good correlation between the results from SEDES2 and measured spectra at NREL sites. Since the above graphs are shown in the order of the most cloudy to clear sky, it can be seen that in different sky conditions (kt=0.03 to 0.78) SEDES acts consistently. In the first graph (Fig, 3.7) relative irradiance shows an acceptable scattering around 1, however its variation is more serious in a very covered sky (kt=0.03). RMSE calculated for the above modeled spectra compared to NREL measured spectra shows that SEDES2 is indeed more precise for clearer sky conditions. Consequently RMSE values were found to be 3.5%, 4%, 5% and 7% respectively for sky clearness indexes of 0.78, 0.28, 0.13 and 0.03. The differences in irradiance were found to equal 10% for blue light to -12% for red light. It is also concluded that the model output becomes more precise for less cloudy skies. It is also interesting to see when comparing the spectra to AM1.5 spectrum, that for covered sky the amount of blue light is increased compared to the red light which is decreased. Although the above figures and interpretations show that SEDES2 is a capable spectral model in order to be used for this study, another analysis seems to be necessary to see what would be the effect of these differences on the energy performance modeling. Since short circuit current is the main product of spectrum in our performance model, short circuit current was calculated for above four different weather conditions. This calculation was performed using the spectral response of each cell and both measured (NREL) and modeled (SEDES2) spectra. Calculated ISC for different spectra and cell types were compared. Table 3.4 shows the calculated ISC for different spectra and sky clearness index.
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Table 3.4. ISC calculated using NREL vs. SEDES2 spectra. Clearness index (kt)
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Figure 3.11. Comparison of ISC calculated by using measured (NREL) against modeled spectra versus clearness index (no unit).



Table 3.4 shows that the absolute difference of ISC by using modeled SEDES2 spectra in comparison to measured NREL spectra in different sky conditions is not high. For a-Si the largest difference is -2.6 % for fully covered sky and it decreases to 0.4% and 0.8% as the sky becomes more clear (kt=0.28 and 0.78). For multi-crystalline silicon the absolute difference is even less (between -1% and 0.8%). Figure 3.11 shows how ISC changes for different clearness index. It is demonstrated that although previous spectral graphs showed some minus/plus 10-15% differences for spectra produced by SEDES2 compared to NREL data, the final product which is the short circuit current does not differ significantly. This is especially the case for semi to clear sky conditions. As can be seen both ISC lines for both types of cells almost cover each other implying that there is not a significant difference in cells output by either using modeled or measured spectra.
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Chapter 3: Model Validation It can be derived from the above assessment that although SEDES2 cannot produce a fully identical spectrum to measured data, the overall result shows that it is quite reliable and consistent for modeling the performance of solar cells in different weather conditions. Moreover considering the fact that current study could not be done without having spectral data, SEDES2 can be used as a trustworthy spectral generator for the purpose of this research.



3.2 Energy Performance Model validation Since the aim of this study is to investigate the energy production of solar cells, the model that is employed in this research should be validated against any inconsistency. This will prevent us to harvest erratic results which then can cause vagueness in our final conclusion. Evaluation of the performance modeling can be achieved by having a dataset of measured performance of a solar cell under standard testing condition (STC). Subsequently, these values can be compared with modeled performance using the standard AM1.5 spectrum. For implementing this experiment an amorphous silicon cell is chosen and its performance was modeled using the scheme explained in the methodology chapter. 15 measured modelled AM1.5
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Figure 3.12. Comparison of measured (Reich, 2006) and modeled performance of an a-Si cell



As can be seen in Figure 3.12 the energy performance model shows a very good estimate of the cell efficiency compared to the measured data. Other performance parameters such as FF, VOC, ISC and Pmax were also checked and their modeled values were close to what was expected (measured values). Table 3.5 shows the performance parameters calculated for AM1.5 at the light intensity of 1000 W/m2 compared to the values revealed by the manufacturers4.



4



Due to confidentiality issues we cannot disclose the name of the producer.
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Table 3.5. Comparison of performance parameters calculated by the model against measured values @1000w/m2.



a-Si



ISC (mA/cm2)



VOC (V)



Fill Factor (FF) Cell type



P peak (W/m2)
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Model@ AM1.5 1000 W/m2
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0.61
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13.9
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73.5



71



Since it is indicated by the manufacturer that the above measured values are subject to a tolerance of plus and minus 10%, it can be concluded that the performance modeling is working satisfactory.
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4 Results The final results are ready to be produced after the minutely spectral data for a complete year is generated. By integrating this data into the performance model for each month for both amorphous silicon and multi crystalline cells, detailed performance data can be calculated. In this chapter, first a brief output of each model is described after which the results of each cell’s performance for the months containing the shortest day (December) and the longest day (June) of the year, is presented. Then the overall results for the whole year’s performance and different cell’s energy yields are shown. Although the performance results for June and December are shown in this chapter as being representative of summer and winter seasons, in the spreadsheets of the performance model the results for each month can be found.



4.1 Outputs 4.1.1 SEDES2 output As was described in previous sections output data from SEDES2 was directly employed as spectral data for the performance model. As example, Figure 4.1 shows a series of spectral data modeled for the 1st of December 2005 which was a semi-clear day (kt=0.53). However the actual output from SEDES2 is based on minutely intervals, for the ease of recognition in this graph hourly data were chosen. Output spectra from SEDES2 are hemispherical irradiance and it covers a wavelength range from 300 to 1400 nanometer with 10 nm resolution. More details about the output spectral data can be found in the appendix. 0.8 9:30 10:30 11:30 12:30 13:30 14:30
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Figure 4.1. A sample of spectral data output from SEDES2, 1st December 2005.



4.1.2 Performance model output For each month, minutely performance calculations were performed and performance parameters such as short circuit current (ISC), open circuit voltage (VOC), fill factor (FF), peak power (Pp) and efficiency (η) were derived. Other useful parameters for assessment and comparison such as useful fraction (UF), useful irradiance (UI), spectral mismatch factor (MMF), clearness index (kt), relative efficiency and air mass (AM), were calculated as well. Above parameters together with global tilt irradiance as a product of SEDES2 output, were utilized to construct the results and comparisons of this study.
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Figure 4.2 displays a sample of performance model output in which the global tilt irradiance (Gtilt) and peak power (Ppeak) are plotted. It is shown in Figure 4.2 that peak power (Ppeak) calculated by the model is in direct proportion to the global tilt irradiance (Gtilt) as it was expected. However there are some points in the graph, which do not follow this trend, for instance for a same global irradiance (e.g. 300 W/m2) two different peak power values are calculated. Detailed inspection of the data showed that this is due to the spectral effect. To prove this, two different datapoints with the same global irradiance value (304 W/m2) were selected with different values of peak power (19 and 22 W/m2). The lower peak power is related to the beginning of the day (08:45) meaning higher air mass and the higher peak power amount is related to the afternoon (13:00) with lower air mass. Spectral data of both times were selected and plotted. Figure 4.3 shows the two spectra. As can be seen, the spectrum with lower clearness sky index (kt=0.2) and also lower air mass has more blue light, which results more photo current. The one with less blue light (kt=0.3) has more share of red light due to higher air mass in the morning (08:45). This sample output analysis illustrates that the model is capable to be employed for detailed analysis and comparison. In the next chapter more detailed analysis and results from output can be found.
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Figure 4.2. Demonstration of a sample output of the performance model for a-Si on 1st of December 2005.
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Figure 4.3. Spectral data for spots with the same global tilt irradiance value but with different power output for a-Si on 1st of December 2005.



4.2 Amorphous silicon (a-Si) Performance For modeling amorphous silicon cell performance, its spectral response along with generated spectra was utilized. The performance model simulated a-Si performance for a complete year, however in the following sections the result for June and December representing summer and winter time is demonstrated. 4.2.1 Summer performance (a-Si) 4.2.1.1 Introduction



Since the longest day of the year is located in the month of June (21st), this month was chosen as representative to summer time. In order to gain a better insight regarding a-Si performance in the summer time, both clearest and cloudiest days were selected and their performances were assessed. These days were picked up through the sky image sets of KNMI database (Klein Baltink, 2006). These days were found to be 19th for the clearest and 2nd for the most overcast day. Figure 4.4 shows the image sets by which clear and overcast days were distinguished. The video camera at the Cabauw site archives a sky image every 5 sec. In this figure images are sorted for every ten minutes by which sky cloudiness can be recognized roughly. The left image series show that the sky is mostly cloudy during the whole day of June 2nd, whilst the picture on the right confirms a quite clear sky during June 19th.
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Figure 4.4. Sky images of 2nd and 19th of June, used in order to distinguish the clear and cloudy days. (Klein Baltink, 2006)



In Figure 4.5 the modeled peak power of an overcast day on June 2nd is shown. The calculated peak power is higher by using spectral generated by SEDES2 than scaled AM1.5. This was indeed expected since in cloudy conditions the share of blue light is higher. The difference in energy yield between modeled and scaled AM1.5 spectra was found to be 3.8 %. On the other hand the energy output is underestimated by using AM1.5 spectra up to 3.8%. It can also be seen that the highest derivable peak power for this particular day is roughly equal to 40 W/m2.
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Figure 4.5. Peak power comparison of a-Si using SEDES2 and AM1.5 spectra for a cloudy day on 2nd of June 2005.



Figure 4.6 presents the modeled efficiency of the cell for each type of spectra. The first impression derived from the graph is that is the energy yield for this situation is underestimated 41



Chapter 4: Results by using the AM1.5 spectrum. Efficiency scatters between 8% and 9% and the maximum efficiency difference occurs in the morning hours. Using modeled spectra a-Si is up to 19% more efficient than scaled AM1.5. It is good to mention that there is less difference in the efficiency for afternoon hours because of semi-clear conditions.



Figure 4.6. Efficiency comparison of a-Si using SEDES2 and AM1.5 spectra for a cloudy day on 2nd of June 2005.



For a clear day in the summer the situation is not the same. Figure 4.7 shows that power production in the sunrise or the sunset hours (when the air mass is high) is higher for modeled spectra than scaled AM1.5. This is unexpected since the light at high air mass hours is more red than blue, thus it is expected that modeled spectra result in less power than the AM1.5 spectra. At noon hours the story is vice versa, AM1.5 spectra produced more energy than spectra generated by SEDES2. Figure 4.8 demonstrates a comparison between SEDES2 and AM1.5 spectra for the noon time on the 19th of June 2005. There is not a large difference in total energy output comparing two spectra in this specific day. AM1.5 spectra produce slightly more energy (0.1%) than modeled spectra.
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Figure 4.7. Peak power comparison of a-Si using SEDES2 and AM1.5 spectra for a clear day on the 19th of June 2005.



Figure 4.8. Comparison of SEDES2 and AM1.5 spectra for noon hour in June.



In Figure 4.9 modeled efficiency of the cell at different times during the day is shown. In general and without considering sunrise and sunset hours when we have higher air mass, a clear day results in a lower efficiency than a cloudy day. At noon hours when air mass is less than
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Chapter 4: Results 1.5, AM1.5 results in a somewhat higher efficiency than SEDES2. In the sunrise or sunset hours because shorter wavelengths are diffused by the atmosphere layers, global irradiance is quite red. However since the cell is south faced, global tilt irradiance has quite different spectrum than global irradiance. This issue was investigated by plotting global tilt irradiance and global irradiance measured at NREL together with AM1.5 spectrum all normalized to their integrated values (Figure 4.10). Although direct normal irradiance shows increase in the intensity of the red wavelengths, global tilt irradiance has higher blue intensity which is because of diffuse light from the blue sky which results in an enhancement of cell’s efficiency. This can be explained by the fact that when a cell is tilted towards the south, it absorbs only a small proportion of sun’s beam light at high zenith angles because of high incident angle. Instead, blue diffuse light, which the tilted cell receives, increases the cell’s efficiency. As Figure 4.9 shows this could be an important issue especially for the very beginning or the end of the day when the diffuse light is very blue. Due to this effect a very high efficiency of about 14% can be achieved for an amorphous silicon cell, though of a very short duration and with a low energy outcome due to low global tilt irradiance. The highest difference in efficiency between modeled spectra and AM1.5 was found to be 80% at 05:30 and 18:30.
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Figure 4.9. Efficiency comparison of a-Si using SEDES2 and AM1.5 spectra for a cloudy day on 19th of June 2005.
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Figure 4.10. Global tilt, global and AM1.5 irradiance at sunrise 05:20 June14 2005. (NREL, 2005)



4.2.1.2 Spectral effect and mismatch factor (MMF) in the summer



Here an overview of the spectral effect in the summer is presented by using the calculated short circuit current (Isc) and deriving the ratios of (ISC/G) and (ISC/UI) similar to what was elaborated in the research history (Gottschalg et al., 2005). Figure 4.11 shows that scattering is decreased for the ratio (ISC/UI) comparing to (ISC/G) particularly for the lower global irradiance. This indicates that solar spectral changes have effect on cell’s performance.



Figure 4.11. Ratios (ISC/G) and (ISC/UI) plotted against global irradiance.



Figure 4.12 is demonstrating the spectral effect on a-Si as a function of different global tilt irradiance amounts. As can be noticed, almost for all lower irradiance values the mismatch factor is above 1 meaning that cell is more efficient when using modeled spectra than using scaled AM1.5 spectra. However for very high irradiance levels MMF is lower than 1 meaning
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Chapter 4: Results that energy production is overestimated by using scaled AM1.5 spectra. Although there are many data points with MMF higher than 1, since most of the mismatch factors below 1 took place in high light intensities, in total the amount of energy produced in June is quite similar for both spectra sets.



Figure 4.12. Mismatch factor for a-Si in June at different global tilt irradiance.



Figure 4.13 and Figure 4.14 show MMF as a function of different air mass and sky clearness conditions. Sky clearness index is the ratio of global irradiance normal to a plane perpendicular to beam light divided by extraterrestrial irradiance which is equal to 1366 W/m2 (Halthore, 1999). Thus a lower amount of k refers to non-clear skies while higher amounts represent a clear sky and obviously the amounts cannot be lower than 0 or above 1. As it is demonstrated in Figure 4.13 MMF can vary from 0.97 to 1.8 and its scattering is less in low air mass condition than higher air masses. In Figure 4.14 it can be noticed that very high MMF amounts occur between sky clearness index 0.4 and 0.5, which after more precise investigation was found to take place in clear sunrise or sunset hours. Except in sunset or sunrise hours, MMF scatters less in clear conditions as can be noticed in the Figure 4.14.
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Figure 4.13. Mismatch factor against air mass during the month of June.



Figure 4.14. Mismatch factor in different sky clearness index(kt).



Figure 4.15 demonstrates the reason of having very high MMF in high air mass hours in a clear sunrise or sunset conditions. As can be seen, modeled spectra contribute to more blue light than red in the limits of the spectral response, resulting very high MMF. Since SEDES2 models the
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Chapter 4: Results global tilted irradiance, this was found to be because the cell in south tilt condition absorbs more diffuse light from the blue clear sky than the direct light coming from a very high zenith angle in the horizon. This phenomenon can be easily understood after observing Figure 4.15.



Figure 4.15. Spectra comparison in high air mass in a clear day, June 19th, 05:45.



4.2.1.3 Peak Power



Figure 4.16 shows modeled peak power of a-Si cell in June. It implies that the peak power could have a logarithmic relationship with the clearness index, if neglecting sunrise/sunset hours. As can be noticed, most of the peak power data points (10 - 100W/m2) occur when the sky clearness index is higher than 0.1. This graph also implies that as the sky gets cloudier (lower sky clearness index) scattering in peak power increases. In order to find a reason for this trend the useful fraction of the irradiance was plotted against global irradiance. As is shown in Figure 4.17 for lower irradiance amounts until around 100W/m2 the useful fraction scatters more. For irradiance amounts over 100W/m2 the dispersion decreases again. Figure 4.18 and Figure 4.19 show the distribution of peak power during the day and also for different air mass values. Peak power distribution is even before and after noon hours. Interesting issue is that a border can be distinguished for the maximum peak power during June, which is scattered at noon hours. This can be because of sudden appearance of the sun in a semi-clear condition along with high diffuse amounts thanks to the clouds reflections. In Figure 4.19 for any amount of air mass one can distinguish a maximum possible peak power. At lower air mass the difference between possible minimum and maximum peak power is much higher than higher air mass. The same fact is also perceptible in Figure 4.18 where maximum possible peak power in the lowest air mass (noon times) is approximately 9 times more than the same in the highest air mass (morning or evening). Above described figures together imply this very interesting fact that by having a clue of the sky cloudiness condition (e.g. sky clearness index) and knowing the sun position (or the time of the day), one can determine the peak power production of the solar cell.
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Figure 4.16. Peak power for a-Si in different sky conditions(kt) in June.



Figure 4.17. Useful fraction against global tilt irradiance for a-Si in June.
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Figure 4.18. Distribution of peak power for a-Si during the day in June.



Figure 4.19. Distribution of peak power for a-Si in different sun positions represented by air mass in June
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4.2.1.4 Efficiency



Figure 4.20 presents the modeled efficiency for a-Si calculated using both SEDES2 and AM1.5 spectra. It is shown that for high irradiance the efficiency using scaled AM1.5 spectra is higher than modeled spectra. However, for lower irradiance amounts (e.g. cloudy conditions) modeled spectra (SEDES2) shows a better performance. The first perceptible image is that most of the data points related to modeled spectra have a better performance. Total energy output calculations showed that this is not completely true, since there are many data points at higher irradiance amounts related to scaled AM1.5 spectra.



Figure 4.20. Calculated efficiency using SEDES2 and AM1.5 spectra for a-Si in June.



Subsequent to the above elaboration Figure 4.21 demonstrates the relative efficiency which is the modeled efficiency using modeled spectra over scaled AM1.5 spectra. It acknowledges the above figure that for high light intensities scaled AM1.5 spectra lead to overestimation of the efficiency, while for lower light intensities, modeled spectra result in higher efficiencies. At some points spectra generated with SEDES2 can yield 80 percent higher efficiencies than AM1.5 spectra (the special case for sunset/sunrise hours).
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Figure 4.21. Relative efficiency (SEDES2/AM1.5) for a-Si in June.



4.2.2 Winter performance (a-Si) 4.2.2.1 Introduction



As well as summer performance the month in which the shortest day occurs (December 21st) is selected as being representative of wintertime. In order to gain an insight regarding how a-Si performance looks like in the winter, the clearest and cloudiest days were selected. These days were picked up through the sky image gallery of KNMI database (Klein Baltink, 2006). These days were found to be 25th for the clearest day and 11th for the most overcast day. Figure 4.22 shows the image sets by which clear and overcast days were distinguished and chosen.



Figure 4.22. Sky image of the clearest and cloudiest days in December.



Figure 4.23 shows the peak power in an overcast day on December 11th. As can be seen the peak power is higher using modeled spectra than scaled AM1.5. This was indeed expected since for cloudy conditions the share of the blue light in the range of a-Si spectral response is higher than scaled AM1.5 spectra. It is also shown that for a complete overcast sky the difference between 52



Chapter 4: Results two sets of spectra concerning energy output is 11%. On the other word scaled AM1.5 spectra is underestimating the energy output by 11% compared to modeled spectra. The highest peak power in this condition hardly reaches 3W/m2.



Figure 4.23. Peak power during a cloudiest day in December 11th for a-Si.



Figure 4.24 is showing a-Si modeled efficiency using different spectra. Obviously modeled spectra (SEDES2) lead to more efficient performance for the a-Si cell. Efficiency scattering is less for mid-day hours than the beginning or the end of the day. The maximum difference in efficiency occurs in the sunrise or sunset hours. During those hours modeled spectra compared to scaled AM1.5 spectra result in higher efficiencies up to 46%. At noon hours the efficiency difference was found to be 10%.



53



Chapter 4: Results



Figure 4.24. Efficiency result for a-Si in cloudy condition on 11th of December.



Figure 4.25 shows modeled peak power results for a clear day. In this graph it can be seen that scaled AM1.5 spectra result in better performance than modeled spectra. This is not surprising due to the fact that in the winter the sun is at high zenith angles meaning higher air mass. In higher air mass shorter wavelengths are scattered and light is shifted to be more red. While AM1.5 spectrum remains unchanged thus results in higher performance than for real spectra. Figure 4.26 shows this phenomenon clearly. As can be seen between wavelengths 250 nm up to 650 nm AM1.5 spectrum has more blue irradiance than modeled spectra. As is shown the energy yield difference in a clear sky day in winter can be up to -15% meaning scaled AM1.5 spectra is overestimating a-Si output. Figure 4.27 shows the results of modeled efficiency in a clear day on 25th of December. As is demonstrated scaled AM1.5 spectra result in more efficient performance than modeled spectra. The graph also implies that the difference in efficiency can vary between -12% for noon hours to -29% for the beginning or the end of the day.
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Figure 4.25. Peak power result for a clear day in 25th of December for a-Si.



Figure 4.26. Spectrum for noon hours in a clear day on 25th December.
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Figure 4.27. Efficiency result for a clear day in 25th of December for a-Si.



4.2.2.2 Spectral effect and mismatch factor (MMF) in the winter



The same methodology mentioned for demonstrating spectral effect (MMF) in the summer time was employed to investigate the effect of spectral changes in December. Ratios (ISC/UI) and (ISC/G) were calculated and plotted against the global tilt irradiance to see how sensitive the cell is against spectral variation. Figure 4.28 shows that (ISC/G) has a significant dispersion while by only using the useful irradiance (ISC/UI) the fluctuation decreases considerably. This implies that spectral changes have more effect on the cells performance in winter in comparison to the summer time particularly for medium to high light intensities. By comparing Figure 4.11 and Figure 4.28 this difference is understandable.



Figure 4.28. Plotted ratios of (Isc/UI) and (Isc/G) against total tilt irradiance in December for a-Si.



Figure 4.29, Figure 4.30 and Figure 4.31 exhibit mismatch factor against different parameters. As can be seen in Figure 4.29 mismatch factor is almost always lower than 1 for high light intensity (above 100 W/m2) while for lower irradiance amounts (cloudy conditions), MMF is 56



Chapter 4: Results larger than 1. The highest and lowest calculated MMF for December is 1.35 and 0.66 respectively.



Figure 4.29. Mismatch factor against global tilt irradiance in December for a-Si.



Figure 4.30 shows mismatch factor against air mass. Again scattering for higher air mass is higher than lower air mass. Highest and lowest MMF occur in high air mass conditions. In general since in December, incident light experiences higher air mass than in June, MMF scattering in December is higher than in June. Of course this argument excludes sunrise and sunset condition in June when a-Si experiences very high efficiency thus high MMF.



Figure 4.30. Mismath factor against air mass in December for a-Si.



Figure 4.31 implies that data with MMF>1 takes place when the sky is in a very overcast condition (kt
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Figure 4.31. Mismatch factor against clearness index in December for a-Si.



4.2.2.3 Peak Power



Figure 4.32 shows a-Si modeled peak power in December against sky clearness index. As can be noticed, high peak power (above 10 W/m2) takes place when kt>0.1. Maximum possible peak power was found to be 50 W/m2 approximately.



Figure 4.32. Peak power result against sky clearness index in December for a-Si.



Figure 4.33 acknowledges that useful fraction fluctuates more in higher irradiance amounts resulting in peak power scattering in clear sky condition as was also noticed in previous figure. This trend is opposite to the same kind of figure in June where peak power scattering was more in lower light incident. (Although there were some exceptions such as the phenomenon elaborated before in sunrise and sunset times in the summer, which resulted in a high scattering in peak power production and MMF).
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Figure 4.33. Useful fraction amounts against global tilt irradiance in December for a-Si.



Figure 4.34 and Figure 4.35 demonstrate daily peak power against time and air mass in December. As can be seen and compared to the same figures in the summer, at noon hours lower peak power values are calculated than in the summer. Maximum peak power is equal to 50 W/m2, while in the summer maximum peak power was around 90 W/m2.



Figure 4.34. Power distribution during day in December for a-Si.
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Figure 4.35. Power distribution in different air mass amounts in December for a-Si.



Figure 4.35 shows that peak power for different air mass values is more evenly spread than in the summer. Maximum peak power for the lowest air mass is approximately 2.5 times higher than the highest air mass, while the corresponding amount was 9 times in the summer time. Like the previous graph many low peak power data points (under 10 W/m2) as dark mass near x axis can be seen in different air mass amounts. This is obviously because of less clear sky in the winter which results in lower global tilt irradiance amounts.



4.2.2.4 Efficiency



Figure 4.36 displays modeled efficiency for both modeled (SEDES2) and scaled AM1.5 spectra in December. As was expected and elaborated already in earlier sections, it shows that a scaled AM1.5 spectrum is overestimating the efficiency for high irradiance amounts (100 ~ 1000 W/m2). For lower light intensity or one may say cloudy conditions, using modeled spectra results in higher efficiencies compared to scaled AM1.5 spectra. The highest and lowest efficiency in December using modeled spectra were found to be 9.4% and 5.4% respectively. In Figure 4.37 the relative efficiency is shown against irradiance. This figure clearly shows the difference between modeled and scaled AM1.5 spectra in modeling cell’s efficiency. Spots above the unity line indicate that modeled spectra are resulting better efficiencies than AM1.5 spectra. Maximum and minimum relative efficiencies were found to be equal to 1.56 and 0.66.
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Figure 4.36. Calculated efficiency in December for a-Si.



Figure 4.37. Relative efficiency (SEDES2/AM1.5) in December for a-Si.



4.2.3 Overall result for a-Si performance In this section the overall result for a-Si throughout a complete solar year is investigated. In total 200 000 sets of spectral data including modeled and scaled AM1.5 spectra were utilized in order
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Chapter 4: Results to calculate 17 different performance parameters. These performance parameters were used in order to analyze and study the effect of spectral changes on cells’ performance in a complete year from March 1st 2005 to February 28th 2006.



Total Irradiation (10xkWh/m2)



Figure 4.38 shows a-Si monthly performance during a complete year. It reveals that the maximum difference between the two spectra is in winter, while the minimum difference is in the summer. The reason is that in the winter irradiance is generally more red than in summer because of the position of the sun (high air mass). Thus modeled spectra (SEDES2) contain less blue than scaled AM1.5, which results in a better performance for scaled AM1.5 spectra. In the summer modeled spectra characteristics are closer to scaled AM1.5 and they thus lead to similar performance. Total amount of annual energy output, total irradiation, efficiency and yield during a year is calculated for both modeled and scaled AM1.5 and is demonstrated in Table 4.1. Total annual energy output per square meter for a-Si is 94.63 and 97.52 (kWh/m2) respectively for modeled (SEDES2) and scaled AM1.5 spectra. Thus, using scaled AM1.5 spectra overestimates a-Si annual energy output by 3%. Since the nominal peak power of the cell is supposed to be 73.5 WP/m2 (at standard testing condition), annual energy yield of the cell was calculated 1.28 and 1.32 (kWh/WP) for modeled and scaled AM1.5 spectra.



Figure 4.38. Energy output calculated for both SEDES2 and AM1.5 spectra for each month during one year for a-Si. Photon energy, efficiency and also difference between two spectra performance is also shown.



Table 4.1. Annual performance of a-Si calculated for both SEDES2 and ASM1.5 spectra. Energy Output (kWh/m2/yr)



Photon Energy (kWh/m2/yr)



Efficiency (%)



Yield (kWh/WP)



SEDES2



94.63



1242



7.62



1.28



AM1.5



97.52



1242



7.85



1.32



Spectra Type



Difference (%)



3%
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In Figure 4.39 mean, maximum and minimum monthly efficiency is displayed for both spectra sets. It indicates that there is more difference in mean efficiency in the winter than the summer between two spectra. However the difference between maximum and minimum efficiency is much higher in the summer than winter. The reason is the effect of high air mass in a clear sky, which can cause high incident angle for a south tilted cell. This results in a high efficiency since the cell is absorbing more diffuse blue light from the sky than the direct light. As it is shown in the figure this effect is decreased in the winter. A very interesting fact is that although very high efficiencies are achieved during the above mentioned time, mean efficiency for those months is still lower than scaled AM1.5 spectra. This means that high efficiency period occurred for very short time with very low energy output (high incident angle and low global tilt irradiance).



Figure 4.39. Efficiency (mean, max and min) changes for each month during a year calculated by using SEDES2 and AM1.5 spectra for a-Si cell.



4.3 Multi Crystalline Silicon (mc-Si) Performance Spectral response of a multi crystalline silicon cell together with two sets of spectral data (modeled and scaled AM1.5 spectra) were used to model the short circuit current of the cell. As described in the methodology section, Green’s one-diode equations were then used to model other performance parameters. In this section both summer and winter time performance of mcSi is studied. At the end, monthly performance of the cell throughout a complete year is presented.



63



Chapter 4: Results



4.3.1 Summer performance (mc-Si) In order to assess the performance in the summer time, the same dates as chosen for a-Si analysis were selected. June 2nd and 19th represented a cloudy and a clear day respectively in this study (see Figure 4.4). Figure 4.40 demonstrates modeled peak power for the cloudy sky during the day. Obviously compared to a-Si (see Figure 4.5), mc-Si generates more energy in the same day. An interesting point is that the difference in energy output comparing scaled AM1.5 and modeled spectra for mc-Si is less than is the case for a-Si (2.3% compared to 3.8%). This can be interpreted by considering that mc-Si has a wider spectral response compared to a-Si, which makes mc-Si less sensitive to spectral changes. The figure implies that using modeled spectra results in slightly more energy than scaled AM1.5 spectra in a cloudy condition in summer by 2.3%. Maximum peak power was found to be equal to 70 W/m2 in this specific cloudy day in the summer.



Figure 4.40. Peak power comparison of mc-Si using SEDES2 and AM1.5 spectra for a cloudy day on 2nd of June 2005.



In Figure 4.41 modeled efficiency for both spectra is displayed. Similar to a-Si analysis (see Figure 4.6) in the beginning of the day when the sky was cloudier than at the end of the day, using modeled spectra (SEDES2) results in a better performance. Efficiency modeled by scaled AM1.5 spectra started improving at the end of the day when the sky was clearer than in the morning. The difference between two spectra in efficiency ranged from -2% to 8%. The maximum difference in efficiency (8%) occurred in the morning hours for a fully overcast sky.
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Figure 4.41. Efficiency comparison of mc-Si using SEDES2 and AM1.5 spectra for a cloudy day on 2nd of June 2005.



In a clear day as is demonstrated in Figure 4.42, using scaled AM1.5 spectra resulted in better performance than modeled spectra (SEDES2) particularly at noon hours. The reason is that in a clear day at noon hours irradiance consists of more blue light in comparison to the morning or afternoon. Therefore modeled spectra produce less red, thus scaled AM1.5 spectrum which has more even amounts of red and blue lights can better cover the spectral response range of mc-Si. However, again in a very high air mass in the morning or afternoon, modeled spectra results in a better performance, but not as good as a-Si,, since rather than a-Si, mc-Si covers a wide range of red light as well. In total in a clear day in the summer scaled AM1.5 spectra performs 3.5% better than modeled spectra; meaning that scaled AM1.5 spectra overestimate the outcome by 3.5%. Maximum peak power is 140 and 145 W/m2 respectively for modeled and scaled AM1.5 spectral data.



Figure 4.42. Peak power comparison of mc-Si using SEDES2 and AM1.5 spectra for a clear day on 19th of June 2005.
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Figure 4.43 shows precisely the reason why scaled AM1.5 spectra results more energy output at noon hours in a clear day in June than modeled spectra (SEDES2).



Figure 4.43. Comparison of SEDES2 and AM1.5 spectra for noon hour in June.



Figure 4.44. Efficiency comparison of mc-Si using SEDES2 and AM1.5 spectra for a cloudy day on 19th of June 2005.



Figure 4.44 shows the trend of modeled efficiency for mc-Si in a clear day in June for both scaled AM1.5 and modeled spectra. As was shown in Figure 4.42, scaled AM1.5 is better at noon hours while modeled spectra performs better in the very beginning and end of the day. 66



Chapter 4: Results Relative efficiency (EffSEDES2/EffAM1.5) scatters between 0.96 and 1.08. The maximum difference (8%) is taking place in the beginning or the end of the day while at noon hours the difference was at its minimum (-4%). At the time when modeled spectra are more similar to scaled AM1.5 spectra they perform similarly (at 06:30 and 17:30 TST). 4.3.1.1 Spectral effect and mismatch factor (MMF) in the summer



In order to understand the effect of spectral variations on the performance of the multi crystalline cell, the same procedure was repeated by introducing ratios (ISC/G) and (ISC/UI). Figure 4.45 clearly shows that spectral effect in multi crystalline cell is not as severe as was observed for amorphous silicon cell. It is demonstrated that both ratios have roughly the same scattering and comparing to the same results for a-Si (Figure 4.11) mc-Si is less sensitive to spectral changes.



Figure 4.45. Ratios (ISC/G) and (ISC/UI) calculated for mc-Si plotted against global irradiance



Figure 4.46 shows the calculated mismatch factor in the month of June against global tilt irradiance. As can be obviously seen, MMF scattering is less for mc-Si than a-Si (see Figure 4.12). MMF values above 1 occur for low irradiations while MMF values below 1 are mostly taking place for higher irradiance levels (above 200 W/m2). MMF scatters between 0.95 and 1.11 respectively for higher and lower irradiance amounts. It can be concluded that using scaled AM1.5 spectra is overestimating the performance for high light incidence while underestimates the performance for lower irradiance amounts.
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Figure 4.46. Mismatch factor for mc-Si in June at different global tilt irradiance



Figure 4.47 and Figure 4.48 demonstrate calculated mismatch factor for June against air mass and sky clearness index. In comparison to a-Si, mc-Si shows less dispersity in different air mass values in general, particularly for high air mass conditions (sunset or sunrise) since the spectral response covers a wider range of wavelengths than amorphous silicon. Thus mc-Si is less affected by the consequence of high incident angles in sunrise or sunset.



Figure 4.47. Mismatch factor for mc-Si against air mass during the month of June.



MMF dispersion is less for very high irradiations than very low ones. However in the middle for medium sky clearness indexes a large scattering occurred which is because of high incident angles in high air mass values. Figure 4.49 explains the reason of such occurrences. Also when compared to the corresponding figure for a-Si (see Figure 4.14) it can be concluded that scattering in MMF is largely decreased for multi crystalline silicon cell due to its spectral response features.
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Figure 4.48. Mismatch factor for mc-Si in different weather condition represented by sky clearness index(kt ).



Figure 4.49. Spectra comparison in high air mass hours in a very clear day, June 19th, 05:45.



4.3.1.2 Peak Power



Figure 4.50 shows mc-Si peak power modeled for June. By comparing this figure to the same results of a-Si it can be clearly seen that mc-Si is producing more energy. Obviously high peak power took place in clear sky condition while in low sky clearness index (overcast) power production is far less. As can be seen peak power in the sunrise/sunset hours is less for mc-Si 69



Chapter 4: Results compared to a-Si. That is because mc-Si spectral response in the blue is lower than for a-Si, therefore in those hours (when south tilted module is benefitting from the blue sky) mc-Si produces less energy. By neglecting the branched scatters in the middle of the graph one can conclude a logarithmic proportion among peak power and the sky clearness index.



Figure 4.50. Peak power for mc-Si in different sky conditions (kt) in June.



Figure 4.51 shows the useful fraction against global tilt irradiance in June for mc-Si. As is shown at around 100 W/m2, UF has a high scattering. In total for mc-Si, UF resulted in less scattering in comparison to a-Si. The difference between the maximum and minimum useful fraction in mc-Si is approximately 0.2 while for a-Si it was 0.3, which is mainly because of cells’ spectral response characteristics.
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Figure 4.51. Useful fraction against global tilt irradiance for mc-Si in June.



Figure 4.52 and Figure 4.53 demonstrate the peak power against daytime and air mass amounts in June. When compared to corresponding figures derived for a-Si, it can be noticed that maximum possible peak power both in lowest and highest air mass amounts are approximately doubled in mc-Si.



Figure 4.52. Distribution of peak power for mc-Si during the day in June.
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Figure 4.53. Distribution of peak power for a-Si in different sun positions represented by air mass in June



4.3.1.3 Efficiency



Figure 4.54 presents mc-Si efficiency modeled for both scaled AM1.5 and modeled spectra (SEDES2) against global tilt irradiance in June. As is clearly shown for irradiance amounts above 300 W/m2 using scaled AM1.5 spectra yields higher efficiencies while for low irradiance values using modeled spectra this is the other way round. It is also understood that the maximum achievable efficiency for mc-Si was modeled at 14.3% for both modeled and scaled AM1.5 spectra.



Figure 4.54. Calculated efficiency using SEDES2 and AM1.5 spectra for mc-Si in June.



Figure 4.55 shows the relative efficiency (EffSEDES2/EffAM1.5), which it is scattering around 1. In comparison to a-Si it shows that it is less vulnerable to spectral variations (see Figure 4.21). It can also be concluded that using scaled AM1.5 spectra overestimates the efficiency for 72



Chapter 4: Results irradiance amounts higher than 300 W/m2, while underestimating efficiency for lower irradiance amounts.



Figure 4.55. Relative efficiency (SEDES2/AM1.5) for mc-Si in June.



4.3.2 Winter performance (mc-Si) According to the sky image shown in Figure 4.22, 11th and 25th of December were chosen as a cloudy and clear sky respectively to be investigated for mc-Si performance in the winter. In Figure 4.56 the peak power during the overcast day (December 11th) is demonstrated. As can be seen the difference in energy output between two spectra is 1% which is less than a-Si cell for the same day, which was 11% (see Figure 4.23). The highest peak power was found to be 4 W/m2, which is 33% more than 3 W/m2 for a-Si in the same day.
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Figure 4.56. Peak power during a cloudiest day in December 11th for mc-Si.



Figure 4.57 displays the efficiency variation during a cloudy day. As can be seen scaled AM1.5 spectra shows higher efficiency in the beginning and the end of the day than modeled spectra. The reason is that in those hours, modeled spectra produces a larger share of blue light because of the cloudy condition, while red light decreases because of the higher incident angle. Thus scaled AM1.5 spectrum which includes relatively even amounts of red and blue light, results a better performance mainly because of the spectral response characteristic of mc-Si. On the other hand at noon when the tilted cell is more faced to the sun (less incident angle), the share of the blue light generated by SEDES2 is increased somewhat, which eventually makes modeled spectra more efficient for some hours. Figure 4.58 shows the reason of the above-elaborated process. Maximum and minimum efficiencies for this day were found to be 7.7% and 11% respectively.



Figure 4.57. Efficiency result for mc-Si in cloudy condition on 11th of December.
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Figure 4.58. Comparison of SEDES2 and AM1.5 spectrum for the noon hour (12:00) on 11th December (cloudy sky).



In Figure 4.59 modeled performance of mc-Si in a clear day is displayed. As can be seen the difference among the two sets of spectra is negligible and limited only to a short period at noon and start and end of the day. The reason that modeled spectra is quite close to scaled AM1.5 spectra is that in winter time light is more red due to the high air mass amount. Therefore redder wavelength irradiance in modeled spectra is more similar to scaled AM1.5 spectra in the wintertime. Figure 4.60 demonstrates the comparison between scaled AM1.5 and modeled spectra (SEDES2) at noontime in a clear day (25th December).



Figure 4.59. Peak power result for a clear day in 25th of December for mc-Si.
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Figure 4.60. Comparison of SEDES2 and AM1.5 spectrum for the noon hour (12:00) on 25th December (Clear sky).



Figure 4.61 shows the modeled efficiency for both scaled AM1.5 and SEDES2 spectra calculated for a clear day. As can be noticed, the efficiency result for modeled spectra in a very high air mass hour (sunrise or sunset) is considerably lower than scaled AM1.5 spectra. The reason is that the cell is modeled south tilted and in this situation, cell is receiving diffuse blue light from sky and a very low amount of red resulting lower efficiency. Maximum and minimum efficiency modeled for this day are 14.3% and 11.2% respectively.



Figure 4.61. Efficiency result for a clear day in 25th of December for mc-Si.
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Chapter 4: Results 4.3.2.1 Spectral effect and mismatch factor (MMF) in the winter



Ratios (ISC/UI) and (ISC/G) were calculated for December and plotted against global tilt irradiance in order to see how serious the spectral variation effect is. The result (Figure 4.62) implies that as well as in the summer time, the effect of the spectral changes is not too serious for mc-Si compared to a-Si. However it can be noted that spectral effect in winter is more severe than in the summer for mc-Si (see Figure 4.45).



Figure 4.62. Plotted ratios of (Isc/UI) and (Isc/G) against total tilt irradiance in December for mc-Si.



By calculating mismatch factor for every minutely data in December and plotting it against global tilt irradiance, Figure 4.63 is generated. As is demonstrated MMF above 1 almost occurs at higher irradiance amounts while the values below 1 took place in lower light intensities. The shape of the graph is opposite to MMF results for a-Si in the winter. This is mainly due to the fact that in the cloudy condition SEDES2 generates more share of blue light thus considering mc-Si spectral response, in low light intensities scaled AM1.5 spectra perform better than modeled spectra (SEDES2).
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Figure 4.63. Mismatch factor against global tilt irradiance in December for mc-Si.



Figure 4.64 shows MMF plotted against air mass. It reveals that for higher air mass values MMF scatters more than lower air mass. At the highest air mass MMF varies between 0.74 and 1.04 while for the lowest air mass, scattering is from 0.97 to 1.03. In comparison to a-Si, MMF scattering is much more limited for mc-Si (see Figure 4.30).



Figure 4.64. Mismath factor against air mass in December for mc-Si.
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MMF is also plotted against sky conditions expressed as sky clearness index. Results can be seen in Figure 4.65. It implies that in the most of the sky conditions both scaled AM1.5 and SEDES2 spectra are behaving the same. However, MMF has a considerable dispersity at low sky clearness index and it fluctuates between 0.74 and 1.03.



Figure 4.65. Mismatch factor against sky clearness index in December for mc-Si.



4.3.2.2 Peak Power



Figure 4.66 describes how peak power for mc-Si could look like in different sky clearness conditions in December. As can be noticed peak power curve has a logarithmic proportion to sky clearness index and the scattering is because of the sun geometry in different sky conditions. The figure also indicates that the maximum possible peak power for mc-Si in December could occur at 100 W/m2.



Figure 4.66. Peak power result against sky clearness index in December for mc-Si.
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Chapter 4: Results Figure 4.67 shows useful fraction against global tilt irradiance in December. As can be seen large scattering takes place in lower and higher irradiance levels, although, it decreases in the middle. In comparison to a-Si, less scattering was observed for mc-Si. If compared to mc-Si performance in the summer, it can be seen that results in winter scatters more.



Figure 4.67. Useful fraction amounts against global tilt irradiance in December for mc-Si.



Figure 4.68 exhibits peak power modeled for mc-Si against daily time in December. Comparing to a-Si, maximum peak power is approximately doubled; however, the shape of the graph is the same as a-Si (see Figure 4.34). In comparison with mc-Si performance in the summer, maximum peak power decreased by 33% (from 150 to 100 W/m2). As can be seen there are many spots with lower peak power as a pile in the bottom of the graph, which is because of less sunny hours and lower irradiance in December compared to June.



Figure 4.68. Power distribution during day in December for mc-Si.



Figure 4.69 demonstrates modeled peak power against air mass in December. It shows that peak power changes less for different air mass amounts than mc-Si results in the summer. Maximum possible peak power in the lowest air mass is approximately 2.5 times higher than the same in 80



Chapter 4: Results the highest air mass while the corresponding amount was 8.5 times in the summer time. Like the previous graph many low peak power spots as a dark pile near the axis can be seen.



Figure 4.69. Power distribution in different air mass amounts in December for mc-Si.



4.3.2.3 Efficiency



Figure 4.70 shows modeled efficiency for mc-Si against global tilt irradiance in December. As was elaborated for MMF figures, it can be seen that modeled spectra (SEDES2) results in higher efficiencies at high irradiance values while at lower irradiance, scaled AM1.5 spectra shows higher efficiency.



Figure 4.70. Calculated efficiency in December for mc-Si.



Figure 4.71 shows the relative efficiency, which substantiates the previous descriptions. Two points can be derived from this figure, firstly it shows that spectral effect is more severe in winter than summer for mc-Si, and secondly, when compared to a-Si (see Figure 4.37) it implies that spectral effect is more serious in a-Si than mc-Si, which is due to their spectra response characteristics. 81
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Figure 4.71. Relative efficiency (SEDES2/AM1.5) in December for mc-Si.



4.3.3 Overall result for mc-Si performance Detailed analysis on mc-Si performance in two seasons (summer and winter) was investigated and elaborated in previous sections. The comparison between two sets of spectra was studied which resulted in a better understanding of the spectral effect (mismatch factor). In this section the overall result of mc-Si performance throughout a complete year is demonstrated. Minutely modeled and scaled AM1.5 spectral data were utilized to calculate performance parameters. These data facilitated assessment of cells operation during a year from March 1st 2005 to February 28th 2006. Figure 4.72 shows mc-Si monthly performance for both modeled (SEDES2) and scaled AM1.5 spectra. As is shown, during the whole year energy output for scaled AM1.5 is higher than modeled spectra. In contrary to a-Si, the difference in performance is higher in summer than in winter. The reason is that in winter light is generally more red, because of high air mass (sun geometry) thus SEDES2 simulates a relatively redder spectrum which results in a closer performance to scaled AM1.5. On the other hand in the summer, because of more blue light (clear conditions) SEDES2 simulates less red irradiance resulting in lower performance (considering mc-Si spectral response). Maximum monthly difference in energy output caused by spectral changes was found to be less serious in mc-Si and to be equal to -3% comparing to a-Si (-13.5%, see Figure 4.38). This indicates that AM1.5 spectrum overestimated mc-Si maximum monthly energy output by 3%.
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Figure 4.72. Energy output calculated for both SEDES2 and AM1.5 spectra for each month during one year for mcSi. Photon energy, efficiency and also difference between two spectra performance is also shown.



Total amount of annual energy output, total irradiation, efficiency and yield is calculated for both modeled (SEDES2) and scaled AM1.5 spectra and is shown in Table 4.2. Total annual energy output per square meter modeled for mc-Si cell is 167.6 and 170.5 (kWh/m2) respectively for modeled and scaled AM1.5 spectra. Annual difference in energy output between modeled (SEDES2) and scaled AM1.5 spectra was found to be -1.7%. This means that annual energy output of mc-Si is overestimated by AM1.5 spectrum up to 1.7%. Since the nominal peak power of the cell is supposed to be 142 WP/m2 (at standard testing condition), annual energy yield of the cell was calculated at 1.18 and 1.20 (kWh/WP) respectively for modeled (SEDES2) and scaled AM1.5 spectra. Table 4.2. Annual performance of mc-Si calculated for both SEDES2 and ASM1.5 spectra. Energy Output (kWh/m2/yr)



Photon Energy (kWh/m2/yr)



Efficiency (%)



Yield (kWh/WP)



SEDES2



167.6



1242



13.49



1.18



AM1.5



170.5



1242



13.73



1.20



Difference (%)



1.7%



Spectra Type



Figure 4.73 displays mc-Si mean, maximum and minimum modeled efficiencies for modeled (SEDES2) and scaled AM1.5 spectra. It implies that the higher fluctuation in efficiency is occurred in wintertime when there are more overcast conditions. However, a larger difference in mean efficiency between two sets of spectra occurs in the summer time.
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Figure 4.73. Efficiency (mean, max and min) for each month during a year calculated by using SEDES2 and AM1.5 spectra for mc-Si cell.



4.4 Yield Comparison In previous sections it was figured out that the annual yield per peak watt installed for a-Si is higher than mc-Si and is 1.28 kWh/WP compared to 1.18 kWh/WP. Since the yield factor is an important parameter in order to realize how productive a solar cell is, it is important to see how the yield’s distribution throughout a complete year looks like. Thus the energy output of each cell for every month was considered and divided by the nominal peak power revealed by the manufacturer and plotted against the corresponding months. Figure 4.74 demonstrates the distribution of energy output (kWh) produced in each month per installed watt peak power (WP) of cell. The relative yield shows that in the winter the yield of a-Si is quite close to mc-Si while their maximum difference in yield occurs in the summer. Hence in total a-Si is more productive than mc-Si, which means for the same amount of installed peak watts, amorphous silicon cell produces more energy than multi crystalline cell for the location of Cabauw (51.971ºN, 4.927ºE). It also shows that in summer the energy yield is a factor of 4 larger than in winter.
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Figure 4.74. Yield (kWh/WP) distribution for amorphous and multi crystalline silicon cells during a year.



4.5 Annual average spectrum By having minutely spectral data for a complete year, it was possible to calculate the annual average spectrum. In order to determine this spectrum, the sum of all modeled minutely spectra was divided by 518400 (the total number of minutes in year). The result can be seen in Figure 4.75, which shows the annual spectrum for a south tilted 37o degree plane in Cabauw. According to this spectrum, the annual average irradiance is equal to 122.87 W/m2 and annual energy that can be received by a square meter surface is equal to 1076 kWh/m2.
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Figure 4.75. Annual average spectrum for Cabauw, the Netherlands



In order to see how different the annual spectrum is with respect to AM1.5 spectrum, both spectra were normalized and plotted against each other (see Figure 4.76). The difference is shown by the relative irradiance (Annual spectrum/AM1.5). In order to quantify their difference, the RMSE value was calculated and found to be equal to 11%.



Figure 4.76. Comparing annual spectrum and AM1.5 (normalized).



As can be seen, in lower wavelengths particularly in the visible band, annual spectrum is showing less irradiance than AM1.5. This can also be seen through the relative irradiance, which is scattering a bit bellow 1. In Figure 4.77 monthly average spectra are plotted 86



Chapter 4: Results (normalized) and compared with AM1.5 spectrum. In the graph colder (blue) colors are representing the spectra of the winter months while warmer (red) colors represent the summer months. As can be seen, spectra in the winter consist of less blue and more red light, mainly because of high air mass. Spectra in the summer time contain a larger share of blue light (less air mass in the summer).



Figure 4.77. Monthly average spectra compared to AM1.5 (all spectra normalized).
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5 Discussion In this chapter first the methodology applied in this research including SEDES2 spectral model and the performance model are discussed. Subsequently the application of above methods for investigating the spectral effect and annual yield of both cells is studied.



5.1 SEDES2 Spectral Model The selection and quality of this model is investigated in chapter 3. Here the uncertainties associated with SEDES2 and issues that are related with its use are discussed. The validity of SEDES2 was assessed in chapter 3. The validity study was implemented for one clear and four different cloudy conditions in the winter and summer. For selected weather condition, this validity study showed that the model is capable to simulate the spectra with a reasonable correlation. In the study for four different cloudy conditions spectra were modeled and compared to measured values. The Root Mean Square Error (RMSE) was found equal to 7%, 5%, 4% and 3.5% respectively for sky cleanness indexes of 0.03, 0.13, 0.28 and 0.78. The inaccuracy effect of the model on the output of the cells was also studied and found to be below 2.8% and 1% respectively for a-Si and mc-Si. The outcome is quite satisfactory since the main goal of this study is to find the spectral effect of solar cell by comparing cells performance using two sets of spectra (modeled and scaled AM1.5 spectra). However, if SEDES2 is going to be used to simulate prevailing spectra in order to predict precise performance of solar cells, a thorough study on SEDES2 will definitely be needed. The validity study in this report was limited to six different weather conditions in order to see if the model is capable enough to be utilized for the purpose of this research. Hence the fact that SEDES2 has not yet evaluated carefully and no report regarding its preciseness was found elsewhere, further validation studies should be conducted. Consequently, however SEDES2 was found to be fairly reliable and applicable for a comparison studies as shown in chapter three, it should be treated carefully for absolute estimation or prediction of energy output of any type of solar cell. Thus possible annual errors of SEDES2 comparing to real measured spectra should be figured out.



5.2 Performance Model It was demonstrated in chapter three that the performance model has a good agreement with both measured and nominal performance parameters in standard testing condition (STC). However there are still different uncertainties associating with the performance model. One of these uncertainties is regarding the cell’s technical parameters and uncertainties associating with their measurements. This includes the efficiency, spectral response and resistance properties of the cells. Another uncertainty is associated with the model results for conditions other than STC. Since the only available performance data of the cells were measured under STC condition, it was not possible to check its reliability under other conditions. Although since the model is based on Green’s one diode equation, and it shows a good correlation under STC condition, the performance model can be utilized safely for a comparison study and determination of the spectral effect. It should be mentioned that the performance model cannot be generalized for other types of mcSi or a-Si cells. The reason is that the model is using two sets of technical parameters including SR data, which belong to these specific cells. Thus the performance model is only valid for these cells of which their technical specifications can be found in Appendix.



Chapter 5: Discussion



A draw back of the performance model is that the cell’s temperature is assumed to be always equal to 25oC throughout a year. This was chosen to make a complete simulation of STC condition. Nevertheless, this is not close to a cell operational condition since the band gap of a cell is influenced by temperature variation to some extent. During the procedure of running the model it was found that the procedure of modeling the performance was a time taking process. This was partly due to enormous amount of minutely spectral data needed to be imported to the model. This forced us to make a separate model for each month and each cell. Thus in total and beside the sheets used for input and output reformatting, 24 different files were utilized in order to model two cells for 12 month. This made the whole performance modeling package a huge folder of 5GB in size for each cell. On the other hand this way made it amazingly easy to track any possible error or strange result within the results of the model. Not to mention that very strange and surprising shapes in graphs were analyzed and elaborated only because the model was built in spreadsheet format. It could have been a time taking process to realize the behavior of the cell’s performance in some special circumstances, if the model was not developed in Excel.



5.3 Model and results In chapter five the results of cells performance considering two sets of spectra were demonstrated and discussed. Different kinds of graphs including mismatch factor, peak power and efficiency against different parameters such as global irradiance, air mass, sky clearness index implies that the model is competent to simulate and analyze the performance of a cell. In this section it is tried to realize how successful was the whole study as one model to recognize the spectral effect and annual yield by utilizing two spectral data (SEDES2 vs. AM1.5) and comparing their performance. First it should be reminded that all the simulations done in this study are based on assumptions, which were mentioned in first chapters in order to simplify the modeling process. Beside cell’s working temperature, which was discussed previously, the tilt angle of the cell, which was set to 37°, is another important assumption. This angle is equal to the angle for which AM1.5 standard spectra are generated and measured when a plane is facing the sun and the sun is at air mass equal to 1.5. In this condition total tilt irradiance is measured at 1000 W/m2. Since the aim of this study was to evaluate the performance of the cells when using modeled spectra (generated by SEDES2) compared to scaled AM1.5 spectra, it was decided to fix the tilt angle to 37o. Thus the performance modeling in this study is based on a fixed south faced tilted cell as it is prevalent in solar panels located in the northern hemisphere. One drawback of the current model is that it is tightly dependent on the results of an unlinked spectral model (SEDES2). For instance if one would desire to see the results by changing the tilt angle, this could not be instantly done. First another input file for SEDES2 should be defined and run, then the output file should be imported to the performance model. This process for only one month’s performance would at least take one hour, which might be frustrating. A benefit of the model is that the spectral effect and the yield of the cells can be monitored and compared for every single minutely spectral data. As was mentioned previously this is very important for detail comparison and analysis particularly when some strange results are observed in different plotted graphs. It should be also realized that the results of this study are only compatible to the solar cell itself but not to solar modules. Since in the structure of a solar module, more electrical wiring and connection is utilized between cells and the system in order to find a desirable current and voltage, the total electrical resistance would become higher than in a cell. Therefore if this 89



Chapter 5: Discussion model is going to be used to simulate a module’s performance, it should be noted that the annual yield of that module is less than what is calculated for a cell in this study. By combining the performance calculations of each month, the annual results for both cells including the performance parameters, spectral effect and yield were determined. The overall result conveys that this model can handle such a performance simulation. Although reliability of the results was checked separately for SEDES2 and performance model, the final annual performance results on the other hand were not checked against any real operating solar cell. Besides the fact that no real measured data was found to be appropriate for such validation, since the cell’s temperature in this model is fixed at 25oC, it was nearly impossible to do so. Thus validating this model considering cells’ temperature variation against measured data could be considered as one of the interesting tasks to be followed later on.
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6 Conclusion and Recommendations 6.1 Conclusion We have developed and successfully validated a methodology to determine the effect of spectral variations on the performance of solar cells. Minutely irradiance data provided by KNMI was successfully used as input for the SEDES2 spectral model to generated minutely spectral data for a one-year period. SEDES2 was found to simulate spectral data fairly well. Since there were no on-site spectral measurement, the quality of the model was checked against measured spectra of the U.S. National Renewable Energy Laboratory (NREL). The performance model was tested against efficiency measurements and manufacturer nominal performance parameters. Results derived from the model appropriately matched the reference data. The minutely performance outcome during one year from 1st March 2005 to 28th February 2006 was analyzed for each cell and results were discussed. The annual yield and its distribution during a year were calculated, plotted and the results were elaborated. The overall conclusion of the study’s outcome can be found below: 6.1.1 Amorphous silicon cell (a-Si) The maximum spectral effect on a-Si occurred in the winter; using modeled spectra resulted in 13% less energy output than scaled AM1.5 spectra in December. The spectral effect in the summer time (in June) was at its minimum and close to zero. The energy output of the cell is at its highest in the month of June and is equal to 13 kWh/m2cell. In December the energy output is minimum and equal to 2.5 kWh/m2cell. This implies that the energy production in the summer time could be up to 5.2 times higher than the wintertime. Annual energy output using modeled and scaled AM1.5 spectra was calculated at 94.63 and 97.52 kWh/m2 respectively. This indicates that spectral effects result in -3% differences in annual energy production for a-Si. In other words, scaled AM1.5 spectrum is overestimating the annual energy output by 3%. The mismatch factor (MMF), which is an index for measuring the spectral effect, was found to vary between 0.66 and 1.8. The average annual efficiency of a-Si was calculated to be 7.62% and 7.85% respectively for modeled and scaled AM1.5 spectra. Maximum and minimum modeled efficiency for a-Si was found to be 14% and 5.5% both occurring in the summer. Annual yield factor (kWh/Wpeak) for a-Si was calculated to be 1.28 and 1.32 kWh/WP correspondingly for modeled (SEDES2) and scaled AM1.5 spectra. This means that for each installed watt peak power of an amorphous silicon cell, one can expect 1.3 kWh energy annually.



6.1.2 Multi Crystalline silicon cell (mc-Si) In contrary to a-Si, for mc-Si spectral effects were found to be more severe in the summer (-3% in June) than in the winter (0% in December). Maximum energy output of the cell occurred in the summer at 23 kWh/m2 while the lowest energy output took place in the winter (5 kWh/m2) meaning that energy output in the summer is 4.6 times larger than in the winter time. Annual energy output is equal to 167.6 and 170.5 kWh/m2 respectively for modeled and scaled AM1.5 spectra. This shows an annual spectral effect of -1.7%. Therefore using scaled AM1.5 spectra is overestimating the annual yield by 1.7%. Mismatch factor (MMF) variation for mc-Si was found to be more limited compared to a-Si and between 0.74 and 1.11, which implies that mc-Si is less sensitive to spectral changes than a-Si. Annual efficiency for mc-Si was modeled at



Chapter 6: Conclusion and Recommendations 13.49% and 13.73% for modeled (SEDES2) and scaled AM1.5 spectra. Maximum and minimum modeled efficiency for mc-Si was found at 16% and 7.5%, both occurred in the winter. Annual yield factor (kWh/Wpeak) for mc-Si was equal to 1.18 and 1.20 kWh/WP for modeled (SEDES2) and scaled AM1.5 spectra. This means that for each installed Watt peak of a multi crystalline silicon cell, one can expect 1.18 kWh annually. By comparing a-Si and mc-Si annual yields it can be concluded that for the same amount of installed watt peak power, amorphous silicon cell is more productive by up to 8%. Regarding the spectral effect it was found that using scaled AM1.5 spectra is overestimating annual energy output of both cells by 3% and 1.7% respectively for a-Si and mc-Si. Hence spectral effects were found to be more severe in a-Si than mc-Si as a result of their spectral response characteristics. Nevertheless, in overcast and low irradiance condition scaled AM1.5 spectrum underestimates cells’ performance.



6.2 Recommendation Firstly, if SEDES2 is going to be used for a precise prediction and comparison it is highly recommended that a complete evaluation and analysis of SEDES2 is performed. This has to be done in order to realize its possible errors in comparison to measured spectral data. Secondly, it is recommended that this simulation is done simultaneously with spectral and cell performance measurement and the final results are compared with the measured data. Thirdly, since this model is simulating cell performance for a defined period of one year, in order to have a more realistic outcome it is suggested to run the model for a longer period of time. Fourthly, if the model is recognized as a useful tool, for further practical applications it should be developed in a proper programming language in order to make it faster, user friendly and more effective. Finally, the model could be extended and improved in order to study different type of cells, using different cell’s operating temperature, tilt angle and other environmental parameters together with spectral and performance measurement. Nevertheless this can be seen as a longterm project, the outcome could lead to a new state of the art simulator in the field of photovoltaic research.
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Appendix A: KNMI Overview The KNMI, Royal Netherlands Meteorological Institute (Koninklijk Nederlands Meteorologisch Instituut) is the Dutch national weather forecasting service and has its headquarters in De Bilt, in the province of Utrecht, The Netherlands. The primary tasks of KNMI are weather forecasting, monitoring of climate changes and monitoring seismic activity. KNMI is also the national research and information centre for climate, climate change and seismology.



Research at KNMI Applied research at KNMI is focused on three areas: •



Research aimed at improving the quality, usefulness and accessibility of meteorological and oceanographically data in support of operational weather forecasting and other applications of such data.



•



Climate-related research on oceanography; atmospheric boundary layer processes, clouds and radiation; the chemical composition of the atmosphere (e.g. ozone); climate variability research; the analysis of climate, climate variability and climatic change; modeling support and policy support to the Dutch Government with respect to climate and climatic change.



•



Seismological research as well as monitoring of seismic activity (earthquakes).



KNMI's development of atmospheric dispersion models KNMI's applied research also encompasses the development and operational use of atmospheric dispersion models. Whenever a disaster occurs within Europe which causes the emission of toxic gases or radioactive material into the atmosphere, it is of utmost importance to quickly determine where the atmospheric plume of toxic material is being transported by the prevailing winds and other meteorological factors. At such times, KNMI activates a special calamity service. For this purpose, a group of seven meteorologists is constantly on call day or night. KNMI's role in supplying information during emergencies is included in municipal and provincial disaster management plans. Civil services, fire departments and the police can be provided with weather and other relevant information directly by the meteorologist on duty, through dedicated telephone connections. KNMI has available two atmospheric dispersion models for use by their calamity service: •



PUFF - In cooperation with the Netherlands National Institute for Public Health and the Environment (Dutch: Rijks Instituut voor Volksgezondheid en Milieuhygiene or simply RIVM), KNMI has developed the dispersion model PUFF. It has been designed to calculate the dispersion of air pollution on European scales. The model was originally tested by using measurements of the dispersion of radioactivity caused by the accident in the nuclear power plant of Chernobyl in 1986. A few years later, in 1994, a dedicated dispersion experiment called ETEX (European Tracer EXperiment) was carried out, which also provided useful data for further testing of PUFF.
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Chapter 8: Appendix CALM - CALM is a CALamity Model designed for the calculation of air pollution dispersion on small spatial scales, within the Netherlands. The algorithms and parameters contained in the CALM model are practically identical to that of the PUFF model. However, the meteorological input can only be supplied manually in CALM. The user provides both observed and predicted values for wind velocity at the 10 meter height level, the atmospheric stability classification and the mixing height. After the model calculations have been performed, a map is created and displayed with the derived trajectories of the pollution plume and an indication of how and where the cloud will disperse.



Utrecht



Cabauw Rotterdam



Figure 8.1. Arial view and location of Cabauw meteorological measurement site. (Google Inc, 2006) and (KNMI et al., 2006)



References 1. KNMI Research Programme, 2003-2007, http://www.knmi.nl/onderzk/climate/research_programme.doc 2. Turner, D.B. (1994). Workbook of atmospheric dispersion estimates: an introduction to dispersion modeling, 2nd Edition, CRC Press. ISBN 1-56670-023-X. www.crcpress.com 3. Beychok, Milton R. (2005). Fundamentals Of Stack Gas Dispersion, 4th Edition, author-published. ISBN 0-9644588-0-2. www.air-dispersion.com 4. KNMI website, ATMOSPHERIC BOUNDARY LAYER RESEARCH AT CABAUW, last visit 11.12.2006, http://www.knmi.nl/onderzk/atmoond/cabauw/cabauw.html
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Appendix B: NREL Overview The National Renewable Energy Laboratory (NREL) is the U.S. primary laboratory for renewable energy and energy efficiency R&D. Established in 1974, NREL began operating in 1977 as the Solar Energy Research Institute. It was designated a national laboratory of the U.S. Department of Energy (DOE) in September 1991 and its name changed to NREL. NREL is the principal research laboratory for the DOE Office of Energy Efficiency and Renewable Energy and also provides research expertise for DOE's Office of Science, and the Office of Electricity Delivery and Energy Reliability. NREL is managed for DOE by Midwest Research Institute and Battelle. NREL's mission and strategy are focused on increasing the impact on the U.S. Department of Energy's and U.S. energy goals by meeting market objectives to accelerate the research path from scientific innovations to market-viable alternative energy solutions. At the core of this strategic direction are NREL's research and technology development areas. NREL's research and technology areas span from understanding the resource, its conversion to electricity and fuels, and ultimately to its use in homes, buildings and vehicles. Thereby directly contributing to our nation's goal for finding new renewable ways to power our homes, businesses, and cars.



R&D Expertise NREL's focused R&D capabilities are positioned to advance national energy goals by developing innovations to change the way we power our homes and businesses, and the way we power our automobiles. NREL's R&D areas of expertise are: •



Renewable electricity — solar, wind, biomass, geothermal



•



Renewable fuels — biomass, hydrogen



•



Integrated energy system engineering and testing — buildings, electric systems and transportation infrastructures



•



Strategic development and analysis — economic, financial, and market analysis, planning and portfolio prioritization



Annual Funding at NREL (in $ Millions)



Reference 1. NREL site, NREL Overview, last visit 11.12.2006, http://www.nrel.gov/overview/



99



Chapter 8: Appendix



Appendix C: Reference Solar Spectral Irradiance: Air Mass 1.5 About the Reference AM 1.5 Spectra American Society for Testing and Materials (ASTM) Terrestrial Reference Spectra for Photovoltaic Performance Evaluation The photovoltaic (PV) industry, in conjunction with the American Society for Testing and Materials (ASTM) and government research and development laboratories developed and defines two, and only two, standard terrestrial solar spectral irradiance distributions. The two spectra define a standard direct normal spectral irradiance and a standard total (global, hemispherical, within 2-pi steradian field of view of the tilted plane) spectral irradiance. The direct normal spectrum is the direct component contributing to the total global (hemispherical) spectrum. The current Standard Reference Spectra are both incorporated into a single document, ASTM G-173-03. HISTORICAL NOTE: The reference spectra were first generated as separate standards, designated as E-891-82 and E-892-82 (for direct normal and global tilt, respectively.) As of June, 1999, ASTM Subcommittee G3.09 combined these two documents into a single standard "Standard Tables for Reference Solar Spectral Irradiance at Air Mass 1.5: Direct Normal and Hemispherical for a 37 Degree Tilted Surface" The relevant international standard is ISO 98451, 1992, based solely upon both E891 and E892. In January of 2003, the G159 standard was REVISED extensively, and REPLACED with G173-03. The older standards E-891, E-892, and G159 are WITHDRAWN and NO LONGER AVAILABLE except as historical standards. Downloads are provided here for reference and comparison with the new G173 spectra. The ASTM G173 spectra represent terrestrial solar spectral irradiance on a surface of specified orientation under one and only one set of specified atmospheric conditions. These distributions of power (watts per square meter per nanometre of bandwidth) as a function of wavelength provide a single common reference for evaluating spectrally selective PV materials with respect to performance measured under varying natural and artificial sources of light with various spectral distributions. The conditions selected were considered to be a reasonable average for the 48 contiguous states of the United States of America (U.S.A.) over a period of one year. The tilt angle selected is approximately the average latitude for the contiguous U.S.A. The receiving surface is defined in the standards as an inclined plane at 37° tilt toward the equator, facing the sun (i.e., the surface normal points to the sun, at an elevation of 48.81° above the horizon) The specified atmospheric conditions are: a) the 1976 U.S. Standard Atmosphere with temperature, pressure, aerosol density (rural aerosol loading), air density, molecular species density specified in 33 layers b) an absolute air mass of 1.5 (solar zenith angle 48.19°s) c) Angstrom turbidity (base e) at 500 nm of 0.084 d) total column water vapor equivalent of 1.42 cm e) total column ozone equivalent of 0.34 cm f) Surface spectral albedo (reflectivity) of Light Soil as documented in the Jet Propulsion Laboratory ASTER Spectral Reflectance Database (http://speclib.jpl.nasa.gov.)
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Reference solar spectral irradiance AM1.5 and AM0, NREL, 2006



Reference 1.



NREL website, Reference solar spectral irradiance, last visit 12.12.2006, http://rredc.nrel.gov/solar/spectra/am1.5/
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Appendix D: Solar Radiation Terms Definitions Airmass - the relative path length of the direct solar beam radiance through the atmosphere. When the sun is directly above a sea-level location the path length is defined as air mass 1 (AM 1.0). AM 1.0 is not synonymous with solar noon because the sun is usually not directly overhead at solar noon in most seasons and locations. When the angle of the sun from zenith (directly overhead) increases, the air mass increases approximately by the secant of the zenith angle. A better calculation (Kasten, F. and A. T. Young (1989). Revised optical air mass tables and approximation formula. Applied Optics 28 (22), 4735-4738) follows:



m = 1.0 / [cos(Z) + 0.50572 * (96.07995 - Z)-1.6364] where Z is the solar zenith angle. The figure below illustrates the concept of air mass.



The path length in units of Air Mass, changes with the zenith angle.



Albedo - the fraction of solar radiation that is reflected. The solar energy community defines albedo as the fraction of solar radiation that is reflected from the ground, ground cover, and bodies of water on the surface of the earth. Astronomers and meteorologists include reflectance by clouds and air. To reduce confusion, some solar researchers use the term ground reflectance.



Angle of Incidence - the angle that a ray (of solar energy, for example) makes with a line perpendicular to the surface. For example, a surface that directly faces the sun has a solar angle of incidence of zero, but if the surface is parallel to the sun (for example, sunrise striking a horizontal rooftop), the angle of incidence is 90°. The figure accompanying the description of air mass illustrates a solar angle of incidence of 48.2° to a horizontal surface.



Azimuth Angle - the angle between the horizontal direction (of the sun, for example) and a reference direction (usually North, although some solar scientists measure the solar azimuth angle from due South).



Beam Radiation - synonym for direct normal irradiance, the amount of solar radiation from the direction of the sun.
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Chapter 8: Appendix Diffuse Sky Radiation - the radiation component that strikes a point from the sky, excluding circumsolar radiation. In the absence of atmosphere, there should be almost no diffuse sky radiation. High values are produced by an unclear atmosphere or reflections from clouds.



Direct Normal Irradiance - synonym for beam radiation, the amount of solar radiation from the direction of the sun.



Solar radiation component



Extraterrestrial Radiation - abbreviated ETR, also known as "top-of-atmosphere" (TOA) irradiance, is the amount of global horizontal radiation that a location on Earth would receive if there was no atmosphere or clouds (i.e., in outer space). This number is used as the reference amount against which actual solar energy measurements are compared.



Global Horizontal Radiation - total solar radiation; the sum of direct, diffuse, and groundreflected radiation; however, because ground reflected radiation is usually insignificant compared to direct and diffuse, for all practical purposes global radiation is said to be the sum of direct and diffuse radiation only.



Incident Angle - the angle that a ray (of solar energy, for example) makes with a line perpendicular to the surface. For example, a surface that directly faces the sun has a solar angle of incidence of zero, but if the surface is parallel to the sun (for example, sunrise striking a horizontal rooftop), the angle of incidence is 90°. The figure accompanying the description of air mass illustrates a solar angle of incidence of 48.2° to a horizontal surface.



Irradiance - the rate at which radiant energy arrives at a specific area of surface during a specific time interval. This is known as radiant flux density. A typical unit is W/m2.



Normal Radiation - radiation striking a surface that is facing the sun. Mathematically, the word normal is the vector (direction) that is perpendicular to a surface, and the direction of a normal radiation source is perpendicular to a radiation source. Global (total) normal solar irradiance is all radiation that strikes a flat surface that faces the sun, while direct normal solar irradiance excludes all radiation that does not come from the direction of the sun in the sky. 103
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Spectral Irradiance - the amount of radiant energy flux expressed in terms of the solar spectrum. NREL's Solar Spectral Radiation Data Base contains thousands of irradiance spectra.



Solar Spectrum - the electromagnetic spectral distribution emitted by the sun or received by a collector or instrument on Earth. For example, Figure 2 from Shining On below shows the solar spectrum as measured in space and on the Earth's surface.



Total Solar Radiation - solar radiation that is the sum of direct, diffuse, and ground-reflected radiation; however, because ground reflected radiation is usually insignificant compared to direct and diffuse, for all practical purposes global radiation is said to be the sum of direct and diffuse radiation only.



Zenith Angle - the angle between the direction of interest (of the sun, for example) and the zenith (directly overhead).



Reference 1.



NREL website, Glossary of Solar Radiation Resource Terms, last visited 11.12.2006, http://rredc.nrel.gov/solar/glossary
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Appendix E: Model instruction SEDES2 Spectral Model As input data for this study more than 500 000 lines of data were utilized which comprised minutely total, direct and diffuse irradiance plus site’s temperature, relative humidity and pressure along with the geographical position information for a one year period starting from March 1st 2005 till February 28th 2006.. All above mentioned data have being recorded at Cabauw meteorological measurement site by the Royal Dutch Meteorological Institute (KNMI) (Knap, 2006). However, the format of irradiation data files was not matching the appropriate format used by SEDES2 as input file. The desired format by which SEDES2 can recognize the input file and run spectral simulation was set up. Spreadsheets were used in order to make a new format of data files. In a folder which contains each month’s modeling files one file can be found which is named: 1Format Convert KNMI to SEDES2 Dec05.xls which is built in order to change the format of the recorded data into convertible format for SEDES2 by using macro commands in Excel spreadsheet (see Figure 8.2). After the data was set to single lines for each minutely data another file should be used. This file can be found under the name: 2-Minutely input SEDES2 Dec05.xls. By this file it is possible to derive the final input file appropriate for SEDES2 (see Figure 8.3). It is good to mention that the time recorded during measurements is based on Universal Solar Time (UST), which is converted to True Solar Time (TST) in the final input file.



Figure 8.2, Screendump of the data (KNMI) reformatted to be converted to SEDES2 input file by using file: 1-Format Convert KNMI to SEDES2 Dec05.xls in this case for December 2005.



Figure 8.3. Screen-dump of the spreadsheet which converts the reformatted data to SEDES2 input file (right), by using file: 2-Minutely input SEDES2 Dec05.xls for December 2005.



After generating the appropriate input file for SEDES2 the file should be relocated to the folder, which contains the SEDES2 compiled executable version. By running the model, it asks for the input file name, which should be typed correctly with its extension. Then the model asks the tilt angle (degrees), Longitude, Latitude, Elevation from the sea level and at the end asks for 105



Chapter 8: Appendix confirming the entered data. After confirming the above entered data, the model starts calculating the spectral data for each data line (here minutely) and at the end creates an output file, named SPECTRA in the same folder. This file contains the minutely spectral data plus some other parameters. Now this file can be used as input for the performance model.



Performance Model Spectral data generated by SEDES2 using KNMI irradiation data can be used in order to run the performance model. At this stage all output information calculated by SEDES2 can be imported to the model, which was structured in spreadsheets. Since the size of spectral data for a complete year was huge, a separate spreadsheet was made for each month and related performance calculations were done separately for simulated spectra and scaled AM1.5. In Figure 8.4 a screendump of the SEDES2 output file, which is imported to performance model as input is demonstrated.



Figure 8.4. Screendump of the SEDES2 output containing minutely spectral data.



One of the main performance parameters, short circuit current (ISC) was calculated as described in the methodology section using the spectral response of the cell and spectral data. Each monthly performance model was linked to a file containing the spectral response data plus other technical specification of a cell type and ISC then was calculated using the imported minutely spectral data.. Figure 8.5 shows the screendump of the spectral response file linked to the performance model. This file is named Spectral Response Source File.xls and is located in the folder in which each cell type performance calculation.
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Figure 8.5, Screendump of the Spectral Response Source File.



After importing the output data of SEDES2 including minutely spectral data and also using the technical specification of the cell (spectral response) linked to the main performance model spreadsheet, the model is ready to calculate the performance parameters. The file named 4Performance Calculation II Minutely Dec05.xls is responsible for performance calculations using Green’s one diode equations. Screendumps of the performance model are shown in Figure 8.6 to Figure 8.10.



Figure 8.6. Screendump of the performance calculations file: named 4-Performance Calculation II Minutely Dec05.xls.
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Figure 8.7. Screendump of the performance calculation peak power during a sunny day in December comparing simulated spectra and scaled AM1.5.



Figure 8.8. Screendump of the performance model, Peak power in December.
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Figure 8.9. Screendump of the performance model, mismatch factor against global irradiance in December.



Figure 8.10. Screendump of the performance model, mismatch factor against air mass in December.
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Appendix F: Cells specifications Amorphous silicon (a-Si) Table 8.1. a-Si nominal performance parameters @ AM1.5, 1000W/m2.



@1000W/m2 Ppeak AM1.5 (W/m2)



FF (%)



VOC(V)



ISC(ma/cm2)



Eg(eV)



n



Ioo(mA/cm2)



a-Si



64



0.82



13.5



1.7



1.77



1.1x109



71



Figure 8.11. Amorphous silicon cell, image of the top face.



Figure 8.12. a-Si I-V curve and spectral response.
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Multi-crystalline silicon (mc-Si) Table 8.2. mc-Si nominal performance parameters @ AM1.5, 1000W/m2.



@1000W/m2 Ppeak AM1.5 (W/m2)



FF(%)



VOC(V)



ISC(ma/cm2)



Eg(eV)



n



Ioo(mA/cm2)



mc-Si



73



0.6



32



1.1



1.49



1.4x107



142



Figure 8.13. Multi-crystalline silicon cell, image of the top face.



Figure 8.14. mc-Si, I-V curve and spectral response
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