

  Estimating PV Module Performance over Large Geographical Regions: The Role of Irradiance, Air Temperature, Wind Speed and Solar Spectrum




Estimating PV Module Performance over Large Geographical Regions: The Role of Irradiance, Air Temperature, Wind Speed and Solar Spectrum







Energies 2015, 8(6), 5159-5181; doi:10.3390/en8065159




Article



Estimating PV Module Performance over Large Geographical Regions: The Role of Irradiance, Air Temperature, Wind Speed and Solar Spectrum



Thomas Huld * and Ana M. Gracia Amillo





European Commission, Joint Research Centre, Via Fermi 2749, Ispra I-21027, Italy









*



Author to whom correspondence should be addressed;, Tel.: +39-033-278-5273;, Fax: +39-033-278-9268.







Academic Editor: Andrés Muñoz



Received: 10 April 2015 / Accepted: 18 May 2015 / Published: 2 June 2015



Abstract:

 We present a study of how photovoltaic (PV) module performance varies on continental scale. Mathematical models have been used to take into account shallow-angle reflectivity, spectral sensitivity, dependence of module efficiency on irradiance and module temperature as well as how the module temperature depends on irradiance, ambient temperature and wind speed. Spectrally resolved irradiance data retrieved from satellite images are combined with temperature and wind speed data from global computational weather forecast data to produce maps of PV performance for Eurasia and Africa. Results show that module reflectivity causes a fairly small drop of 2%–4% in PV performance. Spectral effects may modify the performance by up to ±6%, depending on location and module type. The strongest effect is seen in the dependence on irradiance and module temperature, which may range from −20% to +5% at different locations.
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1. Introduction

It is well known that the energy conversion efficiency of photovoltaic (PV) modules depends on a number of different external influences. Among these influences are:


	The reflectivity of the module surface, and in particular the way this reflectivity depends on the angle at which the incoming light hits the module surface [1–3].


	The light conversion efficiency depends on the wavelength of the light. The module efficiency will therefore change with variations in the spectrum of the sunlight [4–11].


	The efficiency depends on the temperature of the PV module [12]. The module temperature will in turn depend on the temperature of the surrounding air, on the light intensity and on the local wind speed [13,14].


	Even when all these influences are held constant, the efficiency will still depend on the light intensity [3,15–17].


	Some PV module types show variations in module efficiency that are caused by long-term exposure to sunlight and/or high temperatures.




All these effects cause the module efficiency to deviate from the efficiency measured under Standard Test Conditions (STC) [18], which defines the rated or nominal power of a given module.

In addition to these effects there are of course, other reasons why the energy production of a given PV system would vary, which range from the details of installation (inclination angle, possible shadows) to the total amount of solar radiation at the site of installation, or the probability of dust or snow deposition. However, these are mostly not intrinsic to the module type and would tend to depend more on the details of installation than on the physical properties of the module. We could say that the effects listed above cause different modules installed in the same way and place to give different power output while these other effects would cause the same module to have different power output when mounted in a different way or place.

This distinction matters because knowledge of the first group of effects will allow potential buyers of PV modules to compare the suitability of different module types even before the details of a PV installation have been chosen.

Studies of the geographical variability of PV performance have been presented by a number of authors, either for a number of discrete locations (an early example is Bücher, 1997 [19]) or over larger geographical regions at regular grid points. These studies have been at the scale of a city [20,21], over parts of a country [22] or at continental scale [3,23]. In some cases, only the variation in solar irradiation is taken into account while other authors include some of the effects listed above.

The availability of solar radiation data from satellite has made it possible to estimate the solar resource at any location over very large geographical areas, typically on a continental scale. Combining these data with temperature and wind data from reanalysis data sets or meteorological models makes it possible to estimate the performance of PV modules taking into account many of the effects that influence their performance, and doing so at any location.

In this study, we will present results of applying models for PV module performance over large geographical areas. The effects considered are shallow-angle reflectivity, spectral sensitivity, as well as the influence of module temperature and irradiance on module power output, including also the cooling effect of wind. The study area comprises Europe, Africa and nearly all of Asia, limited by the availability of solar radiation data from satellite, in this case the European Meteosat satellites. The paper is structured as follows: Section 2 describes the sources of solar radiation and meteorological data. Section 3 presents the mathematical models for PV module performance. Section 4 shows the results of the calculations, including a comparison with calculations for single locations using measured solar radiation and temperature data. Finally, our conclusions are given in Section 5. Please note the table of nomenclature at the end of the paper.



2. Input Data Sets


2.1. Solar Radiation Data

The solar radiation data used in this study are derived from satellite images. All the data have been taken from the European METEOSAT class of geostationary meteorological satellites. These satellites are placed in two different positions, one at 0° longitude (off the coast of West Africa), and one at 57° East longitude, over the Indian Ocean. In practice, the calculation of solar radiation from these satellites’ images is possible over a region that extends 60°–65° away from the satellite’s nadir. Thus, the western satellite covers a region from 65° W to 65° E and from 60° N to 60° S, while the eastern satellite extends from 10° W to 115° E. The western satellite is of the class Meteosat Second Generation. The methods for calculating solar radiation from the data from this satellite are described in [24] (see also [25] for additional validation of the retrieved solar radiation data). The eastern satellite is of the Meteosat First Generation class. The methods used to derive solar radiation have been described in [26] and have been further validated using data obtained when this satellite was situated at 0° as well as its later positions at 63° and 57° [27].

The resulting solar radiation data consist of global horizontal and direct horizontal irradiance, with one value per hour. The spatial resolution used for this study is 3 arc-minutes (about 5 km at nadir).

The algorithms described in [26] can also be used to calculate irradiance in a number of spectral bands. In this case, the data output consists of hourly global and direct horizontal irradiance in 24 spectral bands covering the wavelength range 300–2150 nm.



2.2. Ambient Temperature and Wind Speed Data

There are, to our knowledge, no freely available data sets for ambient temperature and wind speed that cover the whole world at high spatial and temporal resolution. For this study, we have employed the numerical weather forecast data produced by the European Centre for Medium-Range Weather Forecast (ECMWF, www.ecmwf.int). A very large number of physical parameters are available from the numerical weather prediction model. For this study, the parameters used are the north-south direction wind speed component, the east-west direction wind speed component (both at 10 m above ground), and the ambient temperature at 2 m above ground. The temporal resolution is 3 h and the spatial resolution is 7.5 arc-minutes (∼ 14 km). To get the hourly data used in the present study, a linear interpolation is applied. For the wind speed, this entails in the first place, calculating the total wind speed from the two components, and then performing the interpolation.




3. Mathematical Models for PV Performance


3.1. Inclined-Plane Irradiance

The solar radiation data estimated from satellite information consist of the global horizontal irradiance and the direct component also on the horizontal plane. Since most PV installations use inclined (sometimes moving) modules, the irradiance on an inclined plane must be estimated. In this study, the method used is based on the one by [28], see also the validation study by Gracia and Huld [29].



3.2. Angle-of-Incidence (AOI) Effects

When the solar radiation hits the PV module at an angle away from normal to the module’s surface, the reflectivity of the module is generally increased. This reflected radiation does not contribute to the photocurrent, and is assumed here to also not contribute to the heating of the module. (In principle, some of the “missing” light at shallow angle of incidence is not reflected but absorbed in the glass. This effect is ignored here).

In this study, the model used has been taken from the paper of Martin and Ruiz [1]. In this model, the beam and diffuse components are treated separately. The coefficients used are those from [1] that pertain to typical crystalline silicon modules.



3.3. Spectral Effects

The conversion efficiency of PV modules depends on the spectrum of the incoming light. When the module is measured under Standard Test Conditions [18], also the spectrum of the light is specified by the International Standard IEC-60904-3 [30]. If the sunlight spectrum R(λ) is different from the standard at a given location and time, the power output of the module will be different from what would be expected from the value of the total incoming irradiance.

The model to account for this effect has been described in [11] and is very similar to that used by a number of other researchers [8–10]. For a given sunlight spectrum, the effective irradiance Geff is given by Equation (1):
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(1)




Here, Sr(λ) is the spectral response of the module under investigation. In Equation (1) the STC spectrum RSTC(λ) is scaled so the broadband irradiance is the same as the broadband irradiance G.
If the spectral effects are taken into account, Geff replaces G as input in the estimation of the PV module power output.

The spectral response curves of the modules used in this study have been measured at the European Solar Test Installation laboratory of the European Commission Joint Research Centre [31,32].

It should be noted that while an expression like Equation (1) is widely used there also exists more complex models, see for instance [33].



3.4. Module Temperature

The temperature of the module is assumed to be a function of the incident irradiance, the ambient (air) temperature, and the wind speed.

The wind speed data are estimates for a height of 10 m above ground, while most PV installations have the modules located at a lower height above ground. In this study, the formula in Equation (2) has been used to estimate the wind speed at the modules’ height:
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(2)




Here Wmod and Wane are the wind speed at the module’s height and the wind speed at the anemometer’s height, respectively, and dmod and dane are the height of the modules and the anemometer. For the present study, the module height has been assumed to be 2 m. The wind speed values Wane are taken from the ECMWF numerical forecast data for wind at 10 m height.

Given the wind speed and the ambient temperature, the module’s temperature is calculated according to the model of Faiman [13] (Equation (3)):
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(3)




The two coefficients U0 and U1 have been taken from [14], and vary slightly between module types. The values of the coefficients for crystalline silicon and CdTe modules are given in Table 1. The CdTe values are taken from Table 2 in [14] while the c-Si values are an average of the results reported in Table 1 in the same paper for the Negev Desert.

Table 1. Values of coefficients U0 and U1 used in Equation (3) for two types of PV technologies.


	Module Type
	U0
	U1





	c-Si
	26.9
	6.20



	CdTe
	23.4
	5.44








Table 2. Values of coefficients k1 to k6 used in Equation (4) for two different PV technologies.


	Module Type
	c-Si
	CdTe





	k1
	−0.017237
	−0.046689



	k2
	−0.040465
	−0.072844



	k3
	−0.004702
	−0.002262



	k4
	0.000149
	0.000276



	k5
	0.000170
	0.000159



	k6
	0.000005
	−0.000006








It should be noted that the coefficients U0 and U1 have been obtained by fitting to measurements made outdoors. In these measurements the temperature of the module was measured by a temperature sensor attached to the back of the module. The estimated temperature Tmod is therefore the temperature at the back of the module, not the true cell temperature.



3.5. PV Performance

The method used in this study can, in principle, use any model for the estimation of PV module performance, provided the output power can be expressed as a function of incident irradiance and module temperature. The model may be in the form of a mathematical expression or it may use discrete measured data and an interpolation method. For the present study we have used the model described in [17]. The validation has shown that the model works well for several different PV technologies. The model was compared to a range of other models in [16] and also found to perform satisfactorily. The model takes the form shown in Equation (4):



P(G′,T′)=G′PSTC(1+k1ln(G′)+k2(ln(G′))2+k3T′+k4T′ln(G′)+k5T′(ln(G′))2+k6T′2)



(4)
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(5)
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(6)




The coefficients k1…k6 must be determined by fitting to measured data. For this study, the coefficients used for c-Si modules are taken from [17], found by combining measured data for 18 c-Si modules and fitting using a least-squares fit. This shows one advantage when using a formula-based model: it is possible to combine data from several PV modules, even if the number of measurements varies between modules, since all the data are used together for the fitting procedure.

For CdTe modules, the corresponding coefficients have been obtained by a least-squares fit to measurements performed at the ESTI (European Solar Test Installation) laboratory [17]. This set of coefficients is somewhat different from that found in [3]. In that study the coefficients were found by fitting to outdoor measurements without correcting for spectral effects.

It should be noted that these coefficients are based on measurements on modules that by now are some years old. Newer CdTe modules may have different properties, especially in regards to their performance at low-light conditions.

The coefficients for c-Si and CdTe are given in Table 2



3.6. Definition of the Module Performance Rati

The models described in the previous subsections give an estimate of the instantaneous output power of PV modules, which will vary strongly with time especially due to changes in the solar irradiance. In order to describe the overall performance of a PV module, we propose the yearly average Module Performance Ratio, MPRyear defined in Equation (7):
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(7)




Here GSTC=1000 W · m−2 is the irradiance at STC conditions, Eyear is the total yearly PV energy output at the terminals of the PV module, assuming that the module always works at Maximum Power Point. Hyear is the total yearly in-plane irradiation. In a similar way we can calculate MPR taking into account the effect of wind MPRW,year. Thus, MPRyear is the ratio of the actual energy production to that which would have been obtained if the module had always worked at the conversion efficiency measured at STC.
MPRyear can also be expressed in terms of the annual average energy conversion efficiency of the PV module, ⟨ηyear⟩, as the ratio of actual module efficiency to the efficiency under STC conditions, as shown in Equation (8):
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(8)




ηSTC is the module efficiency under Standard Test Conditions.
The Energy Rating of a module would then consist of a few values of MPRyear for pre-defined climatic zones.



3.7. Calculation over Large Geographical Areas

The methods described in previous subsections have been implemented in a module under the open-source GIS (geographic information system) software GRASS. Calculations are performed for every hour in a given time period. The module inclination angle is assumed constant over the entire region and the modules are oriented so as to face towards the equator.

For each hour, the following parameters are calculated:


	Global inclined irradiance, G


	Global inclined irradiance corrected for AOI effects, Ga


	Spectrally resolved global inclined irradiance, corrected for AOI effects, Ra(λ)


	Module power output for a nominal PV power PSTC = 1 kWp, taking into account AOI, the effects of temperature and low irradiance, but ignoring the effect of wind (essentially setting U1 = 0 in Equation (3)


	Module power output Pw, also taking into account wind speed.




The calculation was performed separately for the data of the two satellites. The hourly values were summed to a yearly total irradiation (or PV module energy output), and the two data sets were then merged along the longitude (θ) line θ = 42°30′ E, according to this rule (Equation (9)):
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(9)




Here Dw and De are the values of a given parameter D from the western and eastern satellite, respectively.
Once the total irradiation and the total PV output energy have been calculated, it is possible to calculate the Module Performance Ratio (MPR), as given in Equation (7).




4. Results and Discussion

This section contains the results of the calculation methods described in the previous section in the form of graphs and maps. The data used to produce the figures can be downloaded from the web page containing supplementary data for this paper [34].


4.1. Comparison of PV Module Performance Using Measured and Satellite Retrieved Irradiance Data

There are, to our knowledge, no available data sets of direct measurements of PV module performance made on the same (or same model) modules in widely varying climates for a sufficient period of time to validate the entire chain of models described in Section 3. For this reason, a direct validation against experimental results is not possible, though each of the models used has been individually validated. We can, however, explore the effects of using different data sources for the irradiance and other meteorological data. To this end, we have performed calculations of MPR of two different module types for a number of different locations using different combinations of input data and two independent implementations of the models. In this section, the PV power output and the MPR have been calculated using satellite retrieved irradiance data and ground measurements recorded at the six BSRN stations shown in Table 3

Table 3. BSRN stations considered and year analyzed.


	Location
	Coordinates
	Year





	Cabauw (The Netherlands)
	51.97° N, 4.93° E
	2010



	Carpentras (France)
	44.08° N, 5.05° E
	2010



	Cener (Spain)
	42.82° N, 1.60° W
	2010



	Payerne (Switzerland)
	46.82° N, 6.95° E
	2010



	Sede Boqer (Israel)
	30.87° N, 34.78° E
	2010



	Gobabeb (Namibia)
	23.57° S, 15.01° E
	2013








Therefore, two different data sets are considered, named “measured” and “satellite”, which contain the following variables required as input data:


	Global horizontal and direct horizontal irradiance values (GHI and DHI, respectively)


	Ambient temperature (Tamb)




Wind speed is not typically measured at the BSRN stations. Therefore the values for wind speed are common for both measured and satellite data sets and are derived from the operational forecast data provided by ECMWF. The ambient temperature values used in the satellite data set are also obtained from the ECMWF ERA-interim reanalysis with a correction for elevation differences [35]. In the measured data set, both irradiance values and the ambient temperature are the values registered at the BSRN station. Due to the lack of spectral irradiance measurements, the spectral effects are not taken into account in the estimation of the PV output.

Following the models described in Sections 3.1 and 3.2 it is possible to calculate the in-plane irradiance in the selected tilted plane (20° inclination regarding the horizontal plane and due south (north for Gobabeb station)) considering the AOI effects. With the estimated Ga values, the ambient temperature (Tamb) and the wind speed (Wane), the module temperature (Tmod) is estimated following Equations (2) and (3).

The models described in Section 3 have been implemented both as a GRASS GIS module for calculations over large geographical areas, and independently as a MATLAB program (version R2015a) to calculate PV performance using time series of solar radiation and meteorological data for a single location. The two implementations are very similar but contain one difference: the GIS module uses Equation (4) directly with coefficients obtained from laboratory measurements on PV modules. In contrast, the single-location code uses an interpolation method to the values of a matrix containing the output power calculated according to Equation (4) for various combinations of module temperature and in-plane irradiance values. The module temperature varies between −15 to 85 °C in steps of 10 °C, while in-plane irradiance goes from 50 to 1200 W · m−2 in 50 W · m−2 intervals. When using the GRASS GIS module for the calculations, the PV output is estimated for very low and very high irradiance values, in opposition to the matrix, where those cases are not contemplated for the interpolation procedure.

In this section, two different PV technologies are studied: crystalline silicon and Cadmium Telluride. One matrix per technology is calculated using Equation (4) and the coefficients shown in Table 2. As a result, for every location and technology, there are three sets of PV output estimations:


	Measured–Single location: considering the data from the measured data set (measured irradiance and temperature values) and applying the interpolation method.


	Satellite–Single location: considering the data from the satellite data set (satellite retrieved irradiance values and ambient temperature from ECMWF ERA-interim reanalysis) and applying the interpolation method.


	Satellite–Equation: considering the data from the satellite data set together with temperature data from the ECMWF operational forecast and applying directly Equation (4).




For the first two procedures the moments when the sun elevation angle is below 5° are removed. In addition, the moments when the in-plane irradiance corrected for AOI effect is outside the range considered in the PV output matrix [50–1200 W · m−2] are removed as well. For the results obtained from the Equation (4) directly none of these criteria have been applied. The Module Performance Ratio is calculated according to Equation (7), for the whole year in the data set and per month. The yearly MPR values for both PV technologies and the three procedures applied are shown in Table 4.


Table 4. Yearly Module Performance Ratio values.



	
MPR

Station

	
Crystalline silicon



	
Cadmium Telluride






	
Measured Interpolation

	
Satellite Interpolation

	
Satellite Equation

	
Measured Interpolation

	
Satellite Interpolation

	
Satellite Equation






	
Cabauw

	
0.926

	
0.933

	
0.926

	
0.915

	
0.921

	
0.913




	
Carpentras

	
0.923

	
0.936

	
0.921

	
0.932

	
0.937

	
0.928




	
Cener

	
0.921

	
0.929

	
0.928

	
0.926

	
0.929

	
0.927




	
Payerne

	
0.925

	
0.930

	
0.927

	
0.925

	
0.923

	
0.920




	
Sede Boqer

	
0.895

	
0.897

	
0.893

	
0.921

	
0.923

	
0.921




	
Gobabeb

	
0.888

	
0.883

	
0.882

	
0.920

	
0.917

	
0.915









The yearly values of the MPR are very similar in the three cases. Values derived from considering the model directly tend to be lower than those resulted from applying the interpolation method. CdTe has a slightly lower performance than c-Si modules for the first four stations. In contrast, for Sede Boqer and Gobabeb, the MPR is considerably higher for the CdTe technology. Analysing the monthly values of the MPR for these two stations we can see how the performance of CdTe technology is always higherr than the other technology. For the other stations, the c-Si technology shows higher MPR values during the winter months, while CdTe performs better during the summer months when both temperature and irradiance levels are higher. The monthly values of in-plane irradiance, ambient and module temperature used in the two procedures applying the interpolation method, as well as the resulting PV output and MPR, for the six locations are provided in the extra material [34].

Figure 1 shows for every location, the monthly values of MPR obtained from the three procedures for the c-Si technology.

Figure 1. Monthly MPR values for the c-Si technology.
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The monthly values of MPR are also very similar with some exception for Cabauw and Payerne where in the winter months the MPR value from applying directly Equation (4) to the satellite values results in lower values. This may be due to the fact that in the interpolation procedure, moments with low in-plane irradiance were discarded, while in the map-based calculation times with very low irradiance were retained.

Similar behavior of the three procedures is observed for the CdTe technology. The three procedures provide very similar values. The monthly variability of the MPR values is in general higher for the c-Si technology than for the CdTe. The MPR for the c-Si varies within the year about 8%, while the variability for the CdTe is less than 6%.

The monthly variability of the MPR values is in general higher for the c-Si technology than for the CdTe. The MPR for the c-Si varies within the year about 8%, while the variability for the CdTe is less than 6%.

Figure 2 shows for every location, the monthly values of MPR obtained from the three procedures for the CdTe technology.

Figure 2. Monthly MPR values for the CdTe technology.
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4.2. Calculations of PV Performance over Eurasia and Africa

Using the data described in Section 2.1 with the methods from Section 3.7 the calculations were performed for land surfaces in the area with the bounds:


	North: 60° N


	South: 40° S


	West: 25° W


	East: 115° E




The resulting total in-plane irradiation is shown as a map in Figure 3.

Figure 3. Total in-plane solar irradiation for an equator-facing plane inclined 20° from horizontal. The result is given in units of kWh·m−2.



[image: Energies 08 05159f3 1024]





The geographical variation of the AOI effect is illustrated in Figure 4. This figure shows the relative difference between the calculations with and without the AOI model. The values range from about −0.015 to −0.045, meaning that the AOI effect will cause a decrease of irradiation entering the PV module that varies between 1.5% and 4.5%. A discontinuity is clearly seen at the equator because of the change in module orientation there. It is also clear that the effect is generally higher in more cloudy areas such as Tropical Africa, southern China and northern Europe. Note that in this calculation there is no distinction between different module types.

Figure 4. Relative difference between total irradiation calculated with and without the AOI effects.
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Based on the yearly totals of irradiation and PV output (calculated with and without wind), the MPR can be calculated according to Equation (7). The results are shown in Figures 5 and 6.

Figure 5. Module performance ratio for crystalline silicon modules, taking into account the effects of temperature and low irradiance but NOT the effects of wind.
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Figure 6. Module performance ratio for crystalline silicon modules, taking into account the effects of temperature and low irradiance as well as the effects of wind.
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The variation in MPR follows a pattern that is very different from that seen in the irradiation map. Temperature has a very strong influence which can be seen in mountain areas such as the Caucasus and even more clearly in the Tibet high plateau.

The effects of wind are clearly seen and it is also clear that there is a strong geographical variation in this effect. For instance, the wind causes a noticeable increase in MPR in the Sahara, while in the Congo basin the effect is much smaller. Figure 7 shows the difference in MPR with or without the effect of wind on the module temperature. Generally, the effect is strong in The Sahara and Kalahari deserts, in the Tibet plateau and in Kazakhstan, moderate in most of Europe, and quite weak in Tropical Africa, east Asia and Southern China. In extreme cases the effect can reach more than 6%.

Figure 7. Difference between the MPR values calculated with or without taking into account the effect of wind.
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4.3. The Effect of Module Inclination on Module Performance Ratio

All the results shown so far have used a single fixed module inclination of 20°. If a different inclination angle is chosen, this will change the in-plane irradiance at any given moment and so change the module efficiency both because of the change in irradiance and because the module temperature will change.

In principle, the relation shown in Equation (3) would be expected to change somewhat with the module’s inclination angle, and the effect of cooling by wind may be more effective at steeper module inclinations. However, the model data available do not distinguish between module inclinations, so this will not be taken into account.

The effect of module inclination on MPR was investigated by repeating the above calculations with a module inclination of 40° with modules still facing equator. Considering all the effects (AOI, air temperature, wind speed) we then calculated the difference in MPR between the two scenarios. The resulting map is shown in Figure 8. The results show that there are clear geographical patterns with a positive difference (MPR is higher at 40°) in southern Siberia and a negative difference near the equator. However, the absolute value of the difference is small. In most areas (Europe, South Asia, most of Africa, China) the absolute value of the difference is well below 0.5%. Only in extreme cases (southern Siberia, equatorial East Africa) does the difference approach ±1%. This should be compared to overall differences in MPR of up to 20% between locations in the study area (see Figure 6). The result is consistent with that found in Huld et al., 2008 [2], where the performance of fixed-mounted and 2-axis tracking systems were compared and it was found that the relative difference in PV energy yield was almost the same whether or not irradiance and temperature effects were taken into account.

Figure 8. Difference between the MPR values for modules at 40° and 20° inclination (free rack mounted facing equator).
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4.4. Interannual Variation in MPR

The results presented above have been calculated using hourly data (irradiance, temperature and wind speed) for a single year (2011). For a given location, the average temperature will vary from year to year, and the total irradiation may also vary by several percent from one year to the next. It is therefore not a given that the average MPR for a single year will be representative of other years. To investigate this, we performed the calculations of MPR taking into account AOI, temperature and wind speed for a total of 4 years, 2010–2013, which is the period for which the high-resolution temperature and wind data are available. From the values of H and Ew the average MPR was calculated for each of the four years and the standard deviation of the annual average MPR was calculated for each point in the geographical region. The map of the standard deviation of MPR is shown in Figure 9. The standard deviation is everywhere less than 0.01 and in most areas less than 0.005. Using a Student t distribution with 3 degrees of freedom, the probability of average MPR for a given year deviating by more than 0.025 from the 4-year mean is less than 5% everywhere and in most areas there is less than 5% probability of the MPR in a given year deviating by more than 0.012. This should be compared with the overall variation in MPR which exceeds 0.2. The maps of MPR using one year of data are therefore quite representative of the average MPR over long time periods. Of course, the actual energy yield of a PV system will vary much more strongly from year to year as the annual irradiation varies.

Figure 9. Standard deviation in annual MPR values taking into account 4 years from 2010 to 2013.
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4.5. Influence of Module Type

The results presented in Subsections 4.2 to 4.4 have only considered crystalline silicon modules. Different PV cell technologies may give different overall MPR values because of difference in the behavior at low light intensity or high temperature.

To illustrate this difference we have repeated the calculations of annual average MPR also for a Cadmium Telluride module. For this module type the coefficients for the model of Equation (4) are given in Table 2. In order to compare the performance of CdTe modules with c-Si modules of the same nominal power, we then calculated the relative difference in MPR between the two module types. The resulting map is shown in Figure 10. In areas with positive values in this map, CdTe modules will have higher annual energy output, whereas when the difference is negative, c-Si modules will have higher energy output. The results shown in Figure 10 agree with the values of MPR presented in Table 4.

Figure 10. Relative difference in MPR values between CdTe modules and c-Si modules.
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4.6. Effect of Spectral Variation on the Energy Output of Different Module Types

The preceding results have not considered the effect of variations in the solar spectrum. The model to include this effect was introduced in Subsection 3.3. The resulting effective irradiance Geff (Equation (1)) can then be used with Equation (4) to calculate the spectrally corrected PV power. Note that the irradiance input to Equation (3) should be the uncorrected irradiance.

The calculation of total PV energy including spectral effects was performed for the year 2013. The PV energy output was also calculated for the same year without considering spectral effects. The influence of spectral variations can then be illustrated by calculating the difference between these two results. The result is shown in Figure 11. In most areas the effect of spectral variations is not the dominant effect though the effect is not negligible. Generally, the effect is stronger for CdTe than for c-Si. As shown in [11], the spectral effect is generally stronger for PV technologies with a more narrow spectral range. An exception to this trend is found in the high-elevation areas in Asia, in particular Tibet, where the two technologies show a marked negative influence of the spectral effect. A possible explanation for this could be that in these high-elevation and low temperature areas the air has a very low water vapor content. This could allow a higher proportion of infrared radiation to arrive at ground level. Since this infrared radiation is not used by the PV modules, the overall effect will be a reduced PV power relative to the broadband irradiance.

Figure 11. Relative difference (in %) in total energy production when taking spectral effects into account compared to the same calculation where the spectrum is assumed to be always proportional to the STC spectrum. (a) Results for c-Si (b) Results for CdTe.
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In [11] a comparison was made between the present method and results of other researchers [9,10] and it was shown that the results agree well. In this work the calculation of the spectral effects have been extended to Asia and we can therefore now make a comparison also with the results of Ye et al. [8]. For CdTe we estimate an overall yearly energy gain of +5% while the results from [8] show about +3%. It should be noted that the results are not directly comparable since our calculation is based on the full calculation of the PV power including temperature effects while other researchers have based the calculation on the variation in the short-circuit current.



4.7. Combining All Models

Once the total PV energy output has been calculated using the models for all the effects discussed here, we can calculate the overall module performance ratio.

These results are effectively a combination of the data shown in Figure 6 with those of Figure 11. The resulting maps are shown in Figure 12.

Figure 12. Module performance ratio taking into account AOI, spectral effects, and the effects of temperature and irradiance on PV power. (a) c-Si modules; (b) CdTe modules.
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5. Conclusions and Further Work

We have presented results of a study of the geographical variation of several effects that influence the performance of PV systems:


	PV module reflectivity at shallow angles of incidence (angle-of-incidence effect)


	Effects of variation in the solar spectrum


	Dependence of module efficiency on in-plane irradiance and module temperature


	Effects of irradiance, air temperature and wind speed on the module temperature




Using published models for these effects we have been able to calculate their magnitude over an area covering Europe, Africa and nearly all of Asia. Some of these effects are fairly homogeneous over the studied area while others vary much more strongly. Thus, the overall size of the angle-of-incidence effect is in the range −2% to −4%. The effect of variations in the spectrum shows a greater range in magnitude. For crystalline silicon modules this will range from −5% to +2% while the effect is more pronounced for CdTe modules, varying from −6% to +6%.

The greatest effect is found in the dependence of module efficiency on temperature and irradiance. For crystalline silicon, this effect may vary from −15% to +5% depending on location, while CdTe modules show somewhat less geographical variation, mainly due to the smaller temperature coefficient. The cooling effect of wind may change the overall module performance ratio by 5% or more in hot, windy areas such as the Sahara desert.

The study presented here includes several of the most important effects influencing PV performance. However, the study may be refined in a number of ways:


	Some new PV module types have special coatings or textured surfaces to reduce the losses due to reflectivity. Measured data from such modules could be used to quantify the improvement in overall PV energy output.


	The method for estimating the spectral effects has so far only considered single-junction PV technologies. Tandem cells and multijunction technologies will require modifications to the methods used here.


	Some PV technologies show long-term variation in the module efficiency. This is especially the case for amorphous silicon technologies. This will require development of models for the behaviour of these modules.


	PV module performance tends to degrade with age, in a way that almost certainly depends on the environmental conditions. Better models for this effect will have to be developed before it is possible to estimate the geographical variation of age-related degradation.




The data used to produce the geospatial maps in this paper can be downloaded from re.jrc.ec.europa.eu/pvgis/energy_rating_paper/index.html.






Nomenclature



	
Acronyms




	
AOI

	
Angle of Incidence





	
BSRN

	
Baseline Surface Radiation Network





	
MPP

	
Maximum Power Point





	
STC

	
Standard Test Conditions





	
ECMWF

	
European Centre for Medium-Range Weather Forecast








	
Symbols




	
dane (m)

	
Height above ground of the anemometer measuring wind speed





	
dmod (m)

	
Height above ground of the PV module





	
Etot (Wh)

	
Total energy produced by the module





	
Eyear (Wh)

	
Total yearly energy produced by the module





	
⟨ηyear⟩(−)

	
Annual average module efficiency





	
ηSTC (−)

	
Module efficiency at STC





	
GSTC = 1000W · m−2

	
In-plane irradiance at STC conditions





	
GHI (W · m−2)

	
Global horizontal irradiance





	
DHI (W · m−2)

	
Direct horizontal irradiance





	
G (W · m−2)

	
In-plane global irradiance





	
Ga (W · m−2)

	
In-plane global irradiance corrected for AOI effects





	
Gef f (W · m−2)

	
In-plane effective global irradiance considering the spectral effects





	
H,Ha (kWh · m−2)

	
In-plane global irradiation over a time period, without and with AOI effects respectively





	
Hyear (kWh · m−2)

	
Total yearly in-plane irradiation





	
R(λ) (W · m−2· nm−1)

	
Spectral irradiance at wavelength λ





	
RSTC (λ) (W · m−2· nm−1)

	
Spectral irradiance at STC at wavelength λ





	
Ra(λ) (W · m−2· nm−1)

	
Spectral global inclined irradiance corrected for AOI effects





	
Sr(λ) (AW−1)

	
Spectral response of the PV module at wavelength λ





	
MPR (−)

	
Module Performance Ratio





	
MPRyear (−)

	
Annual average Module Performance Ratio





	
MPRW,year (−)

	
Annual average Module Performance Ratio considering wind effects





	
Pw (W)

	
Estimated module power considering wind effects





	
PSTC (W)

	
Module power at STC





	
U0(W·°C−1·m−2)

	
Coefficient for module temperature model





	
U1(Ws°C−1·m−3)

	
Coefficient for module temperature model





	
k1 to k6

	
Coefficients for the PV performance model





	
Tamb (°C)

	
Ambient (air) temperature





	
Tmod (°C)

	
Module temperature





	
Wane (ms−1)

	
Wind speed at the height of the anemometer





	
Wmod (ms−1)

	
Wind speed at the height of the PV module
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