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Abstract 
Photovoltaic (PV) modules are the main element responsible for the harvesting of solar radiation in PV systems. Thus, their reliability and durability are two crucial factors to take in consideration for conceiving 	performant PV systems and improve the energy generation. The outdoor comportment analysis of different PV module technologies has gained an increased interest in last years in order to gain insight on the degradation of their performance.
The present work studies the behavior of three different PV modules based on cadmium telluride (CdTe), monocrystalline (mc-Si) and polycrystalline silicon (pc-Si) technologies deployed outdoor in a humid continental climate for more than three years. The period under scrutiny ranges from August 2015 to September 2017. Moreover, a new approach based on artificial neural network (ANN) was developed for the prediction of missing weather data.
The obtained results showed that mc-Si and pc-Si PV modules presented a slight performance degradation following the seasonal changes. The worst degradation rate of −5.61%/year was obtained for CdTe PV modules. Finally, the effects of the degradation on the I-V curve were proven by an indoor characterization of CdTe PV modules.
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1. Introduction
The photovoltaic (PV) market experienced a rapid growth in the last decade, where, the compound annual growth rate of PV installations from 2010 to 2016 was 40% (ISE, 2018). In 2016, solar PV was the world’s leading source of additional power generating capacity. Its annual market increased nearly 50% to at least 75 GWp raising the global total installed PV power to 303 GWp (REN21, 2017). This important growth is driven by several factors –PV abundance and friendly nature, decline of PV module prices, increase of PV module efficiency, fabrication of cost effective thin film PV technologies and a historic climate agreement in Paris that brought together the global community– that all have a bearing on PV market.
Monocrystalline silicon (mc-Si) and polycrystalline (pc-Si) PV modules accounted for about 94% of the total annual production in 2016, while the market share of thin film (TFPV) modules has decreased to 6% compared to previous years (ISE, 2018). The most common materials used in the mass production of TFPV modules are cadmium telluride (CdTe), amorphous silicon (a-Si) and copper indium gallium selenide (CIGS), showing an annual production in 2016 of 3.1 GWp, 0.5 GWp and 1.3 GWp respectively (ISE, 2018).
 TFPV modules have plenty of advantages such as lower temperature coefficient relative to mc-Si and pc-Si PV modules, low quantity silicon usage as raw material, low-cost manufacturing process and flexibility in product design. However, the decline of the TFPV modules market could be associated to their weaknesses such as low conversion efficiency and long term reliability and durability of the performance when deployed outdoor compared to crystalline technologies (Čampa et al., 2014; Hussin et al., 2015; Jordan and Kurtz, 2013; Kahoul et al., 2017; Kichou et al., 2016a; Polverini et al., 2013; Silvestre et al., 2016a).
Various researches have been conducted to analyse the behavior and assess the degradation rates of PV modules of different technologies deployed outdoor for long-term exposure in order to ensure a reliable and durable PV system by selecting the best technology for the appropriate climate conditions. Performance analysis of mc-Si and pc-Si PV modules which have provided electric power as PV systems for more than 20 years showed that both PV technologies exhibit stable power generation, especially in the first years of outdoor exposure (Jordan et al., 2017; Polverini et al., 2013). Various studies carried out in various locations suggested slight degradation rates around 0.7%/year and 1%/year for mc-Si and pc-Si PV modules respectively (Jordan and Kurtz, 2013). It is also found that, the decrease of performances of crystalline silicon PV modules could be related to other degradation modes such as hot spots,  cracked cells or solder bond failures, corrosion and encapsulant discoloration (Jordan et al., 2017; Kahoul et al., 2017; Polverini et al., 2013).
Several works carried out for the study of the behavior of Hydrogenated amorphous silicon (a-Si:H) and micromorphous (a-Si:H/μc-Si:H) TFPV modules reported that these technologies present light-induced degradation (LID) due to the Staebler-Wronski effect (SWE) (Hussin et al., 2015; Meyer and E.d, 2004; Staebler and Wronski, 1977; Yamawaki et al., 1997). The LID is found to be very important during the first months of exposure to outdoor light due to changes in photoconductivity and dark conductivity. This effect gradually tends to stabilize after certain period of exposure resulting in power loss rates ranging from 10% to 30 % of the nominal power of the PV module (Hussin et al., 2015; Kichou et al., 2016a, 2016b; Silvestre et al., 2016a). In addition, thermal annealing effect which allows partially recovering the initial performance with the increase of temperature was also observed in the comportment of amorphous and micromorphous TFPV modules when deployed in hot climate conditions (Kichou et al., 2016a; Silvestre et al., 2016a; Yamawaki et al., 1997).
Cu (In,Ga)Se2 (CIGS) chalcopyrite semiconductors such as Cu(In)Se2(CIS) are direct-gap polycrystalline semiconductors, and their optical absorption coefficients are considered high (Shah et al., 1999). CIGS PV module efficiency value up to 19.2% has been reported in (Green et al., 2017). In recent work published in (Silvestre et al., 2016a) it was found that the CIS PV module presented a stable comportment under long term outdoor exposure in a dry and sunny inland site. The generated initial power of CIGS PV modules has been estimated to decrease by up to 3% before stabilization (Muñoz-García et al., 2012; Silvestre et al., 2016a).
CdTe/CdS PV modules are considered as promising TFPV technology because of their lower production cost and higher cell efficiency. Their band gap value of 1.45 eV makes them well adapted to the solar radiation spectrum (Kumar and Kumar, 2017). The theoretical efficiency limit for CdTe technology is 29% (Muñoz-García et al., 2012; Shockley and Queisser, 1961), however, the reported conversion efficiencies of CdTe/CdS solar cells up to date are around 22% (Green et al., 2017; Kumar and Kumar, 2017). Outdoor long-term exposure of CdTe/CdS PV modules exhibit performance degradation due to detrimental changes in the device material. Degradation mechanisms identified in CdTe/CdS PV modules are related to light soaking effects (Gostein and Dunn, 2011), Cu diffusion from the back contact of the cells (Romeo et al., 2000) and the fill factor reduction due to shunting effects (Mendoza-Pérez et al., 2009).
Understanding the outdoor behavior of different PV module technologies is the main aim of the present work. The behavior of three different PV modules based on CdTe, mc-Si and pc-Si technologies deployed outdoor under- humid continental climate conditions for more than three years is analyzed in this paper. The period under scrutiny ranges from August 2015 to September 2017. Moreover, a new approach based on artificial neural network (ANN) has been developed in order to predict missing weather data which are crucial for performing an accurate assessment of the degradation rate and the stabilization period. Finally, an indoor characterization of the CdTe PV module was carried out in order to show the effects of the degradation on the I-V curve.
The remainder of the paper is structured as follows: The description of the monitoring system as well as the PV module technologies included in the study are given in section 2. Section 3 summarizes the methods used for the prediction of missing data, study of degradation and the evaluation of the performance of the different PV module technologies. Results obtained are shown and discussed in section 4. Finally, general conclusions are provided in section 5.

2. Description of the monitoring system and PV modules
The three PV module technologies analyzed in this work correspond to mc-Si, pc-Si and CdTe. The PV modules are installed at the University Centre for Energy Efficient Buildings (UCEEB) situated in Buštěhrad, small city 20 km northwest of Prague (Czech Republic, Latitude: 50°09'24.2"N, Longitude 14°10'10.5"E). The city of Prague has a humid continental climate, which is typified by large seasonal temperature differences, with warm to hot (and often humid) summers and cold (sometimes severely cold) winters  (Chen and Chen, 2013)..
PV modules under study are mounted in the South-southeast façade of the UCEEB building with an azimuth angle of 158°. The crystalline (mc-Si and pc-Si) PV modules were directly integrated to the façade wall (tilt angle = 90°). However, CdTe PV modules were installed on an open rack with a tilt angle of 75° as it shown in Fig. 1. 
[image: https://ars.els-cdn.com/content/image/1-s2.0-S0038092X18306923-gr1.jpg]


Fig. 1. (A) Analysed PV modules (c-Si: left side, mc-Si: middle and CdTe: right side), (B) UCEEB meteorological stations.
The nameplate parameters of the PV modules under standard test conditions (STC): G* = 1000 W/m2, Tc* = 25 °C, used in this study are given in Table 1. Each PV module from the c-Si or mc-Si PV arrays has its own optimizer, however, in the case of the CdTe PV array each string composed of three PV modules is connected to one optimizer. Thus, the analysis has been carried out on one c-Si PV module, one mc-Si PV module, and one string composed of three CdTe PV modules.
The measured coordinates of the maximum power point of the PV modules/string are provided by the optimizers every five minutes in the monitoring system based on SolarEdge web monitoring portal. The external environmental data such as solar irradiance on different angles of incidence, relative humidity, rainfall, wind speed and ambient temperature are given by the three meteorological stations of UCEEB. The module temperature as well as the in-plane irradiance related to each PV module technology are measured every second. 
The irradiance data related to CdTe PV modules is measured through a Silicon Irradiance Sensor (Si-RS485TC-2T-MB) with a fixed connected module temperature sensor Pt1000 pasted to the backside of the PV module. However, for the case of crystalline PV modules, the in-plan irradiance is provided by another Silicon Irradiance Sensor (Si-RS485TC) installed in the roof of UCEEB building, and the modules temperature is calculated by using the nominal operation cell temperature (NOCT) formula given bellow: 
						(1)
where, the ambient temperature (Ta) is provided by one of the weather stations of UCEEB measuring the air ambient temperature at two meters above the ground level. G is the measured irradiance received by the PV module.
[bookmark: _Toc469189276][bookmark: _Toc469913059]Table 1 Main parameters of PV modules listed in manufacturers’ datasheet.
	
	PV module

	
	SunPower®
 E20-327
	Holleis Lotus G2© 245
	Calyxo
CX3-80

	Technology
	mc-Si
	pc-Si
	CdTe

	Nominal peak power, Pm (W)
	327
	245
	80

	Current at max. power, Im (A)
	5.98
	8.19
	1.72

	Voltage at max. power, Vm (V)
	54.7
	29.9
	47

	Short-circuit current, Isc (A)
	6.46
	8.74
	2.01

	Open-circuit voltage, Voc (V)
	64.9
	37.1
	62.8

	Power Temp. Coef. γ (%/C)
	−0.35
	−0.44
	−0.25

	Nominal Operating Cell Temperature, NOCT (C)
	45±2
	45±2
	-




3. Methodology
3.1 Weather data prediction
The availability of data is crucial in order to study correctly the behavior of the PV modules under outdoor conditions. Sometimes the monitoring system stops due to some technical issues and unknown reasons resulting in a loss of some measured data. Therefore, developing a method for the prediction of these missing data based on the existing ones could be very useful for future use of those data.
Artificial neural networks (ANN) have shown effectiveness when employed in the fields of PV power forecasting (Mellit et al., 2013), modelling and simulation of PV outputs (Celik, 2011), performance evaluation of PV solar cells (Velilla et al., 2014), maximum power point tracking (MPPT) (Boukenoui et al., 2016; Rizzo and Scelba, 2015), as well as, in the field of fault detection in PV systems (Garoudja et al., 2017; Mekki et al., 2016). In this paper, a new method based on ANN has been developed in order to predict missing solar irradiance and module temperature data from measured outputs of PV modules. 
The analyzed PV modules were mounted outdoor since August 2014, but they were put into operation just for few hours in order to test the connections and after that, they were put in open-circuit voltage. The operation of PV modules started at the same time when the monitoring system was installed. Fig. 2 shows the periods on which the monitoring system and the weather sensors were installed. The monitoring system of the outputs of PV modules was installed one year after the installation of the PV modules. The sensors of weather data (solar irradiance and modules temperature) were installed in February 2016.
[image: ]
Fig. 2. Chronogram of the installation of the equipment.

The development of the ANN model has been carried out using neural network toolbox offered by MATLAB® software, following the same steps in (Kayabasi et al., 2017), in order to predict the missing data from August 2015 to February 2016 as shown in Fig. 2.
The structure of the developed feed-forward backpropagation network (FF-ANN) is shown in Fig. 3. The inputs of the FF-ANN model are measured output power (Pm), voltage (Vm) and current (Im) at the DC-side of the PV module provided by the optimizer. The solar irradiance (G) and the PV module temperature (Tc) are set as targets of the FF-ANN model.
The developed FF-ANN has been trained by 70% of samples of the available data using Levenberg-Marquardt as a learning algorithm. The rest of data (30% of sample data not used in the training process) were used to test and validate the FF-ANN model by comparing the measured data with the predicted ones.
[image: ]
Fig. 3. Developed FF-ANN structure.
3.2 Degradation analysis of PV modules
The behavior of the PV modules under study was analyzed by using two main procedures. The annual degradation rate is calculated from the trend of the evolution of the effective peak power technique, and the stabilization period is obtained through out the observation of the generated DC-output power in narrow ranges of solar irradiance and cell temperature.
3.2.1 Effective peak power technique
The effective peak power, PM*, of the PV modules is calculated by using the following equation (Kichou et al., 2016b; Martínez-Moreno et al., 2012):
						(2)
where G* and Tc* are the irradiance and temperature at STC, respectively. PDC is the generated DC-output power of the PV modules.  is the power temperature coefficient of the PV modules. G and Tc are the measured irradiance and cell temperature respectively.
The power coefficient temperature, , is normally given in the PV module manufacturer’s datasheet. Otherwise, it can be calculated as follows (Spataru et al., 2015). 
 					(3)
where Pmax is the maximum power of PV modules at STC and the reference temperature is 25 ºC.
Before starting with the calculation of the effective peak power, a previous filtering process of the monitored solar irradiance data is required. Irradiance values lower than 700 W/m2 (case of the CdTe PV modules) were disregarded in order to avoid the presence of wrong data caused by the presence of shades on the PV modules, inverter saturation, inverter outages, low irradiances, …etc (Hussin et al., 2015; Kichou et al., 2016a, 2016b; Silvestre et al., 2016a). For the case of the mc-Si and pc-Si PV modules, due to their vertical inclination, the solar irradiance data filter was lowered to 600 W/m2 in order to collect a big amount of data.
[bookmark: bb0005]The spectral effects have been omitted in Eq. (2), due to the solar spectrum distribution at in-plan irradiance levels above 700 W/m2 which closely matches the AM 1.5G standard reference spectrum (Silvestre et al., 2016a). Moreover, the solar silicon irradiance sensor used for the study of CdTe PV modules takes into consideration the spectral mismatch because it is encapsulated in special filter glass. This irradiance sensor is used for the monitoring of amorphous (a-Si) PV modules, in order to compensate the significant differences in spectral sensitivity between c-Si and a-Si material and permit to achieve the spectral sensitivity of a-Si material to an outstanding degree. Due to similar band-gap ranges of a-Si and CdTe solar cell technologies, they present similar spectral shift effects (Alonso-Abella et al., 2014), thus, no other spectral effect corrections were considered. 
The monthly average values of PM* has been evaluated along more than two years of the supervising campaign.
Finally, the degradation rate, DR, expressed in (%/year), of the PV modules is calculated from the linear least square fitting equation of the evolution of the monthly effective peak power, PM*, using Eq. (4):
						(4)
where b and c are the slope and the y-intercept respectively of the trend line (Eq. (5)) obtained from the evolution of PM*.
						(5)
3.2.2 Evolution of the DC-output power
The stabilization period of the PV modules under study is obtained from the evolution of the generated DC-output power in narrow ranges of solar irradiance (G) and module temperature (Tc). This method was proposed by (Hussin et al., 2015), and was successfully applied in previous works in order to estimate the stabilization period of TFPV modules (Kichou et al., 2016a, 2016b; Silvestre et al., 2016a).
The method mainly reposes on the processing of weather data, in order to choose adequately the narrow filters of G and Tc. The choice of the narrow filters depends mainly on the PV module technology and the location where the PV module is installed. As an example, in previous published works, a G and Tc filters in the range of 890 W/m2 <G<910 W/m2 and 30 ºC<Tc<35 ºC have been selected in order to study the behavior of CdTe PV module deployed under Spanish continental climate (Silvestre et al., 2016a). 
Finally, after setting up the optimum narrow filters of G and Tc, the monthly DC-output power generated from the PV modules belonging to the narrow filters is plotted, and the stabilization period is estimated from its trend.  



3.3 PV modules performance evaluation 
The outdoor energetic performances of PV modules under study were evaluated along the monitoring period through the calculation of the performance ratio, PR (%), defined as (Ishii et al., 2014; Silvestre et al., 2016b):
						(6)
where Pm is the measured maximum power generated by the PV module and Pm* is the nominal output power of the PV modules stated in the datasheet at STC.
4. Results and discussion
4.1 Meteorological data prediction 
The prediction of missing data of solar irradiance and module temperature was carried out following the procedure described in the methodology section based on the use of FF-ANN.
The architecture of the generated FF-ANN is depicted in Fig. 4, consisting of 3 input neurons, 10 neurons have been selected in the hidden layer and 2 in the output layer. The maximum number of epochs was set to 1000, and the initial weights as well as the biases were derived automatically by ANN tool of MATLAB (Hudson et al., 2017). 
[image: C:\Users\kichou\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Fig 4.tif]
Fig. 4. Architecture of the FF-ANN generated by MATLAB.

The validation of the model was carried out by using 9120 samples of data corresponding to 85 different days of different months from March 2016 to September 2017. The considered data were chosen taking into account the days that could belong to the irradiance filtering process used in the study of degradation. The selected 85 days corresponding to the 9120 samples used for the validation of the FF-ANN model are summarized in Table 2. From Table 2 and Fig. 5, it can be seen that both cloudy and clear days were considered for the validation of the model, moreover the amount of days selected from winter months represents more than 45% of the whole selected data.

Table 2 Distribution of the selected days used for the validation of the FF-ANN. 
	Year
	2016
	2017

	Month
	03
	04
	05
	06
	07
	08
	09
	10
	11
	12
	01
	02
	03
	04
	05
	06
	07
	08
	09

	Number of days
	4
	4
	4
	4
	4
	4
	4
	7
	7
	8
	7
	7
	3
	3
	3
	3
	3
	3
	3



The obtained results of the forecasted solar irradiance (G) and ambient temperature (Ta) by means of the FF-AAN related to crystalline silicon PV modules are shown in Fig. 5, Fig. 6 respectively. A good agreement between forecasted and measured data could be observed, especially for clear sky days. The prediction of irradiance data is more accurate compared to the prediction of the temperature data, and this is mainly due to the small fluctuations present in the measured temperature data.


[image: https://ars.els-cdn.com/content/image/1-s2.0-S0038092X18306923-gr5.jpg]
Fig. 5. Validation of the predicted solar irradiance provided by FF-ANN.

	
[image: https://ars.els-cdn.com/content/image/1-s2.0-S0038092X18306923-gr6.jpg]
Fig. 6. Validation of the predicted temperature provided by FF-ANN.


The root mean square error (RMSE) has been calculated in order to evaluate the effectiveness of the FF-ANN in the prediction of the missing data. The obtained mean RMSE values corresponding to clear sky, semi-cloudy and cloudy days are listed in Table 3.
Table 3 Calculated mean RMSE values between measured and estimated data.
	
	Clear sky day
	Semi-cloudy day
	Cloudy day
	All data

	RMSE_G (W/m2)
	15.27
	19.13
	64.09
	26.83

	RMSE_G (%)
	1.68
	2.11
	7.07
	2.96

	RMSE_Tc (°C)
	3.09
	3.29
	7.26
	4.40

	RMSE_Tc (%)
	4.78
	5.09
	11.25
	6.81



From Table 3, it can be seen that the FF-ANN provided good results in the prediction of data considering clear sky and semi cloudy days, where RMSE values less than 3% and around 5% were obtained for the estimation of G and Tc respectively. The worst RMSE values were obtained in cloudy days and especially in the case of temperature forecasting, where the RMSE value exceeds 11%. 
The highest RMSE values were obtained for low irradiance and temperature values. In the study of degradation of PV modules of different technologies considered in this work, the data corresponding to low irradiance values are disregarded. Thus, the less accurate data estimated for cloudy days will not affect the results of the degradation analysis presented in the section hereafter.

4.2 Degradation analysis of PV modules
4.2.1 Effective peak power
The evolution of the monthly effective peak power, PM*, of the three PV module technologies calculated by using Eq. (2), is plotted in Fig. 6. It can be clearly seen that the three PV technologies exhibited different behavior under outdoor climate conditions. 
[bookmark: bb0090][bookmark: bb0165][bookmark: be0010]The evolution of PM* of the mc-Si and c-Si technologies confirms the stability of these PV technologies, and the variation of their performance depends mainly on the seasonal climatic changes. Several works present in the literature confirmed the stability of the c-Si and mc-Si PV modules when deployed outdoor for more than five years (Jordan et al., 2017, Polverini et al., 2013). Both crystalline PV modules provide high performance in winter months rather than in summer months. Normally, the effect of seasonal variation on the evolution of the effective peak power of the crystalline PV modules is very low at STC due to the stability of the materials of these two technologies. The obtained values of seasonal variation around ±4.5% and ±7.2% for c-Si and mc-Si PV modules respectively are mainly due to the use of Eq. (2) –only power coefficient and measured MPP data are considered for the recalculation of PM*. In addition, as there is no measurements of the diffuse irradiance, and even if its effect is less significant, however it is important to report that the diffuse irradiance could also affects the behaviour of the PV modules depending on their installation. For example, the c-Si and mc-Si PV modules are installed vertically, thus, their performance could be influenced by the diffuse irradiance especially in summer months. Furthermore, the behaviour of CdTe PV modules that is assumed similar to a-Si in this study –due to the used solar irradiance sensor– may show important spectral mismatches between these two technologies if the spectrum is strongly shifted due to diffuse irradiance.

As the present work is focused on the estimation of the degradation rate of the three PV modules under study. Eq. 2 provides reliable results when is used for estimating the degradation rate, because of the methodology takes into account the linear fitting equation of the calculated PM* and not the PM* trend itself. However, in order to quantify accurately the effect of seasonal variation of the crystalline silicon PV modules, it is preferable to use the methodology provided in the standard (EN 60891, 2009) taking into account more parameters and the whole I-V curve.
On the other hand, the fluctuation of the performance of the pc-Si PV modules is higher due to its higher power temperature coefficient compared to the others PV modules as it is reported in Table 1. The seasonal fluctuations obtained for the crystalline PV modules are mainly due to the temperature variations between winter and summer months and match with the result reported in (Wang et al., 2017).
[image: ]
Fig. 7. Evolution of the effective peak power of PV module technologies under study.

Regarding the evolution of the effective peak power of the CdTe technology, it can be clearly seen in Fig. 6, that the performance of this technology showed a steady decrease along the monitoring campaign. The initial value was decreased by more than 10% after the outdoor long-term exposure. This decrease of the performances of the CdTe PV module technology was also previously reported in the literature (Guerra et al., 2017; Silvestre et al., 2016a). A small seasonal variation compared to the other technologies can be also observed in the trend of the PM* of the CdTe PV modules. The same small seasonal variation was observed in previous works (Parra et al., 2013; Silvestre et al., 2016a), and this can be explained with the relatively small power temperature coefficient of the CdTe PV module compared to mc-Si and pc-Si PV modules stated in Table 1.
The obtained values of the calculated degradation rate (DR) for each PV module technology by using Eq. (4) are listed in Table 4.
Table 4 Degradation rates (DR) of the PV modules under study.
	PV module
	CdTe
	mc-Si
	pc-Si

	DR (%/year)
	−5.55
	−0.93
	−1.21



The DR values obtained for mc-Si and pc-Si PV modules show that both technologies are performing well under meteorological conditions of the region of Prague. Moreover, several works published in the past provided DR values in the range of the obtained in this study. The analytical review of photovoltaic DR published in (Jordan and Kurtz, 2013) provided DR values of less than −1%/year for mc-Si PV modules. Moreover, Rajput et al. reported DR value of −1.9%/year for mc-Si PV modules deployed in Indian climatic conditions (Rajput et al., 2016).
Regarding the pc-Si PV module technology, DR values in the range of the obtained in this study were presented in (Jordan and Kurtz, 2013). The analysis of the degradation and the effect of seasonal variations of pc-Si grid-connected PV system deployed in Madrid published in (Wang et al., 2017) shows that the STC performances of PV modules decreased at a rate of −0.57%/year considering an exposure period of 2.5 years. The worst comportment of the pc-Si technology was observed under a harsh environment, where a DR of −4.11%year was observed after six years of outdoor operation (Kahoul et al., 2017).
From Table 4, it can be seen that the highest DR value is obtained for the CdTe PV module technology. The obtained DR value of −5.61%/year is in the range of the results presented by Silvestre et al. (Silvestre et al., 2016a) for a CdTe PV module deployed under Spanish continental climate conditions. Other works available in the literature presented DR values in the range of −1.5%/year and −3.5%/year (Jordan and Kurtz, 2013; Phinikarides et al., 2014).
4.2.2 Stabilization period
The assessment of the stabilization period of the three PV module technologies analyzed in this work was carried out by following the procedure described in the methodology section. 
a) Crystalline silicon PV modules
The stabilization period of the mc-Si and pc-Si PV modules is obtained from the evolution of the generated DC-output power of the PV module in narrow ranges of solar irradiance and temperature. The narrow filters of the on-plan solar irradiance (G) received by the PV modules and the module’s temperature (Tc) were set as follow: 595 W/m2<G<615 W/m2 and 30 ºC<Tc<38 ºC.
The results obtained after the filtering process of the DC-output power generated by the mc-Si and pc-Si PV modules are given in Figs. 8 and 9 respectively.
[image: ]
Fig. 8. Evolution of the DC-output power generated by the mc-Si PV module in the ranges of 
595 W/m2<G<615 W/m2 and 30 ºC<Tc<38 ºC.


[image: ]
Fig. 9. Evolution of the DC-output power generated by the pc-Si PV module in the ranges of
 595 W/m2<G<615 W/m2 and 30 ºC<Tc<38 ºC.

From the trend obtained for the generated DC-output power of the mc-Si PV module it can be seen that the performance of the PV module depends mainly on the seasonal climatic changes. In addition, the mc-Si PV module presents a stable behavior after three years of exposure under outdoor conditions. Furthermore, the obtained trend confirms that the mc-Si PV module performs better in winter months and the oscillations due to the seasonal variations are around ±2.3% from the stabilized generated DC-power.
Similar result is obtained for the pc-Si PV module as it is shown in Fig. 8. The PV module shows a stable trend after more than three years of deployment outdoor under a humid continental climate. The variation of the performance of the PV module due to the effect of the seasonal changes is higher compared to the mc-Si PV module. The generated DC-output power decreases by 4.58% in summer months and increases by the same amount in winter months. This high decrease of the performance of the pc-Si PV module is mainly due to temperature effects.
In this analysis of the performance of mc-Si and pc-Si PV modules after more than three years of deployment outdoor in a humid continental climate both PV modules have shown great stability. The analysis of I-V performance of a mc-Si PV module over 20 years of field exposure published in (Jordan et al., 2017), confirmed the stability of this technology, where a slight decrease of 2% of the maximum power generated by the PV module was observed after a period of 5 years.
b) CdTe PV module
The assessment of the stabilization period of the CdTe PV modules was carried out by following the same steps previously described. The narrow filters of the G and Tc for the analysis of the generated output power were set as follows: 725 W/m2<G<735 W/m2 and 40 ºC<Tc<45 ºC.
The obtained results for the evolution of the generated DC-output power in narrow ranges of G and Tc are depicted in Fig. 10. It can be clearly seen that the CdTe PV modules presented a degradation of performance along the monitoring period. The generated DC-output power of the CdTe PV modules showed a long steady decrease during the analyzed first year of exposure under outdoor conditions. The DC-output power decreased by 12% from August 2015 to August 2016. The same phenomenon was observed in the work published by Silvestre et al. (Silvestre et al., 2016a), where the generated DC-output power decreased by 21.9% after two years of exposure under Spanish continental climate conditions. Carlsson and Brinkman also reported in their work a significant decrease of the CdTe PV modules performance, where the CdTe PV modules degraded by 13% after an exposure period of 18 months (Carlsson and Brinkman, 2006).

[image: ]
Fig. 10. Evolution of the DC-output power generated by the CdTe PV string in the ranges of 
725 W/m2<G<735 W/m2 and 40 ºC<Tc<45 ºC.

Taking in consideration the non-monitored first year of deployment outdoor, the stabilization of the CdTe PV modules under study is found to occur after a period of 25 months of exposure under the humid continental climate of the city of Prague. A stabilization period of 30 months was reported in (Silvestre et al., 2016a) of CdTe PV module working under continental climate conditions. Finally, after the stabilization of the generated DC-output power around a value of 137W, slight variations of ±2.4% can be observed following the seasonal climatic changes.
An indoor characterization of the studied CdTe PV string plus another string was carried out in a certified PV laboratory situated at the Electrical engineering faculty of the Czech Technical University in Prague. Where, the six CdTe PV module characteristics were measured at STC, in order to compare the actual result with the measured data provided by the manufacturer. Table 5 and Fig. 10 show the obtained results of the measured characteristics of the CdTe PV modules before and after their exposure under outdoor conditions. 
Table 5 Flash-test results of six CdTe PV modules at STC.
	
	CdTe module 1
	CdTe module 2
	CdTe module 3
	CdTe module 4
	CdTe module 5
	CdTe module 6

	
	Before 
	After
	Before 
	After
	Before 
	After
	Before 
	After
	Before 
	After
	Before 
	After

	Pm  [W]
	80.12
	64.89
	81.20
	64.72
	80.27
	66.16
	81.62
	59.66
	80.81
	62.34
	81.13
	60.74

	Im [A]
	1.82
	1.61
	1.82
	1.62
	1.82
	1.64
	1.77
	1.54
	1.77
	1.57
	1.77
	1.56

	Isc [A]
	2.09
	1.92
	2.12
	1.93
	2.11
	1.95
	2.09
	1.92
	2.09
	1.93
	2.10
	1.93

	Vm [V]
	44.00
	40.25
	44.60
	39.93
	44.10
	40.42
	46.10
	38.70
	45.60
	39.63
	45.80
	38.96

	Voc [V]
	61.50
	57.61
	62.30
	57.39
	62.00
	58.16
	62.20
	55.05
	61.80
	56.06
	62.00
	55.33

	FF [%]
	62.34
	58.71
	61.48
	58.41
	61.36
	58.49
	62.79
	56.61
	62.57
	57.58
	62.32
	56.78



The degradation effects on the I-V and P-V characteristics shapes can be clearly seen in Fig. 10. The open-circuit voltage value has dropped by more than 5V from the initial value before exposure outdoor. The value of the short-circuit current was also reduced from 2.1A to 1.93A. The decrease of the short-circuit current and the open-circuit voltage values could be related to the increase and the decrease of the values of the series and shunt resistances respectively (van Dyk and Meyer, 2004). The fill factor (FF) value is also affected by the degradation phenomena, where the initial value of FF provided by the manufacturer decreased by more than 7%. From Fig. 11 it could be seen that the degradation of the I-V curves of the modules 4, 5 and 6 is different from the three others even if the PV modules are same.
[image: ]
Fig. 11. Measured characteristics of CdTe PV modules under study at STC.
The total decrease of the initial nominal power of the analysed CdTe PV modules was found 17% up to 25%. This amount of decrease of the performance of CdTe PV modules is in accordance with the estimated annual degradation rate value of −5.55%/year calculated in the previous section. Moreover, the result confirmed that, the PV modules were degrading during the first year even if they were in open-circuit. This degradation is mainly caused by the light induced degradation (LID) phenomenon, however, without any available monitored data from the first year – form August 2014 to August 2015 – it is hard to describe exactly what happened and estimated the LID percentage.

Finally, the six CdTe PV modules were submitted to an electroluminescence (EL) test in order to analyze the degradation effects on the material after more than three years of outdoor exposure. The obtained EL images are collected in Fig. 12 and reveal important details which are not visible to naked human eye. The six CdTe PV modules presented deterioration of the material around the module external edges. Moreover, in some modules, the auto-degradation of the PV modules led to a formation of a defect similar to hotspots present in crystalline PV modules. The defects are highlighted in red color and could be clearly seen in the EL images obtained for CdTe module number 1, 3, 4 and 5.
The horizontal white line situated in the middle of the six EL images obtained for the PV modules under study it is the reflection of the light source of the EL dispositive and it does not represent any defect. In addition, EL response of a CdTe PV module can be different than other modules due to some barrier effects present at the back contact (Bokalic et al, 2017).
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Fig. 12. Electroluminescence images of the six CdTe PV modules under study.

4.3 PV modules performance evaluation 
The evolution of the monthly average values of the performance ratio, PR (%), of the PV modules calculated using Eq. (6), is depicted in Fig. 13. The obtained trend of PR for each PV technology is in accordance with the obtained results through the evolution of the effective peak power technique and the evolution of the generated DC-output power in narrow weather ranges.
[image: ]
Fig. 13. Evolution of the PR of the PV modules along the monitoring campaign.

The stability and the high performance of the mc-Si and pc-Si PV modules can be observed in the evolution of their calculated PR along the analyzed period. The mc-Si PV module exhibits slight higher PR compared to the pc-Si PV module. The seasonal variation effects on the performance of the both PV modules are also present in the trend of their PR.
In the case of pc-Si PV module, the PR value calculated in winter months drops from 88% to 81% in summer months resulting in ±4% of performance fluctuation between summer and winter months. On the other hand, the performance variation of the mc-Si PV module caused by the seasonal variations does not exceed 2.8%.
Finally, from the trend of the evolution of the PR obtained for the CdTe PV modules, it can be seen from the Fig. 12, that the performance of these PV modules showed a steady degradation along the first years. The PR dropped from 86% to 74%, resulting in performance losses of more than 10% after more than three years of exposure under outdoor conditions.

5. Conclusion
In the present work, the behavior of monocrystalline (mc-Si), polycrystalline (pc-Si) and Cadmium Telluride (CdTe) PV modules deployed outdoor in humid continental climate conditions was analyzed. The period under study ranges from August 2015 to late September 2017.
The comportment of the PV modules was evaluated by using the effective peak power (PM*) technique and the evolution of the generated DC-output power in small ranges of solar irradiance and module temperature. Moreover, the performance ratio was calculated in order to evaluate the performances of the PV module technologies considered in this work. 
The evolution the calculated PM* along the monitoring period obtained for the mc-Si and pc-Si PV modules, showed a slight decrease of the performances of the two PV modules. Degradation rates (DR) of −0.93%/year and −1.21%/year were obtained for the mc-Si and pc-Si PV modules respectively. These DR values are in accordance with the DR values reported in the literature for the mc-Si and pc-Si PV technologies. 
Regarding the analysis of the CdTe PV string, the evolution of its monthly average PM* showed a strong steady decrease along the first years of exposure under outdoor conditions. The highest DR value of −5.55%/year obtained in this study returns for the CdTe PV string. This high DR as well as the steady decrease of the performance of the CdTe PV technology were also reported in the literature and they are related to the material used for the back-contact in the fabrication of CdTe PV cells.
The stabilization of the studied CdTe PV string has been found to occur after 25 months of exposure under climate conditions of the city of Prague. This stabilization period is in good agreement with the results given in the literature, even if stabilization periods presented in previous studies for CdTe PV technology are slightly longer or shorter. Both crystalline silicon (mc-Si and pc-Si) PV modules are considered stable. However, the effects of seasonal variation on the generated DC-output power of pc-Si and mc-Si PV modules are of ±10% and ±2.3% respectively. The strong effects of the seasonal climatic changes on the performance of the pc-Si PV module are mainly due to its higher power temperature coefficient compared to the other PV technologies considered in this study. 
The obtained results showing the evolution of the calculated performance ratios of the three different PV module technologies confirm the stability of c-Si and mc-Si PV modules. The effects of the seasonal changes could be also observed in the trend of PR of crystalline silicon PV modules. It could be concluded that c-Si and mc-Si PV modules perform better in winter months rather than in summer months due to their high power temperature coefficient. In addition, if c-Si and mc-Si PV modules perform better than CdTe ones in winter, this fact can be related to their different tilt angles.. 
Finally, the indoor characterization of CdTe PV modules confirmed that this kind of PV modules present a total decrease up to 25% of their nominal power after a certain period of exposure under outdoor conditions.
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