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Abstract
The combination of an amorphous silicon top cell with a microcrystalline silicon bottom
cell to form a stacked tandem cell, is called micromorph cell. Micromorph tandem solar
cells are considered as one of the most promising new thin-film silicon solar-cell
concepts. The degradation analysis of micromorph photovoltaic (PV) modules and its
impact on the output power of a PV array under outdoor long term exposure located in
Jaén (Spain), a relatively dry and sunny inland site with a Continental-Mediterranean
climate is addressed in this study. Furthermore, solar cell model parameters extraction
is presented. The parameter extraction procedure allows obtaining main model
parameters of the solar cells forming the PV array from monitored data of the PV
system in real operation of work. Results obtained of the evolution of each one of the
solar cell model parameters along the PV system outdoor long term exposure campaign
are analysed in order to achieve a better understanding of the performance changes of
the PV modules and the behaviour of the output power of the PV array.

Keywords: Micromorph PV modules, model parameters extraction, degradation rate.
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1. Introduction
1.1. Thin film PV modules
Thin-film photovoltaic (TFPV) technology has plenty of advantages such as low
temperature coefficient, low quantity silicon usage as raw material, low-cost
manufacturing process, high energy producers, and flexibility in product design.
However, several weaknesses and challenges in TFPV technology have been
discussed such as low conversion efficiency; the unique nature of the instability
phenomenon called light-induced degradation (LID) and long term technological risks in
the field performance in terms of durability when compared with the crystalline
technology [1]. The highest efficiencies among laboratory TF-Si solar cells have been
achieved with a triple junction solar cell combining a hydrogenated amorphous silicon
top cell with hydrogenated microcrystalline silicon middle and bottom cells (a-Si:H / μcSi:H / μc-Si:H), or with tandem a-Si:H / μc-Si:H (micromorph) solar cells.
Tandem amorphous / microcrystalline silicon thin-film solar modules with low output
voltage have gained many attentions recently. A micromorph cell is usually laser scribed
into cells and the cells are series connected. In order to achieve the low output voltage,
the panel needs to be additionally laser scribed into several segments and the
segments are then parallel connected [2]. The industrial relevance of micromorph solar
cells improves enormously if they are combined with thin a-Si:H top cells, forming a 2cell tandem stack in which the a-Si:H cell faces the sun. Given the large difference in
the bandgap values of these two semiconductors (about 1.0 eV and 1.7 eV), a much
better utilization of the solar spectrum and hence a higher PV efficiency is achieved.
Importantly, because of the low short-circuit current density (Jsc) of stable a-Si:H cells
(~13 mA/cm2), the thickness of the μc-Si:H cell in the stack does not have to be
increased significantly compared to a stand-alone μc-Si:H cell. Besides, micromorph
solar cells tend to have open circuit voltage around 0.54 V [3] [4].
As it can be seen clearly in Figure 1, the micromorph tandem cells offer a wider range of
the sun spectrum.
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Figure 1. Stabilized external quantum efficiency and spectral response of micromorph solar cells [5] [6]

A schematic view of a micromorph solar cell is shown in Figure 2. In the multi-junction
amorphous/microcrystalline Si solar cells, the top a-Si:H absorber layer is made as thin
as possible (typically 0.2-0.3 µm) to minimize the light-induced efficiency degradation.

Figure 2. Schematic structure of a tandem a-Si:H/µc-Si:H solar cell with front and back ZnO:Al contact layers grown
by low-pressure CVD and with an intermediate reflector to enhance the top cell current [6]

The intermediate reflector (IR) placed between the a-Si:H and µc-Si:H cells reflects the
light back into the top cell and thus allows reduction of the thickness of the a-Si:H
absorber layer without compromising the short-circuit current of the top cell, which sets
8

the current through the entire tandem device. Additionally, the IR improves current
matching in tandem cells by reducing the short-circuit current of the bottom cell, which is
typically excessive and thus partially wasted. The IR is made of a material with a lower
refractive index (n ~ 1.5 - 2.2) compared to the a-Si:H (n ~ 4) and µc-Si:H absorbers (n
~ 3.4). The IR layer obviously should be as conductive as possible in order to minimize
electrical losses. ZnO was initially used as a material for the intermediate reflectors.
Moreover, scattering of blue-green light absorbing in the top cell can be further
enhanced by roughening of the IR top surface with a typical feature size of around 300
nm, while keeping soft or U shape morphology with feature size of 1 µm for the bottom
µc-Si:H cell. This approach has been termed as asymmetric IR in the literature. [6]

1.2. Degradation
Due to the disordered nature of amorphous silicon, a-Si solar cells are subject to the
Staebler-Wronski effect, which reduces the solar cell efficiency by up to 15 percent
within the first months of exposure. [2] [7] [8] [9] [10] Even though the stable µc-Si:H
bottom cell contributes to a better stability of the entire micromorph tandem cell under
light-soaking, micromorph cells show light-induced degradation (LID) too. In fact, it
could be shown that the LID of the micromorph cell is due to the amorphous cell alone.
Despite the fact that the concept of a micromorph solar cell brings progress via a new
stable bottom cell into the thin-film silicon scenario, the stability of the amorphous silicon
top cell remains still the crucial topic [11].
This undesired effect is triggered by recombination. The released recombination energy
induces defects in the amorphous network - which is why this effect is not observed in
crystalline wafer solar cells. This effect gradually tends to stabilize at power rates
ranging from 10% to 30 % of the nominal power of the PV module. However, thermal
annealing of the a-Si for several hours at 150°C reverses these effects [8]. This
degradation affects especially the internal parameters of the solar cell as the short
circuit current, ideality factor, saturation current and series and shunt resistances [12]
[13]. The degradation rate can be based on the comparison of the monitoring outdoor
9

performance with the initial indoor measurements taken as references [14] [15] [16] or
by applying Linear Correlation Approach (LCA) and Classical Seasonal Decomposition
(CSD) methods with temperature correction. [7] [17] [18] The outdoor performance of
micromorph modules depends also on spectral variations of the irradiance. Its
relationship between seasonal variation, climatic conditions and module performance
allows perception for optimized micromorph modules. [5]
Understanding the origin of these degradation modes and how they affect the
performance of PV modules is essential to improve the reliability of PV modules and to
select best technology for each specific climatic condition. In this study, the behavior of
micromorph PV modules under long term outdoor exposure is analyzed. The PV system
is installed in Jaén (Spain, Latitude: 37º 47' 14.35'' N, Longitude: 3º 46' 39.73'' W,
Altitude: 511 m), in a relatively dry and sunny inland site with a ContinentalMediterranean climate. The period under exposure ranges from late July 2011 to
October 2014.
Furthermore, the variation of main solar cell parameters is also evaluated by means of
parameter extraction techniques. A new parameter extraction procedure is carried on in
order to obtain main model parameters of the solar cells forming the PV system. The
parameter extraction has the daily monitored data of the PV system in real operation of
work as input and calculates the temporal evolution of main parameters.
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2. Methodology
2.1. PV Array model
The PV array output is based on five main parameters: Photocurrent Iph; diode reverse
saturation current Io; ideality factor n; the series and shunt resistances, Rs and Rsh
respectively. Figure 3 shows the equivalent circuit which contains of a current source
(Iph), a one diode (D), and series/parallel resistances (Rs and Rsh , respectively).

Figure 3. One-diode equivalent circuit for a PV panel. [19]

The relationship between output current and voltage is given by the following nonlinear
implicit equation:
𝑉+𝑅𝑠 𝐼

𝐼 = 𝐼𝑝ℎ − 𝐼𝑂 [𝑒𝑥𝑝 (

𝑛𝑉𝑡

) − 1] −

𝑉+𝑅𝑠 𝐼
𝑅𝑠ℎ

(1)

where I and V are the output current and voltage and Vt is the thermal voltage.
Eq. (1) can also be written as follows,
𝐼 = 𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ

(2)

where Id and Ish are the currents across the diode and shunt resistance respectively.
Generally, PV modules are formed by parallel strings of solar cells connected in series.
However, at present most of the PV modules include one single string of solar cells.
Therefore, the model of the solar cell can be scaled up to the model of the PV array
taking into account the configuration of the PV array: Number of PV modules connected
in series by string and the number of parallel strings forming part of the PV array as well
as the internal configuration of the PV module.
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Several studies based on the simulation of PV systems applying this model were
reported in the literature. The simulations were carried out in software environments as:
Pspice [19] [20], Matlab [21] [22] [23] or LabView [24] [25] and results obtained were
experimentally validated with success. In this study, Matlab/Simulink software package
has been used for the simulations and the parameter extraction.

2.2. Output power of the PV array
The effective peak power of a PV array, P*M, at STC shows dependency to irradiance
and cell temperature as given by the following equation [26] [27]:
𝐺∗ 𝑃

𝑃𝑀∗ = 𝐺 [1+𝛾(𝑇𝐷𝐶−𝑇 ∗)]
𝑐

(3)

𝑐

where PDC, G and Tc are the DC output power of the PV array, the irradiance and cell
temperature respectively,  is the power temperature coefficient of the PV modules and
G* and Tc* are the irradiance and temperature at STC, respectively.
The power coefficient temperature, , is normally stated in the PV manufacturer’s
datasheet. Nevertheless, it can be calculated by using the following equation: [10]
 =𝑃

1

𝑚𝑎𝑥

𝜕𝑃𝑚𝑎𝑥
𝜕𝑇

(4)

where Pmax is the maximum power of PV modules at STC and the reference
temperature is 25 ºC.
Outdoor monitoring is subject to continuously changing operating conditions as
irradiation, temperature and spectrum. The evaluation of P*M requires a previous
filtering process for irradiance values in order to avoid the influence of operational
anomalies, such as shade on the PV array, inverter saturation, inverter–off, irradiance
instabilities, etc. [27] [28]. Thus, the irradiance values for G < 700 W/m2 are discarded.
The measurements of G are taken by Kipp & Zonen™ CMP21 pyranometer. However,
no spectral effects have been included in eq. (3) as the solar spectrum distribution at inplane irradiance levels above 700 W/m2 closely matches that of the 1.5 AM standard
reference spectrum in the city of Jaén [29]. Two Pt 100 resistive thermal detectors
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(RTD) are used as module temperature sensors being glued to the rear surface of the
PV modules.

2.3. Power – Irradiance (P-G) technique
This proposed technique is developed to determine the LID phenomenon under the real
conditions of work by comparing the initial and stabilized powers at the DC output with
the real measurements. The predicted initial and stabilized data values of the array
power at the DC output are indicated as boundary conditions to determine the
stabilization period. [7] These values are using irradiance (G) and module temperature
(Tc) from the real measurements as input and can be calculated with the following
equations:
𝑃𝐷𝐶−𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑝𝑟𝑒𝑑𝑖𝑐𝑡 = 𝑃𝑎𝑟𝑟𝑎𝑦−𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑆𝑇𝐶 ∗ 𝑓𝑡𝑒𝑚𝑝 ∗ 𝑓𝑔 ∗ 𝜂

(5)

𝑃𝐷𝐶−𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑑−𝑝𝑟𝑒𝑑𝑖𝑐𝑡 = 𝑃𝑎𝑟𝑟𝑎𝑦−𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑒𝑑−𝑆𝑇𝐶 ∗ 𝑓𝑡𝑒𝑚𝑝 ∗ 𝑓𝑔 ∗ 𝜂

(6)

𝑓𝑔 =

𝐺𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝐺𝑆𝑇𝐶

𝑓𝑡𝑒𝑚𝑝 = (1 + 𝑘𝑣. Δ𝑇). (1 − 𝑘𝑖. Δ𝑇)
Δ𝑇 = 𝑇𝑐 − 𝑇𝑛

(7)
(8)
(9)

where PDC_initial_predict is the predicted array power at the DC output (W); Parray_initial_STC is
the initial peak power of PV array calculated with the initial measured data [30] (kW p);
ftemp is the derating factor due to temperature correction, dimensionless; kv and ki are
the voltage and current temperature coefficients respectively provided in the
manufacturer’s data sheet (1/ oC), PDC_stabilized_predict is the predicted array DC power
(W); Parray_stabilized_stc is the peak power of PV array calculated with the data from the
datasheet of the module (kW p); 𝜂 is the general efficiency referred to general system
losses which changes between 0.84 y 0.89, Gmeasured is the real irradiance data
measured by the pyranometer (W/m2); GSTC and Tn is the reference irradiance under
STC, 1000 W/m2 and 25 oC.
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In the literature, it is indicated that the variations in the irradiance measurements can
cause significant errors [7]. Therefore, in order to minimize the possible errors, firstly a
data filtration process is done. The irradiance values correspond to Gmeasured < 700
W/m2 were dismissed.
Additionally, in order to analyze the degradation rate over the exposure time linear
correlation approach (LCA) is used by plotting linear trend line of the measured DC
array power for each month. So as to apply this approach to P-G method [7], trend line
equation can be interpreted as:
𝑃𝐷𝐶−𝑚𝑝𝑝 = 𝐶𝐺 . 𝐺𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 𝐴𝐷𝐶

(10)

where PDC-mpp is the array DC power output at the maximum power point, CG is the
gradient, Gmeasured is measured irradiance (W/m2) and ADC is the y-intercept of PDC-mpp
when the irradiance is equal to zero.
Furthermore, the monthly gradient values of each empirical equation are plotted to
observe the degradation rate and determine the stabilization period upon this type of aSi/μc-Si PV modules technology.

2.4.

Parameter extraction technique

One of the objectives of this work is the analysis of the variation of the solar cell model
parameters for micromorph (a-Si/μ-Si) PV modules in real conditions of work. Therefore,
this study includes parameter extraction techniques in order to find the set of solar cell
model parameters to be able to reproduce the actual behavior of the whole photovoltaic
system with a good accuracy degree.
Current, voltage and power at the DC output of the PV array together with in-plane
irradiance (G) and cell temperature (Tc) profiles are monitored electrical parameters
which are needed in order to estimate the set of model parameters of the solar cells
forming the PV array.
Considering the number of parallel strings of solar cells present in the PV array, Np, Eq.
(2) becomes:
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𝐼 = 𝑁𝑝 (𝐼𝑝ℎ − 𝐼𝑑 − 𝐼𝑠ℎ )

(11)

where I is the DC output current of the PV array.
For any arbitrary value of G and Tc, the photocurrent, Iph, is given by:
𝐺

𝐼𝑝ℎ = 𝐺∗ 𝐼𝑠𝑐𝑐 + 𝑘𝑖 (𝑇𝑐 − 𝑇𝑐∗ )

(12)

where G* and T*c are respectively the irradiance and cell temperature at standard test
conditions (STC): 1000 W/m2 (AM1.5) and 25ºC, ki is the temperature coefficient of the
current and Iscc is the solar cell short circuit current at STC.
Each one of the strings of the PV array is formed by Ns solar cells connected in series.
The shunt current, Ish, included in Eq. (2) can be calculated from:

𝐼𝑠ℎ =

𝑉 𝐼 𝑅𝑠
+
𝑁𝑠 𝑁𝑝

(13)

𝑅𝑠ℎ

where V is the DC output voltage of the PV array.
The diode current, Id, included in Eq (2) is given by:

𝐼𝑑 = 𝐼𝑜 [ 𝑒

𝑉 𝐼𝑅𝑠
+
𝑁𝑠 𝑁𝑝
(
)
𝑛 𝑉𝑡

− 1]

(14)

where Io is the saturation current of the diode.
The saturation current of the diode presents a strong dependence on temperature and it
is usually given by:
Io  Ioref e

(

Ego Eg

)
Vto Vt

 Tc 
 *
 Tc 

3

(15)

where Ioref and Vto are the saturation current and thermal voltage at STC, respectively,
Eg the energy bandgap of the semiconductor and Ego is the energy bandgap at T=0 K.
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Eq. (7) can also be written, substituting Ioref as a function of the short-circuit current: Isc
and open circuit voltage: Voc of the solar cell, as follows:
𝐸𝑔𝑜 𝐸𝑔

𝐼𝑜 =

(
− )
𝐼𝑠𝑐 𝑒 𝑉𝑡𝑜 𝑉𝑡 𝑇𝑐 3
(𝑇 ∗ )
𝑉𝑜𝑐
(
)
𝑐
𝑒 𝑛 𝑉𝑡𝑜 −1

(16)

The value of the energy bandgap of the semiconductor at any cell temperature T c is
given by:
𝛼𝑔𝑎𝑝 𝑇 2

𝐸𝑔 = 𝐸𝑔𝑜 − 𝛽𝑔𝑎𝑝+𝑇𝑐

(17)

𝑐

where gap and gap are fitting parameters characteristic of the semiconductor.

In order to see how these parameters affect the module performance, current – voltage
and power – voltage curves are plotted by using different values of mentioned
parameters. It is observed that when Jsco increases, short circuit current of the cell
increases too. When series resistance Rs increases, power output of the cell decreases
significantly. On the other hand, varying Rsh and ideality factor has less effect on the
cell’s performance; that just makes a small change in fill factor. In the following figures,
the effect of varying these parameters can be seen.

Figure 4. Effect of varying Jsco
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Figure 5. Effect of varying Rsh

Figure 6. Effect of varying Rs

Figure 7. Effect of varying ideality factor, n
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The parameter extraction algorithm evaluates: Iph, Rs, Rsh, Io and n by using Eqs. (4) –
(9). Daily profiles of monitored electrical parameters –namely, current and voltage at the
DC output of the PV array, together with G and Tc - are used as inputs of the parameter
extraction algorithm.
A nonlinear regression algorithm based on the Levenberg–Marquardt method was
applied to both data sets: The daily monitored data from the PV array in real conditions
of work and simulation results generated by using the described model, in order to
minimize the following quadratic function [31] [32]:
N

S ( )  

 Ii  I (Vi, )

2

(18)

i 1

where  =f(Iph,Io,Rs,Rsh,n).
The designed toolbox in Simulink used for parameter extraction process is illustrated in
the following figure.

Figure 8. Simulink block diagram of the parameter extraction algorithm.

The result of the parameter extraction algorithm is a set of solar cell model parameters
that allow the best approach to the daily evolution of output current and voltage of the
PV array.
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3. Experimental
3.1.

Climate characterization of the site and PV system description

The PV system is formed by 8 micromorph PV modules and installed outdoors on the
flat roof of the High Technical School building in University of Jaén (Latitude: 37º 47'
14.35'' N, Longitude: 3º 46' 39.73'' W, Altitude: 511 m). The system is connected to the
grid by using a SMA Sunny Boy model SB1200 inverter [33]. The SMA Sunny
SensorBox device was also installed in the same platform in order to measure solar
radiation, module and ambient temperatures together with wind speed. The temperature
sensor provided by SMA to be used with the Sunny SensorBox was pasted to the rear
surface of the modules under test. An additional irradiance sensor (a pyranometer) was
also installed. The period under exposure ranges from late July 2011 to mid-December
2014. Onsite measurements of DC voltage and current are recorded at the inverter
input. Data were taken at 5-minute intervals. More detailed information about the PV
system is given in the following table.
Table 1. Main electrical characteristics at STC of the analyzed PV field.
(Values derived from the PV module manufacturers' data sheet)

Module
Techn.

Configuration
(Ns x Np)

Maximum
Power (Wp)

Open Circuit
Voltage (V)

Short Circuit
Current (A)

Voltage at
MPP (V)

Current at
MPP (A)

a-Si/µc-Si

2x4

880

284

5

216

4.08

Jaén is a dry and sunny inland site, with a Continental-Mediterranean climate. Table 2
summarizes the characteristics of the field climate.
Table 2. Annual average values of some relevant meteorological parameters recorded in Jaén

Horizontal
irradiation
(kWh/m2)
2038

Ambient
Min. ambient Max. ambient
temperature temperature
temperature
(ºC)
(ºC)
(ºC)
16.9

11.4

22.4

Relative
humidity
(%)

Rainfall
(mm)

Barometric
pressure
(hPa)

63

558

954.1
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3. Results and Discussions
4.1. Evolution of the effective peak power of the PV array
For the analysis of the evaluation of the effective peak power of the array, P*M, and the
monthly radiation, H, along the exposure time is plotted. The graph can be seen in the
following figure.

H mensual value [kWh/m².month]

Linear (P*M at G>700 kW/m2 [W])

1000

400

Effective Power (W)

900

y = -1,5006x + 816,14

800

350
300

700
600

250

500

200

400

150

300

100

200

H (kWh/m².month)

P*M at G>700 kW/m2 [W]

50

100
0

0

Time (month)

Figure 9. The effective peak power of the PV array P*M (for G > 700 W/m2), and the monthly radiation (H) along
exposure period

As it is seen in the graphic above, in the first months of exposure a decrease of P*M is
observed due to the LID phenomenon. The decrease occurs more slightly compared to
a-Si solar cells because of the µc-Si layer. Also, a seasonal variation of P*M can be
seen clearly. This seasonality in PV modules has been reported in various studies of the
literature [7] [5]. The initial decrease in output power of the array is followed by an
increase over the summer months, a decrease over winter months and once again an
increase over summer months. The regeneration on summer months can be attributed
to spectral effects [34], thermal regeneration [8] [35] and light-induced annealing [14].
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The degradation rate, RD, can be analysed by a linear least square fitting method. This
method is applied to the monthly effective peak power of the PV array, P*M, calculated
by using Eq. 19 and monitored data. The degradation per year can be calculated by
linear regression (LR) by using the trend line equation:
𝑦 = 𝑚𝑥 + 𝑐

(19)

where m is the slope of line and c is the y intercept. Thereby, the degradation rate per
year RD (%) can be calculated as follows [36]:

𝑅𝐷 = 100

12𝑚
𝑐

(20)

The degradation rate calculated from the trend line is -2.20638 ± 0.15 %/year. The
analytical uncertainty reported along with the degradation rate was determined from the
standard errors of the linear fit. The amount of LID phenomenon depends on the
thickness of a-Si layer, the distribution of light, spectrum, and temperature at the
specific location of the PV array.
In order to analyse the stabilization period of the PV array, a second monitoring data
filtering process was carried out by following the procedure used in previous reported
studies [7]. One point for each month of the monitored data for the tilted irradiance and
working PV module temperature in the range of 900 W/m 2 < G < 920 W/m2 and 53 ºC <
T < 60 ºC was selected.
From the data obtained in the filtering process; array DC power, irradiance and cell
temperature data for the first 20 months of exposure are plotted in Figure 10. The
stabilization period was observed to start after 5 months of operation in Jaen. The trend
line is obtained by sixth polynomial correlation with R2 equal to 0.9499. As it can be
seen clearly, the result shows a rapid decrease after exposure to natural sunlight due to
LID phenomenon.
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Figure 10. Monthly trend line outdoor stabilization process obtained with the selected data in the range of

900 W/m2 < G < 920 W/m2 and 53 ºC < T < 60 ºC
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Figure 11. Trend line outdoor stabilization process using the selected data in the range of
900 W/m2 < G < 920 W/m2 and 53 ºC < T < 60 ºC
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Figure 11 shows the set of data after the first 15 months of operation and the trend line
for the DC output power of the array obtained by linear correlation. The stabilized level
of DC output power of the array is around 640 W in the range of G and T c considered in
data filtering process. Power line demonstrates almost a constant trend after the
stabilization period. Concurrently with the linear trend of the power line, a sinusoidal
form attributable to the seasonal effects can also be observed. The effect of seasonal
oscillation remains after the stabilization period for about 5 % variation from the
stabilized level of DC power.

4.2.

P-G Technique results

As mentioned before, in this proposed technique, two main indicators are provided as a
boundary condition, PDC_initial_predict (red) and PDC_stabilized_predict (green). The measured DC
array power is plotted in blue and it is expected to change the tendency from the initial
values to the stabilized ones in the course of time. The monthly variations are presented
as a stamp plot for each month and the extracted datasets through the proposed P–G
technique are introduced as illustrated in the following figures.

Figure 12. Stamp plot of data transition of power lines, 2011
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Figure 13. Stamp plot of data transition of power lines, 2012
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Figure 14. Stamp plot of data transition of power lines, 2013
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Figure 15. Stamp plot of data transition of power lines, 2014

In the proposed P–G technique results, the blue color that presents real measured array
DC output power, moves from initial until to the end of stabilized indicators as expected.
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From stamp plot of data transition of power lines, the measurement of degradation
value and strength between two parameters evaluated using statistical analysis in order
to provide a clearer picture of the LID phenomenon [7]. The data transition of power
lines through the magnitude gradient of power degradation per month is analyzed. The
empirical equations for each month of exposure obtained by using this approach are
shown in the following table.
Table 3. Monthly empirical equations based on Linear Correlation Approach
Month

Gradient

R2

Jul-11

0.708

0.9859

PDC = 0.708*G + 31

Aug-11

0.690

0.9714

PDC = 0.690*G + 48

Sep-11

0.688

0.9788

PDC = 0.688*G + 53.8

Oct-11

0.695

0.9579

PDC = 0.695*G + 45.4

Nov-11

0.690

0.9595

PDC = 0.690*G - 1.58

Dec-11

0.686

0.8045

PDC = 0.686*G + 22.6

Jan-12

0.680

0.9390

PDC = 0.680*G - 2.52

Feb-12

0.673

0.9756

PDC = 0.673*G + 27.83

Mar-12

0.669

0.9816

PDC = 0.669*G + 35.3

Apr-12

0.658

0.9786

PDC = 0.658*G + 31.1

May-12

0.657

0.9699

PDC = 0.657*G + 34

Jun-12

0.650

0.9632

PDC = 0.650*G + 27.9

Jul-12

0.652

0.9563

PDC = 0.652*G + 47.1

Aug-12

0.648

0.9638

PDC = 0.648*G + 21.8

Sep-12

0.652

0.9809

PDC = 0.652*G + 50

Oct-12

0.674

0.9795

PDC = 0.674*G + 44.6

Nov-12

0.657

0.9636

PDC = 0.657*G + 17.3

Dec-12

0.675

0.9352

PDC = 0.675*G + 29

Jan-13

0,674

0.9459

PDC = 0.674*G + 6.61

Feb-13

0,672

0.9768

PDC = 0.672*G + 12.3

Mar-13

0,671

0.9738

PDC = 0.671*G + 23

Apr-13

0,658

0.9804

PDC = 0.658*G + 44.4

May-13

0,657

0.9799

PDC = 0.657*G + 30.7

Jun-13

0,653

0.9693

PDC = 0.653*G + 32.1

Empirical Equation
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Jul-13

0,647

0.9668

PDC = 0.647*G + 44

Aug-13

0,649

0.9683

PDC = 0.649*G + 45.8

Sep-13

0,647

0.9820

PDC = 0.647*G + 58.2

Oct-13

0,672

0.9776

PDC = 0.672*G + 36

Nov-13

0,678

0.9462

PDC = 0.678*G + 17.6

Dec-13

0,676

0.9439

PDC = 0.676*G + 6.71

Jan-14

0,675

0.9741

PDC = 0.675*G + 13.2

Feb-14

0,669

0.9672

PDC = 0.669*G + 19.1

Mar-14

0,665

0.9775

PDC = 0.665*G + 27.5

Apr-14

0,656

0.9756

PDC = 0.656*G + 24

May-14

0,656

0.9772

PDC = 0.656*G + 25.1

Jun-14

0,652

0.9820

PDC = 0.652*G + 29

Jul-14

0,653

0.9761

PDC = 0.653*G + 26

Aug-14

0,651

0.9748

PDC = 0.651*G + 25.9

Sep-14

0,649

0.9744

PDC = 0.649*G + 15.9

Oct-14

0,677

0.9727

PDC = 0.677*G + 20.3

Nov-14

0,674

0.9534

PDC = 0.674*G + 11.1

Dec-14

0,678

0.9593

PDC = 0.678*G + 7.07

In order to carry out the analysis, the value of measured gradient LCA measurement is
plotted as scatter point as illustrated in the figures 16 and 17. Figure 16 shows the
evaluation of the gradient over the total time of exposure. As could be seen, it shows a
strong initial degradation for the first month and the decrease continues for the following
4 months. After the stabilization period which is observed as 5 months, the gradient
values tend to stabilize with a slope almost equal to zero as shown in Figure 17. The
stabilization periods of micromorph technology is indicated as 6-8 weeks in literature [6]
[7]. Based on the results of this technique, it can be said that even the µc-Si solar cells
are less exposed to LID phenomenon; because of thicker a-Si layers of the studied PV
modules, stabilization period in this case is longer than indicated in the literature.
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Figure 16. Monthly data transition of powerlines based gradient LCA
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Figure 17. Monthly data transition of powerlines based gradient LCA, after the stabilization period
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4.3.

Parameter extraction procedure validation

The parameter extraction algorithm calculates the five model parameters of the solar
cell: Iph, Rs, Rsh, Io and n by using Eqs. (4) – (9) described in section 2.4. The daily
monitored data: Output DC current and voltage, irradiance and temperature of the PV
array in real conditions of work are used as input data of the algorithm and it is executed
until function S (), given by Eq. (10), is minimized. An average number of 10 iterations
are needed to find the set of solar cell model parameters for an input data set
corresponding to one day of real operation of the PV array.
In the following figures, DC output current and voltage, compared with the simulation
results obtained by parameter extraction algorithm can be seen for an example day, 6th
of October, 2011. The DC output power of the array is obtained as a product of current
and voltage in both real and simulated results. Obtained results are illustrated in the
following figures. As it can be clearly seen, the results of simulation and real
measurements are really similar and consistent.

Figure 18. Monitored and simulated DC output current obtained by using the set of parameters estimated by the
extraction parameter algorithm
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Figure 19. Monitored and simulated DC output voltage obtained by using the set of parameters estimated by the
extraction parameter algorithm

Figure 20. Monitored and simulated DC power output obtained by using the set of parameters estimated by the
extraction parameter algorithm
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The coefficient of variation of the root mean square errors, CV(RMSE) between both data
sets (real measured data and simulation results) are calculated by using the following
formula:

𝐶𝑉(𝑅𝑀𝑆𝐸)

𝑁
2
√∑𝑖=1(𝑥𝑖 − 𝑥̂𝑖 )
𝑁
=
𝑥̅

(21)

where 𝑥𝑖 is the real measured data, 𝑥
̂𝑖 is simulation results, N is the number of data
points, 𝑥̅ is the mean of real measured values. CV(RMSE) results and extracted
parameters for one sample day are given in the following tables.

Table 4. CV(RMSE) obtained for main output electrical parameters of the PV array

RMSCurrent [%]

RMSVoltage [%]

RMSPower [%]

1.29

2.44

2.60

Table 5. Parameter extraction results for the 6th of October, 2011.

Day

Io [A]

10/6/2011 9.15 x 10-8

4.4.

Jsco [A]

Rsh [Ω]

Rs [Ω]

n

0.021461

9.6602

0.045587

1.2642

Evolution of solar cell model parameters

As it was mentioned in the methodology part, the monthly average value of each one of
the model parameters was calculated for the whole monitoring campaign included in
this study. The seasonal variation of micromorph PV modules behaviour is also
observed in the evolution of the solar cell model parameters.
The variation obtained for the saturation current, Io, is shown in Figure 21. Eq. (16)
gives the variation of the band-gap as a function of temperature. The higher
temperatures in summer period decrease the band-gap resulting in a decrease in open32

circuit voltage [16]. Temperature has also a strong effect on the variation of the
saturation current as shown in Eq. (16). The combination of band-gap reduction and
strong increase of temperature in summer periods along with the increase in short
circuit current due to LID effect lead to an increase of the saturation current despite the
reduction of recombination effects in summer. However, the combination of
recombination and band-gap reductions results just in a variation of less than one order
of magnitude in the saturation current between summer and winter periods.

2,00E-07
1,80E-07

1,60E-07

Io (A)

1,40E-07
1,20E-07
1,00E-07
8,00E-08

6,00E-08
4,00E-08
2,00E-08
0,00E+00

Exposure Time (month)
Figure 21. Evolution of Io: Average values obtained by using the parameter extraction algorithm

Another extracted solar cell parameter, short circuit current, Isc, also shows a continuous
decrease throughout the exposure time. (See Figure 22) After the first 5 months, it
shows a more stable trend. However, a seasonal effect on Isc can also be seen clearly
in Fig. 22, being the predominant factor that contributes a large improvement to output
power during summer time. There is an important decrease in AM from winter to
summer and a favourable spectral distribution of the solar irradiance during summer
especially in the ultraviolet region. The improvement in output current during summer
time is due to the effect of solar spectral irradiance and to thermal-recovery of the LID
[16] [34]. The lower temperatures in winter also reduce the thermal recovery rate for the
33

a-Si solar cells. The minimum value of Isc in the worst winter months is approximately
12% less than the peak value of this parameter in the months of August. This reduction
is smaller compared to a-Si results shown in the literature [37].
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2,25

Isc (A)

2,2
2,15
2,1
2,05

2
1,95
1,9
1,85

Exposure Time (month)

Figure 22. Evolution of Isc: Average values obtained by using the parameter extraction algorithm

Figure 23 shows the evolution of the mean monthly value obtained by the parameter
extraction algorithm for the shunt resistance, Rsh, along the monitoring campaign. For
the first 5 months, there is a 57% of decrease. After the stabilization period, shunt
resistance continues to decrease but with a lower rate, 22%. As a final result, it is
observed that Rsh reduces to 30% of its initial value. The reduction of Rsh in TF solar
cells under outdoor exposure for long periods of time has been previously studied ın the
literature [12] [16]. Additionally, the evolution of Rsh shows the same seasonal trend
that the evolution of the output power of the PV array and I sc as expected.
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Figure 23. Evolution of Rsh: Mean monthly values obtained.

The series resistance, Rs, shows a continuing increase along the monitoring campaign.
The values of Rs go from an initial value of 0,03  to a final value of 0,06 . The
seasonal effect can be also observed in the trend of Rs that presents higher values in
winter, with maximum values in the month of December, and reduced values in
summer, with minimum values in the month of August. The behaviour of Rs shown in
Figure 24 is in accordance with precious works reported in the literature for TF solar
cells [12] [16]. Moreover, the reduction of Isc observed in winter is partially due to the
increase of Rs. Eq. 1 can be particularized in short circuit conditions, V = 0, and
rewritten as follows:
Isc  Iph 

IscRs
Rsh

(22)

As can be seen in Eq. 22, the combination of higher values of Rs and lower values of
Rsh in winter periods results in a decrease of Isc. The effect is the opposite in summer
periods, where Rsh presents higher values while Rs and Isc decrease.
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Figure 24. Evolution of Rs: Mean monthly values obtained

Figure 25 illustrates the evolution of the ideality factor n, obtained by the parameter
extraction technique. It can be seen that the evolution of the ideality factor for this kind
of solar cell shows seasonality like as the other extracted parameters. The evolution of
n is opposite to the trend shown by the saturation current, as expected. The ideality
factor shows a small reduction in summer while it increases in winter periods.
However, the value of n fluctuates around a mean value of n = 1.2 and the seasonal
variations are small. This fact indicates that the diode included in the equivalent circuit
of the solar cell corresponding to the five parameter model is dominated by the μc-Si:H

Ideality factor - n

substrate (bottom cell).
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Figure 25. Average values of n obtained by using the parameter extraction algorithm
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5. Conclusions
The degradation modes of micromorph PV modules and how they affect the
performance of PV modules in a relatively dry and sunny inland site with a ContinentalMediterranean climate is analyzed in this study. The data used in this study was
obtained under outdoor long term exposure of the PV system in Jaén from late July
2011 to mid-December 2014.
A reduction of the DC power of the PV array by about 12.3% was observed in the first
month of outdoor deployment. The stabilization period was observed to start after 5
months of operation with a decline of the DC power by the relative percentage of 15.9 %
and then it is stabilized. However, the effect of seasonal oscillation remains after the
stabilization period for about 5 % variation from the stabilized level of DC power.
Solar cell parameters identification is also addressed in this study by using a parameter
extraction technique. The sets of solar cell model parameters obtained by using the
parameter extraction technique are able to reproduce the behavior of the PV array in
real conditions of work with a good accuracy degree. The parameter extraction
technique is able to evaluate the temporal evolution of main solar cell model parameters
and helps to understand the evolution of the entire system at PV module level.
The seasonal variation of micromorph PV modules behaviour was also observed in the
evolution of the solar cell model parameters. The evolution of each one of the model
parameters along the outdoor long term exposure of the PV system has been analyzed
and allows achieving a better understanding of the performance changes of the PV
modules and the evolution of the output power of the PV array.

37

6. References
[1] A. Čampa, M.Meier, M.Boccard, L.V.Mercaldo, M.Ghosh, C.Zhang, T.Merdzhanova, J.Krč, F.J.Haug and M.Topič, "Micromorph silicon solar cell optical performance: Influence of intermediate
reflector and front electrode surface texture," Solar Energy Materials & Solar Cells, vol. 130, pp.
401-409, 2014.
[2] C.-Y. Tsai and C.-Y. Tsai, "Development of Amorphous/Microcrystalline Silicon Tandem Thin-Film
Solar Modules with Low Output Voltage, High Energy Yield, Low Light-Induced Degradation, and
High Damp-Heat Reliability," Journal of Nanomaterials, Hindawi Publishing Corporation, vol.
2014, no. Article ID 86174, p. 10, 2014.
[3] S. Pizzini, Advanced Silicon Materials for Photovoltaic Applications, John Wiley & Sons, Ltd.,
2012.
[4] H. Keppner, J. Meier, P. Torres, D. Fischer and A. Shah, "Microcrystalline silicon and micromorph
tandem solar cells," Applied Physics A Materials Science & Processing, vol. 69, p. 169–177, 1999.
[5] J. Sutterlueti, R. Kravets, M. Keller, H. Knauss, I. Sinicco and A. Huegli, "Energy Yield
Optimiziation and Seasonal Behaviour of Micromorph® Thin Film Modules," in 25th European
Photovoltaic Solar Energy Conference and Exhibition / 5th World Conference on Photovoltaic
Energy Conversion, Valencia, Spain, 6-10 September 2010.
[6] V. AVRUTIN, N. IZYUMSKAYA and H. MORKOC, "Amorphous and micromorph Si solar cells:
current status and outlook," Turkish Journal of Physics, TÜBİTAK, vol. 38, no. fiz-1406-14, pp. 526542, 2014.
[7] M. Hussin, S. Shaari, A. Omar and Z. Zain, "Amorphous silicon thin-film: Behaviour of lightinduced degradation," Renewable ans Sustainable Energy Reviews, no. 43, pp. 388-402, 2015.
[8] Y. Yamawaki, S. Mizukami, A. Yamazaki and H. Takahashi, "Thermal recovery effect on lightinduced degradation of amorphous silicon solar module under the sunlight.," Sol. Energy Mater. Sol.
Cells, vol. 47, no. doi:10.1016/S0927-0248(97)00033-0, pp. 125-134, 1997.
[9] D. L. Staebler and C. R. Wronski, "Reversible conductivity changes in discharge‐produced
amorphous Si," Applied Physics Letters, vol. 31(4), pp. 292-294, 1977.
[10] S. Spataru, P. Hacke, D. Sera, C. Packard, T. Kerekes and R. Teodorescu, "Temperature-dependency
analysis and correction methods of in situ power-loss estimation for crystalline silicon modules
undergoing potential-induced degradation stress testing," Prog. Photovolt. Res. App., 2015.
[11] A. V. Shah, H. Schade, M. Vanecek, J. Meier, E. Vallat-Sauvain, N.Wyrsch1, U. Kroll, C. Droz and
J. Bailat, "Thin-film Silicon Solar Cell Technology," PROGRESS IN PHOTOVOLTAICS:
RESEARCH AND APPLICATIONS, vol. 12, no. Special Issue (DOI: 10.1002/pip.533), pp. 113-142,
2004.
[12] E. Van Dyk and E. Meyer, "Analysis of the effect of parasitic resistances on the performance of

38

photovoltaic modules.," Renewable Energy, vol. 29, pp. 333-344, 2004.
[13] S. Voswinckel, V. Wesselak and B. Lustermann, "Behaviour of amorphous silicon solar modules: A
parameter study.," Solar Energy , vol. 92, p. 206–213, 2013.
[14] E. Van Dyk, a. Audouard, E. Meyer and C. Woolard, "Investigation of the degradation of a thin-film
hydrogenated amorphous silicon photovoltaic module.," Sol. Energy Mater. Sol. Cells , no. 91, p.
167–173, 2007.
[15] G. Kleiss, K. Bucher, P. Ragot and M. Chantant, "Monitoring outdoor performance and
photodegradation of a-Si:H modules by evaluation of continuously measured I-V curves.," in Proc.
1994 IEEE 1st World Conf. , 1994.
[16] C. Radue and E. van Dyk, "A comparison of degradation in three amorphous silicon PV module
technologies.," Sol. Energy Mater. Sol. Cells, vol. 94, p. 617–622, 2010.
[17] A. Phinikarides, G. Makrides and G. Georghiou, "Comparison of analysis methodes for the
calculation of degradation rates of different photovoltaic thechnologies," in Proceedings of the 28th
European photovoltaic solar energy conference and exhibition, 2013.
[18] A. Phinikarides, N. Kindyni, G. Makrides and G. Georghiou, "Review of photovoltaic degradation
rate methodologies.," Renew. Sustain. Energy Rev. , vol. 40, p. 143–152, 2014.
[19] L. Castañer and S. Silvestre, Modelling Photovoltaic Systems using Pspice, Wiley, 2002.
[20] M. Di Vincenzo and D. Infield, "Detailed PV array model for non-uniform irradiance and its
validation against experimental data.," Sol. Energy , vol. 97, p. 314–331, 2013.
[21] A. Chouder, S. Silvestre, N. Sadaoui and L. Rahmani, "Modeling and simulation of a grid connected
PV system based on the evaluation of main PV module parameters.," Simul. Model. Pract. Theory ,
vol. 20, p. 46–58, 2012.
[22] A. Chouder and S. Silvestre, "Automatic supervision and fault detection of PV systems based on
power losses analysis," Energy Convers. Manag., vol. 51, p. 1929–1937, 2010.
[23] H. Tsai, "Insolation-oriented model of photovoltaic module using Matlab/Simulink," Sol. Energy ,
vol. 84, p. 1318–1326, 2010.
[24] M. AlHajri, K. El-Naggar, M. AlRashidi and a. K. Al-Othman, "Optimal extraction of solar cell
parameters using pattern search," Renew. Energy , vol. 44, p. 238–245, 2012.
[25] A. Chouder, S. Silvestre, B. Taghezouit and E. Karatepe, "Monitoring, modelling and simulation of
PV systems using LabVIEW.," Sol. Energy, vol. 91, p. 337–349, 2013.
[26] F. Martínez-Moreno, E. Lorenzo, J. Muñoz and R. Moretón, "On the testing of large PV arrays.,"
Prog. Photovoltaics Res. Appl., vol. 20, p. 100–105, 2012.
[27] J. Muñoz, E. Lorenzo, M. Carrillo J. and R. Moretón, "Design of a twin capacitive load and its
application to the outdoor rating of photovoltaic modules," Prog. Photovolt: Res. Appl., vol. 23, p.

39

247–252, 2015.
[28] F. Martínez-Moreno, E. Lorenzo, J. Muñoz and R. Moretón, "On the testing of large PV arrays.,"
Prog. Photovoltaics Res. Appl. , vol. 20, p. 100–105, 2012.
[29] G. Nofuentes, B. García-Domingo, J. V. Muñoz and F. Chenlo, "Analysis of the dependence of the
spectral factor of some PV technologies on the solar spectrum distribution.," Appl. Energy, vol. 113,
p. 302–309, 2014.
[30] CIEMAT, "Informe de medida de módulos fotovoltaicos," PVLabDER/ITC006_M, Madrid, 2011.
[31] A. Chouder and S. Silvestre, "Analysis Model of Mismatch Power Losses in PV Systems.," Sol.
Energy Eng. , vol. 131, no. doi:10.1115/1.3097275, 2009.
[32] W. Durisch and J.-C. Mayor, "Application of a generalized current/voltage model for solar cells to
outdoor measurements on a SIEMEN SM 110-module.," in 3rd World Conf. onPhotovoltaic Energy
Conversion, 2003.
[33] F. Fabero, M. Torres-Ramírez and G. Nofuentes, "TECHNICAL REPORT: FIELD TEST OF
KANEKA PV MODULES (models G-EA060 and U-EA110) IN JAÉN," CIEMAT, UJAEN, 2013.
[34] D. Carlson, "Monolithic amorphous silicon alloy solar modules.," Sol. Energy Mater. Sol. Cells, vol.
78, no. doi:10.1016/S0927-0248(02)00455-5, p. 627–645, 2003.
[35] R. Ruther, J. Del Cueto, G. Tamizh-Mani, A. Montenegro, S. Rummel, A. Anderberg and B. Von
Roedern, "Performance test of amorphous silicon modules in different climates - Year four: Progress
in understanding exposure history stabilization effects," in Conf. Rec. IEEE Photovoltaic Spec.,
2008.
[36] V. Sharma, O. Sastry, A. Kumar, B. Bora and S. Chandel, "Degradation analysis of a-Si, (HIT)
hetro-junction intrinsic thin layer silicon and m-C-Si solar photovoltaic technologies under outdoor
conditions.," Energy, vol. 72, no. doi:10.1016/j.energy.2014.05.078, p. 536–546, 2014.
[37] S. Kichou, S. Silvestre, G. Nofuentes, M. Torres-Ramírez, A. Chouder and D. Guasch,
"Characterization of degradation and evaluation of model parameters of amorphous silicon
photovoltaic modules under outdoor long term exposure," Energy, vol. In press, 2016.
[38] D. Fischer, S. Dubail, J. A. A. Selvan, N. P. Vaucher, R. Platz, C. Hof, U. Kroll, J. Meier, P. Torres,
H. Keppner, N. Wyrsch, M. Goetz, A. Shah and K.-D.Ufert, "THE "MICROMORPH" SOLAR
CELL: EXTENDING A-SI:H TECHNOLOGY TOWARDS THIN FILM CRYSTALLINE
SILICON," in 1nd World Conf. Photovolt. Energy Conf. p. 409, Hawaii, 1994.
[39] N. Aoun, R. Chenni, B. Nahman and K. Bouchouicha, "Evaluation and Validation of Equivalent
Five-Parameter Model Performance for Photovoltaic Panels Using Only Reference Data," Energy
and Power Engineering, vol. 6, pp. 235-245, 2014.

40

