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Abstract – The results of six years of continuous 
monitoring are presented in this paper that refer to 
eight outdoors PhotoVoltaic (PV) plants. The 
monitored plants are based on different technologies: 
mono-crystalline silicon (m-Si), poli-crystalline silicon 
(p-Si), string ribbon silicon, Copper Indium Gallium 
Selenide (CIGS) thin film and Cadmium Telluride 
(CdTe) thin film. Mono-crystalline silicon modules 
and thin-film modules are used both in fixed 
installation and on x-y tracking systems. The results 
are expressed in terms of degradation rate of the 
efficiency of each PV plant, which is estimated from 
the measurements provided by a multi-channel data-
acquisition system that senses both electrical and 
environmental quantities. A comparison with the 
electrical characterization of each plant obtained by 
means of the transient charge of a capacitive load is 
also proposed. The capacitive-load technique has been 
implemented immediately after the installation of the 
PV plants and after 78 months of operation. 
The obtained results show that both the m-Si plants in 
fixed installation and on the tracking system had a 
negligible degradation, while p-Si and string-ribbon Si 
exhibited a moderate degradation. Higher was the 
degradation obtained for the thin-film based plants, 
with a worst behaviour of the plants installed on the 
tracking systems. 
 
Keywords – Photovoltaic power systems, Degradation, 
Electric variables measurement, Data acquisition 

 I. INTRODUCTION 

The continuous worldwide increase of installed 
PhotoVoltaic (PV) plants [1] is demanding for a reliable 
estimation of their long-term performance. The main 
parameters of interest are the PayBack Time (PBT) and 
the Energy PayBack Time (EPBT) [2-6]. Such 
parameters are largely affected by the actual degradation 
the PV modules are subjected to, which reduces 
efficiency during their life time. As an example, for a 
small-size 3 kW plant whose expected energy production 
is 4500 kWh/year, in the conditions defined in the web 

tool [7], a payback time of 9 years and 8 months is 
estimated using a decay module PV of 0.70 %/year, as 
suggested in the IEA document [8] for mature module 
technologies. However, if the used PV modules exhibit a 
degradation rate of 2.40 %/year, the estimated payback 
time becomes 10 years and 4 months. 

With the aim of estimating the degradation rate of 
commercially available PV technologies, the authors have 
monitored eight different outdoor PV plants since 2010. 
Electrical and environmental quantities are continuously 
monitored by means of a specifically conceived data-
acquisition system, which is subjected to a metrological 
confirmation program [9]. This allows measurement 
traceability to be ensured and uncertainty to be stated for 
each of the measured parameters. Preliminary results 
related to the first three years of operation have been 
reported in [10-11]. Updated results are here reported that 
refer to the degradation rate of the monitored PV plants 
estimated from September 2010 to August 2016. 

 II. TEST FACILITY 

 A. Monitored PV plants 

The eight PV plants under monitoring are located in 
Piemonte (Italy) at latitude of about 45 °N, in the 
CwcKöppen-Geiger climate zone [12]. Table 1 
summarizes the main characteristics of the monitored PV 
plants, which include silicon based modules (plants A, B, 
C and Ats) and thin-film based modules (D, E, Dts and 
Ets). The subscript “ts” denotes the plants whose modules 
are installed on a x-y tracking system, while the others 
are oriented towards South (azimuth angle of about 0°) 
and mounted in a fixed position with a tilt angle of35°. 

In the table 1, APV, Pnom and nom are the nameplate 
area (m2), power (kW) and efficiency (%), respectively. 
Immediately after the installation of the PV plants, their 
I-V electrical characteristics have been measured at 
natural sunlight by means of the acquisition of the 
transient charge of a capacitive load [13] and the actual 
power Pact and efficiency act at Standard Test Conditions 
(STC) have been then estimated, which are also reported 
in table 1.  
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Table 1. Main characteristics of the monitored PV plants. 

Plant 
PV 

technology 
APV 
(m2) 

Pnom 
(kW) 

Pact 
(kW) 

�nom

(%) 
�act

(%) 

A m-Si 11.2 2.03 1.93 18.1 17.2 
B p-Si 13.8 1.85 1.80 13.4 13.1 

C 
Stringribbon 

Si 
17.9 2.28 2.16 12.7 12.1 

D CIGS 17.5 1.80 1.68 10.3 9.6 
E CdTe 17.3 1.74 1.61 10.1 9.3 

Ats m-Si 11.2 2.03 1.93 18.1 17.2 
Dts CIGS 17.5 1.80 1.68 10.3 9.6 
Ets CdTe 17.3 1.74 1.61 10.1 9.3 

 
The relative expanded uncertainty (coverage factor k 

= 2) for both parameters is about 3.5%. 

 B. Monitoring system 

The monitoring system is able to measure direct 
voltage Vdc and direct current Idc (upstream the inverter), 
and temperature tm of a PV module for each of the eight 
PV plants. The solar irradiance Gm is also measured on 
the plane of the PV modules by means of two secondary 
standard pyranometers: the first one is mounted with the 
same orientation of the fixed plants, while the second one 
is mounted on the x-y tracking system of the plant Ats. A 
measurement of each quantity is carried out every 10 s 
and stored in a daily file. The architecture of the 
monitoring system is described in [10] and its 
metrological confirmation process is described in [9]. The 
calibration is performed with a periodicity of one year 
and includes the initial verification of each measuring 
chain, the adjustment that allows offset and gain drifts to 
be compensated, and the final verification. The maximum 
admitted errors used during the verifications are: 

 (0.5%reading+ 0.2 V) for the voltage Vdc in the 
range from 100 V to 450 V; 

 (0.4%reading+ 5 mA) for the current Idc in the 
range from 0.5 A to 7 A; 

 (2.0% reading+ 5 W/m2) for the irradiance Gm 

in the range from 500 W/m2 to 1200 W/m2; 
 (0.6% reading+ 0.55 °C) for the temperature tm 

in the range from 10 °C to 80 °C. 

 C. Data processing 

The efficiency  of each plant at STC is obtained as: 

STCPV

STCmax,

GA

P


   (1) 

where GSTC = 1000 W/m2 is the reference irradiance 
value, APV is the area of the PV modules as reported in 
the table 1, Pmax,STC is the maximum measured power 

reported at STC through the simplified model:   

 
  tGactSC,actS,tdc

tGactSC,dcSTCmax,

CCIRCV

CCIIP







     (2) 

where ISC,act and RS,act are the short-circuit current at STC 
and the series resistance of each plant as obtained during 
the preliminary I-V characterization,  (A/°C) and 
 (V/°C) are the absolute current and voltage temperature 
coefficients, respectively, while the correction 
coefficients CG and Ct are obtained as: 

mSTCt
STC

m
G ;1 ttC

G

G
C   (3) 

Starting from the available data, a clear day has been 
selected per each month (for each couple of months in the 
period from September 2010 to December 2013), then 
equations (1)-(3) have been implemented for each plant 
using measured parameters that correspond to values of 
irradiance Gm greater than 800 W/m2. 

According to the uncertainty estimation procedure 
described in [11], which takes into account both 
repeatability contributions and uncertainty of each 
measuring chain (the maximum admitted errors 
periodically verified), the standard uncertainty 
u(Pmax,STC)has been estimated for each PV plant. One 
should note that the uncertainty of the efficiency  
obtained by means of equation (1) mainly depends on the 
uncertainty of the parameter Pmax,STC, being GSTC a 
conventional reference value and APV known with a 
negligible uncertainty. 

 III. EXPERIMENTAL RESULTS 

An example of the obtained results that refer to the  
selected day 17th January, 2016 is reported in the table 2, 
where uA(P) represents the standard deviation of the set 
of values Pmax,STC,i corresponding to the Gmi values greater 
than800 W/m2,while uB

x(P) is the uncertainty 
contribution related to the measured quantity x. Among 
the different contributions, the one that mainly accounts 
for the uncertainty of the parameter Pmax,STC and, in turn, 
of the estimated efficiency , is that related to the 
correction coefficient CG, that depends on the measured 
quantity Gm. Since this quantity is sensed through a 
secondary standard pyranometer, this contribution cannot 
be significantly reduced for outdoor monitored PV plants. 
In the same table, the estimated efficiency  at STC is 
reported for each plant with the corresponding standard 
uncertainty u().Similar uncertainty values of the 
parameters Pmax,STC and have been obtained during the 
whole monitored period. 
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