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Abstract

In the context of the ever-growing importance of renewable energy sources, the long-term reliability assessment of PhotoVoltaic
(PV) systems emerges as a critical aspect of ensuring sustainable energy production with cost-effective technologies. Nowadays, the
first PV plants, installed at early 2000s, have achieved more than 20 years of operation: this reflects their predicted lifetime. Hence,
evaluating their efficiency at the end of the estimated lifetime can provide important information regarding the real performance in
accordance with the manufacturers’ declaration. Actually, this study evaluates the performance of two PV arrays, installed at early
2000s at the university campus of Politecnico di Torino (Turin, Italy, latitude = 45° N), characterised by monocrystalline silicon
(m-Si) modules and different inverters configurations. In particular, all the modules of the PV plants were tested under natural
sunlight, and their performances were corrected to Standard Test Conditions (STC), according to the International Standards. This
work estimated the measured power deviations, which were compared to the quantities predicted by the manufacturers after these
operation years, and the average yearly degradation rates. The results revealed that the minimum performances guaranteed by the
manufacturers of the modules (yearly degradation rate of about -0.8%) are satisfied, with only a few exceptions. Finally, a visual
inspection was carried out to identify visible defects among the modules.

Keywords—renewable energy systems, performance, efficiency, photovoltaic module array, degradation.

I. INTRODUCTION

In the pursuit of improving the Renewable Energy Sources (RESs) exploitation, solar PhotoVoltaic (PV) plants and wind
farms are the most efficient technologies. One of the research fields in the renewable sector consists of the accurate estimation
of RES performance over time. Regarding wind farms, the focus of this line of research is on their performance assessment with
respect to manufacturer declaration [1]. On the contrary, one of the main aspects the PV research is currently focusing on is the
development of advanced models to accurately predict PV production and contribute to fault detection [2]. This paper contributes
to these efforts by focusing on the development of an automated diagnostic method for PV plants by the inverters. Current
diagnostic approaches in this field typically involve traditional tests such as infrared thermography or electroluminescence [3].
These methods, however, are costly, especially for large-scale PV plants that often require drones [4], and do not facilitate
continuous monitoring of plant health. In order to correctly estimate PV production and perform an efficient diagnosis, the
degradation of the systems needs to be taken into account. Actually, the performance and the reliability of PV technology
degrade over time due to many factors including environmental stresses, material degradation, manufacturing defects, system



failures and others [5], [6]. Nowadays, degradation in multi-MW plants can be investigated also adopting more sophisticated
technologies like drones to detect faults or failures in the systems [7]. It is clear that, in this context, the cost-effectiveness of
PV systems is strongly affected by their degradation rate: hence, monitoring and quantifying this aspect of each PV plant is
fundamental to correctly predict the energy yield and the economic returns of the investment [8]. In literature, many works
estimate the power reduction of PV systems with respect to initial specifications at Standard Test Conditions (STC) [9], which
can be due to many physical phenomena such as encapsulant discoloration, solder bond fatigue, delamination, interconnect
failures, frame damage, glass and cell breakage, Potential-Induced Degradation (PID) and others. In addition, other factors like
weather conditions [10], [11] or design choices (e.g., the inverters configuration) might significantly affect the performance of
PV plants over time [12], [13]. The measurement of PV power reduction with respect to STC can be performed using a variety
of approaches and equipment, either in situ (e.g., under natural sunlight) or under controlled conditions (e.g., under artificial
sunlight). For these procedures, generally, the equipment includes current-voltage (I-V) curve tracers, solar radiation sensors
and temperature sensors [9]. Moreover, the PV power reduction of a PV module can be estimated through different models
(empirical, analytical or numerical), which include factors like temperature, irradiance, solar spectrum, shading, mismatch and
others [14].

In the paper [15], the authors examined the rate of degradation of 22 distinct photovoltaic power plants located across four
continents. Thirteen of these installations consist of moncrystalline silicon (m-Si) PV modules that have been in operation
for a maximum of twenty-five years, showing a degradation rate that falls in a range between 0.7% and 3.19% per year. On
the other hand, the remaining installations use different technology or are not covered by the standard warranty anymore (25
years).

This paper aims to quantify the power degradation of two PV plants (rated power of 1 and 1.5 kW) with monocrystalline
silicon (m-Si) modules, different inverters configuration and about 20 operation years. In particular, in the present work, the
performance for the modules of the plants under study were tested under natural sunlight and corrected to Standard Test
Conditions (STC) according to the International Standards. Finally, the yearly degradation rate of each module was quantified
and compared with their manufacturer declaration. The paper is structured as follows: Section II describes the different inverters
configurations for PV plants, and Section III presents the PV systems under analysis. Section IV describes the measurement
setup adopted to acquire the most important electrical quantities from the plants, while Section V shows the results of the
study. Finally, the conclusions of this work are included in Section VL.

II. INVERTERS CONFIGURATIONS IN PV PLANTS

The configurations of DC/AC converters of a PV plant can be of three types: central, string or multi-string, and AC modules
[16].

A. Central inverters

In the centralized technology, DC/AC converters interface a large number of PV modules to the grid [17] to increase the
rated voltage of the inverter. This inverter configuration is, typically, characterised by a rated power ranging between 500 kW
to a few MW for medium to large power plants. In such a configuration, many PV strings, each consisting of series-connected
modules, are connected in parallel in a combiner box, and their cumulative production is sent to a central inverter. Alternatively,
inverters are defined as centralized when they interface arrays with high ratios between array power and the total power of the
system. In utility scale installations, with many MW of rated power, this configuration is preferred due to the ability of central
inverters in managing higher installed power. Moreover, their higher reliability and lower cost with respect to smaller converters
make them even more advantageous to adopt. However, the main drawback of central inverters is their vulnerability to failures
and underperformance: actually, even a single fault or underperformance in the part of the plant connected to the central
inverter, e.g. due to mismatch, shading or other events, affects the total production of the converter [18], [19]. Indeed, in this
condition multiple peaks originate in the power-voltage (P-V') curve of the generator, and the maximum power point tracking
might fail in identifying the maximum power point, resulting in noticeable energy losses. Under such conditions, systems with
central inverters exhibit decreased efficiency and power output as the performance of the entire system is impacted by the
lowest performing modules, especially on cloudy or partially shaded days [20].

For this reason, conventional techniques of tracking are preferred due to their simplicity when the local peaks of the P —V
curve are a few. Examples of such techniques are the perturb and observe, hill climbing method, incremental conductance, the
load current/load voltage, and maximization open circuit voltage methodology.

B. String inverters

Currently, string inverters are the most common configuration for grid-connected PV plants: they have a much lower capacity
than a central inverter, and each string of the PV array is connected to a different inverter [21]. In this case, the maximum power
point tracking is performed at string level, achieving lower energy losses due to I-Vcurve mismatch rather than central inverters.
This configuration is preferred for residential installations with rated power up to about 10 kW thanks to their modularity and



cost-effectiveness. In addition, as mismatch conditions due to partial shading occur in such systems, local maximum power
points generally arise in the power-voltage (P — V') curve and the tracking of the global maximum might be complex. In
these conditions, conventional algorithms might fail and other more complex techniques are preferred as biologically inspired
optimization techniques based on deterministic particle swarm optimization [22], colony of foraging ants [23], and flashing
fireflies [24].

In order to overcome the rated power of string inverters, the multi-string inverter configuration can be adopted. In this case,
the inverters are equipped with a maximum power tracker for each string, limiting the mismatch losses among the different
strings of the array [25].

C. Micro-inverters

In the micro-inverters, or ”AC modules”, configuration, one converter is built into each PV module, or is located underneath
[26]. As one inverter is integrated in each module, its operation is not affected by that of other modules in the PV plants,
avoiding losses due to the mismatch among the PV modules. Moreover, micro-inverters have second class insulation (class II)
against direct and indirect contacts; no grounding is required, and the system reliability is higher than other typologies thanks
to the lower number of components. Microinverters ensure that each module operates independently, significantly improving
system performance in various environmental conditions, including partial shading, thereby maintaining optimal power output
even if some modules are underperforming [20]. However, this solution is expensive, and, generally, micro-inverters are used
with modules having an output power up to about 300 W.

III. PLANTS UNDER ANALYSIS

The plants under study are two PV systems (Fig. 1), with m-Si modules, installed at the university campus of Politecnico
di Torino (Turin, Italy, latitude = 45° N) at early 2000s. They are South oriented (azimuth = 0°) and have a tilt angle of 30°
and 25° for PV plants #1 and #2, respectively.

The first system (PV plant #1) was installed in 2000 and is powered by 18 PV modules manufactured by the company BP
Solar (rated power of 1.5 kW). The modules are grouped in two strings of 9 modules each, and the plant has one central
inverter with rated power of 1.5 kW and DC/AC conversion efficiency of 93%. The second plant (PV plant #2) was installed
in 2003 and includes 10 modules manufactured by the company Isofotén (rated power of 1 kW). Moreover, each module
integrates one inverter located on its rear side (micro-inverter or AC modules configuration), with rated power of 100 W and
conversion efficiency = 94%. Table I reports the main specifications for the PV modules of the two plants.

Plant #1 (P = 1.5 kW) Plant #2 (P = 1 kW)

Fig. 1. PV plants under study.

IV. MEASUREMENT SYSTEM

The measurement system used to acquire experimental data is based on the transient charging of a capacitive load, in which
one capacitor is initially discharged, and it is supplied by the PV module under test. The capacitor charging is controlled by a
power breaker that, after the closing of the circuit, permits the PV generator to supply the capacitive load from the short-circuit
to the open-circuit condition. As, generally, current peaks may occur in the short-circuit and such data need to be removed
from the analysis, a negative pre-charge is applied to the capacitor to improve the quality of the data. As the duration of the
charging transient ¢ is affected by the capacitance of the capacitive load, the latter is selected in order to obtain desired values



TABLE I
SPECIFICATIONS OF THE PV MODULES UNDER STUDY
Manufacturer BP Solar  Isofotén
Model BP585  1-110/24
Rated power P, (W) 85 110
MPP current I, (A) 4.7 3.16
MPP voltage Vi, (V) 18 34.8
Short-circuit current Is. (A) 5 3.38
Open-circuit voltage Vi (V) 22.1 43.2
Thermal coefficient for Is. (%/°C) 0.065 0.04
Thermal coefficient for Vo (%/°C) -0.36 -0.367
Thermal coefficient for P, (%/°C) -0.5 -0.45
NOCT (°C) 47 44.6

of transient duration. The paper [27] reports the dependency of the capacitance on the short-circuit current /., the open-circuit
voltage Vi, the number of parallel-connected PV strings N,, and the number of PV modules in series per string N. In this
work, a capacitance of 10 mF is selected to obtain transient durations lower than 300 ms with irradiance at Standard Test
Conditions (STC), corresponding to solar irradiance of 1000 W/m? and modules’ temperature of 25°C.

In this measurement system, the /-Vcurves of the PV modules are acquired with an Automatic Data Acquisition System
(ADAS) to store simultaneously the irradiance G, the air temperature 7,, and the PV current and voltage. The ADAS is
periodically calibrated and it consists of the following components [28]:

o A notebook PC with a LabVIEW software emulating a digital storage oscilloscope.

o A multifunction data acquisition board with one A/D converter (successive approximation technology, 16 bit-resolution,

sampling rate up to 1.25 MSa/s, maximum input of =10 V, internal amplifier gains for lower ranges) and multiplexer.

« A differential voltage probe with two attenuation ratios 20:1 and 200:1 for voltage levels up to 140 V and 1400 V,

respectively.

o Two current probes (Hall effect) with an output sensitivity of 100 mV/A for current values up to £30 A, one for current

measurement and the other one for trigger source.

o A secondary standard pyranometer acquires irradiance with uncertainty < +2%.

« A thermometer to acquire ambient temperature.

« A temperature probe to acquire the temperature on the rear side of the module.

o A capacitive load with capacitance equal to 10 mF.

The schematic of the measurement circuit is shown in Figure 2.

V. RESULTS

The performance related to the modules constituting the PV plants of this study were tested under natural sunlight in 2022
(solar irradiance > 900 W/m?) with the measurement system described in Section IV. In particular, three I-Vcurves were
measured for each PV module in a time interval of about 250 ms with a sampling rate of 50 kHz. Then, the acquired voltage
and current signals were corrected to Standard Test Conditions (STC, with Gstc = 1000 W/m? and Tsrc = 25°C) according to
the standards, and the average values of each module were obtained. The equations provided by the standards are the following,
in which the subscript "m” refers to measurement conditions [29]:

Gstc

Istc = Im + Isem - ( - 1) +a - (Tstc — Tm) (1)

m

Vste = Vin — Rsm - (Istc — Im) — k- Istc - (Tstc — Tm) + B - (Tstc — Tm) 2

The quantities of the equation are the following:

e Ig7c is the current at STC conditions (A).

e I, is the measured current (A).

e I m is the measured short circuit current (A).

o Vsrc is the voltage at STC conditions (V).

o V4 is the measured voltage (V).

o Ryn is the series resistance of the module (£2).

o G, is the measured irradiance (W/m?).

o T}, is the measured temperature (°C).

o « is the thermal coefficient of current (%/°C).

e [ is the thermal coefficient of voltage (%/°C).

e k is a correction parameter (-).

Tables II and III report the main results of the analysis for PV plant #1 and #2, respectively: for each module, the relative
deviations with respect to the manufacturer specifications in terms of power (AP), voltage (AVypp), and current (Alypp) are
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Fig. 2. Schematic of the measurement circuit.

listed, as well as the efficiency 7 and the yearly degradation rate r, which is the ratio between A P and the number of operation
years.

Almost half of the modules in PV plant #1 (7 out of 18, corresponding to about 40 % of the generators) meet the maximum
degradation rate guaranteed for PV systems designed at early 2000s. Indeed, the majority of commercial PV modules were
guaranteed to provide about 80% of rated performance after 25 years, corresponding to a yearly degradation rate of about
-0.8%. [30]. In this plant, the worst yearly degradation rate occurs for PV module 5B (r = -1.04%, with a power reduction of
about -24%), while module 3B has the best performance as it exhibits a power loss of about -13%, and a degradation rate of
about -0.6%.

Regarding PV plant #2, the module with the worst performance has a power reduction of about -26%, corresponding to a
yearly degradation rate of about -1.4%; on the contrary, the best performance occurs for a module with a power reduction of
about -14% and a degradation rate of about -0.7%. In this system, only 20 % of the generators meet the maximum degradation
rate declared by the manufacturer. Moreover, for all the modules of the two plants, most of performance loss is due to current
reduction rather than to voltage reduction. Thus, the average yearly degradation rate is evaluated for both the systems, being
-0.86%/y and -0.97%/y for PV plants #1 and #2, respectively, corresponding to an average power reduction of -18.9% and
-18.4%. These values are 7.5% and 21% higher than manufacturer indications: actually, in both systems, most of PV modules
do not meet the maximum degradation rate requirement of -0.8%/y. The lowest degradation rate occurs for the plant equipped
with PV modules including solar cells with larger active area (square with side length of 5 and 4 inches for modules of plants
#1 and #2, respectively) and, thus, manufactured with greater wafers.

In addition, a visual inspection was carried out for the modules under test, and figures 3 and 4 show a PV module from
plant #1 and #2, respectively. As it is possible to see, the modules are affected by defects. In particular, the most frequent
one is given by discoloration, or “browning” of the encapsulating layer (Ethylene-Vinyl Acetate, EVA) in the regions closer to
the busbars, i.e., with the highest modules’ temperature. This defect is more evident for modules of PV plant #2; moreover,
mechanical cracks affect a few cells, and noticeable dirt increases the power reduction of the modules.



TABLE II
MEASUREMENTS UNDER NATURAL SUNLIGHT FOR PV PLANT #1

Mod. ID Pupp AP Al AV n r
1A 70.6 W -169% -13.1% -5.82% 11.1% -0.73%ly
1B 705W  -17.1% -157% -3.14% 11.1% -0.74%ly
1C 71.6 W -157% -14.1% -342% 11.3% -0.68%/y
2A 664 W -218% -158% -8.61% 10.5% -0.95%ly
2B 69.1 W -187% -182% -2.11% 109% -0.81%/y
2C 685W -194% -157% -5.86% 10.8%  -0.84%ly
3A 71.8W  -155% -14.1% -3.12% 113% -0.67%ly
3B 73.6 W -134% -137% -122% 11.6% -0.58%/y
3C 672 W  -21.0% -16.7% -647% 10.6% -0.95%ly
4A 712W  -162% -158% -2.07% 11.2% -0.71%ly
4B 713 W  -16.1% -144% -349% 11.2% -0.70%/y
4C 683 W -197% -179% -3.67% 10.7%  -0.85%ly
5A 685W -194% -16.6% -477% 10.8% -0.84%ly
5B 646 W  -239% -207% -558% 102% -1.04%ly
5C 674 W  -207% -17.0% -5.85% 10.6%  -0.90%/y
6A 65.1 W  -234% -21.8% -359% 102% -1.02%l/y
6B 67.5W  -205% -153% -7.58% 10.6% -0.89%ly
6C 669 W  -213% -206% -238% 10.5% -0.92%ly
TABLE III
MEASUREMENTS UNDER NATURAL SUNLIGHT FOR PV PLANT #2
Mod. ID Pupp AP Al AV n r
1 853 W -225% -183% -5.10% 9.95% -1.18%ly
2 812 W  -262% -182% -972% 9.47%  -1.38%ly
3 889W -192% -178% -1.61% 104% -1.01%ly
4 89.1W -19.0% -16.6% -2.79% 10.4% -1.00%/y
5 944 W  -141% -135% -0.73% 11.0% -0.74%ly
6 903W -179% -17.0% -1.05% 10.5% -0.94%ly
7 927TW -157% -135% -2.54% 10.8% -0.83%ly
8 89.6 W  -185% -162% -277% 10.5% -0.97%ly
9 941W -145% -140% -057% 11.0% -0.76%ly
10 NOW -163% -153% -122% 10.7% -0.86%/y

pEsEs rai
(DS W

Fig. 3. Focus on one PV module from plant #1.



Fig. 4. Focus on one PV module from plant #2.

VI. CONCLUSIONS

The lifetime of Photovoltaic (PV) generators might be strongly affected by degradation, providing a huge effect on its cost-
effectiveness and performances. In particular, even if the lifetime of new PV installations is expected to reach about 40 years,
however, this prediction is not valid for old plants, whose lifetime was up to 20-30 years. This paper evaluates the average
yearly power degradation of two PV plants, with monocrystalline silicon modules installed and a rated power of a few kW
for both. The plants, installed at the university campus of Politecnico di Torino (Turin, Italy, latitude = 45° N), are equipped
with central inverter (plant #1) and micro-inverters (plant #2). The performance of the modules was determined under natural
sunlight in 2022 and, then, corrected to Standard Test Conditions (STC) according to the International Standards. The average
yearly degradation rate was -0.86%/y and -0.97%!/y for PV plants #1 and #2, respectively, corresponding to an average power
reduction of 18.9% and 18.4%. The lowest degradation rate occurs for the plant with the central inverter configuration (plant
#1); however, for both the systems, the results for most of PV modules do not meet the minimum performance guaranteed
by the manufacturers at early 2000s (yearly degradation rate of about -0.8%). Hence, future works developing automatic fault
detection algorithms will need to take into account a tolerance regarding the real degradation rate of PV systems. Such a
tolerance is recommended to be of about 10% for modules with cells of 4 inches-sides, and about 20% for modules with cells
of 5 inches-sides.
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