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Abstract: Organic photovoltaic (OPV) solar cells represent an emerging and promising solution
for low-cost clean energy production. Being flexible and semi-transparent and having significant
advantages over conventional PV technologies, OPV modules represent an innovative solution even
in applications that cannot be based on traditional PV systems. However, relatively low efficiencies,
poor long-term stability, and thermal issues have so far prevented the commercialization of this
technology. This paper describes two outdoor experimental campaigns that compared the operation
of OPV modules with traditional PV modules—in particular crystalline silicon and copper–indium–
selenium (CIS)—and assessed the OPV modules’ power generation potential in vertical installation
and facing towards the cardinal directions.

Keywords: organic photovoltaic (OPV); performance analysis; energy efficiency; irradiance and
temperature behavior

1. Introduction

Organic photovoltaics (OPVs) are considered one of the most promising technologies
for solar energy conversion into electricity, mainly thanks to the reduced cost of manu-
facturing as well as environmental impact, semi-transparency, low weight, flexibility, and
the possibility of modifying the color and the shape of cells [1,2]. Moreover, the late-stage
customization process allows to conform OPV modules to any form or shape [3]. In ad-
dition, OPV absorption wavelengths can be tuned by molecular engineering [4]. These
specific features create the possibility of using organic photovoltaics in several applications,
without compete with traditional PV technologies. Building integration is one of the most
promising fields of application such as semi-transparent balustrades and solar urban furni-
ture or facades [5]. In such cases, customization of the product and harmonic integration of
the structures are key points for the success of any PV technology.

Currently, there are two main weak points of OPV technology: the power conversion
efficiency and the stability of its performance over its life and in terms of its irradiance and
temperature. The power conversion efficiency—for cell and/or OPVs of limited size—has
increased, reaching the current certified value of 17.1% for single-junction cells [6] and above
17% for multi-junction devices [7]. The measured electrical efficiency of OPV modules in
outdoor conditions is ~4% [8], although some very interesting results are obtained for small
modules [9].

OPV stability is a complex topic that involves many different aspects [10]: manufac-
turing processes and materials; environmental sustainability; product safety; efficiency
decrease over time due to the device exposure; and absence of visible optical changes
such as discoloration and yellowing. In terms of stability, comprehensive analyses are
presented in [8–10], where some results of the experimental activities are described. Re-
cent studies show how bulk heterojunction organic photovoltaics [11] and non-fullerene
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electron acceptors have led to a step change in performance and reduced the problem
linked to poor stability in a relatively short period of time [12]. In addition, a low-band
gap poly(benzodithiophene-cothieno[3,4-b]thiophene) (PBDTTT) donor polymer blended
with a fullerene acceptor has been introduced to increase the thermal stability in flexible
organic photovoltaics [13]. Several works have analyzed OPV modules’ outdoor behavior,
mainly focusing on behavior as a function of irradiance and temperature as well as cell
degradation issues and improvements in their long-term stability [14,15]. Furthermore,
in [16], the examination of flexible, semi-transparent, organic photovoltaic modules in an
outdoor testing environment to study degradation in a hot, arid climate was presented,
showing a large reduction in the power conversion efficiency. In [17], tests on OPV mini-
modules in air and without hazardous solvents were conducted to compare their outdoor
performance, showing that condensation is a significant stress factor in OPVs and should
be considered more prominently in reliability studies.

Long-term reliability as well as the behavior of OPV modules in real environments
remain topics that need further investigation and analysis. In addition, most of the works
dealing with the performances of OPV modules as a function of the irradiance spectrum
and temperature in outdoor conditions are based on single prototypes of OPV cells or
small-scale OPV module prototypes [17,18], or experimental campaigns are limited to short
observational periods or specific environmental conditions [19].

This paper moves the research target from OPV prototypes to ready-to-install OPV
modules. The aims of this paper were (i) to analyze and compare OPV modules’ behavior
with respect to other PV technologies (i.e., market available mc-Si and CIS modules)
at different irradiation levels and ambient temperatures and (ii) to assess of the energy
produced by OPV modules vertically installed and facing towards the cardinal directions.
Both analyses were based on the measurement of the I–V curves and the back temperature
in outdoor conditions. In the present work, ASCA® OPV modules produced by “ASCA—an
ARMOR group company, Nantes, France” were tested in outdoor conditions. These OPV
modules are one of the first examples of relevant scale that can be considered “advanced
prototypes”. They are based on the stack structure PET/TCO/ZnO/MBG (Medium band
gap) donor: PCBM/PEDOT/PSS/Ag.

This paper is organized as follows: Section 2 describes the experimental setup and
tests methodologies; Section 3 provides the results of the comparative analysis between
OVPs and other PV technologies and the energy analysis with OPV modules facing towards
the cardinal directions; Section 4 presents the conclusions.

2. Experimental Setup and Tests Methodologies

The electrical data from PV modules usually provided by manufactures are the maxi-
mum power (Pmpp) and its coordinates in the I–V plane (Vmpp and Impp), the open circuit
voltage (Voc), and the short circuit current (Isc) in two specific conditions: standard test con-
ditions (STCs; solar irradiance = 1000 W/m2, cell temperature = 25 ◦C, and air mass = 1.5)
and nominal module operating temperature (NMOT; solar irradiance = 800 W/m2, ambient
temperature = 20 ◦C, air mass = 1.5, and wind speed = 1 m/s). However, STC is not
representative of the actual operating conditions, and also NMOT represents a very specific
operating condition: solar irradiance, operating temperature of the cells and air mass
change throughout the day [19]. Electrical data from PV modules are temperature and/or
irradiance dependent; several methods, which also make use of the temperature coefficients
provided by the manufacturer, allow for the calculation of PV electrical parameters for a
specific set of solar irradiance and cell temperature [20,21]. These calculations are validated
for PV modules based on traditional technologies, such as crystalline silicon, whose behav-
ior as a function of irradiation and temperature is well known. OPV modules belong to an
emerging photovoltaic technology characterized by its own temperature and irradiance
dependencies; the main purpose of this work was to analyze in detail the behavior of
ready-to-market OPV modules under actual operating conditions.
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Two outdoor experimental campaigns were designed and carried out at the SolarTech-
Lab, located at the Department of Energy of Politecnico di Milano, Milano, Italy (geo-
graphical coordinates: latitude 45.503 N, longitude 9.157 E) [22]. The first experimental
campaign was designed to analyze the behavior of OPV modules in comparison with other
PV technologies under different outdoor conditions, while the second experimental cam-
paign was designed to assess the energy produced by the OPV modules vertically installed
and facing towards the cardinal directions, recording the electrical data that characterized
their operation. In the following, the materials and methods involved in the experimental
campaigns are described.

2.1. Test Facility and Weather Station

The test facility is located on the rooftop of the Department of Energy of Politecnico
di Milano. All PV modules were oriented towards the southeast, the azimuth angle
was −6◦30′ (0◦ was the south direction and counted positive clockwise) with the tilt
of most structures set at 30◦. The latter pair of angles defined the orientation of the
conventional plane of array (POA) of the test facility. Moreover, it was possible to install
PV modules in the vertical position (tilt = 90◦) by fixing them to the railing at the edges of
the external part of the laboratory; in this case, four azimuth angles were obtained (−6◦30′,
corresponding to the conventional south; −96◦30′, corresponding to the conventional
east; +83◦30′, corresponding to the conventional west, and +173◦30′, corresponding to the
conventional north).

The environmental conditions were measured with a meteorological station including
solar irradiance sensors, a wind speed/direction sensor, a temperature–humidity sensor,
and rain collector. Solar irradiance was measured using spectrally flat pyranometers (see
metrological characteristics and orientation in Table 1) and an occultation band. Measure-
ments of the ambient conditions were performed every 10 s.

Table 1. Technical specifications of pyranometers connected to the weather station and available at
the test facility.

Pyra #1 Pyra #2 Pyra #3

ISO9060 classification Secondary Standard First Class

Achievable accuracy
(95% confidential level) ±2% ±5%

Nonlinearity %
(1000 W/m2) <±0.2% <±1%

Tilt 30◦ 0◦ 0◦

Azimuth −6◦30′ - -

Measurement Plane-Of-Array
(POA)

Global Horizontal
Irradiance (GHI)

Diffuse Horizontal
Irradiance (DHI)

2.2. Data Acquisition System

The data acquisition consisted of three main subsystems, controlled and coordinated
by a PC, the I–V tracer, the PV module selection system, and the PV module temperature
acquisition system. Figure 1 shows the whole data acquisition system in the configuration
for the comparison between OPVs and other photovoltaic technologies.
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The I–V curve tests were performed using the equipment widely described in [8,14]. The
I–V curve was traced by charging and discharging a capacitor, the value of which depended
on the module under test. To ensure constant irradiance and a constant PV cell temperature
along the test, the sampling frequency was set at 12.5 kSamples/s. Considering a recording
duration of about 0.5 s, approximately 6000 pairs of samples per test were produced.

To guarantee similar conditions for the tests, an automatic system switched in a short
time among the PV modules under test and configured the I–V tracer test circuit with the
suitable capacitor.

The PV modules’ temperature was measured and managed by an automatic data
acquisition system based on a resistance temperature detector (RTD) placed on the back of
each PV module. A thermal imaging camera was used to check the temperature uniformity
of all of the PV modules and to verify the absence of hotspots.

2.3. OPV Modules

In the present work, ASCA® OPV modules of 17.5 Wp at STCs produced by “ASCA—
an ARMOR group company” were tested in outdoor conditions [23].

These OPV modules, which are flexible and semi-transparent, are based on the stack
structure PET/TCO/ZnO/MBG (medium band gap) donor: PCBM/PEDOT:PSS/Ag.
These OPV modules are inverted devices to achieve a better outdoor stability and make
use of a highly conductive transparent conductive layer (TCO) to allow wider stripe coat-
ings and geometrical fill factor (GFF) optimization. Layers from the ETL to the silver top
electrode are solution processed.

The OPV modules were ready for installation in PV plants. They included a by-
pass diode and cables with MC4 connectors. The mechanical support was an aluminum
plate where the OPV modules were pasted on by the adhesive layer on the back of each
OPV module.

Five OPV modules, divided into two subsets, were involved in the test campaigns. Two
OPV modules, hereinafter referred to as OPV-A and OPV-B, were used for the comparison
between OPVs and traditional PV technologies, and three OPV modules, hereinafter referred
to as OPV-E, OPV-S, and OPV-W, were used for the evaluation of the OPV modules’ power
generation potential in vertical installation when pointing at different cardinal directions.
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2.4. Comparison between OPVs and Traditional Photovoltaic Technologies

The aim of this test campaign was (i) to assess how the main parameters that char-
acterize the operation of OPV modules, namely, Voc, Isc, Vmpp, Impp, and Pmpp, changed
during operation in outdoor conditions; (ii) to compare these results with those obtained
with traditional PV technologies, namely, mc-Si and CIS, in the same outdoor conditions.
The comparative analysis of the OPV technology performance with mc-Si PV and CIS
was based on the measurement of the I–V curves and the back temperature at different
irradiation levels and ambient temperatures. This experimental campaign started on 12
February 2020, and it lasted for approximately four months to collect I–V curves along
different seasons. Two OPV modules, the monocrystalline module (Aleo Solar S59 HE,
rated power 305 Wp, hereinafter referred to as mc-Si) and the CIS module (Solar Frontier,
SF170-S, rated power 170 W, hereinafter referred to as CIS) were installed on the same 30◦

tilted structure, facing 6◦30′ towards the southeast as shown in Figure 2.
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The PV technology comparison was achieved following a two-step approach: the
whole set of data was divided into five groups based on irradiance level (i.e., <200, 200–400,
400–600, 600–800, and >800 W/m2) and then the proper per-unit values of Voc, Isc, Vmpp, Impp,
and Pmpp were calculated for the considered PV technologies. The first step allowed for the
selection and comparison of the results obtained under similar irradiance conditions, while
the last step allowed for the representation of the results from different PV technologies in
a consistent framework. The relative open circuit voltage (voc) and the relative maximum
power point voltage (vmpp) were calculated as follow:

voc =
Voc

Voc@STC
; vmpp =

Vmpp

Vmpp@STC
(1)

The base values were Voc and Vmpp at STCs. Since Isc, Impp, and Pmpp depend on the
irradiance, it is necessary to refer to the raw data of a specific irradiance value; in this work,
the average irradiance of each data cluster (GREF) was adopted. Then, the values of Isc,
Impp, and Pmpp corrected to irradiance GREF, namely, Isc@Gref, Impp@Gref, and Pmpp@Gref, were
reported in per unit. The base values were Isc, Impp, and Pmpp at STCs corrected to irradiance
GREF, respectively. Linear correction for both the measured and reference values of Isc,
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Impp, and Pmpp were applied; then, the equations for the calculation of relative short circuit
current (isc@Gref), relative maximum power point current (impp@Gref), and relative maximum
power (pmpp@Gref) corrected to irradiance GREF are:

isc@Gre f =
Isc

Isc@STC
· GSTC

G
; impp@Gre f =

Impp

Impp@STC
· GSTC

G
; pmpp@Gre f =

Pmpp

Pmpp@STC
· GSTC

G
(2)

where G is the actual irradiance, and GSTC is 1000 W/m2.
In order to identify the actual reference electrical data for each PV module involved

in the test campaign, outdoor tests were performed under close to STCs in terms of both
irradiance and cell temperature at the beginning and at the end of the test campaign. In
order to obtain reference electrical data referring to the same conditions, they were corrected
to the reference irradiation of 1000 W/m2. Table 2 summarizes the reference data resulting
from the outdoor tests at STCs.

Table 2. Reference electrical data in STCs for the four PV modules compared.

Quantity Unit m-Si CIS OPV-A OPV-B

Pmpp (W) 301.1 171.1 19.86 19.81
Vmpp (V) 31.9 88.8 11.9 12.0
Impp (A) 9.44 1.93 1.67 1.65
Voc (V) 39.4 114.3 16.2 16.5
Isc (A) 9.98 2.12 2.10 2.06

2.5. OPV Modules’ Power Generation Potential in Vertical Installation

The aim of this test campaign was to assess the power generation potential of OPV
modules vertically installed, as in building-integrated PV applications. In a similar way
to the comparative analysis among OPV and other PV technologies, the assessment of the
energy produced by the OPV modules vertically installed and facing towards the cardinal
directions was based on the measurement of the I–V curves and the back temperature of
the PV modules under test. Two OPV modules were installed on the edge of the test facility,
facing south (OPV-S) and west (OPV-W) and connected to the data acquisition system.
Figure 3 shows the OPV modules installed on the edge of the test facility, and Figure 4
shows the details of OPV-W; OPV-S was installed in the same way.
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Figure 4. OPV module facing west (OPV-W) installed at the edge of the test facility.

This experimental campaign started on 10 October 2020 and lasted for approximately
five months. During the testing period, 15 days were selected to assess the OPV power
generation potential in different seasons and on different days from a meteorological
point of view. The I–V curves of the OPV modules were measured at regular intervals,
about every three minutes, throughout the selected days. The daily OPV module power
generation curves were estimated from the measured maximum power. Then, the energy
production was estimated as the time integral of the maximum power extracted from the
I–V curves in a specific time range, as explained below, and daily energy yield (YA), daily
reference yield (YR), and daily performance ratio (PR) [22,24] were chosen to summarize
the energy production of the OPV modules. Moreover, YA, YR, and PR were calculated
based on the overall data set, which spanned 15 days.

Compared to the connection of the OPV module with a power converter programmed to
operate at the module maximum power point, this methodology had the following benefits:

• A maximum power point tracking (MPPT) algorithm was not necessary: the results
related to the maximum power point (i.e., Pmpp, Vmpp, and Impp) were not affected by
the tracker accuracy;

• Data corresponding to partial shading were uniquely identified, then excluded from
the data set;

• Voc and Isc were also available and derived from the I–V curve;
• I–V curve measurements were carried out with the same instrument: the measurement

accuracy was the same for every I–V curve of the data set.

The metrics chosen to summarize the energy production of the OPV modules require
the definition of a proper time range and the calculation of the global irradiance on the
planes of the OPV modules. The setting of the time range for the calculation of the daily
production and performance indices was based on the following procedure:

• Step 1: The samples corresponding to the absence of partial shading, due to the nearby
buildings close to the test facility, on both OPV modules were extracted from the raw data;

• Step 2: The lower and upper boundaries of the time range for the metrics calculation
were defined so that the central value of the range corresponded with the time when
OPV-W started to receive direct irradiance. This instant corresponds to a few minutes
before solar noon due to the slight eastward orientation of the laboratory.
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Step 2 aims to define an “equivalent day” capable of emphasizing the role of orientation
in the cardinal directions of the OPV modules, taking into account the same number of
morning hours as afternoon hours for the OPV modules’ operation analysis.

The irradiance on the planes of the OPV modules was calculated starting from the
measurements of the weather station. The horizontal plane beam component was calculated
as the difference between GHI and DHI; the direct normal irradiance (DNI) was calculated
taking into account the angle of incidence between solar beams and irradiance sensors (ϑbs):

DNI =
GHI − DHI

cos(ϑbs)
(3)

For both OPV modules, the global irradiance was calculated as the sum of the beam
and the diffuse components on the plane of each OPV; the first one was calculated by
adjusting DNI by the angle of incidence between solar beams and the plane of each OPV
(ϑbm); the latter was calculated by using the isotropic sky diffuse model.

GOPV = DNI · cos(ϑbm) + DHI · 1 + cos(ϑT)

2
(4)

In vertical installation, the tilt angle, ϑT, was 90◦. The ground-reflected irradiance on
the planes of the OPV modules was negligible due to the particular installation conditions
that characterized the test facility. This calculation methodology was validated with the
measurements of the irradiance on the planes of the OPV modules obtained with a portable
irradiance meter as shown in Figure 4. This last instrument cannot be used along the entire
measurement campaign due to the limited internal memory.

3. Results
3.1. Comparison between OPVs and Traditional Photovoltaic Technologies

The row data obtained during the test campaign concerning the comparison between
OPVs and traditional photovoltaic technologies were processed as described in Section 2.5.
The results are presented in the scatterplots organized as follows: Figure 5 shows the
relative Voc and the relative Isc as a function of the module temperature; Figure 6 shows
the relative coordinates in the I–V plane of the maximum power point as a function of the
module temperature; Figure 7 shows the resulting relative maximum power. The least
squares method was chosen to estimate the temperature coefficients by fitting the data in
each irradiance range and for each electrical data.

Concerning Voc as a function of the cells’ temperature (see Figure 5), the mc-Si and CIS
modules showed a linear decrease with the cells’ temperature, while the OPV modules had
a quite constant Voc for any cell temperature in all the considered irradiance ranges. In detail,
the temperature coefficient of Voc for mc-Si and CIS almost coincided for all data clusters
with an irradiance above 400 W/m2 and they have been estimated to be −0.29%/K for
mc-Si and −0.22%/K for CIS, as expected from the rated temperature coefficient reported
in their datasheets. At lower irradiance values, the estimated temperature coefficient of
Voc dropped to an average value of approximately −0.20%/K for both mc-Si and CIS.
However, the limited amount of data for these irradiation ranges increased the uncertainty
related to the estimated value of the temperature coefficient. These results also allow
for the validation of the measurement system and the data processing procedure: the
reference temperature coefficient of Voc for mc-Si was −0.29%/K, which is exactly the same
as estimated. Differently from the mc-Si and CIS, the OPV modules had a quite constant Voc
in all irradiance ranges: slightly increasing with the cell temperature at irradiance values
below 400 W/m2 and barely decreasing with the cell temperature for higher irradiance
values. In all irradiance ranges, the absolute values of the temperature coefficient of Voc
were always below 0.05%/K. The same result was also found [19] at two specific irradiance
values and in a narrower temperature range compared to the present work. This result is
peculiar to some of the OPV materials.
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Concerning Isc as a function of the cells‘ temperature (see Figure 5), mc-Si and CIS
technologies showed similar and almost constant behavior, while the expected behavior
should be a slightly increasing linear trend (+0.05%/K for mc-Si and +0.01%/K for CIS,
as expected from the rated temperature coefficient reported in their datasheets). This
discrepancy is related to the intrinsic uncertainty of outdoor measurements as atmospheric
conditions (namely, the solar spectrum) and moisture. The Isc of the OPV modules was quite
constant with temperature at high irradiance values (G > 800 W/m2), while it increased
with temperature at lower irradiance values. It must be pointed out that in the lower
irradiance range, it was not possible to accurately estimate the temperature coefficient
because of the limited amount of data. Differently from other authors [19], the results at
high irradiance did not show a slight increase in the short circuit current with the OPV cells’
temperature. This may be due to the different approaches during the two measurement
campaigns. First of all, the OPV cells tested in [19] were not based on the same materials.
Moreover, in [19], a narrow temperature range of approximately 15 ◦C were considered
for two specific irradiance values (i.e., 600 and 1000 W/m2); in this work, the irradiance
values varied between 100 and 1000 W/m2 and the cell temperature in a wider temperature
range of approximately 40 ◦C. Finally, the test campaign in [19] was carried out for few
days, while this work covered a longer period including three seasons. Compared to the
preliminary results presented in [8], the small reduction in Isc seemed to be related to aging
along the whole test campaign: the measurements at high temperatures corresponded to
the last period of the measurement campaign.

Concerning the coordinates of the MPP, Vmpp and Impp, they had a similar behavior to
Voc and Isc as described above (see Figure 6). The mc-Si and CIS modules were characterized
by a linear decrease in Vmpp with the cell temperature, while Impp was almost constant. The
temperature coefficients of Vmpp for mc-Si and CIS were similar to those found for Voc in
any irradiance range. On the contrary, OPVs showed a slightly increasing Vmpp with the
cell temperature at high irradiance, while it was almost constant with the cell temperature
for irradiance values below 800 W/m2. OPV-A and OPV-B had quite different temperature
coefficients of Vmpp for irradiance values higher than 600 W/m2. The Isc of the OPVs had a
slightly decreasing trend with temperatures at high irradiance (G > 800 W/m2) and an in-
creasing trend with temperature at lower irradiance values. Differences between the slopes
of the trend lines obtained for OPV-A and OPV-B, in particular between 400 and 800 W/m2,
were mainly due to the small amount of data in the corresponding irradiance ranges and
may partly be related to the different aging processes of the “advanced prototypes” of OPV
modules involved in this test campaign.

The maximum power changed with the temperature as result of the product of Vmpp and
Impp (see Figure 7). The mc-Si and CIS modules were characterized by a linear decrease in Pmpp
with the cell temperature, with a similar slope in each irradiance range as expected from the
rated temperature coefficient reported in their datasheets. The OPV modules showed a quite
constant Pmpp with the cell temperature for irradiance values higher than 800 W/m2 and an
increasing Pmpp at lower irradiance values. In the higher irradiance range, the slight decrease
in Vmpp balanced the slight increase in Impp with the cell temperature resulting in a constant
Pmpp. In irradiance ranges lower than 800 W/m2, the maximum power increase was mainly
related to the increase in Impp. No direct comparison of these results with the one available in
literature could be performed. The average conversion efficiency was similar to those found
in [17,18] at the beginning of the test campaigns and similar to that found in [19].

3.2. OPV Modules’ Power Generation Potential in Vertical Installation

The raw data obtained during the test campaign concerning the assessment of the
energy produced by the OPV modules vertically installed and facing towards the cardinal
directions were processed as described in Section 2.5.

Figure 8 summarizes the weather conditions on each considered day. Raw data
corresponding to a sunny day are reported in Figures 9–12 showed the same raw data
corresponding to a cloudy day, while Figures 13 and 14 corresponded to a partially cloudy
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day. Table 3 shows the metrics that summarize the daily energy production. For all
the figures, the solid line with markers corresponds to the data set selected to calculate
production yields and performance index, while the dashed line represents the raw data
that have been excluded from the analysis. Moreover, the black dotted line corresponding
to GHI gives quite general information about the irradiance available along each day.
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Figure 13. Example of raw data on a partially cloudy day: (a) maximum power, Pmpp; (b) its
coordinates, Vmpp and Impp, recorded on 11 February 2021.
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Figure 14. Example of raw data on a partially cloudy day: (a) open-circuit voltage, Voc; (b) short-
circuit current, Isc, recorded on 11 February 2021.

As before, the daily recording started at approximately one hour after sunrise and
ended at sunset. The delayed start of the recordings was due to the nearby building located
eastward from the test facility, shadowing the OPV modules early in the morning.

During sunny days, the PR of the OPV-S was higher than the PR of the OPV-W, while
during cloudy days, this difference disappeared. OPV-S received global irradiance for the
whole day, while OPV-W received global irradiance for half of every sunny day, and only
diffuse irradiance for the other half of the same day. Taking into account the whole set of
days, the PR of OPV-S was higher than the PR of OPV-W by 4%; this specific value depends
on the mix of days present in the data set, suggesting that the OPV modules had a higher
conversion efficiency under direct irradiance.

Measurement of the modules’ electric characteristics (i.e., Voc and Vmpp, Isc, and Impp)
confirmed the results presented in Section 3.1. The maximum power point voltage, Vmpp,
was almost constant and close to 13 V throughout each day; only operations at extremely
low irradiance led to small reductions in Vmpp. In the first approximation, the voltage
corresponding to the maximum power point did not dependent on temperature and
irradiance. This property simplifies the maximum power point tracking: even the simplest
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algorithm that keeps the voltage at the terminals of the PV module constant can lead to
good conversion efficiencies. Similarly, the open-circuit voltage, Voc, was almost constant
with the temperature, but its value depended on the mix of beam and diffuse components
of the irradiance: Voc was close to 16 V when the solar beams hit the plane of each OPV,
and Voc was reduced to approximately 15 V when only diffuse irradiance was present.

Table 3. YR, YA, and PR for the two OPV modules under test.

Day Type 1 OPV-S OPV-W
YR (h) YA (h) PR (%) YR (h) YA (h) PR (%)

2020/10/08 S 4.69 4.11 87.6% 2.12 1.63 76.6%
2020/10/20 P 1.48 1.22 82.5% 0.73 0.76 104.7%
2020/10/21 P 0.68 0.48 70.3% 0.48 0.44 92.3%
2020/10/22 C 0.30 0.20 68.0% 0.22 0.22 101.4%
2020/10/28 S 2.87 2.41 84.2% 0.77 0.52 67.7%
2020/10/30 S 3.19 2.83 88.6% 1.29 0.91 70.3%
2020/11/13 C 0.40 0.23 56.9% 0.26 0.25 93.9%
2020/11/20 S 3.71 3.01 81.2% 1.30 1.08 82.6%
2020/11/22 S 3.32 2.61 78.8% 0.94 0.63 66.5%
2020/11/24 S 4.22 3.18 75.3% 1.56 1.08 69.3%
2020/11/29 C 0.20 0.11 55.0% 0.14 0.12 84.9%
2021/01/13 S 5.38 3.99 74.1% 1.87 1.35 72.6%
2021/01/14 P 3.84 3.05 79.2% 1.12 0.80 71.2%
2021/01/26 S 5.18 3.85 74.3% 1.69 1.17 69.2%
2021/02/11 S 5.45 4.39 80.6% 2.33 1.75 75.0%

Whole period 44.92 35.68 79.4% 16.82 12.69 75.4%
1 Summarizes the weather conditions: S = sunny day; C = cloudy day; P = partially cloudy day.

4. Conclusions

This paper presented the results of two outdoor experimental campaigns performed to
(i) evaluate and compare the OPV modules’ performance at different irradiation levels and
different ambient temperatures with traditional PV technologies and (ii) to assess their power
generation potential under different solar radiation conditions. Both test campaigns made use
of one of the first of a kind relevant scale OPV modules that, even at this developmental stage,
showed different peculiarities compared to conventional PV technologies.

Concerning the operation at different cell temperatures and constant irradiance, the
OPV modules showed a quite constant Vmpp and an increasing Impp with the cell tem-
perature, resulting in an increasing Pmpp with the cell temperature. On the contrary, the
mc-Si and CIS PV modules linearly reduced their maximum power output with the cell
temperature, mainly due to the linear decrease in Vmpp, while Impp was almost constant.

Regarding the energy measurements of the vertically installed OPV modules, the OPV
module facing south (OPV-S) presented a PR higher than the OPV module facing west
(OPV-W) during sunny days, while for cloudy days, the PRs of both OPV modules were
similar. This confirms a higher conversion efficiency for the OPV modules under direct
irradiance but also a good capability of the OPV modules in converting diffuse irradiance.

Future developments of this work will extend the experimental investigation to a PV
generator scale including the issues related to partial shading and hot spots. Moreover,
the impact of the aging of the OPV modules and their long-term stability deserve to be
experimentally evaluated.
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