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ABSTRACT

Optical modifications of the light-facing side of photovoltaic (PV) modules can be used to increase their efficiency by implement-

ing anti-reflective or anti-soiling properties or by achieving a reduction of the operating temperature. Furthermore, such front-

optical modifications can be utilized to hybridize concentrating solar thermal systems and PV systems. In order to characterize
such modifications correctly, special attention has to be paid to two points: the modules have to be operated under load to keep the
cells at a realistic operating temperature, and high precision of the temperature measurement is required to quantify the poten-
tially very small effects of the modifications (e.g., for radiative cooling decreases in operating temperature of less than 1 K have to

be expected). In this paper, a setup is presented for testing front-optical modifications in fixed tilt configuration in Almeria, Spain.

The loading is achieved by the use of an electronic load and the precision of the temperature measurement is achieved by
Platinum resistance temperature detectors (Pt100s) laminated into the modules in combination with high precision multimeters.
To demonstrate the capabilities of the setup, exemplary measurement data is shown.

1 | Introduction

Modifications of the light-facing side of PV modules are com-
monly used to increase the efficiency of the PV modules. For
instance, over 90% of commercial PV modules are nowadays sup-
plied with anti-reflective coatings [1]. The various benefits of
front-optical modifications for the PV module operation can
be categorized into three groups: anti-reflective properties,
anti-soiling properties, and the reduction of operating tempera-
ture. In the following it is summarized which effects common
front-optical modifications have on the electrical and thermal
behavior of PV modules and what the resulting requirements
for a measurement setup to characterize them are.

Anti-reflective modifications increase PV module efficiency by
reducing the fraction of incident power being reflected at the
front surface of the module. Under normal incidence about

4% of the incident power is lost at an air-glass surface. Ideally
only the transmission above the bandgap is increased as
increased sub-bandgap transmission only leads to increased
operating temperatures. Usually, anti-reflective modifications
are realized by single layer porous SiO, coatings leading to
about 2%-3% increase of output power under standard testing
conditions [2, 3]. Another option to achieve anti-reflective
properties is to use multilayer coatings made of alternating
layers of low and high refractive index. They offer increased
durability [4] and potentially better performance depending
on the number of layers [1]. The production of multilayer coat-
ings, however, is more expensive so that they are currently less
common than porous SiO, monolayers. Anti-reflective properties
can also be achieved by using textured glass as front cover [5-7].
As example, the commercial Saint Gobain Alberino product line
was shown to increase the short circuit current of modules
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utilizing it by up to 3.2% in a solar simulator under normal inci-
dence [8].

Soiling on the module surface can significantly reduce the light
transmitted to the underlying PV cells and thus its efficiency
[9, 10]. IIse et al. assumed the loss in global solar energy produc-
tion (PV and concentrating solar power) to be at least 3%-4% in
2018 [11]. Regular cleaning is required to maintain optimal
performance depending on the soiling conditions. Additionally,
anti-soiling coatings for preventing soiling and simplifying the
cleaning are being developed. Anti-soiling properties of the mod-
ule surface are achieved by equipping it with either hydrophobic
or hydrophilic properties. Furthermore, photocatalytic properties
can be utilized to decompose organic compounds and thus
enhance the self-cleaning or simplify the manual cleaning [12].
A variety of different approaches exist to achieve anti-soiling
coatings [13]. Anti-soiling properties also can be accomplished
using surface texturing [14, 15]. Ideally, anti-soiling coatings
are designed in a way that they also exhibit anti-reflective
properties. Covestro (Covestro Deutschland AG, Kaiser-
Wilhelm-Allee 60, 51373 Leverkusen, Germany), for example,
claims an average transmission gain of ~3% of their anti-soiling
coating compared to uncoated glass [16].

A reduction of the operating temperature can be achieved with
front-optical modifications by either reflecting sub-bandgap
(or UV) irradiation to avoid parasitic absorption [17, 18] or by
increasing the IR emissivity of the front surface to facilitate pas-
sive radiative cooling (PRC) [18-22]. Monocrystalline silicon PV
loses about 0.45% of its efficiency per 1 K increase of its operating
temperature [23] meaning that for an operating temperature of
50°C the efficiency is reduced by over 10% compared to standard
testing conditions. With a bandgap of 1.1 eV, the sub-bandgap
radiation, which is partially absorbed in the module stack and
thus transformed into heat, makes up about 20% of the incident
power of the AM1.5 spectrum. Under steady-state conditions an
ideal sub-bandgap reflector was simulated to reduce the operat-
ing temperature of a PV module up to about 5 K compared to a
module without anti-reflective coating [24]. A simulation of 1
year of operation of a module utilizing an ideal sub-bandgap
reflector in Golden, Colorado, USA yielded an irradiance-
weighted mean average temperature decrease of 3.8 K compared
to a module without anti-reflective coating [25].

PRC refers to passively cooling an object by utilizing radiative
heat transfer to potential heat sinks, most importantly: space
[26-28]. This requires a high emissivity of the object especially
in the wavelength range where the atmosphere is transparent,
the atmospheric window. If the object to be cooled has a lower
temperature than the atmosphere the emissivity should be low
for other wavelengths to avoid absorbing heat from it. As PV
modules, however, operate at higher temperature than the ambi-
ent air for them high-emissivity over the whole wavelength range
is beneficial. A simulation of 1 year of operation of a module with
an emissivity of 1 at the front surface in Golden, Colorado, USA
predicted an irradiance-weighted mean average temperature
decrease of 0.8 K compared to a reference module without
any front-optical modifications [25].

A second purpose of front-optical modifications can be the use of
PV modules as PV-Mirrors to hybridize photovoltaic and concen-
trating solar thermal (CST) systems [29-34]. In this concept the
solar mirrors in a CST system are replaced by PV modules with

spectrally selective coatings to partially transmit the incident
spectrum to the PV cells and reflect the rest to the CST receiver.
On the PV side this is similar to the aforementioned use of spec-
trally selective reflectors to reduce the operating temperature of
PV cells. The quantitative advantages of this concept are yet to be
proven and are largely dependent on the way the spectrum is
split and the used CST configuration [34].

In this article, a setup is presented for testing all types of front-
optical modifications. Particular attention is paid to two points:
First, the modules must be operated under load with adequate
tracking of their maximum power point (MPP) to achieve realis-
tic operating temperatures. Second, precise measurement of
the electrical parameters and the cell temperature are required
to be able to resolve the often small effects of the front-optical
modifications on the electrical and thermal performance
of the modules. While precise electrical measurements can be
easily achieved by choosing appropriate measurement equip-
ment more attention has to paid when trying to measure the cell
temperature.

One way to determine the cell temperature is deriving it from the
open-circuit voltage according to IEC 60904-5 [35]. Although
very precise if applicable, this method has some drawbacks that
might make direct measurement of the cell temperature unavoid-
able in some cases. In IEC 60904-5, it is stated that the method
should be only applied for irradiances above 400 Wm™2. For
front-optical modifications that reduce the transmitted irradi-
ance to the cell (as can be the case for, e.g., the PV-Mirror)
the minimum required irradiance is increased. Further, IEC
60904-5 is not applicable anymore if the irradiance that is trans-
mitted to the cell is strongly dependent on the angle of incidence,
as it might be the case for multilayer stacks. In this case knowl-
edge of the angular behavior of the transmission to the cell and
appropriate adaption of IEC 60904-5 would be required.
Moreover, it was found that unprecise knowledge of the PV cells’
diode ideality factor and variations of it with irradiance and tem-
perature can introduce significant errors in the determined cell
temperature [36, 37].

When directly measuring the cell temperature, it is important
where to place the temperature sensors. Jankovec and Topic¢
compared different ways to measure the cell temperature of
PV modules [38]. They could only achieve an average deviation
of measured and actual cell temperature of under 1K by using
Platinum resistance temperature detectors (Pt1000s) laminated
into the module as close as possible to the cell. However, test
setups often lack accuracy of the temperature measurement
because the cell temperature is only measured on the outside
of the module and/or only with thermocouples which have a lim-
ited precision [25, 39, 40]. Jankovec and Topi¢ showed that for
temperature measurements on the outside of the module, covers
should be used as otherwise the measurements can be strongly
affected by environmental conditions [38]. In the aforemen-
tioned setups no covering of the temperature sensors is men-
tioned [25, 39, 40]. Furthermore, if the temperature of the
module is measured on the outside of the module, only the sur-
face temperature of the module is obtained, which might deviate
from the cell temperature by several Kelvin [38].

In this publication, a setup is presented for long-term outdoor
testing of front-optical modifications of PV modules. Based on
the state-of-the-art, a single-cell reference module design was
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developed for testing of the front-optical modifications to ensure
comparability of the results. Front-optical modifications can be
applied to its 25x25cm? cover glass. The modified modules
alongside an unmodified reference module can be mounted in
fixed-tilt configuration at the Plataforma Solar de Almeria
(PSA), owned by the Centro de Investigaciones Energéticas,
Medioambientales y Tecnologicas (CIEMAT), in southern
Spain and tested under arid climate. The operation under load
and the MPP tracking are achieved by an electronic load.
Additionally to the option to derive the cell temperature from
the open-circuit voltage it is directly measured using 4
Platinum resistance temperature detectors (Pt100s) laminated
as close as possible to each cell. Measurement of the cell temper-
ature at different points is required as the temperature distribu-
tion of only a single cell, that is not part of a module, might be
very inhomogeneous. The effect of different front-optical modi-
fications on the cell temperature may vary between its applica-
tion in a full-scale module and the single-cell modules used here.
However, the use of small single-cell modules allows for the test-
ing of modifications developed at lab scale.

1 day of measurement of a module without any front-optical
modifications is presented and the average operating tempera-
ture over a period of 3 months of a module with and without
connection to the load is compared.

2 | Methods
2.1 | Reference Module Design

According to the 16th edition of the International Technology
Roadmap for Photovoltaics the predominant PV cell technology
in 2024 was TOPCon [41]. About 90% of the cells in the market

TABLE1 | Average characteristics of used TOPCon half-cells under
STC.

Voc Isc Vmep Impp Pmer FF
Efficiency % V A v A W %

22.7 0.702 5476 0.603 5.168 3.16 81.05

were bifacial, the predominant wafer size was M10, almost all
modules were employing half-cells and more than half of all cells
in the market were using more than 12 busbars or busbarless
technology. A shift toward larger cell dimensions and an increas-
ing share of busbarless cells in the next years is predicted.
Therefore, bifacial TOPCon half-cells were used for the reference
module design. For reasons of availability and manageability
M6 wafers with 9 busbars were used. The cells were manufac-
tured and characterized by ISC Konstanz e.V. (International
Solar Energy Research Center Konstanz, ISC Konstanz e.V.,
Rudolf-Diesel-Strafie 15, 78467 Konstanz, Germany). Their aver-
age characteristics at standard testing conditions (STC) can be
found in Table 1.

1 and 3 mm float glass (AGC SunMax Premium) was used as
front-cover and back-cover, respectively, to provide mechanical
stability. Polyolefin (POE, Mitsui Chemicals Solar Asce: TRO1BA-
45T) was used as encapsulant, since EVA/POE mixtures and POE
are expected to dominate the market in the future even though
ethylene vinyl acetate (EVA) still has the biggest market share
due to its cost efficiency [41]. Furthermore, POE exhibits better
degradation-resistive behavior in glass-glass modules than EVA
[42, 43]. The used POE is supplied in foils of 0.63 mm thickness.
The schematic structure of the modules is shown in Figure 1.

On the front of the PV cells, one layer of POE foil was used as in a
commercial PV module. On the back, 4 layers were used to
accommodate the 1.0 mm thick Pt100s without breaking the
cells: one layer of POE was put in between the PV cells and
the Pt100s, and 3 layers were put between the Pt100s and the
rear glass. The Pt100 sensors (Yageo Nexensos Pt100 L220 F
0.1 (1/3 B)) are of tolerance class F 0.1 (1/3B) meaning the mea-
surement error is given by =+(0.1°C+0.0017-T) for tempera-
tures between 0 and 150°C with T denoting the temperature
in °C [44, 45]. In Figure la the marked outer (I) and inner
(IT) surface of the front glass indicate the possible surfaces for
the implementation of front-optical modifications.

The cells were hand-soldered using PV ribbon (Ulbrich of Austria
GmbH Standard PV Ribbon) and the Pt100s were contacted using
enameled copper wire of 0.5 mm diameter in a 4-wire configu-
ration. The layout of the Pt100s is shown in the rear-view of the
modules in Figure 1b. They are placed in the top left corner (B,),

(b)

1.0mm
1layer POE [
1layer POE ™=
Puoo 3 layers POE 2.3mm
! 25cm
3.0mm
?ense -
Sense +
25cm
FIGURE1 | Schematic design of the reference PV module design used to compare different front-optical modifications. (a) Cross-sectional view of

the module with the possible surfaces for the application of front-optical modifications denoted by I and II. (b) Rear-view showing the positions of the PV

cell and the Pt100 sensors B, to B,. Sense + and Sense - are for voltage probing as close to the cell as possible. Further details can be found in the

Supporting Information.
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the center (B,), the middle of the right edge (Bs), and the middle
of the bottom edge (B,) to be able to measure the temperature
distribution of the cell. The tolerance of the positioning due to
the movement of the encapsulant during lamination is estimated
to be =4 mm in the module plane, being lower for B, in the mid-
dle of the module. The wires for voltage sensing of the solar cell
are connected as close as possible to the cell to avoid voltage
drops. All wires are routed out of the module at the bottom
right corner. The assembled modules were laminated in a mem-
brane laminator (P. Energy Laminator 094A, for details see the
Supporting Information).

2.2 | Measurement Setup

The test rack (as shown in Figure 2), which can accommodate
6 modules, was installed at the testing location in southern
Spain (PSA). This location was chosen as it provides high solar
resource.

The modules are mounted in the module frame in fixed-tilt con-
figuration at a height of 1.5 m to reduce the influence of the shad-
ows cast by them on the irradiation from the backside. They are
mounted facing south and the tilt-angle of 35° was optimized
using PVGIS [46] for maximum yield. Two pyranometers
(Kipp und Zonen CMP 10) are mounted in the same plane as
the modules (Figure 2a), one facing to the front, one facing to
the back to measure the in-plane irradiance on the front and
the back of the modules. Weather data is available from a mete-
orological station nearby. Shielded cables were soldered directly
to the modules, and the soldering joints were placed in a
protected junction box (Figure 2c-e) casted with silicone gel.
The measurement electronics are located inside a climatized con-
tainer nearby.

(a)
Pyranometers

p | [ o [ | [ e f [

My My | Mer My [ Mg Ms

The temperature and irradiance measurements are carried out
using two digital multimeters (DMMs, Agilent 34972A) utilizing
several multiplexer cards (Agilent 34901A, Agilent 34902A). The
DMMs allow for an accuracy of 0.06 K of the temperature mea-
surement [47].

Only two modules at a time can be connected to the load for the
electrical measurements as it only has two channels. In the cur-
rent configuration, each day, a different module is measured
alongside with the reference module. The schematic for the mea-
surement electronics for the electrical measurement of the mod-
ules is shown in Figure 3.

A variable electronic load (Keysight EL34243A) in series with a
DC source (Keysight E36233A) is used to allow for the simulta-
neous operation under load and the measurements of the IV
curves. Electronic loads usually require a voltage of over 3 V
across their terminals to be able to properly regulate voltage
or current [48]. Furthermore, at high currents more than 1 V
drops at the wiring to the modules. As IV curves should be mea-
sured down to nearly 0 V at the cells, where the modules produce
the highest currents, the DC source in series with the modules
is required to provide these voltages. The voltage across the
modules is measured at the sense outputs of the modules. The
reference module is connected at all times to channel 1 of load
and DC source, while a multiplexer is used to switch between the
modules of interest on channel 2 of load and DC source.

A visualization of the measurement routine during daytime can
be found in Figure 4.

A complete IV curve is measured every 3 min together with the
temperatures of the cells and the front and backside irradiance.
MPP tracking is done by measuring and evaluating the IV curve
between 0.5 and 0.73 V every 20s. The daytime measurement
routine starts 30 min before sunrise and ends 30 min after sunset.

(b) (c)
30° Glass
clamps
X
£
1S
a 3
- Yo}
Cablingl
_
Tm

527.5 mm

FIGURE2 | Racking for the modules under test. Drawing of (a) the front and (b) the side of the rack. (c) Drawing one of the individual segments of

the module frame. (d) Photography of the actual rack with 6 modules to be tested. (e) Photography of one installed module. The test rack is installed at

the PSA, owned by CIEMAT.
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Electronic load

Channel 1 Channel 2
Sense Sense
+ - + - + -
[ Sense multiplexer
+ Sense + + - + - + - + - 4 -
Mref toM; toM, toM; toM, toMs
DC source
- Sense -
Channel 1 Channel 2 Load multiplexer
+ - + - o
+ - + - + - + - + -
| | toM; toM, toM; toM, toMs
FIGURE 3 | Schematic of the system for the electrical measurement of the reference module (M,¢r) and the test modules M; to Ms.
3 min (@) , . ;
e 800
=
[0}
= 400
=— |V measurement S
- MPP tracking £
— Measurement T 0
other modules (b)

FIGURE 4 | One measurement cycle during daytime. Modules are
operated in MPP permanently except during IV curve measurements
and MPP tracking.

During night time all modules are disconnected from the load
and the DC source. The temperature of the modules that are cur-
rently not under load together with the front and backside irra-
diance is measured once a minute during day time. The
temperature of the modules connected to the load is only mea-
sured when an IV curve is measured. During night time the tem-
perature of all modules is measured every minute.

Temperature [°C]
w EN
o o

N
o

3
2
o
3
1
0
(d) 6 . .
ISC
{0.68
—_ — Voc —_
< af | =
5 1064 D
3 2r 1 3
0.60

3 | Results

To illustrate the performance of the measurement system, a 1-day
measurement of the reference module (without any front-optical
modification) is shown in Figure 5 (June 13, 2025) including irra-
diance, the temperatures of B;-B,, T,-T, respectively, the output
power in MPP and Vo and Igc.

In the morning during times with very low irradiance, it can be
seen that T;-T, are identical within the error boundaries of the
temperature measurement. This is a confirmation of the preci-
sion of the temperature measurement of the different Pt100s
as during night without illumination the modules should be

O5:00

10:00

15:00

20:00

Time (UTC)

FIGURE 5 | Exemplary results of 1 day (June 13, 2025) of measure-
ment of a PV module without any front-optical modifications: (a) irradi-
ance on front and back, (b) temperatures of B;-By, T;-T,, respectively,
and the ambient air temperature Ta;, (including a back view of the cell
with the positions of the temperature measurements), (c) output power,
and (d) Isc and Ve of the module.

homogeneous in temperature. Furthermore, it can be seen that
the module temperature during this time is about 2 K lower than
the air temperature. This is because of the high emissivity of glass
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and the resulting PRC. During daytime, T, in the middle of the
module is the highest, while T, is the lowest. T; and T; are very
similar. This seems counterintuitive as B, in the corner would be
expected to show a lower temperature than B; and By, which
have a larger part of the PV cell in their proximity.
Altogether, this might hint toward an asymmetric temperature
distribution of the cell and/or a different distance of the
Pt100s to the rear surface of the cell. An inhomogeneous temper-
ature distribution could be explained by the copper ribbon close
to three edges of the cells. It has a high thermal conductivity and
thus can transport heat away from the cell while being highly
reflective and thus it is not heated up a lot by the incident radia-
tion. T,-T, vary up to around 4°C throughout the day, which
shows how important it is to not only measure the cell tempera-
ture in the middle of the cell.

As stated above the uncertainty of the placement of the Pt100 is
4 mm. It is assumed that the temperature gradient derived from
the difference of T, to Ty, T3, and T, is an upper bound for the
temperature gradient at the positions of the respective Pt100 in
any direction. From the average temperature gradients calculated
this way in the time from May 29, 2025 to September 7, 2025 for
the reference module with connection to the load the error in
temperature measurement due to displacement of the Pt100 is
assumed to be 0.08 K.

To show the effect of the load on the operating temperature of the
modules the average temperature of B,, T, for one module under
test was evaluated in the time from May 29, 2025 to September 7,
2025 for times with and without connection to the load during
daytime. This could not be done for the reference module as the
reference module is connected to the load all the time. The elec-
trical output of this test module was slightly higher (=2%) than
that of the reference module. During times with connection to
the load the average of T, was 36.6°C. During times without
connection to the load the average of T, was 38.8°C leading to
a difference of the average T, with and without load of
—2.2°C. The actual temperature reduction at a certain state of
operation is highly dependent on a lot of parameters, e.g. irradi-
ance, air temperature, and wind speed, and might strongly differ
from this value.

4 | Conclusion

In this work, a setup for long-term outdoor testing of the effects of
front-optical modifications of PV modules on their operating
temperature and their electrical output is presented. Special
attention is paid to two points: operation under load and MPP
tracking to ensure realistic operation conditions and precision
of electrical and temperature measurement. Operation under
load, MPP tracking and precision of the electrical measurements
is achieved by the use of an electronic load. This feature
has shown to reduce the cell temperature by more than 2 K
compared to modules not connected to an electronic load.
Precision of the temperature measurement is enabled by the
use of precise Platinum resistance temperature detectors lami-
nated as close as possible to the PV cells in combination with
precise multimeters.

High precision of the measurements is required as different front-
optical modifications may only have small effects on the electri-
cal and thermal behavior of PV modules.

1 day of measurement of a module without any optical modifi-
cation is shown to demonstrate the functionality of the setup. The
effect of the usage of a load on the operating temperature is eval-
uated by comparing the average operating temperature over a
period of 3 months of one module with and without connection
to the load.

In the future, it is planned to use this setup to investigate differ-
ent spectrally selective coatings (PV-Mirrors) as well as radiative
cooling coatings.
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