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ABSTRACT: This paper discusses how the geometric design, and the optical properties of the cell interconnection
ribbons and wires (CIR) could be adapted for improving the rated yield of PV modules. For such purpose, a
comprehensive study of the shading losses and the coupling gains is done for rectangular, round, and triangular CIR
cross-section geometries. A sensitivity analysis of the CIR reflectance and geometrical parametrization of each
geometry is done with the aid of spectrally resolved raytracing. The impact of the effective width (EW) of the CIR on
the rated power, the rated energy yield, and the climate specific energy rating (CSER) of a TOPCon module is then
evaluated following the methods for a simulation-based Energy Rating. Results show that improved ribbon reflectance
or geometry can enhance module performance by 0.7%. However, the combined effect of better reflectance and
geometry can increase the power of a module by 1.6% and the energy yield per area by 1.5%. Furthermore, it is shown
that the optical coupling gains can reduce the material consumption of CIR by 15% with still better module

performance.
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1 INTRODUCTION

The international standard IEC-61853 series [1]
provides the guidelines for determining a rated energy
yield [kWh/m?] and a Climate Specific Energy Rating
(CSER) of photovoltaic (PV) modules. In the frame of the
Ecodesign Directive and the Energy Labelling
Regulations, the European Commission [2,3] proposed
that manufacturers declare the performance of their
modules using the procedures from this standard (IEC-
61853), enabling the comparison of PV modules based on
the rated energy yield [1], motivating manufacturers to
look beyond the rated power [Wp] at standard test
conditions (STC) by including the angular, spectral, low-
light, and thermal response in the optimization of PV
modules.

In a PV module, the cell interconnectors transport the
energy from one solar cell to another, enabling the
aggregation of voltage and power. The architecture of
most solar cells [4] requires the use of cell interconnector
ribbons and wires (CIR) which are soldered on top of the
busbars and fingers, casting a shadow that reduces the
rated power and energy yield from a module [5-7].

For any given number of CIR, decreasing their cross-
section area, drops their optical footprint, but increases
their electric resistance [5], creating the need for
optimization [8,9].

The trend to reduce the finger width and increment the
number of ribbons (i.e. busbars) [4] impacts both module
reliability and the cell-to-module (CTM) efficiency, due to
aredistribution of the ohmic losses in the string connectors
[10]. However, a reduction in the cross-section area of
each ribbon must follow, so that the sum of all cross-
sections remains constant. The resulting spread of the
optical footprint from CIR but does not decrease its
magnitude.

Therefore, reduction of the shade from CIR requires
alternative solutions, such as reflecting the light towards
the cell surface (i.e. generating optical coupling gains)
[11], shingling the cells [12], or completely removing the
metallization from the upper cell surface (i.e. IBC cells).
Still, shingled and IBC cells entail challenges that restrict
their effectiveness and utilization. Thus, it is expected that

CIR be the predominant technology in the market for at
least the next decade [4], which creates the urge for
maximizing the optical coupling gains from CIR.

Hence, this work explores how the geometry and
optical properties of CIR can be adapted for improving the
performance of a module. In this search, three main
objectives are pursued. First, describe a formal
mathematical parametrization of the net shading caused by
cell metallization. Second, analyze how the net shading
from CIR changes for different geometries, materials, and
angles of incidence. Third, estimate the impact of these
changes on the module performance, rated power, rated
energy yield and Climate Specific Energy Rating.

2 METHODOLOGY

The coupling gains from the CIR can be
experimentally determined either by reflection [11] or by
light beam induced current (LBIC) [6] measurements.
However, none of these methods are used, as in they both
require preparation of samples (i.e., mini modules),
complementary measurements and/or post processing that
might increase the time, cost and uncertainty of the results.
Furthermore, the experimental methods in general do not
offer better understanding of how the ribbons improve the
performance of the modules, which is of relevance for this
study.

Therefore, for the current study, a ray tracer model has
been developed and optimized for making spectrally
resolved simulations for a wide range of CIR geometries.
The ray tracer has been integrated into the cell-to-module
(CTM) analysis model SmartCalc.Module by Fraunhofer
ISE [13].

Other models have been used in studies to analyze the
effect of the optical gains from CIR on module power and
yield [7,8,14,15]. However, these analysis focus on the net
effect (Wp, kWh), offering limited knowledge about the
mechanisms inside the module for overcoming the
limitations of current ribbon designs. In the following
sections a brief explanation complements existing
literature [ 16—18] and helps to better understand the results
of the present study. The equations presented in the next



Presented at the 40th European Photovoltaic Solar Energy Conference and Exhibition, 18-22 September 2023, Lisbon, Portugal

section are compatible with the CTM methodology
described in [6,19].

2.1 Optical properties of the CIR

Reflection of light from metals can be defined as
specular, with a reflection coefficient described by the
Fresnel optics [19]. Models that describe the effect of
roughness on the material surface can be found elsewhere
[20]. However, for materials with relatively low melting
point (such as soldering allows) the coating of the ribbons
melts during soldering, leading to a relatively low
roughness [21,22]. The fact that most ribbon coatings are
produced with a hot-dip process, contributes to this
assumption, in case electrically conductive adhesives
(ECA) are used. Hence, in the present analysis the
roughness of the CIR is not considered, although other
studies have made different assumptions [15].
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Figure 1: Diagram of the gains and losses of a perfect
absorber (left) and a specular-reflecting CIR (right) for a
given zenith angle (8). The geometrical width (Wyeom) is
the width of the shade casted by the perfect absorber, when
illuminated from the zenith (6=0°). Diagram not to scale.
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2.2 Mechanisms for generating coupling gains

The coupling gains can be classified in direct or
indirect (Fig.1). In an unencapsulated cell, a fraction of the
light that hits the metallization is either reflected towards
the cell (i.e. direct gains) or absorbed by the metal, while
most of the light is reflected away and lost [16].
Nevertheless, when the solar cell is embedded in a module,
a fraction of the upwards reflected light is reflected
downwards at the glass-air interphase, which increases the
probability that it is used to generate electricity (i.e.
indirect gains) [17,18]. This reduces the net shading effect
of the cell metallization. How much of these indirect gains
are achieved by partial or total internal reflection will
depend on the angle of incidence (AOI) and the incident
light spectrum, as well as the geometry and the optical
properties of glass, encapsulant, CIR and cell (reflection,
absorption, roughness, texture, etc.).

2.3 Analysis of the coupling gains

In the field of CTM analysis, the level of optical
coupling caused by a “shading object” (busbar, finger or
ribbon) can be parametrized in terms of the “effective
width” (EW) [6,11], which is the complement of the
“transparency” [15]:

EW =1 — Transparency (1)

Although, most readers might find the concept of
“transparency”” more intuitive to understand than the EW,
the latter is easier to use in CTM analysis calculations and
is always a positive value. Hence, it is explained in further
detail in the next section.

2.4 The effective width (EW)
The EW indicates the normalized net shading loss after
accounting for any reflection gains. Mathematically, this

is the difference between the shaded flux (losses) [W] and
the recovered flux (gains) [W] normalized by the shade
caused by a perfect absorber (zero reflectance) with the
same geometry, when illuminated from the zenith
(“reference shade”) (Fig.1). For a given pair of zenith (6)
and azimuth (¢) angles, the EW is the difference between
normalized shade and normalized gains:

net shade(0, ¢)

EW (6 =
©. ¢) reference shade

(22)

shade(6, ¢) — gains(0, )
shade(0°, ¢)

EW(®,¢) = (2b)

EW(6,¢) = normalized shade — normalized gains  (2c)

An ideal “coupling object” would have an EW=0%, as
all the light would be always optimally redirected to the
cell. The opposite would be an EW=100% at an AOI=0°,
which then increases for AOI>0, as the shade covers a
wider cell area, but no shaded light is recovered (Wsp 44, >
M/geom)-

The angular shade and gains, depend not only on the
AOI, but also on the spectral distribution of the incoming
light, the geometry, and optical properties (refractive
index, extinction coefficient) of the shading object and the
module layers. The optical properties of the cell
(reflectance, spectral response, texture, angular response,
etc.) affect the EW as well.

2.5 Effective shade

In the case of a full-squared solar cell, the effective
shade (ES) casted by a shading object with a given
geometrical width (Wyeom) and length (Lgeom), can be
defined as:

ES;(6,9) = EW;(6,¢) * VVi,geom * Li,geom * N (3)

Here, N is the number of elements of one type of
shading object i which can cause optical couplings, such
as fingers (F), busbars (BB), or CIR.

2.6 Net shading loss from CIR

The following equation exemplifies the use of the ES
for obtaining the “net fractional reduction in cell
illumination caused by the CIR after encapsulation”

(kcir):

Acell,geom - ESF,encaps - ESCIR/BB,encaps

“)

keig =
Acell,geom - ESF,encaps - ESBB,encaps

Here, the subindex “CIR/BB” indicates that the CIR is
placed on top of the busbar and both objects are accounted
as one. The subindices “encaps” and “air” indicate
whether the cell is encapsulated or not. In the case of a full
square cell, the geometrical area of the cell can be obtained
by the product of its length and width (Aceygeom =
Wgeom,cell * Lgeom,cell)~
2.7 Incidence angle modifier

The incidence angle modifier describes the angular
dependency of the short circuit current (Isc) of a module
at given zenith (0) and azimuth (¢) angles with respect to
the Isc at zenithal irradiance:
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Isc(8, ¢p)

®)

The EW behaves differently for each azimuth angle
[15], which impacts the IAM. In such case, as specified in
[1], the IAM of the module should be measured at two
perpendicular azimuth angles ¢, and ¢, = ¢, + 90. In
the current analysis, the average of those values is
considered for the virtual energy rating calculations:

_1AM(6,¢,) + 1AM (6, ¢,)
IAM(0) = 150, 0) (6)

3 VARIATION OF THE EW WITH RESPECT TO
THE ANGLE OF INCIDENCE

In this section, the AOI is defined as the zenith angle
of the incidence light on the glass, before refraction takes
place, when the azimuth is parallel to the x coordinate
(Fig.1). This direction is where the net shade is most
sensitive to changes in the cross-section geometry of the
shading object.

Since most used CIR nowadays are round wires, the
angular dependency of the EW is exemplified for unitary
height-to-width ratio (H/W=1). This is displayed in figures
2, 3 and 4 for square, round, and triangular CIR, where the
black line represents the normalized shade, and the green
line, the sum of both direct and indirect gains. The
difference between the green and black line is the EW.

In the case of the square ribbon (Fig.2), the EW has a
value of 100% at AOI=0° because all the light that hits the
ribbon is reflected outside of the module. The direct gains
increase proportional to the shaded area, which depends on
the AOI (notice the symmetry in the gray shade and the
red gains in Fig.2 upper right). The angular dependency of
the indirect gains is described by the angular reflection on
the glass-air surface (Fresnel’s equations). So, light that
hits the glass at an AOI close to 90° will be refracted inside
the module almost at the critical angle. Since the
horizontal surface of the ribbon is parallel to the glass
surface, when the AOI is close to 90°, the indirect gains
approach total internal reflection, reducing the EW. From
this analysis derives the following conclusion: increasing
the H/W ratio increases both normalized shade and direct
gains but reduces the indirect gains.

For the round ribbon (Fig.3), there is an overlapping
of indirect and indirect gains on the cell surface, because
light is reflected in all directions. For an AOI=0°, the upper
half of the ribbon surface is responsible for indirect
reflection. However, the parts of the CIR surface with tilts
greater than 45° (both left and right) reflect the light
downwards, causing direct gains. As the AOI increases,
the ratio between direct and indirect gains, as well as the
EW remain practically constant. Still, changing the H/W
ratio has a similar effect as described before for the
rectangular ribbon.

In the case of the triangular ribbon whose tilt is greater
than 45° (Fig.4), there is a transition from direct to indirect
coupling gains when the refracted angle (AO0Iiner) 1S
greater than a certain threshold (AOljpper > 2 *
tilt - 90°). For monochromatic light, this transition
would cause a discontinuity in the EW. However, for
polychromatic light, the transition takes place gradually
(i.e. for a given AOI only a fraction of the spectrum is
reflected close to horizontally). Furthermore, the shade of

the ribbon increases when AOI;,per > 90° — tilt. For
extremely flat (H/'W<<1) or wide (H/W>>1) ribbons, the
tendencies described for rectangular ribbons with respect
to the H/W apply. In all cases, both direct and indirect
gains decrease proportional to the reflectance of the CIR
coating.
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Figure 2: Angular behavior of the coupling gains, losses
and effective width for a perfectly specular reflecting cell
interconnector with a square cross-section area.
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Figure 3: Angular behavior of the coupling gains, losses
and effective width for a perfectly specular reflecting cell
interconnector with a round cross-section area.
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4 IMPACT OF THE EW ON MODULE
PERFORMANCE

To evaluate the impact on module performance of
different CIR designs, the module characteristics listed in
the Table below are considered. In all cases, the reference
ribbon is a tin-lead coated (Sn63Pb37, abbreviated as SnPb
for simplicity) round wire, with a copper core and a
diameter of 300 pm, which is widely used in current PV
modules [4].

Table I: Characteristics of the simulated module
Layout Cell spacing: 2mm

String spacing: 2mm

Margins: 21mm

Number of cells: 120

Module length =2.18 m

Module width =1.31 m

Module area = 2.856 m?

Cell Cell type: half-cut M12 TOPCon
Efficiency = 24.4%

Bifaciality = 83%

Wr geom Width = 0.05mm
Weg,geom Width = 0.05mm

Ng =60 (front) / 69 (rear)

Npp =18

Cover Front: 2.0 mm clear glass with ARC
Rear: 2.0 mm clear glass with ARC

Encapsulant Front: UV transmitting EVA
Rear: UV blocking EVA
Thickness = 600 um

Cell Resistivity = 1.8 pQ-cm

interconnectors | Dimensions: see table 11

String Resistivity = 1.8 uQ-cm

interconnectors | Width =5.072 mm
Thickness = 0.472 mm

Junction box Number: 2
Internal resistance = 0.03 mQ
Cables Length=0.5m

Cross section =4 mm?
Specific resistance = 0.02 Q-mm?*m
Contact resistance plug/jack=0.3mQ

4.1 Variation of the ribbon reflectance

The effect of the reflecting properties of the coating is
studied by virtually changing the refractive index and
extinction coefficient of the reference ribbon (tin-lead-
solder alloy (Sn63Pb37)) to that of copper (Cu), aluminum
(Al) and silver (Ag). In all cases, a width of 300 pm and
an area of 0.071 mm? is used (see Table II).

The results are summarized in Figure 5. Here, for all
geometries, the reference ribbon (blue) has the lowest
power, energy yield and energy rating, while silver (green
bar) presents consistently the highest values. In the case of
the round ribbon, a silver coating can increase the power
and yield of the module by 0.7%. That is 4.2 Wp or 2.2
kWh/m?. Coating materials such as Al and Cu cause
intermediate effects.

This relative behavior between the coatings is due to
the differences in the spectral and angular reflectance of
the different materials (see Fig.6). Here the spectral
response is included to highlight the relative importance of
the reflectance in each wavelength. The tin-lead solder
alloy has overall the lowest reflectance, which is similar to
copper for wavelengths below 600 nm. At greater
wavelengths, copper has a remarkably better reflectance.

In the case of aluminum, it is overall a better reflector than
copper, but at around 600 nm is outperformed by copper.
Silver behaves almost as a perfect reflector for
wavelengths greater than 500 nm.
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Figure 5: Effect of the coating and shape of the ribbon on
the module performance
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Figure 6: Spectral reflectance of tin-lead (SnPb), copper
(Cu) aluminum (Al) and silver (Ag) coatings different
coating materials for a normal incident angle. A
normalized spectral response (SR) is included to illustrate
the relative relevance of each reflected wavelength on the
optical gains.

4.2 Variation of the ribbon shape

Figure 5 shows that rectangular ribbons cause a
reduction of 5.4 Wp (-0.88%) and 2.8 kWh/m? (-0.92%) in
module performance. On the other hand, changing the
shape from round to triangular, causes an increment of 3.1
Wp (0.5%) and 1.3 kWh/m? (0.4%) in module power and
yield per area, respectively, without changing the ribbon
coating. However, a combination of using silver on
triangular-shaped ribbons causes an increment of almost
9.8 Wp (1.6%) and 4.9 kWh/m? (1.5%) with respect to the
reference.

Whenever the shape or the coating are changed, the ER
remains practically constant because power and yield are
increased in a similar proportion.
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Table II: Area, height and height-to-width ratio (H/W) of
analyzed ribbon shapes with a width of 300 um

Area, Height, pm H/W (Tilt, °)
2

mm [ ] A o B A o
1.00

0.045 150 300 191 0.50 (63.4°) 0.64
1.33

0.060 200 400 255 0.67 (69.4°) 0.85
1.57

0.071 236 471 300 0.79 (72.3) 1.00
2.00

0.090 300 600 382 1.00 (76.0°) 1.27

4.3 Variation of the ribbon cross-section area and
aspect ratio

The variations in the ribbon cross-section were done
using the dimension showed in Table II. Figure 7 shows
that power and yield improve with greater ribbon cross-
section area, because the ohmic resistance decreases. This
is not that important under low-light irradiance because the
resistive losses decrease with the square of the current
(AP=R*I?). Therefore, changes in module power due to
reduced series resistance are relatively greater than the
improvements in module yield, which explain the
decreasing trend in the CSER with respect to the cross-
section area. Still, the coupling gains of triangular ribbons
can improve module power, yield and ER, even when the
cross-section area of the ribbon is reduced by 15% (from
0,07 to 0,06 mm?).
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Figure 7: Effect of the cross section area and shape of the
ribbon on module performance

5 CONCLUSION

A formal mathematical description of the optical
coupling gains of cell interconnector ribbons was
presented in this study. An analytical explanation of the
angular behavior of the EW for different ribbon shapes
elucidated the benefits of using triangular ribbons with
H/W>1. Furthermore, the values presented here work as
first approximations when performing cell-to-module
(CTM) analysis under STC and non-STC conditions,
simplifying the acquisition of data for CTM analysis.

The impact of different ribbons geometries was
studied for different performance indicators, including the
energy rating. It was shown that the optical coupling gains
not only can improve module power, rated energy yield
and energy rating, but also allow saving of ribbon material.
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