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Cell-to-module loss (CTM loss) is defined by optical and electrical losses. Using partial solar cells can reduce ohmic losses. Today,
some manufactures use halved cells even if they have to employ extra effort for sorting, placing, and soldering the solar cells. In this
work, the advantage of partial solar cells is described. An LTSpice simulation is used to quantify the reduced ohmic loss and the
resulting efficiency gain for differently separated solar cells. This efficiency gain is compared with the whole module area caused
by the tab and cell areas. The additional gain due to the backsheet reflection is added afterwards. It can be pointed out that the
use of half cells is a technical optimal application while not using shingled modules.

1. Introduction

The key task of solar module production is the reduction of
the CTM loss. Solar cell partitions connected in series
reduces the ohmic loss in respect to a whole solar cell.
Previous publications were focused on half cells [1, 2].
For smaller cell partitions (e.g., 1/3, 1/4, …), only rare
information is available. For this reason, especially, smaller
partitions were investigated in this work. An already pub-
lished simulation model for the half-cell application has been
extended [1]. This extension is focused on 1 to 16 times-
divided solar cells. Furthermore, the resulting efficiency gain
due to the reduced current is compared with the nonactive
module area caused by the enlarged tab area. In addition to
this, the backsheet reflection (i.e., the light reflected by the
tab width surface) has been simulated. This procedure allows
the detection of the optimal cell size in combination with
different tab widths for conventional module applications.

2. Theory and Simulation

2.1. Ohmic Losses. When solar cells are connected in series
(forming a so-called cell string), the string voltage is the
sum of the single cell voltages, while the string current
remains equal to the single cell current. For this reason,
dividing a whole cell into n-partial cells causes a 1/n-times

decrease in current. Thus, the ohmic loss is reduced. The
dependence of the ohmic loss Pohm loss on the current is
described by the following equation:

Pohm loss = RS · I2 1

Since the major influence on the ohmic loss is the squared
current, while the series resistivity RS has a linear influence,
it is more beneficial to reduce the former.

The resistivity can be described as the sum of the cell
resistivity RC and the resistivity of the interconnection via
ribbon RR [1].

RS = RC + RR 2

The cell resistivity RC is the sum of various resistances
and is affected by the size of the solar cell. Figure 1 illus-
trates the composition of RC in a solar cell along the back
contacting (RAL, RCB), the silicon crystal (RB, RE), and the
fingers (RCF, RF) [3]. In this model, the resistances of the
busbar (RBB, RCB) are included in RR as a reason of the
parallel connection.

Looking at the cross-section of the individual resistors, it
is noticeable that they are dependent on the size of the solar
cell. Especially, RB, which has the highest influence on the cell
resistivity RC, is highly dependent on the size of the solar cell.
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For this reason, RC is normalized to the cell area (a typical
value for RC of 0.6 Ω·cm2 was used). The resistance of
the ribbon RR is different and is defined by the following
equation [1]:

RR =
2 r · Lbb
3Nbb

, 3

where r is the specific resistance (Ω/m) of the ribbon and
the busbar in parallel, Lbb the length (m) of the busbar,
and Nbb the amount of busbars. The cross-section of a given
busbar and ribbon combination will not change and is
already included in the specific resistance r (Ω/m). The
length Lbb and the number of busbars have a linear influence
on the resistance RR.

Therefore, the whole series resistivity RS depends on the
width and size of the solar cell and must be calculated for
each cell partition. To describe the circuit behavior, an
LTSpice simulation model was created. This model is
described in the following section.

2.2. Simulation Model. A one-diode model (see Figure 2) was
used to simulate the solar cell I-V characteristic curve. For
this study, the electric circuit simulator program LTSpice
was used. Depending on the amount of partial cells, an equal
number of elementary circuits like the one in Figure 2 were
connected in series. The corresponding values in Table 1
were entered afterwards. The values were based on a previous
work [1] and extended to partial cell applications.

Every circuit from 1 to 16 partial cells was simulated for
two different photocurrent densities, (35 and 42mA/cm2)
in order to represent two different cell qualities at a given
irradiance. An additional electrical loss due to the cell
separation of about 1% rel. is presented in the literature
[4] but not carried out in this work. This neglect should
be kept in mind. A total amount of 32 I-V curve simulations
were executed. From the maximum power point (Pmpp), the
short-circuit current (Isc) and the open-circuit voltage (Voc)
of each I-V curve, the theoretical efficiency ηcircuit was
calculated as follows:

ηcircuit =
Pmpp

1000 w/m2 · A 4

The results are discussed in Section 3.1. Aside from that,
the tab width between each partial cell increases the whole
module area while not using shingled module designs which

only uses interstring tabs [5]. To compensate this effect, it is
necessary to normalize the efficiency by the whole module
area as described in the following section.

2.3. Tab Width Compensation. Figure 3 illustrates how the
one-cell-module area increases due to cell separation. The
additional tab resulting from the cell separation is marked
in grey. n is the number of partial cells (n = 1 and n = 2 are
shown in Figure 3), A is the cell area, d is the length of the cell
edge (equal to 15.6 cm), and dtw is the tab width.

If we assume that the whole module area is defined by
the cell area A = d2 and the tab area 4 d + dtw dtw, then
each cell separation increases the module area of one addi-
tional tab 2dtw + d dtw (the tab area corresponds to the
area of the frame around the cell, which can be expressed
as 4dtw2 + 4ddtw; the same applies for the additional tab:
2dtw2 + ddtw). This model does not include a difference
between the intercell spacing area and the tab width area. A
previous study on partial cells shows that the tab width
should be optimized for the different partial cell application
[6]. Thus, several tab widths were simulated later on. The
whole module area can be calculated as follows:

Amodule = A + 4 d + dtw dtw + n − 1 2dtw + d dtw 5

With the module area Amodule, it is possible to
adjust the equivalent circuit efficiency ηcircuit to the module
efficiency ηmodule:

ηmodule = ηcircuit ·
A

Amodule
6
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Figure 1: Schematic representation of the solar cell series resistivity.
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Figure 2: Elementary equivalent circuit of a solar cell. The
components are series resistivity RS, shunt resistivity RSH, photo
current JPH, saturation current J0, and ideality factor of solar
cell nideal.

Table 1: Simulation data for the circuit shown in Figure 2. The
simulation was repeated for an increasing number of cell
partitions and for two different photocurrent densities. The series
resistance is the sum of RC and RR .

A
(cm2)

JPH
(mA/cm2)

J0
(pA/cm2)

RSH
(kΩ·cm2)

RC
(Ω·cm2)

RR
(mΩ/m)

nideal
—

243.36 35 2 10 0.6 12.79 1.02

42
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This adjusted module efficiencies are comparable with
each other. However, it must be taken into account that the
surface of the tabs between the partial cells is not a dead
surface and the light reflected from the backsheet results in
an increased Isc. The simulation relative to the backsheet
reflectance is presented in the following section.

2.4. Backsheet Reflection. In order to estimate the backsheet
reflection, a simplified model was developed (see Figure 4).
The diffuse reflection of the normal incident light on a
backsheet is assumed. The reflection angle ρ is in the range
of −90° to 90°.

The presented model uses the Lambertian cosine law for
the backsheet reflection ILB and the Fresnel equations for the
reflection IFR on the top of the front glass. A backsheet reflec-
tance of 0.8 was obtained [7]. Since the difference between
the refractive index of EVA and glass (1.497 versus 1.528 at
500nm blackbody peak for 5780K) is very low, the interface
EVA/glass is neglected [8, 9]. For the whole thickness
(dtot = 4mm), a refractive index of 1.51 was chosen. A further
simplification was made: since the backsheet of a real module
lies under the cells and another layer of EVA, in this model, a
backsheet at the same level of the cell surface was assumed.

Figure 5 displays the relation of the Lambertian radiation
and the Fresnel reflection depending on the reflection
angle ρ. One can notice that the intensity peaks are opposite
from each other. The Lambertian reflection has its peak
perpendicular to the surface at ρ = 0°. However, the Fresnel
back reflection is increasing with the angle ρ and achieves
total reflection at about 42°. The following equations were
used to calculate the intensity of the reflected light depending
on its incident angle ρ.

The backsheet reflection intensity with a reflectivity of
0.8 is given by

ILB ρ = 0 8 π

360 cos ρ 7

Before the Fresnel reflection intensity can be calculated,
the refraction angle β must be determined.

β ρ = sin−1 n1
n2

sin ρ 8

The Fresnel equation is defined for the parallel and the
normal polarized light. For the unpolarized sunlight, the
mean of these two modes could be used to obtain the Fresnel
reflection intensity:

IFR ρ = 1
2 ·

n1 · cos ρ − n2 · cos β

n1 · cos ρ + n2 · cos β

2

+ n2 · cos ρ − n1 · cos β

n2 · cos ρ + n1 · cos β

2
9

The distance l travelled by light after two reflections
(see Figure 4) is given by

l ρ = 2dtot · tan ρ 10

The illuminance caused by the backsheet reflection is
the product between ILB and IFR and thus depends on
the reflection angle ρ:

I ρ = ILB · IFR 11

From (10) and (11), the illuminance distribution on the
middle of the tab can be calculated as a function of the length:
I = f ρ l . The length-dependent reflection is in the range of

A

d

dtw

(a)

d/n

A/n

(b)

Figure 3: Increasing module area due to cell separation (grey stripe on (b)). The blue area represents the cell area, the space around the cell
represents the tab width dtw , and the sum of both areas represents the module area. (a) Whole cell; (b) two half cells (i.e., n = 2).

dtot
dEVA

dtw

𝜌

Figure 4: Model for the backsheet reflection. A normal incident
beam of light is diffuse reflected from the backsheet with an angle
ρ between −90° and 90°. Fresnel back reflection on the top of the
front glass finds place.
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mm (7.2mm corresponds to 42°), which is very short in
comparison to the common module dimensions. That is
why the reflection is integrated to infinity. This approach
causes an overestimation next to the edges of the solar
module. Nevertheless, the majority of tabs are in the middle
of the module whereby the whole reflection intensity will
hit the module again. Further, back reflection especially on
the solar cells or other tabs has not been carried out. The
additional gain due to the back reflection PBS is calculated
via the following equation:

PBS = ηcircuit ·
Amodule − A
Amodule

·
+∞

−∞
I l dl 12

This extra gain PBS results in back reflection adjusted
module efficiency by using (4) and (6):

ηmodule,BS =
PBS + Pmpp

1000 W/m2 ·Amodule
13

3. Results

3.1. Circuit Simulation. 16 different circuits with n-times 1/n
partial solar cells for two different cell qualities at a given
irradiance (i.e., two different photocurrents) were simulated
as described in Section 2.2. Figure 6 shows the module
efficiency, while increasing the amount of cell partitions.
The underlying behavior is described in (1). The series
connection increases the resistivity of the whole string
(resistivity sum of n-times 1/n-sized cells), while the current
decreases. Due to the squared influence of the current, a
power improvement while using smaller cells is observable.
Both cell qualities (i.e., higher and lower photocurrent)
present the same trend. After a significant efficiency gain

(about 0.5% absolute value) from n = 1 to n = 2 (cell halving),
a further gain is barely achievable.

The efficiency gain between 1/6 and 1/7 cells is below
0.01% absolute for a photocurrent of 42mA/cm2. For less
efficient cells (35mA/cm2), this small increase is already
achieved by 1/6 cells. However, this quantity is not the
optimum by far. While increasing the amount of partial solar
cells, the area of the tabs between each cell increases too and
the module area with it. That is why the module area must be
normalized via (5) and (6). Such normalizations are only
necessary for the conventional module applications. The
so-called “shingle-like modules” use no tabs between the
cells (only between the strings) [5]. The series connection
is realized by stacking one edge over another like a roof
shingle. With the help of this module design, the efficiencies
shown in Figure 6 are nearly possible because of a neglectable
area adjustment (only interstring spacing). Considering the
previous-mentioned losses due to the cell separation of
around 1% rel. and comparing them with the achievable
gains, the optimum is in the range of 1/5 to 1/6 cells for
shingled module applications.

3.2. Tab Width Normalization. The normalization of the
tab width refers to the entire module surface of the simu-
lated one-cell module. Figures 7 and 8 show the module
efficiencies after the tab width compensation, for the two
cell qualities.

The model uses the same width between strings, frame,
and partial cells (tab). Three different tab widths, 1, 1.5, and
2mm were simulated. This procedure ensures the tab width
optimization [6]. It is clear that the tab width strongly influ-
ences the area-adjusted efficiency ηmodule. Since the module
area steadily increases (see (5)) and the additional efficiency
gain strongly decreases, the best efficiency is already achieved
in the range of the half cells, while observing conventional
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Figure 5: Reflection of the backsheet via Lambertian reflection ILB
(blue) and reflection on the glass IFR via Fresnel equation (green).
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Figure 6: Module efficiencies for different cell partitions (n-times
1/n partial solar cells) and two different cell qualities.
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modules. Not even a heavily reduced tab width of 1mm is
able to compensate this effect.

3.3. Backsheet Reflection. The backsheet reflection can be
calculated with the (7), (8), (9), and (11). This approach
allows the calculation of the usable reflection depending on
the distance l from the middle of the tab width. In Figure 9,
this dependence is illustrated. The very low reflectance from
the area between −7.2 and +7.2mm (i.e., ρ(l) between −42°
and +42°) allows neglecting the tab width in the calculation
of the illuminance distribution I(l). In total, 38.26% of the
reflected light from the backsheet area can be used on the
active solar cell. In order to achieve an estimation for
large-size modules, the border of the module is neglected
(integration over an infinite interval in (12)). For every
tab, the full reflection on both sides was considered. As
a reason of the low reflection intensity on the neighbored
tabs and the high cell-to-tab-surface ratio, the second back
reflection on the next tab was not considered. An efficiency
gain of around 1.5% rel. is achieved due to the backsheet
reflection on a 2mm tab width. This value fits to other
publications on backsheet reflections [7].

The additional gain PBS (12) was added to the previous
calculated efficiencies (see (13)). The resulting efficiencies
for both cell types are represented in Figures 10 and 11. It
is remarkable that optimal cell size is still the half cell. Only
by the highest cell quality (42mA/cm2 photocurrent) and
the narrowest tab width (1mm), a very little benefit in the
case of the one-third cells is observable (see Figure 11). For
the less-efficient cells (35mA/cm2 photocurrent) and a tab
width of 1mm, the efficiency is the same for half and
one-third cells (see Figure 10). For bigger tab width, the
use of half cells remains the best option. Even without
taking the manufacturing process into account, this analysis
leads to the conclusion that the use of half cells is the

optimal approach for efficiency optimization, while not
using shingled modules.

4. Discussion

The use of partial solar cells causes an ohmic loss reduction.
The smaller the cells, the smaller the loss of the cell string
there is. However, the consumption of module space
increases drastically by increasing the number of cell parti-
tions. On a technical basis, the use of half cells is the best
option. A comparison between the half and the one-third
cells shows that the loss due to an enlarged module area is
already above the additional power gain due to the reduced
ohmic loss. Even by employing very efficient cells and a

n-partial cells
0 2 4 6 8 10 12 14 16

13.5

14

14.5

15

15.5

16

16.5

17

1 mm tab width
1.5 mm tab width
2 mm tab width

𝜂
m

od
ul

e (%
)

Figure 7: Area-adjusted module efficiency (35mA/cm2).

n-partial cells
0 2 4 6 8 10 12 14 16

16

16.5

17

17.5

18

18.5

19

19.5

20

20.5

𝜂
m

od
ul

e (%
)

1 mm tab width
1.5 mm tab width
2 mm tab width

Figure 8: Area-adjusted module efficiency (42mA/cm2).

‒100 ‒50 0 50 100
Distance l (mm)

0

10

20

30

40

50

60

70

80

90

100

110

Ill
um

in
an

ce
 l 

(%
)

Figure 9: Distance-dependent backsheet reflection intensity. l= 0
corresponds to the middle of the tab.

5International Journal of Photoenergy



narrow tab width, only a very little gain in module efficiency
can be achieved while observing one-third and half cells. This
is especially true since in this study, a perfect separation of
the solar cell without additional electrical losses is presup-
posed. Such high-quality electrical properties cannot be
achieved, not even with new laser technologies, for example
the thermal laser separation (TLS) [4]. But the use of partial
solar cells has further disadvantages. While using partial solar
cells, the effort in module fabrication increases. An additional
cell cutting step must be inserted in the production chain.
The effort in sorting, placing, and soldering increases too. It
has to be taken into account that some of these steps are
already doubled by the use of half cells. This statement points
out that the use of partial solar cells will not be useful, if there
is not a huge improvement in solar cell efficiency which leads
to a higher photocurrent and due to this to an increased
ohmic loss. But there is an exception. The so-called
“shingle-like modules” use no tabs between the cells (only
between the strings) [5]. With the help of this module design,
the efficiencies shown in Figure 6 are nearly possible because
of an almost neglectable area adjustment. In this case, a par-
tial solar cell application at the range of 1/5–1/6 can be useful.

5. Conclusion

In this work, a simulation model for the determination of the
efficiency by using partial solar cells was created. By dimin-
ishing the size of the cell partition, the additional efficiency
gain steadily decreases, while the area consumption of the
whole module increases. These two opposing effects have
their optimum in the region of half cells. In this work, two
cell qualities and three tab widths were simulated and all of
them have their optimum at the half-cell setup. The effect
of the backsheet reflection has been added afterwards, and

even with this additional gain, the partial solar cells with
dimensions smaller than a half cell are not advantageous.
Only the use of a high-efficiency solar cell in combination
with a very narrow tab width (1mm) reaches break-even
for the one-third cell, in comparison to the half cell.
However, this very small additional gain of 0.02% cannot
compensate the additional manufacturing effort. For this
reason, without a huge improvement in the cell efficiencies,
the use of partial solar cells with dimensions below 1/2 is
not profitable. For shingled modules, the situation is more
different. In such case, the use of partial solar cells up to 1/6
can be beneficial depending on the electrical losses due to
the separation process.
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