
Two-step nested optical-electrical Monte-Carlo approach to analyze the
influence of tolerances on Micro-CPV module performance

Elisa Kaiser a,b,*, Maike Wiesenfarth a, Peter Schöttl a, Marc Steiner a, Stefan W. Glunz a,b,
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A B S T R A C T

In manufacturing and product optimization, understanding the influence of tolerances, which are inevitable
variations in production processes, is crucial for enhancing performance while managing costs. However, pre-
vious analytical approaches lacked the capability to quantitatively assess the cumulative effect of multiple tol-
erances due to their random combination and statistical independence. In this work, we introduce a novel
method that overcomes these limitations by effectively modeling complex dependencies among tolerances
through a two-step nested Monte-Carlo approach. We apply this model to a micro-CPV module developed at
Fraunhofer ISE. First, we randomly select and combine tolerances in a cell-lens unit using ray tracing. Then, we
randomly select and combine these units in a full 690-cell module using an electrical network model considering
different angles of incidence. The considered tolerances include deviations in component geometries and dis-
placements and are based on measurements. The model predicts the acceptance angle and allows to identify the
optimal interconnection schemes. Further, it is capable to determine the maximum tolerances permissible for
maintaining a certain module power. While tolerances lead to a distribution in current generation among the
cell-lens units, we find that parallel interconnections can compensate for such variations. Further, we identify
that the positions of secondary lens and micro solar cell are the most sensitive parameters for achieving high
module power. These findings are crucial for refining module design cost-effectively. Moreover, the model fa-
cilitates a quantitative assessment of optimization potentials, guiding decision-making in product development
and manufacturing, and a techno-economic optimization.

1. Introduction

Micro-concentrator photovoltaic (micro-CPV) approaches promise to
revolutionize CPV technology. High sunlight concentration ratios
around 1000 combined with the miniaturization of components, the
adaptation of parallelized and high-throughput processes from other
industries, which leverage additive manufacturing and self-assembly,
yield a roadmap towards significant reduction of the levelized cost of
electricity for micro-CPV [1–5]. However, miniaturization is challenged
by tolerances of all components and processes, which generally are
given as absolute deviations from the nominal values and, thus, become
relatively larger for smaller components. Due to the high concentration
ratio even minor deviations from the optimal alignment can direct solar
radiation away from the active solar cell surface, leading to dropping
optical efficiency and performance losses.

In our micro-CPV module, each cell-lens unit comprises a primary
optical element (POE) that focuses light onto a secondary optical
element (SOE), which captures the light and directs it onto the micro
solar cell. Within this assembly, both component and manufacturing
tolerances are present. Component tolerances refer to deviations in the
geometry, such as the shape or size of the components, while
manufacturing tolerances refer to deviations in the positioning and
alignment of the components within a single cell-lens unit.

The relationship between tolerances and the current generation of
cell-lens units is complex due to the random combination of component
and manufacturing tolerances, resulting in a vast number of possible
combinations. Individual combinations of tolerances and their impact
on the current generation of single cell-lens units have been modeled
[6–8], but assessing all potential combinations through a comprehensive
parameter study requires excessive computational resources and seems
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practically impossible. Consequently, the adoption of a statistical
approach is crucial.

In a separate publication [9], we introduced a Monte-Carlo based
approach in which we combine various tolerances in a statistical manner
to study their effects on the current generation of individual cell-lens
units using an optical ray tracing model and, subsequently, the accep-
tance angle. The tolerances were derived from measurements on pro-
totype components and modules.

In this work, we extend the Monte-Carlo approach for single cell-lens
units by a second nested Monte-Carlo step to study the impact of tol-
erances at the module level. As tolerances result in a distribution of
photo currents, the interconnection scheme within a micro-CPV module,
being in series, in parallel, or a combination of the two, can impact the
power output of full modules. Steiner et al. [10] analyzed different
electrical combination strategies for CPV modules. Depending on the
electrical interconnection, the losses of individual cells can be
compensated or exacerbated.

A central question addressed in this research is identifying advan-
tageous electrical interconnection strategies that adapt to the specific
current distributions among individual cells. Additionally, we study the
influence of different tolerances quantitatively and for different inci-
dence angles, considering the relevance of precise solar tracking.

The article is organized as follows: First, we introduce the general
simulation approach, including the simulation process, application of
the method to our micro-CPV module, and validation through compar-
ison with experimental data. Then, we apply the model to assess the
impact of different tolerance distributions, as reported in Ref. [9], on the
power output of full modules. Different interconnection schemes are
analyzed using an electrical network model. Finally, we perform a
sensitivity analysis to determine the maximum tolerances permissible
for maintaining a certain module power.

2. Two-step nested optical-electrical Monte-Carlo approach

2.1. Simulation process

Fig. 1 shows a flowchart of the two-step nested optical-electrical
Monte-Carlo model. As a first step, a single cell-lens unit is modeled
by ray tracing using the in-house software “Raytrace3D” [11,12] as
discussed in detail elsewhere [9]. Here, the specification of POE and

SOE, including their geometry and materials, as well as the solar cell
receiver are defined. The sun as illumination source is defined by its
spectral distribution, sun shape and circumsolar radiation. To accom-
modate possible misalignments of the module on the tracking unit and
actual tracking errors, the alignment of the cell-lens unit surface relative
to the sun is incorporated as an independent variable, referred to as
angle of incidence (AOI). Tolerances, i.e. deviations from the design case
in terms of component size, shape, and relative positions, are addressed
as follows: Each tolerance is represented by a statistical distribution that
reflects deviations from the design case due to actual component
manufacturing and module assembly. Employing the Monte-Carlo
technique, a multitude of N cell-lens units diverging from the design
case is generated through random selection from these weighted toler-
ance distributions.

The ray tracing yields the spectrally and spatially resolved irradiance
distribution PPV(x,y,λ) across the solar cell receiver (PV). Integration
over wavelength λ yields the spatially resolved irradiance distribution
PPV(x,y), which is also referred to as the flux profile. The photogenerated
currents Iph,i for each subcell i of a multi-junction solar cell are calculated
using the spectrally resolved irradiance distribution PPV(λ) and the
external quantum efficiency (EQEi(λ)):

Iph,i =

∫ λi2

λi1

PPV(λ)
qλ
hc

EQEi(λ)dλ (1)

With the elementary charge q, Planck’s constant h, and speed of light in
vacuum c.

The second step models the current-voltage characteristics of a full
module based on the subcell current distributions of the single cell-lens
units using the electrical network solver “LTspice” from Linear Tech-
nologies [13].

In the SPICE network we model the multi-junction solar cell as i
subcells represented by two-diode models with subcell current sources,
and a lumped resistance (see Fig. 1, sketch within the “Cell structure”
box). The lumped resistance includes the front grid fingers, sheet resis-
tance and vertical conduction, as well as cell interconnection inside of
the micro-CPV module. The diodes account for recombination in both
the neutral and depletion regions, characterized by saturation current
densities (J01,i, J02,i) and an exponential function. The current source
represents the short-circuit current density of the solar cell Jsc,i, which is
determined in the first step of the Monte-Carlo approach. The

Fig. 1. Flowchart of the two-step nested optical-electrical Monte-Carlo method.
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parameters J01,i, J02,i and Jsc,i vary with temperature. The temperature
dependence of Jsc,i(T) is assessed using temperature dependent EQE
data, while J01,i(T) and J02,i(T) are calculated as follows [14]:

J01,i(T)= k01,iT3 exp
[

−
Eg,i(T) − ΔEg,i

kBT

]

(2)

J02,i(T)= k02,iT2.5 exp
[

−
Eg,i(T) − ΔEg,i

2kBT

]

(3)

With the temperature dependent bandgap energy Eg,i(T), Boltzmann’s
constant kB and three fitting parameters k01,i, k02,i and ΔEg,i that are
extracted by fitting of measured J-V curves of the multi-junction solar
cell. Eg.i(T) is determined fitting the relationship introduced by Varshni
et al. [15] to Eg,i(T) data. Eg,i(T) is derived from temperature dependent
subcell EQE measurements after the procedure introduced by Helmers
et al. [16]. Note that a uniform temperature is assumed across the entire
module, tunnel diodes are modeled as ideal resistors contributing to the
lumped resistance, and the parallel resistance is assumed to be of
negligible influence and thus idealized as infinity.

The electrical interconnection of the solar cells is either series-
parallel (SP) or in a total-cross-tied (TCT) configuration, as illustrated
in Fig. 1 within the box “Electrical interconnection”. Each parallel group
includes a bypass diode connected in parallel. A series resistance in the
connection between two cells is neglected.

In the second Monte-Carlo step, each subcell current combination is
randomly selected from the statistical distribution resulting from the ray
tracing. Then, we simulate the I-V characteristics of a module and
determine the maximum power output. Repetition of this procedure
yields a statistical distribution.

2.2. Application of the method

2.2.1. Simulation input
The optical modeling is described in detail in Ref. [9]: The ray

tracing simulation of the single cell-lens units is conducted with the solar
reference spectrum AM1.5d ASTM G173–03:2008 [17], for a wave-
length range of 280 nm–1980 nm with spectral resolution of 10 nm. The
sun shape distribution and circumsolar radiation are based on the data
by Neumann et al. [18]. At each wavelength step, the ray density is 10
rays/mm2 impinging on the primary aperture. Repeating the same
analysis with this ray density ten times results in a maximum deviation
in current of ±0.29%rel. The solar cell receiver is discretized with 100 ×

100 bins, each representing an area of 5.85 × 5.85 μm2. The angle of
incidence is adjusted from 0◦ to 0.8◦ in increments of 0.1◦.

The EQE of the five-junction (5J) solar cells used is similar to those of
the five-junction 5C46 by AZUR SPACE as presented in Ref. [19]. The
temperature dependent saturation current densities J01,i(T) and J02,i(T)
and the fit parameters k01,i, k02,i and ΔEg,i are derived from fitting I-V
curves of 5J solar cells measured at various temperatures. The assumed
operating temperature for all cells in the module is 90 ◦C.

2.2.2. Micro-CPV module
In the following, the micro-CPV module developed at Fraunhofer ISE

[1,6,20] is introduced and the relevant tolerances are described.
The cell-lens unit consists of 5J solar cell with an edge length of 585

μm, a spherical lens as secondary optical element with a diameter of 1.6
mm and a plano-convex silicone-on-glass lens as primary optical
element with an edge length of 18.5 mm. The focal distance is 44 mm. In
the following, a cell-lens unit comprising ideal components of the
specified sizes and exhibiting ideal alignment is referred to as design
case. The target module is based on a panel-sized base plate (24” × 18”),
consists of 690 cell-lens units and has an aperture area of 0.236 m2.

Eight different tolerances relating to the size, shape and alignment of
different components are considered, as illustrated in Fig. 2: lateral
displacements (x,y) of cell, SOE, and POE, vertical displacement

between the base plate and POE (height z), the deviation in the SOE
diameter (SOE d), the SOE roundness (SOE a), the tilt of the SOE (δsoe)
and the direction of the tilted SOE (ɸδsoe). The SOE roundness is defined
as the ratio of the radius in the vertical direction (r1) to the equatorial
radius (r2) of the sphere. In this context, SOE a represents the extension
or contraction of the radius in the vertical direction (r1/r2 = (r2 + a)/
r2)).

Tolerance distributions were determined based on experimental data
from fabricated micro-CPV prototype modules consisting of 3 × 3 and
10× 6 cell-lens units. The lateral displacements of the cell, SOE and POE
and the vertical displacements of the POE to the base plate are measured
using a coordinate measurement device (accuracy <2 μm). SOE diam-
eter and roundness were measured by the manufacturer.

Normal distributions are fitted to the measured data with values
listed in Fig. 2. The tilt of the SOE δsoe and the direction of the tilted SOE
ɸδsoe are uniformly distributed. In the following, the tolerance distribu-
tions based on the measured data are referred to as reference case.

The first step of the model is used to calculate the subcell currents of
the cell-lens units across various AOIs. For each AOI, N different ge-
ometries are modeled selected with Monte-Carlo tolerance statistics. A
convergence study demonstrated that after 1000 iterations, the devia-
tion in median current for additional N remains below 0.1 % [9]. The
second step is used to calculate the power of modules. For each AOI, M
different modules are simulated, with the currents selected using
Monte-Carlo statistics. For M = 500, the deviation in median power is
maintained below 0.1 % with further iterations.

2.3. Validation of the model

The validation involves comparing module measurements with
known deviations, with corresponding simulations that also integrate
these deviations. Outdoor measurement results of three different mod-
ules (A, B, C) are used to validate the nested optical-electrical model,
namely by comparing acceptance angle measurements with simulation.
Each module contains nine 5J solar cells interconnected in a TCT
configuration. Three solar cells are connected in parallel, and these
groups are then connected in series. Each parallel group is also equipped
with a bypass diode. For the three modules the positions of the SOEs
have been displaced on purpose in different manner.

The three modules were measured on the outdoor CPV test tracker at
Fraunhofer ISE in Freiburg, Germany (see Fig. 3).

After module assembly, the lateral cell, SOE and POE positions, the
distance between POE and base plate, and the SOE diameter were pre-
cisely measured for each cell-lens unit. Note that the SOE roundness and
tilt could not be measured individually. The measured tolerances of all
components closely align with those of the reference case, with the
exception for the SOE position, which was varied on purpose. The mean
radial displacement is rSOE,mean = 20 μm, 115 μm, and 237 μm for
modules A, B, and C, respectively.

Each cell-lens unit within the 3 × 3 array is simulated using ray

Fig. 2. Not-to-scale sketch of a cell-lens unit of the micro-CPV module with the
deviations from ideal (arrows) and the standard deviations σ of the measured
tolerances, i.e. reference case. Sketch adapted from Ref. [9].
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tracing, incorporating the measured positions and sizes of the compo-
nents. Subsequently, the calculated subcell currents from the nine cells
are electrically interconnected using LTspice and the I-V characteristic of
the module is modeled.

Fig. 4 shows the simulated (open symbols, dashed line) and
measured (closed symbols, solid line) normalized power output Pmp
plotted against the angle of incidence.

The acceptance angles α90%,Pmp, defined as the half module tilt angle
relative to the aperture plane until which 90 % of the maximum power
output is maintained, are listed in Table 1. The deviation between
measured and modeled α90%,Pmp is below 0.07◦. Module C (blue, circle)
with the largest tolerances has the smallest α90%,Pmp, while module A
(green, triangle) with the most precise tolerances, exhibits the largest
α90%,Pmp. Note that this agreement is achieved despite the lack of fine-
tuning for e.g. spectral conditions and exact temperatures. The direct
normal irradiance (DNI) ranged from 817 to 945 W/m2 and the ambient
temperature Tamb varied between 9 ◦C and 27 ◦C. The spectral condi-
tions, with spectral matching ratio (SMRij) values for a triple-junction

solar cell as specified by IEC 62670–3 [21] of SMR12 = 1 ± 0.03,
SMR13 = 1 ± 0.08 and SMR23 = 1 ± 0.08, differ from the simulated
AM1.5d spectrum.

We conclude that the combination of optical ray tracing and elec-
trical SPICE model reproduces measurements well and, thus, is consid-
ered to be validated.

3. Results and discussion

3.1. Influence of measured tolerances on the module performance

In the following, we apply the model to study how the intercon-
nection scheme impacts the performance, i.e. Pmp and acceptance angle
of the target module consisting of 690 cell-lens units and a geometrical
concentration of 1000X.

3.1.1. Electrical interconnection
Solar cells within a module generate statistically distributed currents

due to tolerances. To study the potential of electrical interconnection to
mitigate losses, we implemented different interconnection schemes into
our model following the procedure of Steiner et al. [10]. Two electrical
configurations are compared: series-parallel and total-cross-tied
configuration. In SP configuration, solar cells are connected in series
to form strings and the strings are connected in parallel to each other. In
TCT configuration, the solar cells are first connected in parallel, and
these groups are then connected in series. Each parallel group includes a
bypass diode, as illustrated in Fig. 1, box “Electrical interconnection”.

At AOI = 0◦, we find that the impact of the electrical interconnection
on the power output of the module is very low. In this case, even with
tolerances for almost all combinations, the concentrated light spot still

Fig. 3. Photograph of the micro-CPV prototype module A with a 3 × 3 array of
cell-lens units, mounted on the outdoor CPV test tracker at Fraunhofer
ISE, Freiburg.

Fig. 4. Acceptance angle data: Measured (closed symbols, solid line) and
simulated (open symbols, dashed line) normalized power output Pmp as function
of the angle of incidence in x-direction. Modules A, B, C (green/triangle, red/
square, blue/circle) vary in their mean radial displacement of the SOE, being
20 μm, 115 μm, and 237 μm, respectively.

Table 1
Comparison of the acceptance angles required to achieve 90 % of the maximum
Pmp (α90%,Pmp) between measurements on the outdoor tracker at Fraunhofer ISE
and optical-electrical simulations for three different modules.

Module rsoe,mean [μm] α90%,Pmp [◦]

Measured Modeled

A 20 0.62 0.69
B 115 0.56 0.55
C 237 0.25 0.28

Fig. 5. Relative power normalized to the maximum power Pmp/Pmp,max as
function of two electrical interconnection configurations: total-cross-tied (or-
ange, square) or series-parallel (blue, circle). For every configuration 500
modules were simulated with random combined cell currents from the refer-
ence case at AOI = 0.5◦.
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largely hits the active PV cell area. At tilted incidence, however, the
situation changes: Fig. 5 shows the power output at AOI = 0.5◦
normalized to the power of the design case for the two electrical inter-
connection configurations. In the TCT configuration (orange), the
number of parallel connected cells per series connected strings is
increased and in the SP configuration (blue), the number of series con-
nected cells per parallel group is increased.

The power output varies between 95.5 %rel for purely parallel
connection and 86.9 %rel for purely series connection. In the TCT
configuration, for long parallel groups only marginal influence by the
number of cells in parallel is observed, whereas for shorter parallel
groups the power drops noticeably at length below 30 cells.

In the SP configuration, connecting two cells in series within a string
result in a power loss of 1.1 %rel, compared to a purely parallel
connection. The power continues to decrease until 46 cells are con-
nected in series within a string. Then, with more cells connected in series
within a string, the median power output remains at 87 %rel.

The power loss associated with a higher number of series connected
cells per parallel group increases due to a reduction in fill factor. When
solar cells with varying individual currents are connected in series and
connected to a bypass diode, the short-circuit current remains unaf-
fected. However, the current-voltage curve exhibits multiple steps in
current, resulting in a decrease in fill factor.

In practice, a purely parallel connection within a module is not
reasonable due to high currents and the risk of thermal runaway [10].
Higher currents result in additional series resistance losses [22] or
require more or thicker wiring and cabling. Therefore, a combination of
parallel and series connections is preferred. Comparing the two config-
urations, TCT yielded higher performance compared to SP. These find-
ings are consistent with those reported by Steiner et al. [10].

The selection of the number of cells connected in parallel should be
based on the current distribution. Assuming tracking accuracy is better
than the studied case of AOI= 0.5◦, for the given tolerances, an electrical
interconnection of 30 cells in parallel and 23 groups in series yields
almost the same performance as a purely parallel interconnection
(ΔP10 = 0.23 %abs, ΔP50 = 0.14 %abs). Conversely, a tracking accuracy
worse than AOI = 0.5◦ results in increased current scattering and re-
quires a higher number of parallel connected cells. Note that for oper-
ating a power plant energy yield in kWh/year would be the more
relevant metric. But such a calculation [23] would require additional
data such as irradiance, spectrum, temperature, as well as also the
tracking accuracy, particularly a representative distribution of AOIs.

3.1.2. Acceptance angle
For the operation of a power plant, the acceptance angle of a CPV

module is an important parameter, as it stresses or relaxes requirements
on the tracking accuracy. For a given tracking system the acceptance
angle has a high influence on the actual module performance in the field.
We apply our model to analyze the influence of different electrical in-
terconnections on the acceptance angle of our micro-CPV module with
the specific tolerance distributions of the reference case.

Fig. 6 illustrates how the interconnection scheme affects the accep-
tance angle. The statistical data of the nested Monte-Carlo model is
shown for the three cases purely parallel “690p1s” (orange), purely se-
ries “1p690s” (green), and the TCT combination of 30 parallel and 23
series interconnection “30p23s” (blue). The respective acceptance an-
gles (power> 90 %) α90%,Pmp related to the 10th, 50th and 90th percen-
tiles (P10/P50/P90) are highest for the 690p1s case with α90%,Pmp =

0.63◦/0.64◦/0.64◦, but nearly equal for the 30p23s case with α90%,Pmp =

0.62◦/0.63◦/0.64◦, while being lowest for the 1p690s case with α90%,Pmp
= 0.39◦/0.42◦/0.45◦. Additionally, the 1p690s case exhibits the highest
scattering. Note, these percentiles are defined as probability of non-
exceedance, meaning that 90 % of the samples are above the P10
value, while 10 % are above the P90 value.

It is remarked that the 10th percentile, which represents the worst 10
%, of the statistical data, has a larger acceptance angle for 690p1s and
30p23s than P10 of single cell-lens units with 0.5◦ reported in Ref. [9]. It
differs by 0.13◦ and 0.12◦ for 10 % relative current loss, respectively.
This highlights how (partially) parallel connected cells effectively
mitigate the inferior performance of single cell-lens units by averaging
out their variations and thereby reducing the effect of lower outliers.

3.2. Sensitivity analysis: required precision of tolerances

After having analyzed the influence of tolerances on the module
performance and optimization of the interconnection scheme, as a next
step we quantitatively evaluate the impact of individual tolerances on
performance separately in an inverse fashion. This is important to
determine how performance behavior responds to variations in toler-
ances. The metric of interest is the change in performance relative to
each tolerance alteration (ΔPmp/Δσi).

We use the procedure of the two-step nested Monte-Carlo approach
as described in section 2. We start from the reference case and consider
AOIs of 0◦ and 0.5◦. The reference case serves as a baseline, and we
incrementally adjust one tolerance distribution individually by changing
the assumed value for its standard deviation σi. We consider a full 690-
cell module with all cells connected in parallel. The adjustment of one
tolerance distribution is repeated until the power loss attains a threshold
of either 5 % or 10 %. This procedure is conducted for all tolerance
distributions. Fig. 7 illustrates the result of this procedure for the
example of the lateral displacement of the solar cell (cell x,y). For each

Fig. 6. Relative power Pmp/Pmp,max as a function of the AOI for different
interconnection schemes: purely parallel “690p1s” (orange), purely series
“1p690s” (green) and a combination of 30 parallel and 23 series connection
“30p23s” (blue). Based on the statistical data, the 50th percentile (square) and
10th to 90th percentiles (error bar) are presented. In addition, the design case
(red line) with ideal components and alignment is visualized.
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tolerance distribution and AOI, 500 modules are modeled. The in-
tersections of the modeled curves with Pmp/Pmp,max at 90 % and 95 %
lead to certain tolerance distributions, which are plotted in Fig. 8.

Fig. 8 shows the standard deviation σ for all six tolerances, namely
the lateral displacements of cell, SOE, and POE, vertical displacement
between the base plate and POE, the deviation in the SOE diameter and
the SOE roundness, to achieve Pmp/Pmp,max losses of 5 % and 10 % for an
AOI of 0◦ (blue) and 0.5◦ (orange). Note, the standard deviation presents

a normal distribution, meaning that 68.2 % of the displacements fall
within the calculated tolerance. The maximum tolerance for single dis-
placements can still be higher to achieve performances above the spe-
cific threshold.

The analysis shows that the cell position, followed by the spherical
lens position has the smallest tolerance distribution to restrain a power
loss below 5 % or 10 % and, thus, are the most crucial tolerances. Then,
the sensitivity follows the order: roundness of the spherical lens, lateral
position of the primary lens, diameter of the spherical lens and then the
height. A discussion of the underlaying causes for these behaviors is
given in the Appendix, where case studies are presented in which indi-
vidual tolerances in single cell-lens units are varied and the resulting
flux profiles are analyzed.

It is interesting to note that if the acceptable loss compared with the
design case is increased from 5 % to 10 %, the acceptable tolerances
increase by a factor between 1.3 (cell x,y) and 1.5 (SOE d) for an AOI of
0◦. For an AOI of 0.5◦, the tolerances increase by a factor between 1.7
(SOE x,y) and 6.2 (SOE d).

4. Conclusion

Tolerances are ubiquitous in manufacturing. As the number of sta-
tistically independent tolerances increases, the complexity of analyzing
their collective impact on performance quickly rises. To overcome this
complexity, we introduced a novel method to quantitatively evaluate
the influences of individual tolerances in the presence of others using a
two-step nested Monte-Carlo approach.

This method was applied on the micro-CPV module developed at
Fraunhofer ISE to study the influence of eight tolerances on the power
output of panel (24” × 18”)-sized 690-cell modules, considering the
angle of incidence and electrical interconnection. In a module we
observe different behavior than in single cell-lens units: Considering a
reference case based on experimental tolerance distributions, we found
that for 90 % of the cases, the acceptance angles α90%,Pmp for 10 % power
loss increase by 0.13◦ for purely parallel connection compared to single
cell-lens units. In purely parallel connected modules, the current vari-
ation among single cells is fully compensated. As purely parallel
connection is impractical, we determine the number of parallel con-
nected cells in a partially parallel interconnection (TCT configuration) to
still achieve high module power. Here, the median acceptance angle of
0.63◦ for 30 cells in parallel and 23 in series connection approaches that
of a purely parallel interconnection, which is 0.64◦.

In the field of product development and optimization for emerging
technologies, it is crucial to assess various optimization potentials in
terms of both improvement possibilities and the costs associated with
potential developments. This model allows the quantitative assessment
of tolerance distributions, acceptance angles, and electrical in-
terconnections, thereby guiding future research and development efforts
towards the areas with the most significant impact. Additionally, it
provides a basis for techno-economic optimization and manufacturing
decisions, balancing the need for precision against cost considerations.

Overall, this study not only introduces a novel analytical tool but also
strategically informs product development and manufacturing pro-
cesses. This could potentially accelerate technological advancement and
commercial success in new markets. For the investigated micro-CPV
module, the assembly of the solar cell and the SOE are the most crit-
ical manufacturing processes.

Fig. 7. Power normalized to the power of the design case as a function of the
normal distribution of the lateral displacement of the solar cell σcell. All other
tolerances remain within the measured tolerance distributions (reference case)
σi,reference. The angle of incidence is either 0◦ (blue) or 0.5◦ (orange) and the
modules consist of 690 cells and are purely parallel interconnected.

Fig. 8. Sensitivity analysis: Maximum standard deviation for each tolerance
resulting in a 5 % and 10 % (bottom and top graph, respectively) power drop
compared with the design case. The values for all other tolerances are defined
by the reference case (gray line). The cases for an AOI of 0◦ (blue) and 0.5◦

(orange) are plotted.
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Appendix

A. Analyzing the Underlying Causes of Pmp Behavior in the Monte-Carlo Model

In this section we investigate the physical origins of the behavior found in the statistical analysis, focusing on how the light spot changes with
geometrical deviations.

Three effects are observed in a cell-lens unit when tolerances are applied: Lateral displacement of either the cell or the concentrated light spot, and
changes in the flux profile. The peak-to-average ratio PAR measures the uniformity of a flux profile. A higher PAR signifies a more concentrated light
distribution with more pronounced peaks of intensity. Generally lower PAR is desirable as higher PAR requires higher peak tunnel current densities.
Concentration peaks can lead to uneven heating and localized hot spots, potentially increasing the risk of thermal stress and degradation of the solar
cell materials [24]. It can also cause a non-uniform photo-response, where different parts of the cell generate varying amounts of electricity,
potentially impacting the overall module efficiency and performance.

In the design case (see Figure 9a), wherein components are perfectly aligned, and the geometry is ideal, all rays that hit the POE surface are
concentrated and impinge on the cell surface. Lateral displacement of the cell results in a direct loss of rays as the cell moves out of the concentrated
light spot (see Figure 9b). This displacement has the highest impact on Pmp, as demonstrated earlier.

Lateral shifts in concentrated light occur when either the SOE or the POE is displaced laterally. Figure 10a and b illustrate the flux profiles for the
design case and for a SOE shifted by 100 μm in x-direction, respectively. The dashed lines visualize the boundaries of the concentrated light profile
along the x-axis. From Figure 10a to b the concentrated light shifts approximately 75 μm. Consequently, when the SOE is laterally displaced, the flux
profile correspondingly shifts, though not proportionally (1-to-1), but rather at a reduced ratio of approximately 1-to-0.75. To incur a 10 % loss in Pmp,
the lateral displacement of the primary lens can be up to twice that of the SOE. This significant allowance for displacement is enabled by the utilization
of a spherical lens. The SOE captures the displaced rays due to the diameter of 1.6 mm and redirecting them toward the cell surface.

Changes in PAR occur if the roundness of the SOE varies, its diameter changes or the distance between POE and the baseplate varies. Figure 10c and
d depict the flux profile for a compressed and elongated spherical lens, respectively, with a variation of±100 μm. Compression results in a higher PAR
of 7.2, while elongation leads to a more homogenized profile with a PAR of 2.0. Although for the electrical performance a lower PAR is preferable, a
lower PAR increases the sensitivity to component misalignment. The PAR changes with variation in the diameter of the spherical lens or the distance
between the lens and base plate, though the degree of these changes varies. Figure 10e–h illustrates the effects on PAR for diameter deviation of±200
μm resulting in PARs of 3.8 and 2.7, and for height deviations of ±1 mm resulting in PARs of 5.6 and 2.0.

Fig. 9. Sketch of the optical model. a) Design case: All rays hit the solar cell surface. b) Cell is displaced: Some rays are lost due to the shifted cell.

E. Kaiser et al. Solar Energy Materials and Solar Cells 279 (2025) 113257 

7 



Fig. 10. Flux profile of single tolerances, all other tolerances are assumed to be ideal.

Data availability

The data that has been used is confidential.
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