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Abstract

Flexible photovoltaic (PV) technology not only has high power efficiency but also is thin and
lightweight, enabling seamless adaption to the surface of curved buildings. However, the distinctive
spatial geometry of curved surfaces leads to inhomogeneous irradiance, causing electrical mismatch
losses. This paper presents a systematic indoor experimental study on the electrical performance of
Copper Indium Gallium Selenide (CIGS) cells under various bending configurations, including
length-convex (Igvx), length-concave (Igcv), width-convex (wdvx), and width-concave (wdcv). Tests
were conducted under standard testing conditions (1000 W/m?, 25° C) with central angles ranging
from 0° to 180° and placed in longitudinal and horizontal orientations, respectively. Results indicate
that width-bending configurations generally outperform length-bending ones due to lower mismatch
losses. For width-bending, concave forms exhibit higher power output than convex forms due to a
mutual reflection mechanism. Conversely, length-concave forms manifest the highest power
mismatch loss (up to 319.70 mW at 180° ) due to significant self-shading. These findings provide
critical design guidelines for optimizing cell layouts in curved BIPV systems.

Keywords: flexible photovoltaic; experimental study; curved bending forms; mismatch loss; copper
indium gallium selenium (CIGS)

1. Introduction

With the development of social economy and urbanization, energy consumption has become a
global problem. The building sector was the largest segment in 2024 with a share of 34% of total
global energy consumption and 37% of associated CO: emissions[1]. According to the China
Association of Building Energy Efficiency (CABEE), in 2024, the carbon emissions caused by building
operation were 2.47 billion tonnes, accounting for more than 22.10% of the country's total carbon
emissions[2]. Exploring building energy efficiency and renewable energy technologies are considered
two of the most important ways to address the growing energy needs of the building industry and
achieve the dual-carbon goal.

Building integrated photovoltaic (BIPV) is the most widely used technology of solar
photovoltaic in buildings, mainly in the form of BIPV roofs[3,4], walls[5,6], windows[7-9], and
shadings[10]. In architecture design, curved building elements are highly prevalent. They not only
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contribute to the creation of magnificent spatial structures but also endow buildings with
aesthetically appealing facades, as vividly shown in Figurela-c. In China, some exemplary
achievements have been made in seamlessly integrating PV modules into curved buildings,
encompassing both modern and traditional architectural styles, as presented in Figure 1d-f.

In curved BIPV systems, glass-based curved PV modules have a relatively large self-weight, thus
restricting their applications. Small-scale waved tiles can be applied to residential buildings
directly[11,12], which takes place of the original roof. When it comes to large-scale curved surfaces,
the prevailing method is to parameterize and mesh the curved surface, and integrate a planar PV
module within each mesh[13,14]. This approach leads to complex support structures and load
requirements. In contrast, flexible PV modules are lightweight, highly flexible, and can be seamlessly
integrated with non-planar building surfaces. Moreover, in the same projection area, the installation
amount of the curved PV module is larger than the flat type, yielding greater unit-area power
generation. Owing to the self-shading phenomenon of curved PV modules, a detrimental mismatch
effect is inevitable.

(a) Huizhou traditional
residents

Center

(f) CdTe semi-transparent PV

(d) Han CIGS PV roof tile (e) CdTe PV glass curtain wall
facade

Figure 1. Photos of buildings with and without curved PV modules.

Some researches have been noticed, Liu et al. [15] developed a flexible monocrystalline silicon
solar cell capable of 360°bending like A4 paper by modifying its internal structure, thereby advancing
the development of curved flexible crystalline silicon solar cells. Lance et al.[16] compared the
performance of PV modules with three shapes of plane, sine curve, and ellipse, and the results
showed that under the same 2D projection area, the irradiance obtained by the curved surface
increased by 50%, and its power curve would produce multiple peaks in a day. Therefore, it is of
great significance to explore the electrical mismatch phenomenon in the application of curved flexible
PV on curved buildings. Zhao et al.[17]utilized ray tracing technology to achieve coupled estimation
of system-level shadow occlusion and mismatch loss. Saoud et al.[18] investigated the effect of partial
shading on a complexly shaped c-Si based BIPV roof, optimizing for maximum yield to ascertain the
optimal configuration and number of modules for each string using a genetic algorithm. Wang et
al.[19,20] proposed a flexible CIGS-based curved PVT roof capable of producing both electricity and
hot water. The experimental results indicated that the structure achieves an electrical efficiency of
14.71% and a thermal efficiency of 56.79% at a flow rate of 0.9L/min. Tian et al.[21,22] compared the
electrical performance of curved with flat CIGS PV modules under various meteorological conditions
and tilt angles. The results showed that the flat module outperforms the curved one at a 30° tilt angle,
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with the performance gap decreasing as the tilt angle increases to 75°. The curved module exhibits a
higher annual electricity especially at high inclination angles during the summer. Gong et al.[9]
introduced an arc-shaped CIGS PV window by using EnergyPlus and Radiance software. The
simulation results showed that the central angle of 120° arc-shaped window performs best in terms
of energy used intensity. Walker et al.[23] presented a workflow for calculating BIPV system losses
using a curved CIGS module. The results indicated that a longitudinal orientation outperforms an
orthogonal one by 5-8%. Cai et al.[13] proposed a flexible curved c-Si PV ventilated facade assisted
by a heat pump. Compared to an independent heat pump system, the integrated solution enhances
the coefficient by 5.23% during the preheating process. Further, the electrical performance and power
loss of 2D and 3D curved flexible Si-PV modules have been studied. The results indicated that suitable
PV cell interconnection methods can significantly reduce mismatch losses, thereby enhancing power
output up to 1721.21 Wh and 1604.10 Wh, respectively[13]. Bugaj et al.[24] proposed a semi-flexible
PVT system based on c-Si cells, which was used to develop the testing methodology for various
bendable conditions. The results indicated that when the bending angle modifier ranged from 1 to
1.1, the thermal power at a deflection of 30° was approximately 18% lower than that of the flat type,
and the electrical power was nearly 14%. Pei et al.[25] investigated the different mechanical stability
caused by concave and convex bending flexible perovskite solar cells. The concave type
outperformed the convex type, because the conductivity decreased by the Series Resistance under
convex bending form. Yun et al.[26] introduced a curved honeycomb-structured Si PV module
incorporating 3D mechanical metamaterials. By systematically harnessing additional
reflected/scattered photons within its tetrahedral geometry, this structure demonstrated a 28%
improvement in electrical output compared to flat type. Deepika et al.[27] investigated the
performance of flexible perovskite solar cells under a central angle of 60° bending state. A silica
subwavelength array embedded on the substrate's surface optimizes mechanical and optical
performance. The results indicated that the current density increased by 7.30% when bent
downwards and by 1.90% when bent upwards. Kashayap et al.[28] investigated the performance of
convex, concave and sinusoidal bendings flexible perovskite under the influence of bending radius
(5-20mm) and bending amplitude (0.5-2mm). The results indicated that the flat perovskite
demonstrates superior PV parameters.

Nevertheless, a review of the literature indicates that no studies have systematically investigated
the mismatch phenomenon of curved CIGS PVs with length-bending and width-bending
configurations. To address this deficiency, this study introduces several representative bending
forms, including length-convex(lgvx), length-concave(lgcv), width-convex(wdvx), width-
concave(wdcv), wavy(wy), and flat mounting(flt), which mimic typical curvature patterns of building
envelopes. To validate the proposed configurations, tests were conducted under standard testing
conditions (1000 W/m?, 25°C) with central angles ranging from 0° to 180° and placed in longitudinal
and horizontal orientations. A series of controlled experiments were conducted to characterize the
electrical performance and thermal behavior of the curved PVs. The results are analyzed and
discussed in the context of curvature-induced mismatch effects.

Nomenclature
the overall area of the orthographic projection of the instantaneous maximum power
eight curved PV/T units on the inclined surface, m? =" output of the PV module, W
he orth hi .
Gpo Solar irradiation intensity on baseplate, W/m? Ap the or.t Ographic pro) ection area on
inclined surface area,m?
n,, Electrical efficiency, % Ppe The flat type PV power output, W
AP Power mismatch loss, W Pern The curved type PV power output, W
PR Performance ratio, % FF Filling factor
Voc The open circuit,V Isc The short current, A
Th inal f th
E: The standard uncertainty of the instruments a, ¢ nominat aceuracy ot tie

experimental instrument
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X(b) The uncertainty

2. Methodology

In this section, we offer two testing platforms for PV modules with different bending
configurations. The fabrication process of curved photovoltaic (PV) devices and the system structure
in diverse shapes are elaborated upon. Moreover, the testing objectives are expounded, the workflow
of the electrical system is outlined, and the operation procedures of the experimental equipment
indoors are described.

2.1. Testing Objective

Due to the complexity of curved geometries, uneven irradiance and temperature distribution
will be formed when combined with building envelope, leading to a mismatch phenomenon and
partial overheating in PV modules. The non-uniformed distribution of irradiance on a curved PV
surface causes part of the current to be unoutputted, while voltage mismatches shift the operating
point deviate from the maximum power point (MPP), thereby affecting the output power.
Additionally, the gradient of PV temperature can cause overheating in certain areas, resulting in
uneven thermal stress[29]. Consequently, the service life and operational safety of the PV modules
are compromised.

To explore the current and voltage mismatch mechanism of curved flexible PV cells, it is essential
to gather, compute, and further analyze the actual electrical output data under various geometric
parameters and experimental conditions. By conducting synchronous studies on the stable state in
the laboratory and the real-use state outdoors, more precise power loss laws for curved PV cells can
be derived. Several identical flexible CIGS modules were utilized to test the all-day electrical power
and temperature distribution across different bending forms, including length-concave (Igcv) and
length-convex (Igvx) bending, width-concave (wdcv) and width-convex (wdvx) bending, length-
wavy bending (wy), and flat mounting (flt). Figure 2 illustrates the typical types of curved PVs for
building envelopes placed in longitudinal orientation.

Length concave PV

Length convex PV

Width convex PV

e

Length wavy PV

Flat PV

Width concave PV

%

Figure 2. Different types of curved photovoltaics with a 30° tilt angle in longitudinal orientation.

2.2. The Indoor Testing Contents and Apparatus

Steady indoor testing refers to laboratory conditions where solar irradiance and ambient
temperature are maintained at standard levels (STC: 1000W/m?, AM 1.5G, 25°C).
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2.2.1. The Sample Fabrication

The fundamental units for this indoor investigation are flexible CIGS PV cells with standard
dimensions of 45 mm (width) x 105 mm (length) x 0.02 mm (thickness). To ensure a high degree of
experimental precision, the length-to-width ratio was maintained above 2:1 to allow for a valid
comparison between different bending orientations.

Custom-designed curved baseplates and tilt supports were fabricated using a high-precision 3D
printer with Polylactic Acid (PLA) material. These baseplates were categorized into six distinct
representative bending forms that mimic typical curvature patterns in modern architecture: flat (flt),
length-convex (lgvx), length-concave (Igcv), width-convex (wdvx), width-concave (wdcv), and
length-wavy (wy). The CIGS cells were seamlessly affixed to these curved baseplates using thermal
silica gel to ensure both structural integrity and thermal connectivity. To simulate standard BIPV roof
applications, all modules were investigated at a fixed tilt angle of 30°.

length/width, convex/concave, wavy bending forms

Figure 3. The manufacturing process of the curved CIGS PV cells.

Table 1. The specific geometric parameters used in the indoor testing are summarized below:

Parameters Changes Value (unit)
Central angle 0°, 30°, 60°, 90°, 120°, 150°, 180°
Direction longitudinal, horizontal

2.2.2. Experimental Apparatus and Procedure

The tests comprehensively evaluated the electrical performance of the cells. As depicted in
Figure 4, the primary light source was an artificial AAA-class solar simulator (Oriel 94063A)
equipped with air mass filters to ensure spectral compliance. The light source is an arc lamp powered
by a dedicated power supply. The ambient temperature within the test chamber was strictly
regulated at 25.00°C via air conditioning and monitored continuously using a high-accuracy thermo-
hygrometer. Electrical parameters including current-voltage (I-V) curves, maximum power point
data (Vmpp, Impp, Pmpp), and filling factor (FF) , were recorded by the Oriel®PVIV-10A system.
Table 2 details the parameters of the measuring apparatus.
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Arc lamp power ~ Xenon arc lamp  Ajr quality filter
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Summarized information
I;V IV system SMU Thermo hygrometer
Figure 4. The schematic diagram of the indoor testing.
Table 2. Parameters of the experimental apparatus.
Content Apparatus Type Accuracy
Solar irradiance 3A solar simulator Oriel 94063A 2%
Light source ~ Arc Lamp Power supply Oriel 69920 <0.1%
Temperaturel Thermo hygrometer TH608 £1.0°C
Test platform PVIV Test System Oriel PVIV-10A  1<0.23%, V#0.02%, +0.25°C
Electrical output Source Measuring Unit Keithly 2400 0.012%

2.3. Performance Evaluation Metrics

To quantitatively assess the electrical degradation and energy conversion capability of curved
CIGS cells, this study employs five key indicators derived from the authors’ previous
research[19,21,22]. These metrics provide a comprehensive framework for understanding the
mismatch phenomena under various geometric conditions:

(1) The electrical efficiency (77,,)

Defined as the ratio of the maximum power output to the incident solar energy on the
orthographic projection area:

P
n,, =—="2—x100% 1)

pv- o pv

where: Puaris the instantaneous maximum power output of the PV module (W), G is solar irradiation
intensity on corresponding baseplate (W/m?), Apvis the orthographic projection area of the curved PV
module on inclined surface area (m?), the flat one is 0.49m?2, the curved ones are 0.35m2.

(2) Power mismatch loss (APmi)

The mismatch loss in the curved PV cells/modules can be defined as the difference between the
power output of a flat PV and a curved one with the same specifications[13].The mismatch loss can
be defined as:

AP, = P fir F, (2)

cry

where, Pris the flat type PV power output; Per is the curved type PV power output.
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(3) Performance ratio (PR)

In this study, performance ratio is defined as the ratio of the power output of the curved PV to
the flat PV with the same specifications, which is given below:

PR = i><100% )
P
St

(4) Filling factor (FF)

The filling factor is an inevitable parameter to describe the performance of PVs under partial
shadings. FF is defined as the ratio of the actual maximum power output of the PVs to the rated
maximum power output. The higher the value, the higher the photoelectric conversion efficiency.
The formula is:

P
FF — max
V.1 )

oc™ sc

where: Vocis the open circuit voltage (V); Is is the short circuit current (A);

2.4. Uncertainty Analysis

Uncertainty analysis is essential in experimental studies to establish credibility in the results[30].
In this study, the working temperature of the flexible PV is tested by the T-type thermocouple, and
the power output of the PV under MPP is tracked by the MPPT controller. The standard uncertainty
of the instruments (denoted as F:) is calculated by Eq. (5)[31]. The standard uncertainty of each
measuring instrument utilized during the experimental process is shown in Table 3.

Y.

F ==

Y

producers.

where + Z is the nominal accuracy of the experimental instrument and can be provided by the

The uncertainty X(b) is determined using Eq. (6), which is calculated based on the standard

uncertainties of the measurement devices utilized. For the high-precision indoor PVIV system, the
accuracy for current and voltage is within +0.23% and +0.02%, respectively.

X(b)={D F’ ©6)

Table 3. Parameters of the measuring instruments used in the experiment.

Instrument name Test content Type Accuracy Uncertainty
lar global
Solar globa Global irradiance Jinzhou TBQ-2 2% 1.15%
pyranometer
Solar diffuse . . . .
Diffuse irradiance Jinzhou TBD-1 +2% 1.15%
pyranometer
Thermocouple Temperature = T-type (copper-constantan) =+ 0.5°C 0.29%
MPPT controller Electrical power =~ EPEVER Tracer 1210AN  +0.5% 0.29%
Datalogger Data switch unit HIOKI LR8402-21 / /

3. Results and Discussions

The indoor tests revealed that the electrical performance of the sample PV cells without any
bypass diode remained stable under controlled working conditions. The sample PV cells were small-
scale and prone to forming thermal hotspots, so we tested their instantaneous power output. Given
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that the solar irradiance field on curved PV cells is altered by various curvatures, in this part, we also
investigated the electrical performance under different central angles.

3.1. The Power Output and Mismatch Loss

The power output and mismatch loss results demonstrated distinct regularities. As illustrated
in Figure 5a-b, the flat type CIGS PV cell achieved the highest power output of 547.90mW. Among
different curved flexible PV cells, regardless of the longitudinal orientation (LT) or horizontal
orientation (HZ), all width bending configurations outperformed their length counterparts, with
lower mismatch losses. This implies that shapes with the width facing the light source received more
irradiance than those with the length facing it. For width bending configurations, the width-
concave(wdcv) forms generated more electricity than the width-convex(wdvx) ones. This
phenomenon can be attributed to the fact that when the long side curves upward, the two upright
segments reflect off each other. This mutual reflection mechanism enhances the photoelectric
conversion efficiency (PCE) of the PV cells. Conversely, in length-bending structures, the length-
convex (lgvx) forms yielded a higher power output than the length-concave (Igcv) ones. This is
because the two upward-angled segments on the long side of the Igcv forms would cast shadows on
themselves. They had the lowest power output of 245mW, filling factor (FF) of 0.25222, the highest
power mismatch loss of 319.70W, and the lowest performance ratio (PR) of 43.39%.

- 100
eoo L | = ill::’%\_lverfOUIPUt (mW) 564.7 600 1 Power mismatch loss (mW)
illing factor K] e Performance ratio(%)
_ 480
500 Jo0s8 S 500 -
— é L] L] (;
z 8 ) g
400 L 407 = @ L . =]
< o S 8400 o . ° e 160 &
] g 5 g
a - O 8
g . 106G S o 2
3 300 | £ gB00F £
S = v
g ?45 Ho05iC E — 0 §
& 200 | : g 200 g
== z *
= {04 B
= = = o 420
n n i
100 |- i
= 403 ;
0 1 i i ! f ! ! = i ! f 02 L L L 0
= EE s £ = s : 2
$§ § § § ¢ ¢ § § £ £ ¢ g 3 § 3§ 2 3
£ X2 2 g2 X X = = T T X X = = 5 5
X X X 2 = = 2 N
5§35 35 &5 8§ - °% 28 33
Shapes
(a) (b)

Figure 5. The power output and mismatch loss of the PV cells.

3.2. Influence of Central Angle

It is well-known that curved PV cells give rise to a mismatch phenomenon. The curvature of the
curved PV surface can affect the irradiance distribution, thereby leading to a decrease in power
output to varying degrees. This part describes how the electrical performance changes with various
central angles. As illustrated in Figure 6a-d, regardless of longitudinal orientation (LT) or horizontal
orientation (HZ), as the central angle increased, the power output and fill factor (FF) of the PV cells
showed a decreasing trend. More specifically, within each group of bending orientations, the convex-
shaped PV cells produced lower power outputs and FF compared to their concave-shaped
counterparts. In all convex structures, the HZ oriented setups performed less effectively than those
in the North-South direction. Notably, in length-bending structures, when the central angle exceeded
135°, the power output and FF of the length-convex shapes, regardless of whether they were oriented
in the North-South or West-East direction, was higher than that of the length-concave shapes.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.0492.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 April 2026

9 of 13

—o— Wdvx(NS) 550
550 |- —o— Wdvx(WE)
Wdcv(NS)
—v— Wdcv(WE) 500
500 450
g £
H 3 400
S 450 | £
o o
g § 350
o o
® a00} & 300
—o— Lgvx(NS)
82(6 —o— Lgvx(WE)
250 Lgcv(NS)
350 356|3 —v— Lgev(WE)
0342(9 200
650 g(')a 12'0<. 15'0° 1 8'00 0° 30° 60° 90° 120° 150° 180°
Central angle(®) Central angle(°)
(a) (b)
0.6 0.6
0.5 05
S S
L )
o (2]
& © 209
:’ 0.4 "5’ 0.4 F
£ 50.3p68 £
ic ic
. 1
0.3 S) 0.3530 0.3 F |—®— Lgvx(NS) 99
E) —o— Lgvx(WE)
S) Lgcv(NS) 222
0.2 —v— Wdcv(WE) 02 L [ Lgcv(WE)
—=— Flat
L L L L 1 1 I I I I
90° 1200 1500 1807 30° 60° 90° 120 150°  180°
Central angle(®) Central angle(°)
(c) (d)

Figure 6. The power out and filling factor of PV cells with different curvature.

Based on the aforementioned data, we calculated the detailed mismatch loss and performance

ration (PR) for eight set-ups, which are presented in the following heat maps. As depicted in Figure
7a-b, the power mismatch loss increases as the central angle grows larger, while the PR decreases.
Overall, the changes at each step with respect to the central angle exhibit a zigzag pattern. The

adjacent data of each diagonal are more symmetrical. Specifically, the width-convex(wdvx) shape

with a central angle of 30° demonstrated the minimum mismatch loss and achieved the highest PR

of 97.52%. In contrast, the length-concave shape with a central angle of 180° showed the maximum
mismatch loss and had the lowest PR of 43.39%. Notably, in terms of PR, the popularity statistics
ranged from 70-90%.
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Figure 7. The mismatch loss and performance ratio of PV cells with different central angle.

In the case of width bending forms, since the curvature occurs on the short side, certain patterns
can be observed. In width-convex(wdvx) structures, a larger central angle implies a closer
approximation to a cylindrical shape. Consequently, the area facing to irradiance diminishes, giving
rise to a more significant power mismatch loss. In contrast, in width-concave(wdcv) structures, the
two long side upwards reflected irradiance to each other and increase the PCE, resulting in a lower
mismatch loss.

In the case of length bending forms, since the curvature happens on the long side, certain
patterns can also be observed. In length-convex(lgvx) structures, when the PV cells are set in the
North-South direction, the two short sides will get closer when the central angle increases. As a result,
the effective area facing the irradiance becomes smaller, leading to a decrease in the PCE and an
increase in the mismatch loss. In length-concave(lgcv) structures, the upper-side segment of the PV
cell will cast a shadow on itself, while the lower-side segment will reflect the irradiance to each other.
From the test results, the effect from the partical shading is more significant than that of reflection.

Among all the structures, convex structures consistently exhibited lower electrical performance
compare to their corresponding concave structures. This is because convex shapes received less
irradiance than concave shapes, and certain portions of irradiance were reflected by the
surroundings. For the heat maps, the zigzag phenomenon verified that the irradiance distributed on
the curved surface was unevenly along the circumferential direction. Consequently, it will affect the
photoelectrical conversion and lead to the mismatch phenomenon.

4. Conclusion

It is worth noting that the curved PV module has great potential in the application of curved
BIPV buildings. In this work, a series of curved flexible CIGS PV cells with different bending forms
were proposed and fabricated. The indoor experiments leads to the following conclusions:

Mismatch Patterns: In terms of curved sample PV cells, the length-bending shapes demonstrated
a greater mismatch loss compared to the width-bending shapes, and the convex-shapes showed a
higher mismatch loss than the concave-shaped forms. Thereby, the length-concave forms in Wes-East
direction exhibited the poorest performance. They had the lowest power output and filling factor
(FF), the highest power mismatch loss, and the lowest performance ratio (PR).

Geometric Optimization: As a result of the specific test arrangements, the concave-shaped
structures cast shadow on themselves, which manifested diverse electrical performances depending
on different experimental scenarios. Additionally, it was observed that the power outputs of the
North-South orientation and the West-East orientation were remarkably close.
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Critical Thresholds: Increasing the central angle exacerbates the zigzag pattern of non-uniform
irradiance, with a 180° angle causing over 50% power loss in length-oriented configurations.

In future, the electrical performance of curved PV modules with varying inclinations requires
further outdoor experimentation. Considering that the chipset strings are grouped and arranged
parallel to the width direction, the direction parallel to the length-orientation is worthy of indepth
study. Thus, it is crucial to meticulously design the inner cell layout of the flexible PV module to
adapted the shape and the surrounding environment. Moreover, the complex non-planar surfaces of
large-scale BIPV projects can be divided into curved PV arrays. Their connection strategies can be
optimized to avoid significant mismatch losses under actual operating conditions. Overall, this
research offers an effective approach to exploring the mismatch phenomena in curved PV modules
with different bending configurations.
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