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Abstract. High-spectral-fidelity solar simulators are indispensable for rigorous photovoltaic characterization, as they provide stable, reproducible
irradiance that closely conforms to the AM 1.5G reference spectrum. The latest IEC 60904-9:2020 standard imposes stringent limits on spectral
mismatch (SM), coverage, and deviation, driving the need for innovative design strategies. This work introduces a data-driven LED spectrum
reconstruction methodology to engineer a Class A+ LED Solar Simulator (LSS) spectrum. Manufacturer-provided spectral profiles spanning 300—
1200 nm were digitized using a precision plot-digitization tool and calibrated via a Spectral Mismatch Calculator to ensure wavelength alignment and
intensity normalization. Custom numerical optimization algorithms then refined these datasets to compute the optimal mixing ratios of broadband
phosphor-converted white LEDs (400-900 nm), combined with targeted UV, visible, and NIR emitters. The finalized 13-LED configuration achieved
a Spectral Coverage (SPC) 0f 99.52% and a Spectral Deviation (SPD) of 17.42%, exceeding the Class A+ acceptance criteria while employing a minimal
component count. Although minor uncertainties may originate from the digitization process, such as image resolution and axis calibration, these can
be effectively mitigated by integrating direct numerical spectra supplied by manufacturers. This approach establishes an efficient, high-accuracy
framework for LSS spectral design. Future work will advance to hardware prototyping and empirical validation of the simulator’s irradiance spectrum
under real-world operating conditions, fully compliant with IEC 60904-9:2020.
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1. Introduction alternative to natural sunlight (Sun et al. 2023), which is subject to
weather variability and spectral inconsistency. To accurately
mimic the solar spectrum at ground level, LSSs must generate a
radiation profile with minimal deviation from the AM 1.5G
standard (Basore et al. 2021). The spectrum must cover the
wavelength range of 300 nm to 1200 nm and meet the
performance criteria for Class A+ solar simulators spectrum.
Moreover, the spectrum should achieve optimal values of SPD
and SPC (Vosylius et al. 2023), in compliance with the IEC 60904-
9:2020 standard (International Electrotechnical Commission.
2020), to ensure minimal errors in solar cell testing.

Although LED manufacturers provide a wide range of SPD
graphs, most of these LEDs do not adequately cover the
wavelength range required for solar simulator applications.
Additionally, the available data typically comes in two formats:
numerical spectral data and graphical representations, the latter
of which is difficult to use directly. Moreover, combining multiple
LED types to match the AM 1.5G spectrum within the strict
tolerance limits required for Class A+ performance under the
latest standard (International Electrotechnical Commission. 2020)
often necessitates the use of a large number of LED types.

Light Emitting Diodes (LEDs) are a transformative innovation that
has revolutionized the lighting industry, shifting from traditional
incandescent bulbs to solid-state lighting (Islam et al. 2021). LEDs
offer high efficiency (Sena et al. 2024), energy savings (Katzin et
al. 2021), easy adjustment of color and brightness (Hasan et al.
2024), and digitally controllable light emission (Ge et al. 2021).
Additionally, they possess significantly longer lifespans than
conventional light sources (Watjanatepin et al 2023). In
photovoltaic research, LED-based solar simulators (LSS)
demonstrate clear advantages over traditional Xenon arc lamps
(Leary et al. 2016). These advantages include the elimination of
optical components such as lenses and spectrum filters (Chojniak
et al. 2024), precise spectral tunability (Sevilla-Camacho et al.
2024), reduced thermal load (Parupudj, et al. 2019), and improved
operational stability (Esen et al. 2017).

A solar simulator is a device designed to replicate the spectral
distribution and intensity of sunlight at the Earth's surface (Cortés-
Severino et al. 2021). It is used as a standardized light source for
testing the performance of solar cells (King et al. 2023), or other
photosensitive materials (Yang et al. 2025), providing a reliable
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Previous studies (Watjanatepin et al. 2023, Sun et al. 2022, Al-
Ahmad et al. 2022, Tavakoli et al. 2021, Lépez-Fraguas et al.
2019, Linden et al. 2014, Cruz et al. 2025, Song et al. 2021) have
reported using between 6 and 23 different LED types. Therefore,
meticulous numerical spectrum synthesis is essential to construct
an accurate target spectrum. Without access to high-resolution
spectral data and a precise reconstruction algorithm, spectral
deviation may occur, reducing solar cell performance testing
accuracy. Additionally, covering the full wavelength range of 300
nm to 1200 nm using many LED types increases system
complexity, especially in the control architecture, and can lead to
non-uniformity in the emitted light.

In this study, the authors utilize broadband phosphor-
converted white LEDs (BB-pcWLEDs) based on a single LED chip
capable of emitting light across the visible to near-infrared (NIR)
range. For instance, in a previous study by the authors (Hou et al.
2023), an extra-broadband visible-NIR phosphor-converted LED
was developed, covering a wavelength range from 500 to 900 nm.
Later, the authors (Zhang et al. 2024) presented an ultra-wide
visible-NIR pc-LED capable of emitting light from 450 to 900 nm.
This aligns with another report by the authors (Wang et al. 2023),
which introduced multifunctional LEDs composed of pc-WLEDs
and pc-NIR LEDs, collectively providing spectral coverage from
400 to 900 nm. These technologies exhibit relatively high color
rendering index and are applicable in various fields, including
general lighting, industrial vision systems, and food and
biotechnology applications (Wang et al. 2019, Vosylius et al. 2022
& Turek et al. 2019).

From another perspective, the authors suggest that BB-
pcWLEDs, which emit a broad output spectrum covering the
visible to NIR range, can serve as effective light sources for solar
simulators. Due to their wide spectral coverage typically from 400
to 900 nm BB-pcWLEDs can significantly reduce the number of
LED types required to synthesize light within this wavelength
range. Therefore, by supplementing the spectrum of BB-
pcWLEDs with that of selected UV-NIR and visible LEDs, it is
possible to achieve the required spectral range as specified by the
IEC 60904-9:2020 standard, while also allowing flexible
adjustment of the intensity of each LED channel. This raises two
key research questions: (1) To what extent, and in what way, can
the use of BB-pcWLEDs reduce the number of LED types
required for a Class A+ LED-based solar simulator? and (2) What
approach will yield the best SPC and SPD values?
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In this study, we present a method for simulating of the
spectrum of an LSS using a Data-Driven LED Spectrum
Reconstruction approach. The methodology involves: (1) utilizing
spectral data from LED manufacturers as input, (2) applying
numerical techniques to extract and refine the data, and (3)
determining the optimal mixing ratios of different LED channels
to emulate the AM 1.5G spectrum within Class A+ spectral
mismatch criteria. The objective of this research is to design and
simulate the spectrum of an LSS that meets Class A+ standards
by employing broadband phosphor-converted white LEDs
through a data-driven reconstruction method. The analysis
focuses on identifying the minimal number and types of LEDs
required to achieve the best possible SPC and SPD. The results
yield a high-accuracy irradiance profile and an optimized LED
mixing strategy, enabling the design and calibration of an LSS
under IEC 60904-9:2020 standards. However, the ASTM E927-
10 (Standard Specification for Solar Simulation for Photovoltaic
Testing) was not adopted in this study, as its specifications do not
align with the primary research objective namely, simulating the
spectrum range from 300 to 1200 nm and analyzing the
corresponding SPD and SPC parameters. This work lays the
groundwork for the development of a physical prototype in future
research.

2. Materials and Methods

2.1 Spectrum data of LED

The spectrum data or spectrum profiles of the LEDs used in this
study were analyzed based on information from multiple
manufacturers. A total of 13 LED types were selected from four
manufacturers. These include BB-pcWLEDs, referred to as
Hyperspectral LEDs, from EFFILUX, France (EFFILUX. 2025),
as well as UV and NIR LEDs from Thorlabs (New Jersey, United
States) (Thorlabs Inc. 2025). In addition, NIR LEDs were
obtained from EPIGAP OSA Photonics, Germany [16], and
Marubeni Corporation, USA (Marubeni America Corporation.
2025). The specifications are summarized in Table 1.

2.2 Data-Driven LED Spectrum Reconstruction

The procedure followed in this study is illustrated in Figure 1
and consists of the following sequential steps: (1) Spectral
graphs provided by LED manufacturers were used as the input

Table 1
Details of the LEDs analyzed for their spectral profiles in this study
Spectrum
P LED types Model Manufacture
Range
325nm M325D3
340nm M340D4
uv THORLABS
365nm M365D2
385nm M385D2
) BB-pcWLED
Vis to NIR EFFI-FLEX-HSI EFFILUX
400 to 900 nm
415nm M415D2
. 470nm M470D4
Visible
490nm M490D3 THORLABS
660nm M660D2
880nm M880D2
1000nm 0OCI-330-1020P-X-TU
NIR EPIGAP OSA
1100nm OCI-490-20 ID1100-XE
1150nm SMT1150D Marubeni

ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE
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Data-Driven LED Spectrum
Reconstruction

-

. Input the LED manufacturers’ spectrum

E 3
Extract data from the image using
WehPlotDigitizer (normalized intensity).
£ 3
. Calibrate data to 300-1200 nm |
using Spectral Mismatch Calculator. £
£ 3
Refine data using numerical
techniquesin spreadsheet.
e 3
. Determine mixing ratios of LED
channelsto match AM 1.5G.
e 3
Calculate the spectral mismatch
to ensure Class A+ tolerance.

E 3
7. Output the proposed LED spectrum.

2.

Al

w

4.

(9]

6.

Fig. 1 Data-Driven solar simulator spectrum reconstruction
process in this study

data. (2) In cases where the spectrum profiles were available
only as image files, the data were extracted using a web-based
tool called WebPlotDigitizer (Automeris.io. 2025), which
generated spectrum data normalized to a relative intensity of
1.0. (3) The extracted spectral data were then calibrated to
cover the wavelength range of 300 to 1200 nm using the
Spectral Mismatch Calculator (PV Lighthouse. 2025). (4) The
calibrated data were processed and refined using numerical
techniques implemented in a spreadsheet. (5) The relative
mixing ratios of the various LED channels were determined to
closely replicate the AM 1.5G reference spectrum. (6) The
spectral mismatch ~ was calculated (International
Electrotechnical Commission. 2020) to verify compliance with
Class A+ tolerance or better. (7) The final simulated output of
this process is the proposed LED spectrum.

2.3 Analyze SPC and SPD

SPC and SPD are quality indicators of the solar simulator
spectrum introduced in the IEC 60904-9:2020 standard, which

Table 2
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expands upon the previous 2007 edition. Both parameters are
referenced against the AM1.5G spectrum. AM1.5G-SPC refers
to the percentage of the wavelength range from 300 to 1200 nm
where the irradiance power of the solar simulator exceeds 10%
of the AM1.5G reference spectrum, as defined in IEC 60904-
9:2020. It is calculated as the ratio of the area that meets the
threshold to the total area of the entire wavelength range, as
shown in Equation (1) (International Electrotechnical
Commission. 2020). AM1.5G-SPD, on the other hand, refers to
the percentage of the total deviation between the irradiance
spectrum of the solar simulator and the AM1.5G reference
spectrum. It is determined by summing the absolute differences
at each wavelength, multiplying by the bandwidth, and dividing
by the total energy of the reference spectrum, as described in
Equation (2) (International Electrotechnical Commission. 2020).

The ideal SPC is 100%, indicating that the spectrum fully
covers the 300 to 1,200 nm wavelength range. The optimal SPD
is 0%, meaning there is minimal deviation from the standard
spectrum.

1200 nm
SPC = Z Eqm1s(1) - AL /(Z EAM1.5(/1)'A/1) -100% (1)
Egim(D>0TXEqu1.5D) 300mm
1200 nm 1200 nm
SPD = ( Esi () = Equrr.s (D] - A2 Epis(D) - 82) |- 100% (2)
(Zml ) ~Eniss@1-82) /(Y Eyss) )) 6

3. Results and Discussion

3.1 Optimize the spectral model of the LED solar simulator

The design approach for simulated the LED spectrum of the
LSS is guided by the research objective of achieving Class
A+ performance at a target irradiance of 836 W/m? within
the wavelength range of 300 nm to 1,200 nm (Vosylius et al.
2023). The process begins by utilizing the spectrum data of
BB-pcWLEDs (covering 400 to 900 nm) (EFFILUX. 2025),
obtained through the data-driven method described in
Section 2.2. Numerical techniques were then applied to
refine and process the data using a spreadsheet
environment.

The first step involves the simulation of (1)BB-pcWLED, the
irradiance spectrum of the BB-pcWLED was scaled to the highest
possible level while maintaining the spectral mismatch (SM)

Steps in optimizing the spectrum model by adjusting the irradiance power of each LED type used in this study.

UV-Vis-NIR ®BB-pcWLED @BB-pcWLED+Vis ®BB-pcWLED+Vis+UV @BB-pcWLED+Vis+UV
range nm W/m? nm W/m? nm W/m? nm W/m?
no no 325 8.01 325 8.01
. no no 340 13.09 340 13.09
Adding UV 0.00 0.00 0.00 46.77 46.77
no no 365 17.21 365 17.21
no no 385 8.45 385 8.45
Vis to NIR 400-900 655.83  400-900 618.47 618.47  400-900 618.47 618.47  400-900 618.47 618.47
no 415 7.06 415 7.06 415 7.06
. . no 470 11.83 470 11.83 470 11.83
Adding Vis 0.00 40.14 40.14 40.14
no 490 12.09 490 12.09 490 12.09
no 660 9.17 660 9.17 660 9.17
no no no 880 5.49
. no no no 1000 48.47
Adding NIR 0.00 0.00 0.00 0.00 0.00 129.97
no no no 1100 55.27
no no no 1150 20.75
Total Irradiance 655.83 658.61  658.61 705.38  705.38 835.36  835.36
ISSN: 2252-4940/© 2025. The Author(s). Published by CBIORE
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Table 3
compares the changes in irradiance power, SM, and classification at each step of the spectral model optimization.
U\1<I_IVRlS_ AM1.5G ®BB-pcWLED (@BB-pcWLED+Vis QBB-pcWLED+Vis+UV @BB-pcWLED+Vis+UV
range (W/m?  (W/m?) SM  Class (W/m? SM  Class (W/m? SM  Class (W/m? SM  Class
300-470 139.25 80.354 1.733 C 92.225 1.510 C 138.705 1.004 A+ 138.706  1.004 A+
470-561 139.55 130.533  1.069 A+ 137.701  1.013 A+ 137.767 1.013 A+ 137.768 1.013 A+
561-657 138.86 138.584 1.002 A+ 134.638  1.031 A+ 134.657  1.031 A+ 134.658  1.031 A+
657-772 138.67 144396 0960 A+ 141.192 0982 A+ 141.187 0982 A+ 141.188 0982 A+
772-919 138.66 146.093 0.949 A+ 137.663  1.007 A+ 137.624  1.008 A+ 146.552  0.946 A+
919-1200 138.96 15.866  8.758 NA 15.192 9.147 NA 15442 8999 NA 136.485 1.018 A+
300-1200  833.94 655.83 658.61 705.38 835.36

within the Class A+ range, across the wavelength region it covers.
In this case, the maximum achievable irradiance was 655.83
W/m? (Table 2, Column 3). This result shows that using a single
BB-pcWLED chip can generate an irradiance spectrum that meets
Class A+ criteria in four wavelength ranges: 471-561 nm, 561-657
nm, 657-772 nm, and 712-919 nm, where 0.875 < SM < 1.125,
according to IEC 60904-9:2020 (see Table 3, Columns 4-5).

An analysis of the SM values reveals that the ranges 471-561
nm (SM = 1.069), 657-772 nm (SM = 0.960), and 712-919 nm
(SM = 0.949) deviate somewhat from the ideal AM 1.5G reference
spectrum, indicating areas for improvement in subsequent steps.
Meanwhile, the wavelength ranges 300-470 nm and 919-1200
nm cannot be covered by the BB-pcWLED alone. These gaps may
be addressed by adding UV and NIR LEDs in the final stage. The
spectral output designed in this step is illustrated in Figure 2(a).

In the second simulation step, (2) BB-pcWLED + Visible
LEDs, to reduce spectral deviations in the ranges 471-561 nm,
657-772 nm, and 712-919 nm, the irradiance of the BB-
pcWLED was reduced from 655.83 W/m? to 618.47 W/m?
Additional visible LEDs with peak wavelengths at 415, 470, 490,
and 660 nm were introduced, contributing 7.06, 11.83, 12.09,
and 9.17 W/m? respectively (Table 2, Columns 4-5). This
adjustment resulted in a total irradiance of 658.61 W/m?, while
maintaining the spectral distribution within Class A+ across four
wavelength ranges: 471-561 nm, 561-657 nm, 657—772 nm, and
712-919 nm. The corresponding SM values were 1.013, 1.031,
0.982, and 1.007, respectively, as shown in Table 3 (Columns 7—

——Aml.5G

= (1)BB-pcWLED

W/m/nm

0
02300 400 500 600

nm

(2)

Adding Vis
1.8 7 - ~~ ~

Aml.5G
/\ P
e (3)BB-pc WLED+ Vis+ UV

\
[

700 800 900 1000 1100 1200
nm

[
0230 400 500 600

©

700 800 900 1000 1100 1200

8). The spectrum obtained in this step is illustrated in Figure
2(b), showing a clear reduction in spectral deviation. The
spectral peaks now align more closely with the AM 1.5G
reference spectrum, indicating a significant improvement.
However, after this step, the irradiance in the 300-417 nm range
remains low, resulting in an SM rating of Class C (Table 3,
Column 8). Therefore, the addition of UV spectrum components
is required to elevate the SM in this range to Class A+, as will
be discussed in the next step.

The third step, (3) BB-pcWLED + Visible + UV LEDs, aims
to reduce spectral deviation in the 300-471 nm wavelength
range, thereby achieving a SM value close to 1.000. This was
accomplished by adding UV LEDs with peak wavelengths at
325, 340, 365, and 385 nm, contributing irradiance values of
8.01, 13.09, 17.21, and 0.45 W/m? respectively (Table 2,
Columns 7-8). The total irradiance power achieved in the 300—
417 nm range was 138.705 W/m?, resulting in an SM of 1.004,
which meets the Class A+ criterion (Table 3, Columns 10-11).
This means that, according to IEC 60904-9:2020, the resulting
simulated spectrum distribution qualifies as Class A+ in five
wavelength ranges: 300-417 nm, 471-561 nm, 561-657 nm,
657-772 nm, and 712-919 nm, with SM values of 1.004, 1.013,
1.031, 0.982, and 1.008, respectively (Table 3, Columns 10-11).
The spectrum obtained from this step is illustrated in Figure
2(c), showing a clear reduction in spectral deviation. The
spectral peaks align closely with the AM 1.5G reference
spectrum, demonstrating a strong match across the five ranges.

Adding Vis

~ ——Am15G
@ 7)BB-pc WLED+Vis

W/m2/mm

700 800 900 1000
nm

02300 400 seo  e0o 1100 1200

(b)

Adding Vis
27 TS ——AMLSG
Sy (©)BB-pcWLED+Vis+UV+NIR

Adding NIR

W/m2/nm
—a

0
n\JOD 400 500 600 700 800 900 1000 1100 1200
- nm

(d)

Fig. 2 Simulated spectrum of the BB-pcWLED and step-by-step adjustments during the optimization process.
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However, following this step, the irradiance in the 919 - 1200
nm range remains low, at only 15.442 W/m? significantly below
the AM 1.5G reference value of 138.96 W/m?, a difference of
123.52 W/m?. This shortfall prevents the SM in this region from
meeting Class A+ requirements. Therefore, in the next step, the
addition of NIR spectrum components will be necessary to
elevate the SM in this region to Class A+.

The final step, 4) BB-pcWLED+Vis+UV+NIR, addresses
the limitations identified in the previous stage. To enhance the
spectral performance in the 919 - 1200 nm wavelength range,
the author added four NIR LEDs with peak wavelengths at 880,
1,000, 1,100, and 1,150 nm, contributing 5.49, 48.47, 55.27, and
20.75 W/m?, respectively (Table 2, Columns 10 - 11). The total
irradiance contributed by the NIR LEDs was 129.97 W/m?. As
a result, the total irradiance in the 919-1,200 nm range
increased to 136.485 W/m?, yielding an SM of 1.018, which
satisfies the Class A+ criteria (Table 3, Columns 13-14).

This indicates that the optimized spectrum simulation
model of the LSS achieves spectral mismatch within the range
of 0.946 to 1.031 across all wavelength intervals defined in IEC
60904-9:2020, thereby meeting the Class A+ standard. This
result confirms that the simulated spectrum closely matches the
AM 1.5G reference spectrum, demonstrating excellent spectral
conformity. When applied in photovoltaic (PV) testing, such an
LSS can provide high-quality illumination, resulting in more
accurate measurements of short-circuit current and
photocurrent.

The final spectrum, including the NIR adjustments, is
illustrated in Figure 2(d). The total irradiance of the spectral
model across the 300-1,200 nm wavelength range is 835.36
W/m?. In this study, the configuration BB-pcWLED + Visible +
UV + NIR is referred to as the “13-LED A+ spectrum.”

3.2 Analysis Results of SPC and SPD

Based on the spectral simulation model of the 13-LED A+
spectrum for the LSS, as reported in Section 3.1 (Figure 3a), the
author calculated the SPC and SPD and compared the results with
LSS spectra from other studies (Figures 3b-3f). These studies
were identified through a literature review using the Scopus
database, covering the period from 2014 to 2024. The comparison
focused on LSS designs with irradiance spectra covering at least

—Aml.5G
=13 LEDs A+

W/m?/nm
coo
P N N )

9

300 400 500 600 700 800 900 1000 1100 1200
nm

(a) 13 LEDs A+

E, (W (m? - nm)

0
400 600 800 1000
A (nm)

(d) 6 LEDs [3]
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the 400 — 1,100 nm wavelength range and achieving Class A of
SM, or those spanning the 300-1,200 nm range and meeting Class
A+ criteria.

Among the referenced studies, the 6-LED type solar simulator
spectrum (Figure 3d) reported in (Vosylius et al. 2023) achieved
Class A+ performance (Configuration L6) under IEC60904-
9:2020, with an SPC of 91.8% and an SPD coverage of 61.1% over
the 300-1,200 nm range. Additionally, the author examined solar
simulator spectra using more than 13-LED types, including a 14-
LED AAA-class solar simulator (Figure 3b) from (Lépez-Fraguas
et al. 2019), a 15-LED AAA-class simulator (Figure 3c) from (Sun
et al. 2022), a 19-LED AAA-class LSS (Figure 3e) from (Tavakoli
et al. 2021), and a 23-LED AAA-class LSS (Figure 3f), previously
developed by the author (Linden et al. 2014). These models were
included in the comparative analysis conducted in this study.

Before analyzing the spectral images from references (Sun et
al. 2022, Al-Ahmad et al. 2022, Tavakoli et al. 2021 & Linden et al.
2014), the author first converted the spectral images into
numerical spectral data using WebPlotDigitizer (Automeris.io.
2025). The extracted data were then calibrated to a wavelength
range of 300 to 1,200 nm using the Spectral Mismatch Calculator
(PV Lighthouse. 2025), with the Auto Scale Intensity function
applied to calibrate their amplitude. Once the spectral data had
been calibrated, they were downloaded in spreadsheet format
and subsequently used to calculate the SPC and SPD using
equations (1)and (2), respectively. The results of the SPC and SPD
analysis are summarized in Table 4.

The analysis results from Table 4 indicate that the LED
spectral model proposed in this study referred to as the 13-
LED A+ spectrum, which combines BB-pcWLEDs (EFFILUX.
2025) with other LEDs (13 types in total) achieved the best
performance. It yielded the highest SPC at 99.52%, indicating
a spectrum that closely matches natural sunlight, and the
lowest SPD at 17.42%, suggesting minimal deviation from the
standard AM 1.5G solar spectrum. This demonstrates that the
13-LED A+ configuration provides excellent spectral
performance despite using a relatively small number of LED
types. In comparison, the study by (Vosylius et al. 2023), which
utilized only six LED types, also achieved Class A+ status
under the new IEC 60904-9:2020 standard (International
Electrotechnical Commission. 2020), but resulted in a
significantly lower SPC (91.8%) and a much higher SPD (61.1

in

Ingensity(W-m*-nm")

n

100 1000

Wavelength(nm)
(c) 15 LED:s [6]

D Arroy Spectrum v AM 1.56 Spectrum { Equel Aress )

|
g I N ‘L‘\‘
: f\(\“u"“‘ A
| \,#/\\ “\“(#\“H\
It — M

Wavelength (nm)

(e) 19 LED:s [8]

(f) 23 LEDs [10]

Fig. 3 A spectral model of the 13-LED Class A+ LSS compared with the LSS spectra from the references (Vosylius et al. 2023, Sun et al. 2022,

Tavakoli et al. 2021, Lépez-Fraguas et al. 2019 & Linden et al. 2014)
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Table 4
Results of the SPC and SPD analysis for all LED spectra used in this study.
Configurations Spectral Class Wavelength (nm) SPC (%) SPD (%) References
13 LEDs A+ A+ 300to01,200 99.52 17.42 Our study
6 LEDs A+ 300to 1,200 91.80 61.10 (Vosylius et al. 2023)
14 LEDs A 350to 1,100 61.38 61.07 (Lépez-Fraguas et al. 2019)
15 LEDs A 400 to 1,100 83.32 35.10 (Sun et al. 2022)
19 LEDs A 250 to 1,000 83.94 45.53 (Tavakoli et al. 2021)
23 LEDs A 350to 1,100 95.21 38.77 (Linden et al. 2014)

%). This indicates a higher deviation from the reference solar
spectrum. Even the LSS spectrum from (Linden et al. 2014),
which incorporated 23 LED types, showed a higher SPD than
the 13-LED A+ model proposed in this study.

This comparison highlights that using a larger number of
LED types (e.g., 19 or 23) does not necessarily improve spectral
performance. For example, the 23-LED configuration achieved
a high SPC of 95.21% but still exhibited a relatively high SPD of
38.77%, which is notably higher than that of the 13-LED A+
model. These findings suggest that the selection of LED
wavelengths and the optimization of spectral intensity are more
critical than the sheer number of LED types used. Moreover, this
study confirms that SPC and SPD values do not inherently
improve with an increasing number of LEDs. Instead, the
performance strongly depends on the type, wavelength, and
spectral alignment of the selected LEDs.

However, the LSS spectra reported in (Sun et al. 2022,
Tavakoli et al. 2021, Lépez-Fraguas et al. 2019, & Linden et al.
2014) were developed under the earlier standard, IEC 60904-
9:2007 (International Electrotechnical Commission. 2007),
which employed less stringent performance criteria for solar
simulators compared to the updated IEC 60904-9-2020
(International Electrotechnical Commission. 2020) For instance,
the 2007 standard only required spectral match up to Class A
and did not include performance indicators such as SPC and
SPD. This aligns with the objective at the time to design and
build LSS systems, achieving the best performance under the
old criteria, typically classified as Class AAA. As a result, when
these spectra are evaluated using the updated 2020 standard,
their SPC values tend to be lower, particularly in systems that
used fewer types of LEDs. For example, systems using 14 and
15 LEDs yielded SPC values of 61.38% and 83.32% respectively.
In contrast, a system using 23 LEDs achieved a higher SPC of
95.21%. These results confirm the earlier design trend: fewer
LED types generally led to lower SPC, and increasing the
number of LED types improved SPC. However, even with more
LED types, the SPD may still not meet the stringent spectral
accuracy required by the 2020 standard. This indicates that
increasing the number of LED types alone is not sufficient
precise wavelength selection and spectral tuning are also
essential to meet the new performance metrics.

In summary, based on a comparison with previous studies,
the approach proposed in this research using the 13-LED A+
spectrum demonstrates superior performance. The designed
spectrum covers the wavelength range from 300 to 1,200 nm,
achieving a remarkably high SPC of 99.52%, and the lowest SPD
among all compared groups, at 17.42%. These results indicate
that the proposed method provides a simulated spectrum

closely resembling the standard solar spectrum (AM1.5G), while
efficiently utilizing a relatively small number of LED types. Thus,
it represents an optimal design for high-performance solar
simulation in engineering applications. Moreover, the spectral
simulation model developed in this study can serve as a basis
for the development of a high-quality prototype LSS in future
research.

3.3 Limitations of This Study

The process of generating spectrum data using
WebPlotDigitizer may introduce inaccuracies due to several
factors, including image resolution, axis calibration errors, and
human clicking errors. These potential inaccuracies in the
spectral data were not taken into account when calculating the
SPC and SPD in Section 3.2 and are acknowledged here as a
limitation of the study.

4, Conclusion

The objective of this study was to design and simulation a Class
A+ LED Solar Simulator spectrum using BB-pcWLEDs through
a data-driven reconstruction approach. This method utilized
spectral data from LED manufacturers to identify the minimum
number of LED types required to achieve the best SPC and SPD.
The results showed that using BB-pcWLEDs (covering 400-
900 nm) in combination with UV, visible, and NIR LEDs, 13
types in total, enabled the creation of an irradiance spectrum
that meets the Class A+ requirements of IEC 60904-9:2020. The
measured SPC and SPD values were 99.52%, and 17.42%
respectively, indicating excellent spectral performance. The use
of BB-pcWLEDs and the data-driven reconstruction method
introduces a new paradigm in LSS spectral design, making it a
highly efficient solution for high-end solar simulation in
engineering applications. A limitation of this study is the
potential inaccuracy of the spectral data derived using
WebPlotDigitizer, which may be affected by factors such as
image resolution, axis calibration, and manual clicking errors.
These deviations could be minimized by using numerical
spectral data directly provided by LED manufacturers. This
work provides a foundation for future research and
development of high-quality LSS systems, applicable in both
academic and industrial solar cell testing. The next research
direction will focus on developing a hardware prototype of the
solar simulator and validating its irradiance spectrum under
actual operating conditions, in compliance with IEC 60904-
9:2020.
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