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Abstract

Commercial PV technology is rapidly evolving, with many new products now available in the
Australian market. Despite manufacturers specifying positive power tolerances, increasing
reports of underperformance have emerged. Here, we evaluate 13 commercial PV modules
from 9 manufacturers, representing a range of p-type and n-type technologies. Flash testing at
UNSW found that all modules performed below nameplate ratings. P-type modules showed 2—
7% deviation, n-type modules 0.6—4.5%, and the tested HJT module ~10%. The latter also
exhibited early metallisation corrosion under PL/EL, likely linked to moisture ingress despite
never being fielded. Modules of the same type were highly consistent, with an average deviation
between pairs of only ~0.2%. If the ~4.1% average Pmax deviation observed is representative
of Australia’s 3 GW of rooftop PV installed in 2024, this corresponds to an estimated ~$122M
AUD in lost value, or ~$300M including utility-scale systems, highlighting the substantial
economic value of independent local module testing.

Background

In recent years, independent testing overseas has highlighted growing nameplate
underperformance [1-3]. Fraunhofer reported increasing deviation over time [1], while TUV
Rheinland found widespread underperformance of 0-2% across technologies measured onsite
with their mobile lab [2]. Compounding this risk, new technologies have been rapidly adopted
eg. almost the entire industry went from p-type PERC to n-type technologies in <3 years [4,5],
aiming to reduce light-induced degradation (LID/LeTID) [6]. However, each major design
change has introduced new reliability challenges, such as moisture sensitivity in HJT cells [7]
and metallisation-encapsulant interactions in TOPCon [8]. To mitigate these risks, purchasers
who carry out quality assurance procedures, including factory-to-field inspections and
monitoring, can command better product. Such services, offered by firms like Kiwa Pl Berlin [9],
CEA [10], and locally, PV Lab Australia [11], are generally only accessible to large buyers. This
leaves a gap in the Australian market which, unlike Europe, lacks sufficient independent module
testing capacity and procedures.

This study sources a range of commercially available module types in Australia, including
PERC, TOPCon, back-contact, and HJT cells, as well as shingled, bifacial glass-glass, and
lightweight flexible constructions from nine manufacturers. Modules were characterised by |-V,
photoluminescence (PL), and electroluminescence (EL) at UNSW before being installed on a
Sydney rooftop for long-term monitoring. Here we report the initial performance results.

Modules Included in the Study

Two modules of each of 13 different types were purchased from Australian distributors in
September 2024 (Table 1). Most products specify only positive power tolerance, implying all
modules should meet or exceed their nameplate. Costs show no clear technology trend, as
brand and supplier dominate pricing. Note that this is a selection of modules; the HJT sample
represents a single module type and may not be broadly representative. The HJT module type
was the only one with IEC 62941 (Quality system for PV module Manufacturing) certification.
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Table 1: Module types, power ratings and cost
(anonymised; red = n-type/TOPCon; blue = p-type/PERC)

Manufa- Cell Module Power
cturer  Wafer Type Type (W) Tolerance Panel cost Cost/Watt
A p-type PERC Glass-BS 415 0/+5W $125 $0.30
A n-type = TOPCon Glass-BS 440 0/+5W $135 $0.31
B p-type PERC Glass-BS 415 0/+5W $ 145 $0.35
B n-type = TOPCon Glass-BS 415 0/+5W $135 $0.33
C p-type PERC Shingled 410 +3/0% $195 $0.48
Bifacial Shingled
C n-type TOPCon (glass-glass) 450 +3/0% $ 235 $0.52
Bifacial (glass-
D n-type = TOPCon glass) 440 0/+5W $ 145 $0.33
Light-weight

E p-type PERC flexible 430 0/+5W - -

F p-type PERC 350W (older) 350 0/+5W $195 $ 0.56
F p-type PERC Glass-BS 415 +/-5W $ 300 $0.72
G n-type BC Glass-BS 440 +/-3% V&I $ 230 $0.52
H p-type BC Glass-BS 440 0~3W $135 $0.31
I n-type HJT Glass-BS 420 0/+10W $ 320 $0.76

Initial measurements

Modules were imaged using a BT Imaging M1 PL/EL system and measured with an EternalSun
Spire Spi-Sun Simulator™ 5600SLP Blue System that was commissioned in 2019 with A+A+A+
filtered Xenon lamp (230ms pulse, 300-1200nm; IEC-60904-9 Ed. 3). The simulator was
calibrated against the Isc of an older similar-sized “silver” or secondary reference module
(according to international standard IEC 60904-2 for PV reference devices), which is generally
sufficient for UNSW that is not a certified testing lab. Pairs showed excellent consistency:
maximum Pmax difference <0.6%, average ~0.24%. Across all |-V parameters (Voc, Isc, Pmax,
Vmp, Imp, FF) the average pairwise difference was only 0.26%. This demonstrates strong
production consistency and tool repeatability.

For manufacturers offering both p-type and n-type, variance was smaller in p-type pairs (~0.1%)
than n-type (~0.4%), indicating more mature process control in PERC production.

Figure 1 shows one I-V curve per module type. Within each power class (415 W and 440 W),
modules exhibit nearly identical |-V characteristics. The exception is the 415 W TOPCon
module, which shows a noticeably higher Voc and Vmp compared to the PERC modules,
consistent with the improved carrier passivation of TOPCon contacts [12].

Distinct Isc—Imp steps in shingled and HJT modules point to non-uniform current generation.
This may indicate non-uniformity in the flash tester illumination or the modules themselves. The
fact that the reference module Pmax measures higher than nameplate (Fig 2), and Imp (not
shown), suggests this non-uniformity does not significantly impact all modules [13] and can be
at least partially explained by non-uniformity within the modules, as somewhat validated by
distinct non-uniformities observed in the PL images of the p-type shingled (not shown) and HJT

(Fig 3).
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Figure 1. |-V data for each module type

Calibration, Adjustment and Uncertainties

During testing, a new Avalon NEXUN LED (A+A+A+ 300-1200 nm IEC60904-9 Ed. 3) tester
was being commissioned alongside the Spire Spi-Sun Simulator™ 5600SLP Blue System.

One severely underperforming HJT module was tested there to confirm that the ~10% Pmax
(open circle Fig 2) deviation on the Spire tester was not an artefact of the Spire system. The
steps observed in the Spire HJT |-V curve are not visibly present in the Avalon measurement
(dark green dashes in Fig 1) indicating at least some of the non-uniformity in the Spire.
However, the underperformance was even more significant at just over 11% below Pmax (green

triangle in Fig 2).

During commissioning, the Avalon NEXUN was validated to be accurate with two “gold”
(primary) reference modules measuring precisely. Subsequently, the “silver” reference module
was measured revealing ~3% Isc degradation, consistent with the reference having aged.
Consequently, the Spire tests were effectively conducted at elevated irradiance, inflating
measured performance. Adjusted Pmax values for each module were determined by
recalculating the Spire |-V data sweep data using the reference module /sc ratio between the

two testers (shown in in Fig 2.).

The adjusted Pmax for the reference module underestimates the highly calibrated measured
Pmax, but overestimates for the HJT, which may be partially due to HJT light recovery effects
[14]. With successive flash tests the HJT Pmax continued to improve eventually measuring
9.8% below nameplate. The other key difference is likely the susceptibility to the increased non-
uniformity observed in the HJT Spire I-V. Comparing the underperformance at Jsc with Pmax
and Imp [13], indicates that this effect is negligible in most modules, including the old PERC
module with relatively non-uniform PL. However, may have impacted the flexible module with
cells rotated 90° to most modules and the same as the HJT module, and the shingled modules,
with strings running the full length of the module, and known susceptibility to shading [15,16]. Of
the remainder, which all have similar string configuration, only the n-type BC showed relatively
lower Pmax/Imp, which could be due to the non-uniformities observed in PL/EL (not shown), or
shunting which is a known challenge for BC cells [17]. It is also possible that some spectral

differences exist between the tools affecting technologies differently [13].
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While we expect the adjusted values to be more representative of actual values for most
technologies, due to the uncertainties, we conservatively use the uncorrected measured values
(with significantly elevated intensity but slight non-uniformity affecting specific technologies)
combined with the adjusted values, to provide an indicative range.
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Figure 2. Maximum power point deviations from nameplate for each module type
(Uncorrected, Adjusted, Avalon remeasured); whiskers represent the pairs of modules.

Power deviation from nameplate

As the summary of Pmax deviation shows in Figure 2, all modules underperformed relative to
nameplate, despite positive tolerances. The p-type modules have consistently larger
underperformance than the-n-type with two exceptions of the older PERC and HJT modules.

Key findings:
e p-type modules: average 2.8-5.8% underperformance (measured—adjusted averages)
¢ n-type modules: average 1.1-4.5% underperformance
e HJT module: ~10% underperformance (single type only)*

e An older p-type PERC module showed the least deviation (despite time to age), aligning
with reports that nameplate deviation has worsened in recent years™.

e 2024 product: ~4.1% average Pmax underperformance™**.
*A similar investigation by NREL, found that 2023 modules, including one HJT, showed
significantly more underperformance than modules from 2016-2020 [3].
** A possibly conservative estimate uses the average of the inflated and adjusted

measurements for all 2024 modules, except HJT which used the Avalon measured Pmax after
improvement due to repeated flash tests.

Photoluminescence/Electroluminescence Imaging

Most modules displayed relatively uniform luminescence and minimal cracks, reflecting good
manufacturing quality. Exceptions were flexible modules, some moderate non-uniformities in the
shingled and n-type BC modules and the old PERC module (not shown due to space
restrictions); and, most concerningly the HJT module (Fig 3), which shows early moisture-
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related defects, likely linked to the backsheet construction [7] despite having never been fielded.
As the M1 PL uses a line-scanning technique, bright regions can also represent high series
resistance due to reduced lateral current flow away from the excitation site [18]. Interestingly,
(aside from HJT) the older PERC module showed the most visible imperfections but the least
nameplate deviation, suggesting tighter quality control in more recent manufacturing.
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Figure 3. Photoluminescence image of a heterojunction module
Implications

If we assume that the average ~4.1% Pmax deviation applied to all 3.2GW of rooftop PV
installed in Australia in 2024 [19], this equates to ~0.122 GW less capacity delivered to the grid
and ~$122M AUD of lost value in 2024 alone. This could be up to 0.3GW and $300M if also
applicable to utility modules. In addition, the HJT module performance is already below the end
of 25-year warranty specified power output before even entering the field. Given these
uncertainties, typical consumers (and even distributors/installers) lack the tools to verify module
performance, underscoring the value for accessible, independent testing capacity in Australia.

Summary
* 13 modules from 9 manufacturers tested at UNSW.

»  All modules underperformed relative to nameplate, despite positive tolerance
specifications.

* Deviations: p-type 2—7%, n-type 0.6—4.5%, HJT ~10%.

*  Module pairs showed excellent consistency (<0.3% average deviation).

*  HJT module exhibited early corrosion features linked to moisture ingress.

* Reference calibration error complicates absolute values, but trends are robust.

» At national scale, such underperformance could equate to annual losses of several
hundred million AUD
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