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Abstract

The high-efficiency silicon heterojunction (SHJ) technology is now perceived mature
enough to enter the Giga-Watt manufacturing scale with several players around the
globe. The growth of the SHJ technology requires confidence from manufacturers,
investors, and system developers about its reliability and long-term performance. In
this work, we perform a literature survey collecting performance data (and perfor-
mance loss rates [PLRs]) published for SHJ modules. Publications on this specific sub-
ject are still limited; however, enough available data exist to drive some preliminary
conclusions. Despite a long list of caveats specific to this type of meta-analysis, when
considering all published datasets, we obtain for SHJ modules median and average
PLR values of 0.56%/year and 0.70%/year, respectively. These numbers are in line
with PLR generally reported for field-deployed crystalline silicon (c-Si modules). We
then apply a filtering procedure to distinguish what we perceive to be high-accuracy
datasets from less accurate ones. This methodology is understandably arbitrary, but
it helps increasing the robustness of the present analysis. Our refined analysis leads
us to slightly higher PLR for SHJ modules: 0.80%/year and 0.83%/year for median
and average values, respectively. These values fall between previously reported PLR
of ¢-Si and thin-film modules. Additionally, we observe some mild correlations
between the PLRs and the climatic conditions of the installation sites, even if we
need to stress that for each climate, we find a large variability, including a PLR value
as low as 0.29%/year. We complement the survey with information about the main
failure modes reported in the literature for this technology and an analysis of the
limits and caveats for this type of study. The most significant one is that the reported
numbers refer—for the vast majority—to modules from just one manufacturer
(i.e., the first company manufacturing and commercializing the SHJ technology). We
finally point out that a deep understanding of the potential weaknesses of the
technology—collected over the years—has led to several improvements in terms of
reliability. A careful material choice and module design may in fact allow the SHJ

technology targeting extended service lifetimes of 35+ years.
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1 | INTRODUCTION

The global solar photovoltaic (PV) industry has been growing expo-
nentially over the last two decades. With a newly installed capacity of
~183 GW last year, the cumulative capacity has approached almost
1 TW worldwide by the first quarter of 2022.

With a market share of approximately 95%, the dominant PV
module technology is that based on crystalline silicon (c-Si) cells (with
the remaining share covered by thin-film based technologies). Due to
several factors, which include efficiency, costs, technology track
record, availability of materials, and stability, the dominant role of c-Si
solar cells and modules is deemed to continue.?

As a result of the relatively young age of existing PV installations,
experience about their long-term performance is key to investors, pro-
ject developers and plant owners. Nowadays, most PV manufacturers
guarantee a linear power reduction, with a maximum loss of 16% to
20% after 25 years of operation. Nevertheless, studies have shown
that PV modules can suffer from non-linear degradation losses or
early life failure modes, such as potential-induced degradation (PID)*
or other degradation modes. Therefore, a close monitoring of the per-
formance of modules installed in the field is essential in studying their
failure modes and, thus, in developing stable modules that can target
35+ years of active service lifetime.

Modules made with conventional c-Si PV cells (i.e., aluminum
back-surface field [Al-BSF]) have been in the market for the longest
time and have the longest track record. They are currently by far the
leading solar cell technology, in terms of cumulative installations, but
are about to be completely replaced by more sophisticated technolo-
gies, still based on c-Si wafer, that allow targeting higher efficiencies.
This is the case of the passivated rear-emitter cell (PERC), which has
become in the last 3-4 years the workhorse of the industry (see
Figure 1). Other high-efficiency technologies, including silicon hetero-
junction (SHJ) and tunnel oxide passivated contact (TOPCon) solar
cells, will compete in the coming years for increasing their market
share. Noticeably with increased efficiency and reliance on surface
passivation and higher bulk lifetime, these advanced cell technologies
can easily become more prone to degradation.

Developed by Japanese manufacturers in the 1970s, SHJ solar
cells are based on an n-type c-Si wafer, with doped amorphous silicon
(a-Si:H) layers deposited on the top and bottom surfaces. A transpar-
ent conductive oxide (TCO) is used as a transparent electrode.* With
record efficiencies of large 6" cells of 26.81%,> they offer several
advantages over conventional Al-BSF and high-efficiency (e.g., PERC)
cells. The main benefits of the industrialization of SHJ solar cells are
the shorter processing times and the reduction in the number of
manufacturing steps, as well as the possibility to use a lower wafer
thickness thanks to the ideally passivated surfaces, thus potentially

lowering production costs and material consumption. Additionally, the

passivating properties of the a-Si layer allow the achievement of
higher open-circuit voltages (Voc) (i.e., 751 mV for the SHJ record cell
compared to 650 and 700 mV for AI-BSF and PERC solar cells,
respectively®), and consequently, lower temperature coefficients of
the power, which leads to increased energy yields particularly in hot
climates. An additional advantage of using a TCO on both faces is that
the cells are “naturally” bifacial, with potential bifaciality factor over
90% (compared to 70% of that of PERC solar cells).” This characteris-
tic can potentially allow site-dependent (ground albedo, design of the
mounting structures, etc.) energy-yield gains in the range of 10% to
20%.57

Besides the several advantages, some drawbacks are also associ-
ated to the SHJ technology. One of them is related to the string and
cell's interconnection processes. The passivating a-Si layer should usu-
ally not be heated at temperatures exceeding 200°C to 220°C. Thus,
SHJ cells can usually not be stringed using conventional high-
temperature soldering, unless the process and soldering materials are
adapted. One possible easier approach is to use electrically conductive
adhesives (ECA), which have a high silver (Ag) content, to “glue” the
ribbons to the cell's busbars. Moreover, the symmetrical stack struc-
ture implies printing a Ag grid on both sides of the cell. The consump-
tion of Ag is, thus, higher for SHJ cells than for PERC or other
technologies. The industry has been working on finding solutions to
reduce Ag consumption by creating alternative interconnecting pro-
cesses. These include using multi-wire (MWT) or SmartWire technolo-
gies (SWCT) or using copper-plated grids.2®° Another potential
bottleneck towards a massive deployment of this solar cell technology
in the coming decades is related to the availability of some key ele-
ments, such as indium (In).** Indium tin oxide (ITO) is, in fact, the most
widely used and reliable material for TCOs. It is commonly used in the
electronic industry, particularly for touch screens and large-area dis-
plays. Thus, efforts are also being made to overcome this potential
constraint. Some groups use alternative TCOs, such as aluminum-
doped zinc oxide (AZO),*? and transparent conductive layers such as
copper or carbon nanotube networks.*®'* Alternative solutions aim
to reduce the thickness of the ITO layer (using some capping layers
based on silicon nitride [SiN,]) or completely get rid of it.*>¢

Presently, SHJ modules cover ~3% global market share but,
thanks to their several advantages, and the number of players enter-
ing the market, this number could increase considerably in the coming
years (~19% by 2032 [see Figure 1] according to ITRPV?). The SHJ
solar cell/module technology is not a new one. The first SHJ cell
(called HIT: heterojunction with intrinsic thin-layer) was patented by
Sanyo (later Panasonic) in 1997.Y This patent prevented other manu-
facturers from producing this solar cell structure; hence, its commer-
cialization and deployment was limited to Sanyo/Panasonic for more
than a decade. However, the patent that protected the HIT technol-
ogy expired in 2010, allowing other players to potentially enter the
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FIGURE 1 Projection of the world market share of different solar
cell technologies over the next decade (Source: ITRPV2022): back-
surface field (BSF), passivated rear-emitter cell (PERC), passivated
rear-emitter locally diffused (PERL), passivated rear-emitter totally
diffused (PERT), and tunnel oxide passivated contact (TOPCon).
[Colour figure can be viewed at wileyonlinelibrary.com]

market and with different manufacturing processes. Consequently,
R&D activities for this technology have experienced a significant
growth over the last decade, leading to several initiatives of industrial
players deciding to invest in it and announcements in 2021 and 2022
of capacity expansions targeting the Giga-Watt scale.

SHJ technology is key to boost the European PV market, and sev-
eral companies in Europe have decided to proceed on to mass produc-
tion. With a production capacity of 600 MW in Singapore, the REC
Group has announced the addition of 600 MW more to their SHJ pro-
duction line by the end of 2022.18 Maxwell is their main equipment
supplier for cell lines. Hevel Solar, one of the first companies to enter
mass production, currently runs a 340 MW manufacturing line in
Russia.r? Additionally, Meyer Burger, who delivered several production
lines, has now moved to solar cells and module production, focusing on
SHJ with the SWCT technology in Germany.2° Production of SHJ mod-
ules has started with a capacity of 400 MW per year, now in ramp up
to 1.4 GW (with plans to expand to over 5 GW in the coming years).
Similarly, 3SUN from Enel Green Power (EGP) has ramped a
manufacturing line of SHJ cells/modules in Italy (200 MW) and targets
capacity expansion plans to 3 GW of production in the coming years.?*

Many manufacturers in Asia, particularly in China, have also taken
steps to increase their production capacities. Companies such as GS-
Solar, Huasun New Energy, and Akcome, with installed capacities of
500-600 MW, have announced expansion plants for the Giga-Watt
scale.?224 Talesun also announced plans of building a 5 GW factory.?®

The surge of the SHJ technology in the PV industry requires con-
fidence from manufacturers, investors, and system developers about
its reliability and long-term performance. With this aim in mind, in this
work, we have been collecting data published over the last two
decades (literature reporting degradation rates and performance indi-

cators for SHJ modules). We have also gathered information about

oo BTSSR

failure modes specific to this technology and ways of mitigating/

preventing their occurrence.

2 | METHOD AND APPROACH

Recent evidence suggests that properly designed modules can reach
service lifetimes of 25-30+ years.2728 A frequently used definition
of lifetime for modules/systems refers to a threshold (power loss
beyond a defined limit) corresponding to 80% of the initial nominal
power of the device.

However, the lifetime is expected to depend on the operating
conditions. In particular, it is strongly influenced by the general cli-
matic conditions and the type of installation (e.g., open-rack mounting
versus full building integration) that may affect the module ventilation
and consequently impact the module's operating temperature.

Typical long-term annual degradation rates have been reported
(from statistical analyses of data given in the literature) to be in the
order of 0.5%/year to 1%/year for conventional c-Si modules and
somewhat higher for thin-film modules.?**° Additionally, for simplic-
ity, performance losses are generally assumed to follow a linear trajec-
tory, even if this is not the case, particularly when the modules
approach their end of life.2?” The most relevant ageing and failure
mechanisms for c-Si modules that may arise in the early period (so-
called “infant-life” failures), during the middle of the operating life,
and at the wear out (end of life) include module delamination, glass
breakage, encapsulant discoloration (or browning), corrosion of cell
interconnects (and of anti-reflective layers), cell or ribbon breakage,
and many others.

In addition to impacting the module performance, these failures
can, in the worst cases, lead to safety hazards such as the loss of elec-
trical insulation.

Unfortunately, inferring the service lifetime of PV modules exclu-
sively based on stress tests performed in the laboratory is a complex
task and often leads to unrealistic estimations. Monitoring and perfor-
mance data of field-deployed modules (of the same make/typology)
extending over a reasonable time horizon (understandably, the longer
the extension of the time series, the better) should complement this
information in order to get a realistic estimation of the service lifetime
of these devices and increase market acceptance of a specific

technology.

21 | Overview of studies reporting on SHJ
technology

In this survey, we collected 54 data points originating from 14 differ-
ent studies and various climates (see Table 1). Understandably, most
entries are relative to the Sanyo/Panasonic's HIT technology, the first
company to manufacture and commercialize the technology, and the
only one for which a relatively long time series of field-deployed mod-
ules have been published. In Table 1, we can observe that most of the

installations are less than 10 years old.
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TABLE 1

Description of the datasets investigated in the survey: location, climate, installation year, years in operation, manufacturer, module

structure (G/BS = glass/backsheet, G/G = glass/glass), and type of structure (BIPV = building integrated PV).

K6ppen climate

Institute Location classification
AIST Tsukuba, Japan®®? Cfa—Humid suptropical
Kyushu, Japan®32
AsU Arizona, USA® Bwh—Hot desert
EURAC Bolzano, Italy®** Cfb—Temperate oceanic
Nicosia, Cyprus®>* Bsh—Hot semi-arid
Alice Springs, Bwh—Hot desert
Australia®>*
Milan, Italy?34 Cfa—Humid subtropical
Catania, Italya‘34 Csa—Hot-summer
Mediterranean
Hevel Solar Novocheboksarsk, Dfb—Warm-summer humid
Russia®®® continental
NISE Gurgaon, India3® Bsh—Hot semi-arid
India (multiple -
locations)®”
NREL Colorado, USA2%8 Bsk—Cold semi-arid
USA (multiple -
locations)®?
SERIS Singapore"“40 Af—Tropical rainforest
SERT Thailand®** Aw—Tropical savanna
SUPSI Lugano, Switzerland®*? Cfb—Temperate oceanic
TOV Tempe, USA™*® Bwh—Hot desert
Rheinland Chennai, India®*® Aw—Tropical savanna
Ancona, Italy**® Cfa—Humid subtropical
Cologne, Germany®*® Cfb—Temperate oceanic
ZHAW Dietikon, Zurich, Cfb—Temperate oceanic
Switzerland®**

Installation Years in Module Type of

year operation  Manufacturer  structure  structure

2004 3 Sanyo/ G/BS Ground

2012 4 Panasonic

2010 6 Unknown - -

2010 6 Sanyo/ G/BS Ground

2006 8 Panasonic

2008 7

2009 6

2009 6

2017 4.5 Hevel Solar G/BS, Ground

G/G

2009 2 Sanyo/ G/BS Ground
Panasonic

2006 10 Sanyo/ G/BS Ground
Panasonic

- 6 (mean) - - -

2010 9 Sanyo/ G/BS Rooftop
Panasonic

2012 4 Unknown Unknown  Ground

2016 4 Prototype G/G Ground and

BIPV

2016 2 Unknown Unknown  Ground

2009 10 Sanyo/ G/BS Rooftop
Panasonic

Note: Where the symbol (-) is present, the module were installed in several different locations and no direct information is available.

*The works considered more accurate.

Several works have been published comparing the performance
and performance loss rates (PLRs) of c-Si and thin-film technologies,
highlighting the relevance of several factors in this kind of analy-
sis. 304546 A sound methodology is, in fact, a critical aspect in order to
obtain reliable results in these types of studies. Each institute/group
uses different set-ups and methodologies (including data processing,
aggregation, and filtering) to assess the long-term performance of
modules or strings. These factors can all play a significant role in the
assessment of PLR. As a general rule, we consider current-voltage (/-
V) measurements of individual modules performed regularly over time
indoors as a more accurate method for this kind of analysis, compared
to data obtained by outdoor monitoring systems (e.g., the perfor-
mance ratio [PR]). However, for various reasons, including practicality,
most of these data are usually obtained by analyzing time series of PR

data. Conversely, several methods can be applied to improve the data

accuracy and improve the accuracy of outdoor data. In this work, we
label as high-accuracy datasets the ones that meet the following

criteria:

e Indoor laboratory measurements of modules at Standard Test Con-
ditions (STC):

o Measurement of modules at STC taken before their installation,
rather than using the nameplate rating (i.e., the value provided
by the manufacturer) as the initial value, to avoid the underrating
or overrating of initial power values.*’

e In the case of outdoor performance measurements (when
reported):

o Available information on the periodic service and

maintenance of the monitoring system (regular calibration

and cleaning of radiometric and other sensors);
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o Available information on proper data treatment and filtering
(generally on the irradiance and module power and removal of
outliers);

o The adoption of additional inspection methods, besides the
determination of electrical parameters, for example, visual
inspection and thermal imaging;

o A well-explained and thorough data treatment methodology.

Jordan et al. reported that degradation rates of modules could
vary depending on location and mounting configurations.>° They
showed that modules installed in hotter climates, such as deserts, and
those in array configurations leading to higher operating temperatures
can suffer higher degradation rates. Temperate climates are generally
characterized by more moderate temperature variations, with PV
modules not suffering from extreme weather variations, thus subject-
ing them to lower stress conditions. Figure 2 provides an overview of
the publications considered in this survey, granting information about
field exposure time, publication year, and the installation location. In
this work, the vast majority of the reported degradation rates refer to
modules deployed in different countries worldwide (mainly in temper-
ate and arid climates) for more than 4-5 years.

A more exhaustive discussion of the caveats of these types of

surveys is performed in the following section.

22 | Caveats
As mentioned above, in general, this kind of survey comes with some

limitations and caveats, which we briefly recall here.

1. High-accuracy (few) versus low-accuracy (for which no clear infor-
mation about the methodologies or monitoring systems used is

available) datasets are mixed.
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FIGURE 2 Overview of the publications considered in this
survey, providing information about field exposure time, publication
year, and color coded according to the country of installation. [Colour
figure can be viewed at wileyonlinelibrary.com]

2. Usually, module data (i.e., indoor laboratory measurements) are
mixed with degradation rates of arrays/systems, for which the
reported PLR may be partly due to performance degradation of
other non-module components (e.g., inverter, cables, and connec-
tors). Therefore, focusing on the arrays/system level (rather than
just on module level) may introduce more significant uncertainty in
the analysis, associated with resistive losses in the cables/
connections or inverter losses.

3. Climatic conditions may have a substantial impact on PLRs, when
the datasets are mixed together.

4. PLRs for the latest technologies are (understandably) not available,
as a minimum temporal horizon of at least a few years is required
for this kind of analysis.

5. Longer time series, for which it is possible to obtain more accurate
and reliable information, may be obtained for older modules/tech-
nologies, not necessarily representative of the technologies avail-
able on the market today.

6. A linear degradation rate is generally assumed, which may be a
good approximation in several cases, but not always. This kind of
analysis generally assumes, for simplicity and sometimes as a rea-
sonable approximation, constant degradation rates, corresponding
to a linear loss in performance over time. In reality, particularly dur-
ing the first months of field exposure and approaching end of life,
or in the case of modules with serious performance issues due to
specific failure modes, performance curves can follow non-linear

trajectories.24¢

Additional caveats are specific to the technology investigated in

this work (SHJ cells/modules). These include:

a. The vast majority of the PLR data reported in the literature for SHJ
are relative to Sanyo/Panasonic's technology, which may differ in
many respects from the technology developed/manufactured
today by other SHJ players. These differences may be relative to
the cells or the module structure.

o Many SHJ modules entering the market today have a glass/glass
(G/G) structure to benefit from the intrinsic bifaciality of SHJ
cells. However, Sanyo/Panasonic modules have a more conven-
tional glass/backsheet (G/BS) structure, even if it is highly prob-
able that this manufacturer adopted—at least for a reasonable
timespan—a backsheet containing a metal foil, used as a barrier
to water/moisture ingress. Thus, this structure somehow resem-
bles more that of a G/G module rather than that of a conven-
tional G/BS one. Only recently, Panasonic has disclosed the
module structure of their later products that are reportedly
manufactured with a conventional and breathable backsheet as
a rear cover using polyolefin (PO) and ethylene vinyl acetate
(EVA), respectively, as the front- and rear-side encapsulants.*®

o Additionally, Sanyo/Panasonic has introduced several techno-
logical advancements for their cells over the years. Initially, their
HIT cells had a front-emitter structure (with the p-doped a-Si:H
layer at the front), but they reportedly changed their technology

9 .48

to rear-emitter around 200 Therefore, the performance of a

10- to 15-year-old module may not be necessarily
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representative of a module manufactured today. The advan-
tages of a rear- versus front-emitter structure are briefly
recalled in Section 4.1.2.

b. Statistics (i.e., number of published works) and the temporal hori-
zon (maximum 10-15 years) for SHJ devices are still limited.
Therefore, the SHJ modules from other players presently entering
the market may exhibit different long-term performances (and deg-
radation modes) compared to the Sanyo/Panasonic technology for

which most information is available today.

Despite these potential limitations, we believe that this analysis is
strongly beneficial to better understand this technology's potential. In
parallel, focusing on potential weaknesses and specific failure modes
of SHJ modules and understanding the root causes behind, should

promote overcoming these potential reliability issues.

3 | LITERATURE SURVEY

3.1 | Alldatasets

It would be meaningless to assess the degradation rates of SHJ mod-
ules without comparing them to technologies with a longer track
record in the field. These would correspond to conventional c-Si and
thin-film technologies. In 2013, Jordan and Kurtz reported degrada-
tion rates of 2000 c-Si modules installed worldwide.?’ They observed
a median degradation rate of 0.5%/year for c-Si modules compared to
1.0%/year for thin-film modules. The reported PLRs on thin-film tech-
nologies are a mix of several of them (e.g., cadmium telluride [CdTe]
and copper indium gallium selenide [CIGS]). Conversely, due to the
age of the modules, the PLR for c-Si refer to mainly modules manufac-
tured with conventional c-Si based on AI-BSF. In 2016, this work was
further expanded by reporting more than 11,000 datasets on PV mod-
ules/systems in different countries.®° Here, more mainstream technol-
ogies, such as PERC solar cells, were considered, SHJ solar cells
included. Nevertheless, the mean PLRs for c-Si and thin-film technolo-
gies were very similar to the previous ones.

As previously mentioned, in this survey, we analyze 54 datasets
from 14 different publications. Figure 3 shows (a) a histogram distri-
bution of PLR (%/year) together with a Lorentz distribution curve and
(b) a corresponding Pareto chart for the reviewed degradation rates.
These charts provide an overview of all data points, including all cli-
mates and levels of dataset accuracy and entries from single modules
or string/arrays. The median PLR for all the investigated modules is of
0.56%/year, with an average of 0.70%/year (please note that in our
analysis, a positive value corresponds to performance degradation
over time).

However, the “reliability” of the different works surveyed may
sometimes be questionable. The direct comparison of PLR can be
problematic because, as previously pointed out, monitoring equipment
and practices and data analysis methodologies may vary considerably
between research groups. In Section 2.2, we discuss the issues of con-

sidering constant degradation rates. In this literature survey, all

Median: 0.56 %/year
Average: 0.70 %/year
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FIGURE 3 (a) Histogram of all 54 datasets investigated in this
survey reporting the PLR for SHJ modules, fitted with a Lorentz
distribution curve. Solid and dashed lines indicate the median and
average values, respectively. (b) The corresponding Pareto chart, with
the median PLR defined as 50% of the cumulative probability. In our
analysis, a positive PLR corresponds to performance degradation
over time. [Colour figure can be viewed at wileyonlinelibrary.com]

analyzed contributions assumed a linear degradation trend. In a paper
reporting about a 10-year-old SHJ system in Colorado, USA, the
authors observed a non-linear performance loss trend.®® Nonetheless,
they also adopted a linear model to describe the degradation rate of

the corresponding modules.

3.2 | High-accuracy datasets

In the following, we apply some filters to our analysis, preserving only
the datasets that we perceive as more accurate or for which more
information is made available by the authors. The applied filtering pro-
cedure is understandably arbitrary, but in our view, it helps in increas-
ing the accuracy of the present analysis. The conditions that we apply
to filter out what we perceive to be lower accuracy datasets are
recalled in Section 2.1. For example, Raupp et al. reported degradation

rates of PV systems installed in Arizona and Colorado.3® However, no
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clear information about the individual PV systems or the correspond-
ing operation and maintenance (O&M) practices are given. An addi-
tional dataset in this review pertains to a PV module reliability survey
published in 2016 covering multiple installations in India.3” Similarly,
several degradation rates were reported in 2020 for plants distributed
around the United States.®? A clear description of the monitoring sys-
tems and the exact locations of the PV modules/systems studied are
lacking in both reports, as well as specific information about the cli-
matic conditions of the installations. Removing these datasets from
the survey leads to an increased median and average degradation
rates of 0.80%/year and 0.83%/year, respectively, for the SHJ tech-
nology. In the US survey, Jordan et al. stated that the low degradation
rates with a median of 0.34%/year observed might be correlated to
installations in colder climates. Thus, the median and average PLR
reported in Figure 3 increase by removing these datasets. As observed
in Figure 4, most PLR datasets are distributed in the 0.5%/year to
1.0%/year range.

In the following, focusing on the 19 filtered datasets, we attempt
at observing if any particular correlation can be noticed between the

absolute values of the PLR and the site-specific climatic conditions.

3.3 | The effect of climate

Several works reported the impact of climate on PLR, with—in
general—systems installed in hotter climates experiencing higher deg-
radation rates compared to those installed in temperate climates.*°
Moreover, humid climates may also impact modules' long-term perfor-
mance by triggering specific degradation modes (e.g., delamination

and acetic acid generation if EVA is used as an encapsulant or PID*%).
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FIGURE 4 Histogram of 19 filtered “high-accuracy” datasets
reporting PLR for SHJ solar modules. The filtered datasets discarded
did not meet the conditions listed in Section 2.1. A Lorentz
distribution curve has been applied to the histogram. Solid and dashed
lines indicate the median and average values, respectively. [Colour
figure can be viewed at wileyonlinelibrary.com]

The studies analyzed in this meta-analysis report data from a variety
of climates. Here, we divide them according to the K&ppen-Geiger
classification (see Figure 5). A basic Képpen classification is applied in
Figure 5a, classifying the different locations as dry, temperate and
tropical (i.e., hot and humid) climates. In Figure 5b, more specific Kép-
pen-Geiger sub-classifications are applied. Additionally, due to the
specificity of the Mediterranean climate, we add it as a sub-class of
the temperate climate.

A large variability is observed for all data groups, regardless of the
climate. This may be possibly explained by two factors: the limited
amount of data and, in some cases, the relatively short times of opera-
tion of the investigated systems. As a first approximation, and surpris-
ingly, modules operating in temperate climates show the most
significant median degradation rates of 0.87%/year, followed by arid
(0.78%/year) and tropical climates (0.45%/year) and, finally, continen-
tal climates with the lowest median PLR of 0.29%/year.

With a median degradation rate of 0.78%/year, arid climates pre-
sent a lower variability when sub-classified into hot-dry and cold-dry
categories. PV systems/modules installed in cold-dry climates have a
median degradation rate of 0.91%/year, higher than those in hot-dry
climates, with 0.52%/year. Instead, the variability of the former is sig-
nificantly lower. The performance monitoring of PV modules reported
by Schweiger et al. in the dry-hot climate of Tempe (USA) shows a
slight reduction in the power of the PV modules in the first 2 years
(similarly to the ones observed in other locations), with a degradation
rate of 0.35%/year.*® In agreement with these findings, Sharma et al.
reported a 0.36%/year loss for their PV array in India.3® No visual
defects were detected. Conversely, a performance loss of 1.66%/year,
attributed to a significant encapsulant browning, was identified in
modules installed in Alice Springs (Australia).>*

Two publications report findings in dry-cold climates. Ingenhoven
et al. reported 0.78%/year performance loss in Nicosia (Cyprus), with-
out any apparent defects.>* Similarly, in 2018 Jordan et al. published
an exhaustive work on performance monitoring of a 10-year-old SHJ
array in Colorado (USA).*® A median degradation rate of 0.67%/year
was observed, with the authors concluding that the system showed a
similar trend to that of conventional c-Si systems. The performance
loss was non-linear, but a linear behavior was assumed. In this latter
work, the degradation was mainly attributed to a loss in V¢, which
may be compatible with a loss of the surface passivation properties of
SHJ solar cells.

With a median degradation rate of 0.87%/year, PLR data from
modules installed in temperate climates are the more abundant but
also affected by the most significant spread. This number barely
changes (i.e., to 0.85%/year) when removing the data points from
Mediterranean climates. Ishii et al. reported performance monitoring
data from SHJ modules installed in two different locations in Japan:
Tsukuba®! and Kyushu.®? The performance degradation over 3 years
of monitoring in the former was systematically lower than that
reported for monocrystalline Si technologies, whereas a higher loss,
that is, 0.8%/year, was observed in Kyushu compared to other c-Si
technologies monitored in parallel. Also, in this work, the authors

attributed the higher performance losses to a decrease in Voc. In the
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survey published by Ingenhoven et al., the SHJ modules installed in
temperate climates (Bolzano and Milan in Northern Italy) showed sig-
nificantly different degradation trends.>* Modules installed in Bolzano
and monitored by EURAC suffered a performance loss of 0.86%/year,
more in line with what was reported in other works. However, the
modules in Milan showed a significantly higher degradation of 1.67%/
year. Similarly to what was observed in Alice Springs, the high degra-
dation rate was attributed to a considerable encapsulant browning.
Conversely, performance monitoring of modules located in Cologne
reported the same trend as those in Tempe, below 1%/year.*® The
PLRs of two experimental G/G SHJ modules installed in Lugano
(Switzerland) showed a large variability.*? This work reported results
about two different mounting configurations: an open-rack and a fully
integrated one, mimicking a building integrated PV (BIPV) installation.
The PLRs for both G/G modules were significantly different. The
module in the open-rack configuration degraded by 0.84%/year, while
the BIPV module exhibited a more significant degradation of 1.87%/
year over the 4 years of monitoring. Again, this high value was
ascribed to a severe browning of the encapsulant material (likely
worsened by the higher operating temperatures due to a reduced
ventilation) rather than to degradation mechanisms specific to SHJ
cells/modules. Finally, in 2021, Carigiet et al. published a study of deg-
radation rates for SHJ modules installed in Zurich (Switzerland).** In
this case, a detailed methodology was followed where the authors
compared indoor measurements of modules to outdoor PR of strings.
They reported that the average degradation rate of SHJ modules from
indoor laboratory measurements was 0.26%/year, whereas PLR calcu-
lated from outdoor data were twice as high (0.52%/year). They attrib-
uted this mismatch to resistive losses in the cabling of the modules

connected in the string. This showcases the importance of “high-

accuracy” monitoring methodologies and the fact that degradation
rates of modules or string/arrays may differ due to contributions in
assessing the degradation rates from other non-module system
components.

SHJ modules installed in hot-summer Mediterranean climates
showed consistent degradation rates. In both publications, Ingenho-
ven et al. and Schweiger et al. reported PLRs just below 1%/year
(i.e., 0.97%/year and 0.93%/year, respectively).>**3 In principle, these
PLRs, though limited to just a few entries, position the Mediterranean
climate as the statistically most detrimental for the long-term perfor-
mance of the SHJ modules considered in the study.

Three reported datasets were from modules installed in tropical
(i.e., hot and humid) climates. PV modules installed in Thailand showed
a degradation rate of 1.3%/year through 4 years of monitoring.*!
Conversely, monitoring modules in Singapore over 9 years lead to
observed PLR of 0.45%/year.*® In this latter case as well, a significant
loss in Voc was reported. Finally, Ingenhoven et al. reported a 0.35%/
year loss rate in the tropical climate of Chennai (India), driven by a loss
in Voc.2*

Only one dataset was present for a continental climate, coming
from the region of Novocheboksarsk, Russia, and reported by Hevel
Solar.%> Two different set of module configurations were monitored:
G/G and G/BS. Bifacial SHJ solar cells encapsulated in G/G module
structure did not show any signs of degradation after 2 years of oper-
ation. Conversely, the same authors reported a median degradation
rate of 0.29%/year for the monofacial SHJ G/BS modules. Similarly to
other PERC modules being monitored in parallel, the degradation in
these SHJ modules was caused by a reduction in short-circuit current
(Isc) (not in V¢ or FF), showing that a good module design can pre-

vent Voc degradation.
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Unfortunately, the limited datasets for the different climatic con-
ditions, often accompanied by the large spread in the data for a spe-
cific climate, make it difficult to drive any sharp conclusions looking at
a correlation between PLR of SHJ modules and different climatic con-
ditions. The following section further analyzes the failure modes of
the PV modules/arrays studied in this survey.

4 | FAILURE MODULES AND POTENTIAL
WEAKNESSES REPORTED FOR SHJ CELLS/
MODULES

Identifying failure modes and weaknesses in the design of PV modules
is critical in improving their reliability/durability and long-term perfor-
mance. This can be done by carefully selecting the bill-of-material
(BOM), reinforcing the packaging structure and optimizing the
manufacturing processes and quality controls. Several authors have
extensively researched the main failure modes of conventional c-Si
modules, including Jordan et al.*¢ and the 2015 IEA-PVPS Task 13°
report. The authors found that, in conventional c-Si modules, one of
the main parameters affected in the degradation kinetics is the Isc.
The loss in Isc can be caused by several reasons, with one of the most
common being a reduction of light absorption due to encapsulant dis-
coloration. This is confirmed by Annigoni et al. reporting a significant
encapsulant browning (and a striking correlation between the degree
of browning and overall module performance) in a 35-year-old PV

installation in Lugano, Switzerland.?”

4.1 | Outdoor exposure (this survey)

41.1 | Encapsulant discoloration

In the articles surveyed in our analysis, several failure modes (specific
or not specific to the technology) have been reported for SHJ mod-
ules. Ingenhoven et al. observed significant degradation rates
(i.e., above 1%/year, higher than the median PLR reported) in SHJ
modules installed in Alice Springs and Milan.3* This was attributed to
a significant encapsulant discoloration, causing Isc losses. Similarly,
modules installed in a BIPV system in Lugano also suffered from high
degradation rates attributable—at least in part—to encapsulant brow-
ning. In these cases, the degradation mechanism is most likely related
to a poor encapsulant selection rather than to a degradation mecha-
nism peculiar to the SHJ technology. We similarly want to emphasize
that the largest degradation rates reported in Figures 3a and 4 are
correlated to encapsulant browning.

The very high PLRs might also be related to other degradation
mechanisms occurring in parallel to browning. As an example, Wohl-
gemuth et al. observed delamination between the encapsulant and
aluminum backsheet on Sanyo modules installed in the hot-dry cli-
mate of Tucson, Arizona.>® These modules reportedly presented sig-
nificant power losses, although it was unclear if directly linked to the

delamination process.

4.1.2 | Loss of passivation

Conversely, a different degradation mechanism—allegedly specific
to the SHJ technology—is reported for other systems and locations.
Some authors reported an apparent Voc loss, compatible with a
loss of the surface passivation properties in the SHJ cells, as the
main cause of degradation in SHJ modules. Luo et al. documented
a substantial loss in Voc in modules installed in tropical
Singapore,*® whereas Ishii et al. found similar behavior in the loca-
tion of Kyushu, Japan.*2 Moreover, Schweiger et al. consistently
observed a performance loss in SHJ modules with a continuous
degradation in Voc in several different climates.*® In addition, the
authors reported that this decrease did not show any signs of sat-
uration. Jordan et al., finding a non-linear degradation trend for the
SHJ modules installed in Colorado, dwelled more into the analysis
by performing electroluminescence (EL), photoluminescence (PL),
and dark I-V measurements, followed by microscopic analysis.®’
The authors found increased saturation currents at the module
level, concluding that increased carrier recombination was the
cause of the degradation. On the other hand, neither visual defects
nor hot spots were observed. Microscopic analysis based on trans-
mission electron microscopy (TEM) and dynamic secondary ion
mass spectroscopy (d-SIMS) led them formulate the hypothesis that
the passivation loss indicated by the reduction in Voc could be
caused by a reduction of the hydrogen content in the a-Si:H
layers. Zhang et al. reported additional results obtained on the
same samples,®! attributing the cell degradation to a loss in passiv-
ation and to an increased presence of bulk defects. Nevertheless,
the authors did not observe any specific indication of a deteriora-
tion of the a-Si:H layers.

For older SHJ modules (thus a considerable portion of the mod-
ules surveyed here), part of the reported loss of cell passivation prop-
erties, however, may be attributed to the use of front-emitter cell
structures, a structure which is not allegedly used any longer today by
SHJ cell manufacturers. Alternatively TCOs with lower density or
active grain boundaries, which should be controlled during cell proces-
sing, can lead to enhance diffusion of ions.

In front-emitter cells, Cattin et al. reported the lack of stability
(i.e., loss in Voc and FF) when SHJ cells with very thin p-doped a-Si:H
were exposed to light.>? Using thicker (p) a-Si:H layers may overcome
the problem, but increasing the absorption of light, thus reducing the
overall efficiency of the cell. This p-layer problem is not critical for the
rear-emitter cells, which have in fact demonstrated a higher stability

in laboratory stress tests.

4.2 | Indoor accelerated ageing testing

Literature on indoor accelerated ageing tests is still limited and in the
early stages when referring to SHJ cells and modules. All reported
studies highlight the importance of a robust encapsulation and pack-
aging structure to protect the active components of the module

against ageing and weathering.
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Water/moisture ingress

In 2019, Park et al. reported the sensitivity to damp heat
(DH) exposure of SHJ solar cells encapsulated in a G/G configura-
tion.”® This depended on the encapsulant used; they reported degra-
dation on cells encapsulated with EVA and polyvinyl butyral (PVB). In
both cases, the power loss was mainly driven by a loss in Isc, with a
less significant loss in FF and Voc for modules encapsulated with
PVB. Conversely, the adoption of polyolefin elastomer (POE) encapsu-
lants, with a lower water vapor transmission rate (WVTR) and a lower
water absorption, prevented this degradation from taking place. The
observed degradation kinetics was much faster than the one observed
in conventional c-Si solar cells encapsulated with EVA.>*>° Production
of acetic acid in PV modules usually takes around 2000-3000 h.>%>7
Therefore, the degradation in these SHJ-based modules is not caused
by acetic acid, but it must be rooted by some different degradation
mechanism, potentially water ingress.

Recent publications have also reported on DH-induced degrada-
tion on Cu-plated SHJ solar cells.’® As we mentioned previously, the
availability and cost of Ag can constitute a bottleneck for the main-
stream adoption of SHJ solar cells in the industry. Therefore, this type
of technology can be an effective alternative and assist on the efforts
of commercializing SHJ-based PV modules. Karas et al. performed DH
testing on SHJ solar cells encapsulated with EVA and POE in G/G and
G/BS configurations. Similarly to what reported by Park et al., G/G
modules encapsulated with EVA degraded the most, whereas the
ones encapsulated with POE showed slower degradation kinetics. The
degradation was driven by losses in Voc, Isc, and FF, caused by
increased recombination and series resistance. The limited moisture
ingress provided by the G/G configuration prevented part of the
higher degradation observed in G/BS modules, driven by passivation
losses. Thus, it emphasizes the sensitivity of SHJ solar cells to mois-
ture ingress and to possible interaction with the encapsulant and
other module/cell materials.

The effect of DH on industrial size SHJ solar cells was further

studied by Liu et al.>’

The degradation of unencapsulated bare SHJ
solar cells exposed to a hot and humid environment was attributed to
the susceptibility of the a-Si:H/c-Si interface to moisture. Fourier-
transform infrared spectroscopy (FTIR) measurements indicated the
formation of silicon-oxygen (Si—O) bonds, suggesting the oxidation of
the a-Si:H layers, with an impact on the passivating properties of
these layers. In the same work, the authors proposed the application
of capping layers made of SiN, and silicon oxide (SiO,) to the surface
and the edges of the TCO layer, demonstrating the possibility to fabri-

cate unencapsulated DH resistant solar cells.

422 | PID

Analogously, whereas PID on conventional c-Si cells and thin films is a
relatively well-understood phenomenon, SHJ solar cells/modules have
been believed for a long time not to suffer from exposure to high
potential differences with respect to ground.**¢° This is because the
TCO capping the a-Si layers—generally an ITO layer—does avoid

charges to accumulate at the encapsulant/TCO interface; this is an
effect generally observed for conventional ARC layers with charges
accumulating at the SiN, layer when this layer is highly resistive. Nev-
ertheless, recent works have reported the possibility of SHJ cells/
modules to similarly suffer from PID, despite the kinetics seeming to
be slower. Yamaguchi et al. reported PID on SHJ solar cells exposed
to dry conditions—differing from the test conditions defined in the
IEC 61215-2 standard,®? that is, 60/85°C and 85% RH—and very high
voltages (i.e., —2000 V) encapsulated in a G/BS configuration.®? A
clear two-step degradation mechanism was reported. In the first step,
a loss of current due to the degradation of the TCO layer (a tungsten-
doped [W-doped] IWO layer) was observed. After 30 days of the test
(i.e., more than seven times the test duration defined in the IEC
61215), the reported mechanism changed, and a loss of passivation
was also observed. They attributed this to the introduction of sodium
ions (Na™) into the solar cell, disrupting the a-Si:H/c-Si interface.

In more recent works, Arriaga Arruti et al. reported PID degrada-
tion in bifacial SHJ G/G mini-modules encapsulated using EVA when
negatively biased with respect to the grounded frame.**>%* The degra-
dation was reportedly driven by a loss of passivation, followed by
losses in Isc and FF. The front- and rear-sides showed different degra-
dation mechanisms. The authors performed scanning transmission
electron microscopy (STEM) and energy-dispersive X-ray spectros-
copy (EDX) on cross-sections of the module®” and reported a diffusion
of Na* ions into the ITO/a-Si:H interface. This caused a general pas-
sivation loss in the cell, witnessed by a reduction in Voc. Additionally,
it caused surface recombination at the front-side and an increased loss
in FF at the rear-side, due to an increased recombination at the junc-
tion. Moreover, the authors reported solutions to improve reliability of
SHJ modules, demonstrating that PID could be prevented using a
robust encapsulating structure. This includes (1) the use of a high-
volume resistivity encapsulant (e.g., ionomer and POE), which prevents
the diffusion of Na®™ from the glass by minimizing leakage currents;
alternatively (2) even using EVA (as said a non-optimal encapsulant
due to its relatively low volume resistivity), by adopting an edge seal
to prevent water ingress from the edges. Therefore, these results
remark the great sensitivity of SHJ cells to the combination of mois-

ture and module materials and the need for a robust module design.

423 | UV exposure

Studies about the impact of UV on the long-term performance of PV
modules, particularly on modules encapsulated with EVA, have
increased in recent years.éé’68 However, much research needs to be
done on the effect of sunlight on novel solar cell architectures, partic-
ularly the SHJ technology. In 2020, Sinha et al. reported a higher UV-
induced degradation (UV-ID) for high-efficiency technologies.®® SHJ
technologies, in particular, showed high sensitivity to UV-ID, with a
higher susceptibility of the rear-side. Losses in FF and V¢ drove the
degradation. This was attributed to an increased recombination cur-
rent due to defect generation at the a-Si:H/c-Si interface. In further
studies, the previous results were completed by performing X-ray
photoelectron spectroscopy (XPS) measurements on the rear-side of
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the cell.”®

The authors reported a change in chemistry at the rear-side
by the diffusion of Si towards the cell's surface and the formation of
Si—O, bonds.

Other works have reportedly attributed this UV-ID to the use of
an inappropriately chosen encapsulant. Witteck et al. reported that
the use of UV-transparent polymers could result in a module power
loss on PERC solar cells (not SHJ cells) after UV irradiation expo-
sure.” The effect of this degradation was an increased surface recom-
bination, with a loss of passivating properties. The authors indicated
that encapsulants with a UV cut-off of lower than 353 nm could cause
Si—H bond breakage, compromising the passivation. Photons below a
wavelength of 353 nm would have a high enough energy to break the
Si—H bonds of 3.5 eV. Therefore, the authors stressed the fact that
encapsulants with a UV cut-off higher than 353 nm (or non-UV-
transparent encapsulants) should be used to ensure a good UV stabil-
ity. Similarly, to protect SHJ cells from UV-ID, we highly suggest
avoiding the adoption of UV-transparent polymers to encapsulate
these cells. The possible use of down-converters (UV to visible), as
reported by CIC and Maxwell, would also be a mitigation strategy

against such phenomena.”?

5 | DISCUSSION: TARGETING SERVICE
LIFETIMES OF 354+ YEARS FOR SHJ
MODULES

Currently, most manufacturers offer performance warranties of
25 years with a maximum power loss of 20% and a linear degradation
over time. However, the industry, as a means of product differentia-
tion, strives to increase the service lifetime of PV modules and sys-
tems. Thus, several companies are considering extending performance
warranties to 30 or even 35+ years. This can prospectively be done
by fully understanding the weaknesses of a specific module configura-
tion and by taking steps towards improving them.

The comparison of the reported PLRs of the different solar cell
technologies is presented in Figure 6. As mentioned above, for sim-
plicity, studies reporting degradation rates often assume linear degra-
dation curves. The degradation kinetics of SHJ technology, with
median PLRs of 0.56%/year and 0.80%/year for all and for the high-
accuracy datasets, respectively, position itself between previously
reported degradation rates of conventional c-Si (i.e., 0.5%/year) and
that of thin-film (i.e., 1.0%/year) technologies.?’

A definition of lifetime is arbitrary, depending on the end applica-
tion and the system used. A frequently used definition of lifetime for
modules/systems refers to a threshold (power loss beyond a definite
limit) corresponding to 80% of the initial nominal power of the device.
Therefore, if we stick to this definition assuming a linear degradation
rate and targeting an operational lifetime of 35 years, this would cor-
respond to a maximum allowed degradation rate of 0.57%/year. This
trajectory is shown in Figure 6—together with the trajectories for the
degradation rates reported above. The mean PLR obtained for SHJ
modules in our analysis (all data) is in line with this trajectory, consis-
tent with a lifetime set at 35 years. Conversely, the PLR values

This survey - SHJ
70 | @l (0.56 %ly)
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Nomalized power, P, ., (%)
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FIGURE 6 Performance loss curves—assuming a linear

degradation at constant degradation rate—using the PLRs obtained in
the survey for median degradation rates analyzed in this survey, for all
datasets (purple) and for the selected ones (red). These trajectories fall
in-between the boundaries reported in the literature for more mature
solar cell technologies, that is, conventional c-Si (blue solid line) and
thin films (green solid line).?? The performance loss curves
corresponding to the maximum and minimum PLRs reported in this
survey are indicated in dashed red lines, and the area between them
(light red) indicates the variability in degradation rates observed in this
meta-analysis. A black dashed line has been added to the chart: This
trajectory corresponds to a PLR of 0.57%/year, consistent to a 20%
module power loss after 35 years in operation. [Colour figure can be
viewed at wileyonlinelibrary.com]

(i.e., 0.80%/year) that we obtain when filtering out datasets that we
do not perceive as highly accurate are slightly higher. All efforts for an
improved SHJ cell and module reliability should be directed to target
this goal, which seems to be within reach (particularly if we under-
stand well the root causes of technology-specific failure modes).
Understandably, in order to do this, further investigations and R&D
activities are needed.

In this work, we have reported the main failure modes observed
for SHJ modules. These include, for field-deployed modules, Voc
losses ascribed to a loss of the passivating properties of the a-Si layers
and Isc degradation from absorption losses due to encapsulant brow-
ning.3*%® On the other hand, indoor accelerated ageing tests highlight
the sensitivity of SHJ solar cells to water/moisture ingress, high volt-
ages, and UV exposure. The former can realistically be associated to
losses in passivation properties observed in several studies.>®¢> Addi-
tionally, we discussed the effect of UV irradiation on the encapsulants
and SHJ solar cells. A poor encapsulant selection may result in both
polymer discoloration, such as the browning reported in this survey,
and degradation of the passivating properties of the SHJ cells if an
encapsulant with a low UV cut-off is used.

However, most of these studies suggest ways to reinforce the
module structure making SHJ prospectively more reliable and
highlighting the importance of understanding the physics behind the
observed degradation mode. These strategies include:
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a. The adoption of encapsulants with a low WVTR and water absorp-
tion (e.g., POs) to minimize water ingress. Alternatively, in G/G
structures, the use of an edge seal in combination with a main-
stream encapsulant such as EVA has been demonstrated to protect
the modules from moisture and to degradation modes associated
to water ingress.

b. The adoption of high-volume resistivity encapsulants (such as POs)
to prevent diffusion of Na™ ions (and leakage currents) when a
high voltage potential is applied between the SHJ solar cells and
the grounded module frame, preventing PID. Additionally, as we
have seen that Na™ migration can also impact on the passivation,
we also expect that the nature of the front and back TCOs plays a
role in promoting or slowing some of the degradation mechanisms.
This can be strongly linked to the materials and processing parame-
ters used in the cell fabrication.

c. UV-ID can be prevented by using encapsulants that are not trans-
parent to UV or polymers with a UV cut-off higher than 353 nm to
prevent Si—H bond breakage. The use of down-converters to con-
vert UV to blue/visible light would also be a potentially effective
approach to prevent UV-ID.

d. The approach of using a rear-emitter solar cell architecture in place
of a front-emitter one, to prevent losses in the cell passivation
properties upon exposure to light (when an insufficiently thick
front (p) a-Si:H is used).

In conclusion, a deep understanding of the root cause specific to
the failure modes of SHJ cells/modules is required to find solutions.
Apparently, strategies to overcome these limitations exist and may
transform a service lifetime of 35 years for SHJ modules into a realis-

tic target.

6 | CONCLUSIONS

We have performed a literature survey on the reliability and long-term
performance of SHJ modules installed in the field. Understandably,
most (but not all) of the datasets reviewed in this survey refer to the
HIT technology from Sanyo/Panasonic, the first company to manufac-
ture and commercialize this technology. However, accessing statisti-
cally reliable data can be a point of concern. We therefore analyze the
caveats particular to this type of survey, such as the mix of high- and
low-accuracy datasets, the combination of degradation rates for both
modules and array/systems others. Further, we highlight the limits of
the transferability of the observed results to SHJ modules of other
manufacturers with different cell types and module structures
(e.g., glass/foil vs. G/G).

From this survey (54 datasets from 14 publications), we obtain
for SHJ modules median and average PLR of 0.56%/year and 0.70%/
year, respectively. These numbers are absolutely in line with PLR gen-
erally reported for field-deployed c-Si modules.

We then filter out datasets that we perceive as less accurate
(because of the lack of clear information about the monitoring sys-

tems, practices, or methodology used) and obtain slightly higher PLR

values for SHJ modules: 0.80%/year and 0.83%/year for median and
average values, respectively. As reported by several authors, these
numbers fall between PLR of c-Si and thin-film modules.

In addition, some mild correlations of PLR to the different cli-
mates of the installations have been noticed, but current available
data on outdoor performance of SHJ-based modules is still scarce.
We find a considerable variability for each climate, particularly in tem-
perate climates. Not without surprise, we observe that statistically,
the highest median PLR corresponds to modules installed in these cli-
mates. Surprisingly, data points reported from arid and tropical cli-
mates, subjected to harsher environmental conditions, show lower
PLR values. Still, these preliminary correlations may be due to the lim-
ited numbers of the studies surveyed in this work. Further investiga-
tions are therefore required to obtain a higher degree of confidence in
the observed correlations.

Moreover, we also report that, conversely to what generally hap-
pens to more conventional c-Si technologies deployed in the field for
several years, many SHJ modules present performance losses caused
by the degradation of the Vo, which can be attributed to a loss in pas-
sivating properties of the a-Si layers. Furthermore, the literature survey
points out that most of the modules experiencing higher degradation
rates (>1%/year) suffered (possibly in combination with other degrada-
tion modes) from encapsulant discoloration. Although this failure mode
is not intrinsic to the SHJ technology, a correct selection of the encap-
sulant and its resistance against long-term photo-degradation (induced
by combined exposure to UV, humidity, and heat) is critical in

guaranteeing the performance of the module over time.
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