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ABSTRACT

As countries around the world transition towards renewable energy, there is increasing interest in using photovoltaic (PV) tech-
nologies to help decarbonize northern and alpine communities due to their scalability and affordability. However, a barrier
to large-scale adoption of PV in cold climates is long-term performance uncertainty under snowfall, freeze-thaw cycles, low
temperatures, and high winds. In this work, we provide a comprehensive review of published silicon degradation rates in cold
Koppen-Geiger climate classifications of Dfb (humid continental), Dfc (subarctic), and ET (tundra). We first analyze the sys-
tem degradation rates of three subarctic ground-mounted photovoltaic sites in North America using the RdTools year-on-year
method: an AI-BSF double-axis tracking site in Fairbanks, Alaska (65°N); a PERC and silicon heterojunction bifacial vertical
and south-tilted site in Fairbanks, Alaska; and a PERC south-facing fixed-tilt site in Fort Simpson, Northwest Territories (62°N).
Degradation rates of these newly analyzed sites vary between —0.4%/year and —1.5%/year. Combining these data with previously
reported cold climate degradation rates, we show that the distribution of cold climate degradation peaks at —0.1%/year to —0.2%/
year but has a large tail with rates above —0.5%/year. The average reported cold climate degradation rate is —0.45%/year, whereas
the median value is —0.33%/year. These results suggest that despite frequent freeze-thaw cycles and potential exposure to high
wind and snow loads, PV systems in cold climates tend to degrade slower than PV systems in warmer climates. The limited sam-
ple size of reported degradation rates in cold climates (27) motivates the need for further data acquisition and monitoring efforts
as new technologies are deployed.

1 | Introduction PV market has begun to see regular PV deployments >100kWp

in these climatic regions with total regional installed PV capac-
Photovoltaic (PV) systems have been deployed in high latitude ities in the few to hundreds of MWp range [3-8]. PV systems
and mountainous regions as early as the 1980s to provide clean, are being deployed in diverse configurations in high latitudes
distributed, and scalable energy for buildings and equipment and altitudes, including in rooftop residential applications [9],
[1, 2]. However, it is only in recent years that the cold climate building-integrated applications [10, 11], hybrid microgrids
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[12, 13], and centralized grids [14]. Integration of PV into cold
climate infrastructure can reduce electricity bills [12, 15], offset
diesel consumption and associated greenhouse gas emissions
[15-18], peak shave [17], offer dual-land purpose [11, 19], and
prepare existing grids for growing electricity demand [20].

PV systems deployed in high latitude and alpine climates will
be exposed to low ambient temperatures, moderate to high sea-
sonal snowfall, frequent freeze-thaw cycles, and, in the case of
high-latitude cold climates, strong seasonal variations in solar
resource, including months of near or total darkness. These me-
teorological effects may impact the long-term performance of
PV systems in cold climates.

For example, snow and ice accumulation on PV arrays exerts a
load that is typically nonuniform and irregular in frequency and
can last for up to months at a time [21, 22]. Snow load can lead
to cell cracking, whereas moisture ingress from melt can lead
to delamination and corrosion [21]. Additionally, snow removal
practices can cause damage to module surfaces, leading to po-
tential module breakage [23].

Temperature also plays a role in PV system durability. Schneller
et al. [24] have shown that a single exposure to —40°C can per-
manently reduce the fracture strength of crystalline silicon (c-
Si) cells. PV materials such as encapsulants and backsheets may
experience a glass transition in cold climates [25], with mea-
sured glass transition temperatures of ethylene-vinyl acetate
(EVA) occurring at —15°C and —35°C in the literature [25, 26].
Cell connectors have also been found to be susceptible to failure
during cold temperature thermal cycling down to —40°C [27].

Despite mechanical weakening under exposure to cold tempera-
tures, cold operating temperatures will increase PV system effi-
ciency [28] and can result in other reliability benefits. Maximum
power temperature coefficients of c-Si modules today typically
lie in the range of —0.25%/°C to —0.40%/°C, causing photovol-
taic energy conversion efficiency to increase for colder tempera-
tures [28]. Moreover, cold environments will suppress major
thermally activated degradation processes, such as mechanisms
related to chemical reactions and diffusion [29]. UV-induced
degradation mechanisms, such as encapsulant discoloration,
will be less common at high latitudes [30] but could still occur in
alpine climates [31].

Here, we review published silicon PV degradation rates for cold
Koppen-Geiger climate classifications of Dfb (humid conti-
nental), Dfc (subarctic), and ET (tundra) and additionally pro-
vide new degradation analysis for three subarctic sites in North
America. Several studies have been published in the past that
analyze PV module degradation in hot and humid, hot and dry,
and warm and temperate climates [31], with degradation rates
ranging around —0.75 to —1.2%/year [32-35]. However, existing
literature on PV degradation in cold climates is relatively lim-
ited, especially for subarctic and tundra climates.

Earlier studies on the impact of climate on PV degradation sug-
gest improved performance in cooler climates. In 2016, Jordan
et al. [33] reported a median degradation rate of —0.35%/year
(—0.62%/year average) for 26 PV systems in Dfa (hot-summer
humid continental), Dfb, Dfc, and ET climates with x-Si

technology (a-Si, c-Si, etc.). Half of the analyzed systems were
located in Dfa climates.

In 2022, Jordan et al. [32] analyzed performance loss rates
(PLRs) for sites deployed in the continental United States and
separated results by temperature zone, finding slower PLR for
the coolest US temperature zone that had significant PV system
data. The coolest temperature zone PV arrays degraded with a
median rate of —0.48%/year, compared to two other hotter cli-
mate zones (—0.78%/year and —0.88%/year). The coolest tem-
perature zone roughly corresponded to the northern third of the
continental United States, excluding continental Alaska, moun-
tainous regions, and many regions close to the northern border
with Canada [36]. No subarctic or tundra climates were included
in the analysis.

Ascencio-Vasquez et al. simulated PV degradation rates world-
wide according to K&ppen-Geiger climate classification zones
[37] considering three degradation mechanisms: hydrolysis deg-
radation, photo-degradation, and thermo-mechanical degrada-
tion [38]. All three degradation mechanisms were found to be
reduced in cold climates, resulting in the lowest predicted deg-
radation rates occurring in cold and polar climates with average
predicted degradation rates of —0.2%/year. However, the authors
warned that these calculations do not include external effects
like snow and wind, which may cause increased degradation
rates and PLRs in practice [38].

In this work, we first analyze the degradation rates of four di-
verse PV systems located in three subarctic (>60°N) sites in
Alaska and Northern Canada. We analyze the degradation rates
of the PV systems using a robust year-on-year degradation meth-
odology, which attempts to account for the strong seasonal vari-
ation present at high latitudes [20, 39]. We then include these
degradation rates in a compendium of published PV degradation
rates for cold climates of Dfb, Dfc, or ET Koppen-Geiger climate
classification. We limit our study to only multicrystalline sili-
con (mc-Si) and c-Si technologies with >3years of outdoor field
exposure.

2 | Photovoltaic Sites

Figure 1 shows a map of the three subarctic PV sites studied in
this work alongside locations of degradation rate studies in Dfb,
Dfc, and ET climates detailed in the compendium (Section 5).
The subarctic PV systems analyzed in Fairbanks, Alaska, rep-
resent the three highest latitude PV sites analyzed for degrada-
tion to date and the first instances of PV degradation analysis
in Alaska. In addition, we present the first long-term perfor-
mance analysis of a subarctic double-axis tracking PV system.
Environmental conditions at the three sites are summarized in
Table S1.

2.1 | Fort Simpson, Canada

The subarctic PV array analyzed in Canada is located in Fort
Simpson, Northwest Territories (61.9°N, 121°W). It con-
sists of 100kW of ground-mounted fixed-tilt panels at a tilt
of 35° and an azimuth of 190°. The array, maintained by the
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Fort Simpson, NWT, 62°N, 121°W

Fairbanks, AK, 65°N, 148°W
2018-2024 Monofacial PERC

2019-

Monofacial PERC

o Reported in literature
! ¥¢ Added in this work

FIGURE1 | Locations of PV sites discussed in this work. Newly analyzed subarctic PV systems are pictured and denoted by stars. Silicon PV sys-
tems located in cold climates (Koppen Geiger climate codes of Dfb, Dfc, and ET), which have published degradation rates for >3years of field expo-
sure are given by the circles on the map. Previous studies primarily analyze PV in the Nordic countries and in the European Alps.

Northwest Territories Power Corporation [40], was installed
in two phases starting in 2012 and completed in February of
2013 and consists of 258 Conergy ON 235P-235 modules and
178 Conergy ON 245P-245 modules. AC power data are re-
trieved at the inverter level for the whole array (inverter model
Enphase M215 208V).

Meteorological data collection of module temperature, plane-
of-array (PoA) irradiance, and global horizontal irradiance
(GHI) began in 2017. Wind speed and ambient temperature are
collected at a nearby airport weather station (Fort Simpson A,
Climate ID 2202103). Measured power, energy, and meteorolog-
ical data are at a resolution of 15min and cover 6years, from
2017-2023. Thermopile, PoA, and GHI pyranometers are cali-
brated yearly at the site. Snow is removed periodically in March
from the array.

2.2 | Fairbanks, United States—Fixed Tilt

The second analyzed subarctic PV site is a ground-mounted
south-facing and east-west vertical fixed-tilt site in Fairbanks,
Alaska (64.8°N, 147.7°W), consisting of six modules, each
connected to an Enphase 1Q6 microinverter. PV production is
measured on the AC side. Four of the modules are silicon hetero-
junction (SHJ) modules, Sunpreme Maxima GxB-310 with 94%
bifaciality. The remaining two modules are monofacial passiv-
ated emitter rear-contact (PERC) modules, Suniva OPT270-60-
4-1B0. All modules were flash tested before outdoor exposure,
with the average maximum power under standard test con-
ditions of the bifacial and monofacial modules being 288 and
251W, respectively. The Alaska Center for Energy and Power
of the University of Alaska, Fairbanks, maintains the array.
Further details on the site, including a performance compari-
son of east-west vertical to south-tilted modules, can be found
in Ref. [41].

Meteorological and PV production data have been collected at
1-min resolution for Syears from 2019-2024. Ambient tempera-
ture, wind speed, albedo, GHI, and PoA irradiance are measured
on site. An example year of meteorological data for this site is
provided in Figure 2, demonstrating strong seasonal effects for
GHI (Figure 2A), ambient temperature (Figure 2B), and albedo
(Figure 2D). The site and meteorological station are serviced on
a roughly weekly schedule.

2.3 | Fairbanks, United States—Double-Axis
Tracking

The final subarctic PV site analyzed in this work is a double-
axis tracking ground-mounted site in Fairbanks, Alaska. This
site consists of four double-axis trackers commissioned in 2007
by the Cold Climate Housing Research Center (CCHRC), now
known as the National Renewable Energy Laboratory (NREL)
Alaska Campus. The arrays have been continuously monitored
at an hourly resolution since their commissioning, resulting in
16years of data from 2008-2024. Data for this site are publicly
available and can be found at Ref. [42]. For this analysis, we an-
alyze three of the four arrays, neglecting one array that has an
experimental design combining mc-Si cells with concentrating
optics.

Each of the three studied trackers consists of 16 modules and
is referred to as Arrays 1-3 in this work. Arrays 1 and 2 consist
of SolarWorld 165 mc-Si modules with a rated power of 2640 W
each. Array 3 uses Sharp 170 mc-Si modules with a rated power
of 2720W. These arrays were originally constructed to demon-
strate the difference in energy payback periods for double-axis
trackers compared to south-facing fixed-tilt trackers. A direct
comparison between Arrays 1 and 2 was done for this purpose
[43], with Array 1 performing double-axis tracking and Array
2 purposefully fixed to a south-facing tilt for the first 2years of
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FIGURE 2 | An example year of meteorological station data for the fixed-tilt Alaskan array of six modules. (A) Measured GHI, (B) ambient tem-
perature, (C) wind speed, and (D) albedo. Data have been shifted to accommodate a full year without data gaps; August-December months come
from 2019 and January-July from 2020. To better show the wind speed and albedo values, daily averages are plotted.

operation. After this experiment, all arrays were set to perform
double-axis tracking, except for winter months, where the ar-
rays are south-facing at a fixed-tilt (roughly October through
March each year).

PV production data are collected from three SMA Sunny Boy
inverters. Module temperature and PoA irradiance are collected
on site, whereas wind speed and ambient temperature are mea-
sured at a nearby rooftop meteorological station. Due to long-
term data quality issues with the available AC power data, the
following degradation analysis is completed using measured AC
current. This should introduce only modest uncertainty, to the
extent that grid voltage remains stable over the measurement
period.

3 | Year-On-Year Methodology

To analyze the degradation rates of the three subarctic PV
sites, the open-source python-based package RdTools is used
[44]. This tool uses a year-on-year methodology to calculate
PV array degradation and statistics. This method calculates
a system degradation rate that excludes certain performance
factors but includes others. To achieve a relatively stable per-
formance estimate, system production is corrected for solar
resource and module temperature. Exogenous factors such
as grid and maintenance outages are removed. Module deg-
radation driven by changes in chemical composition, cell
cracking, and permanent soiling are retained. System degra-
dation losses such as other DC health degradation (string or
module failures) and tracker errors are also typically retained.

RdTools attempt to remove snow loss effects through normal-
ized filtering, though some snow effects may be retained. As
RdTools output includes some performance loss factors and
excludes others such as outages, clipping, and seasonal shade
or soiling losses, it has been suggested that it does not match
other definitions of system PLR [45]. We therefore provide
some specifics of the analysis process here.

The RdTools year-on-year methodology relies on four main
steps: data normalization, data filtering, data aggregation,
and finally, calculation of year-on-year degradation. Figure 3
shows a schematic representation of each of these steps using
data for a bifacial SHJ south-facing tilted module in Fairbanks,
Alaska.

First, data are normalized against a PV energy yield model,
PVWatts [46], to account for changes in temperature and solar
insolation from year to year using inputs of measured PoA ir-
radiance, module temperature, the module temperature coeffi-
cient, the nameplate DC power, the array longitude and latitude,
location time zone, and PV array orientation and tilt. Year-to-
year variation from changes in solar spectral content and albedo
is not captured by this model. An example of the measured ver-
sus PVWatts modeled module power is displayed in Figure 3A
for a few days in September of 2019.

Data are then filtered to only include clear-sky timestamps using
a built-in function detect_clearsky in pvlib [47, 48]. Effectively,
measured PoA is compared to a clear-sky model with mov-
ing windows where a point is judged clear-sky if agreement is
reached within specific tolerances [49]. Next, clipping events
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FIGURE3 | Schematic outlining the main four steps in the year-on-year degradation methodology: (A) normalization, (B) data filtering, (C) data
aggregation, and (D) the calculation of degradation rate distribution. YOY, year on year.

are filtered from the data by removing data points where out-
put power is within 99% of the maximum measured power. Low
irradiance timestamps < 50 W/m? are then removed. A range of
low irradiance cutoffs has been recommended in the literature
[20, 39, 50]. Karttunen et al. [20] observed that an irradiance
cutoff of 200 W/m? would exclude > 50% of their measured data-
points in Turku, Finland, limiting seasonal analysis and poten-
tially decreasing PLR accuracy. Thus, for this work where PV
arrays are located above 60° N, we select an irradiance cut-off of
50 W/m?. Finally, data where PV system energy yield are <60%
of the model-predicted energy yield is removed from the analy-
sis. This filters out significant snow accumulation events, shad-
ing from nearby objects, and PV system outages. Impacts from
minor snow accumulation will be retained, contributing to some
seasonal variation in the normalized data (Figure 3C).

Data are then aggregated to daily irradiance and temperature-
weighted averages to reduce high error data from morning and
evening timestamps. This step is visualized in Figure 3C. Data
aggregation has been shown to reduce degradation rate calcula-
tion uncertainty [39].

Finally, the year-on-year degradation rate is calculated by com-
paring daily aggregated values from year to year, resulting in
the distribution of degradation rates as shown in Figure 3D. We
report the average of this distribution as the long-term degrada-
tion of the system.

PV degradation rate analysis methodologies for high latitude
and alpine locations will have higher uncertainty than when
they are used for lower latitude and warmer climates. Diffuse
fraction tends to increase with latitude in the United States and
Canada [51]. Thus, clear-sky filtering in RdTools in high lati-
tude regions results in fewer daily aggregated points and higher

degradation rate uncertainties. Calculating the system's year-
on-year degradation rate after more years of field exposure will
compensate for this data loss. In addition, snow accumulation
effects are difficult to entirely remove from analyses without
continuous snow monitoring. Data filtering conditions must be
selected to balance data retention with data quality.

Despite increased uncertainty, the RdTools year-on-year method
is robust to most seasonal change and data outliers and has the
benefit that it does not rely on the need to flash test modules
in potentially remote areas where access to specialized testing
equipment may be limited. Thus, this algorithm is an appropri-
ate choice for assessing PV system degradation rates in cold cli-
mates when sufficient field data are present.

4 | Subarctic Pv Site Analysis

Here, we report on PV site data availability, tracking availability,
specific yield, and year-on-year degradation for each new sub-
arctic PV site introduced in Section 2 and visualized in Figure 1.
We have additionally calculated average monthly performance
ratios for these PV systems, which is presented in Figure S1.

4.1 | Site Availability and Tracking Availability

Table 1 outlines the availability of site power data and site me-
teorological station data for the duration of the data acquisition
periods. Availability is calculated as the number of timestamps
with data divided by the number of timestamps within the data
acquisition period. Meteorological station availability is deter-
mined by the lowest value between essential temperature and
irradiance variable availability.
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TABLE1 | Summary of site power and meteorological data availability.

Site data Met. station
Site Years in operation Data resolution availability (%) availability (%)
Fort Simpson, Canada 6 15 min 2001/2191days=91 2001/2191days =91
South fixed-tilt array
Fairbanks, USA 5 1 min 1572/1656 days =95 1391/1656 days =84
Fixed-tilt modules
Fairbanks, USA 16 1h 5326/5582days=95 3653/5582days=65

Double-axis tracker heads

TABLE 2 | Summary of annual Alaskan double-axis tracking site
tracker availability. Tracking is disabled in the winter, leading to a
maximum annual availability of 61%.

Double-axis tracking availability (%)

Annual Nonwinter months
Array 1 51 86
Array 2 43 63
Array 3 37 48

Because power and weather data from Fort Simpson for the
south-tilted array were provided together, the availability of
data is the same for both site data and meteorological data at
91%. For the east-west vertical and south-facing fixed-tilt site in
Fairbanks, site data availability is 95%, whereas meteorological
station availability is 84%. Since 2008, the double-axis tracking
site in Fairbanks has had a data availability of 95% and a mete-
orological station availability of 65%. Data gaps primarily occur
from 2014 to 2018 for the PoA sensors. There was an additional
loss in data around 2015-2017 in wind speed and ambient tem-
perature. This data loss may be due to issues with long-term
maintenance of the site database.

We additionally report on the availability of the tracking sys-
tem for the double-axis tracking site in Fairbanks over the past
16years in Table 2. The azimuth and elevation of each tracker
were monitored throughout the study with the same data avail-
ability as the meteorological station. When the arrays are not
tracking, each tracker is fixed to an azimuth of between ~150°
and 180° and a tilt of ~60°-74°. Array tracking is disabled each
year from roughly October through March to reduce reliability
concerns with moving parts during the winter months. Given
this constraint, the best annual tracking availability possible
is 61% of the year. When tracking is enabled, the double-axis
tracking arrays successfully tracked the sun between 48% and
86% of the time, depending on the array. Array 3 experienced a
tracking failure in 2019 and has not been tracking since, result-
ing in an annual tracking availability of 48%.

4.2 | Specific Yield

Figure 4 shows the calculated annual specific yield from each
site in each configuration. Specific yield is calculated as the

yearly average energy produced by the PV array divided by the
rated power. For the east-west vertical and south-tilted site
in Fairbanks (Figure 4A), bifacial east-west vertical panels
and bifacial south-tilted panels have comparable performance
with a specific yield of ~1200 kWh/kWp. Bifacial gain falls
between 27% and 34% annually compared to the monofacial
modules.

The annual specific yield for the double-axis tracking site in
Fairbanks is given in Figure 4B for fixed-tilt and double-axis
tracking configurations. These values are calculated using the
annual energy yield for the first 2years between Arrays 1 and
2, as reported in Ref. [43]. Double-axis tracking leads to a 41%
increase in annual energy yield, which is interestingly the same
value reported by Burnham et al. for a double-axis tracking site
located at 44°N in Vermont [52].

The specific yield of the monofacial south-tilted site in Fort
Simpson is 1067 kWh/kWp, visualized in Figure 4C.

4.3 | Year-On-Year Degradation Rates

Finally, degradation rates are calculated for each subarctic site
using the methodology outlined in Section 3. A degradation
rate is calculated per module in the east-west vertical and
south-tilted Fairbanks PV site (Figure 5A), per tracker in the
double-axis tracking Fairbanks PV site (Figure 5B), and for
the overall fixed-tilt PV array in Fort Simpson (Figure 5C). A
dashed line is provided at a rate of zero in Figure 5. Each data
point is provided with error bars given by a 68.2% confidence
interval.

For the fixed-tilt site in Fairbanks (Figure 5A), we average
degradation rates for the bifacial SHJ modules and the mono-
facial PERC modules separately. With this small sample size
(4), there is no clear difference between modules of the same
type oriented either vertically (P1 and P2) or south-tilted (P3
and P4). Bifacial SHJ modules may be degrading faster than
the monofacial PERC modules in Fairbanks at —1.25%/year
(SHI) compared to —0.58%/year (PERC). Monofacial PERC
degradation rates are reported to typically fall between —0.5%/
year and —0.9%/year [53, 54], whereas SHJ median degrada-
tion rates are —0.8%/year [55]. Though the Fairbanks SHJ
modules (Sunpreme GxB 310) are degrading faster than this
median value at —1.25%/year, the degradation rates of similar
modules (Sunpreme HxB 400) in a warmer climate have been
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FIGURE 5 | Year-on-year degradation rates for (A) east-west vertical (P1 and P2) and south-tilted (P3-P6) modules in Fairbanks, Alaska; (B)
double-axis tracking arrays in Fairbanks, Alaska; and (C) the fixed-tilt array in Fort Simpson, Northwest Territories. Error bars are given by a confi-
dence interval of 68.2% for each data point.

degrading quicker at a rate of —1.9%/year [56]. Further studies
on emerging bifacial SHJ modules are recommended in diverse
climate zones to determine the impact of climate on observed

degradation.

For the double-axis tracking arrays in Fairbanks, an average AC
current degradation rate of —0.4%/year is observed (Figure 5B).
There have been some noted observations of glass damage to the
modules caused by the impact of gravel from the nearby gravel
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road. In remote locations where gravel roads are common, it is
recommended to provide greater distance between PV arrays
and roads.

Finally, in Fort Simpson (Figure 5C), the year-on-year array deg-
radation is —1.5%/year. Because data are collected and analyzed
on the AC side of the inverter, this degradation rate may include
degradation from inverter electronics.

The degradation rates reported in this analysis demonstrate the
diversity of PV system configurations present in cold climate
locations, including significant differences in system age and
technology. This is reflected in their largely varying degradation
rates, between —0.4%/year and —1.5%/year.

5 | Compendium of Cold Climate Degradation
Rates

Here, we review existing literature on the degradation of mc-Si
and c-Si PV systems located in Koppen-Geiger Dfb, Dfc, and
ET climate codes with >3years of field exposure [37]. A liter-
ature survey has been conducted for this purpose to the best
of the authors' ability, finding 19 publications covering 23 PV
systems in cold climates [1, 2, 10, 20, 57-71]. Any arrays with
substring degradation rates are reported here as a median value
for the PV system to highlight differences between systems and
reduce data bias towards PV arrays with multiple strings of data.
Including the four unique PV systems studied in this work, the
total number of analyzed PV systems is 27.

The reported values in this compendium include both degrada-
tion rates, for example, for studies conducted using measured
I-V parameters before and after field exposure, PLRs, and
analysis methodologies that fall in-between these two, such as
RdTools described in Section 3. Studies primarily aim to analyze
degradation rate methodologies via module I-V flash-testing
or sophisticated year-on-year approaches; however, a mix of
other approaches for filtering data and removing seasonal ef-
fects are present in the literature. This is further discussed in
Section 5.1.2 below. For simplicity, in this article, we refer to all
these results together as degradation rates.

Details on each PV system included in this compendium are
summarized in Table 3 in order of latitude. Table 3 includes in-
formation on array location, Koppen-Geiger climate code, years
of analysis, degradation analysis method, installed system ca-
pacity, system orientation and mounting, and observed issues
mentioned in the publication relating to system performance.
In Table 3, the column labeled “data” describes which variable
the degradation analysis was conducted on, for example, AC or
DC power.

5.1 | Characteristics of Cold Climate Studies
5.1.1 | Site Locations and Climates
Studied PV systems span latitudes from 44° N to 65° N (this work)

and include systems in the United States [57], Canada [58, 71],
Poland [62], Norway [63, 64, 67, 68], Sweden [2, 65, 66, 69],

Finland [20, 70], and the Alps mountain range in Switzerland
[1, 10, 59], Germany [60, 61], and Italy [57]. Figure 6A summa-
rizes the distribution of Képpen-Geiger climate codes for the PV
system locations, and Figure 6B shows a boxplot of degradation
rates per climate code. Due to a small number of systems per cli-
mate code category, it is difficult to ascertain if there are distinct
degradation trends between climate codes, with degradation
rates of —0.32%/year (Dfb), —0.50%/year (Dfc), and —0.19%/year
(ET). Similarly, no clear differences are observed in the data-
set for cold climates located at high altitude (average —0.42%/
year) compared to cold climates located at high latitude (average
—0.46%/year).

A separate climate classification for PV systems has been
proposed by Karin et al. [36] to replace Kdppen-Geiger cli-
mate codes called the Photovoltaic Climate Zones (PVCZ).
The PVCZ open-rack temperature zones are provided for
comparison in Figure 6C/D using the PVCZ python package.
Temperature zones were calculated by Karin et al. by model-
ing the Arrhenius-weighted module temperature for a mod-
ule in a horizontal open-rack configuration with a polymer
backsheet using grided land data for ambient temperature,
irradiance, and wind speed. Temperature zones for the lo-
cations in this work are limited by the resolution of the grid
(0.25°), particularly in alpine locations where a small spatial
distance can result in a significantly different climate due to
altitude. Temperature zones correspond to average modeled
module temperatures of <14°C (T1), 14-19°C (T2), 19-24°C
(T3), and 24-29°C (T4). Half of the locations identified as T4
are in alpine regions, which the limited spatial resolution of
the dataset may have misidentified.

5.1.2 | Analysis Methodology

Figure 6E/F summarizes the analysis methodology used for cal-
culating the degradation rate of each cold climate PV system. In
seven studies, a degradation rate was not specifically reported;
however, it was possible to digitize the published data to calcu-
late the performance loss. In these cases, the analysis method
is described as “calculated from paper,” abbreviated as “Calc.”
in Figure 6C. Often, these calculations were done by analyzing
several years of published monthly performance ratio data; thus,
these values represent a PLR rather than an irreversible degra-
dation rate, as this analysis does not filter out effects such as
soiling, snow accumulation, or shading. The true degradation
rate of these reported systems likely is lower than what has been
calculated, due to inclusion of these performance-decreasing
effects.

The most common method for degradation analysis in the liter-
ature for cold climates is using a year-on-year approach, closely
followed by comparing I-V measurements before and after field
exposure. These two methodologies aim to report the underlying
degradation rate of the PV system, with year-on-year methodol-
ogies requiring a sophisticated approach to filter out common
reversible PV system effects (see Section 3).

Several other analysis methods were found in the studies, offer-
ing amix of PLR calculations and more sophisticated approaches
for data filtering. Mutungi [70] used an autoregressive integrated
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System
configuration

Module
information

Analysis
method

Years

PLR
(%/year)

Koéppen-
Geiger Code

(Continued)

TABLE 3

Reported issues

Data

covered

Location

Ref.

c-Si Rooftop, 90° tilt

Calculated DC efficiency,

8years,
2002-2010

Birg, Switzerland ET —-0.19

(10]

monthly

from paper

(46.6°N, 8°E)

Windstorms of 250km/h;
irradiance peaks >1700 W/

Facade, 192° and

Calculated PR, 5-min 1.15 kWp c-Si

10years,
1993-2004

-0.19

ET

Jungfraujoch,
Switzerland
(46.6°N, 8°E)

[59]

207° azimuths

from paper

m?; some instances
of delamination from

moisture ingress.

Missing first 6 months

Ground, 30° tilt,

Average of AC power 4.2 KWp mc-Si

various methods

8years,
2011-2019

Dfb 0.5

Bolzano, Italy
(46.5°N, 11.3°E)

[57]

of operational data

180° azimuth

Freeze-thaw led to

Rooftop, 45° tilt

IV before IV parameters 16.7 kWp c-Si

& after

23years,
1992-2015

-0.6

Dfb

Varennes, Canada

[58]

moisture ingress,

(45.7°N, 73°W)

busbar corrosion.

Ground, 35° tilt,

Average of AC power 3.2 kWp mc-Si

various methods

3years,
2015-2018

Williston, USA Dfb -0.03

[57]

180° azimuth

(44.4°N, 73.1°W)

moving average (ARIMA) method to calculate the degradation
rates for two sites in Finland. This methodology removes out-
ages and includes some seasonality. Rinio et al. [66] analyzed
six clear sky days per year for a 10-year-old site in Sweden to
calculate site performance loss. French et al. [57] reported the
degradation rate for two cold climate sites by taking an average
of several analysis methods and data filters, including using a
year-on-year approach and seasonal and trend decomposition
with Loess. The diverse methodologies highlight the variability
in degradation analysis approaches, underscoring the need for
standardized methods to improve comparability and accuracy
across studies.

5.1.3 | PV System Configuration and Capacity

Cold climate degradation studies have primarily been conducted
to date on small rooftop deployments. Figure 6G categorizes the
number of studies conducted on rooftop, ground-mounted, and
facade PV systems, whereas Figure 6H summarizes the degra-
dation rates reported for each configuration. The mounting en-
vironment of a PV system will impact the thermal environment
of the modules and thus can influence module degradation rates
[33, 72, 73]. As rooftop PV systems tend to operate at higher tem-
peratures, degradation rates for roof-mounted PV can be higher
[33, 72, 73]. In this dataset of Dfb, Dfc, and ET climate code PV
systems, we find that rooftop PV systems have a median deg-
radation rate of —0.35%/year compared to ground-mounted PV
systems at —0.50%/year. More data are required to draw stron-
ger conclusions on the effect of mounting configuration in cold
climates.

The distribution of PV capacities studied is given in Figure 61/J.
In several cases, no data were provided on the system size. This
is denoted as “no info.” Around 20% of all studies were con-
ducted for small and experimental systems <1 kWp, and 40%
of the studies were conducted on PV arrays with capacities be-
tween 1 and 10 kWp. The largest studied PV system in a Dfb,
Dfc, or ET climate zone is a 120-kWp rooftop array in Vestby,
Norway [67].

5.1.4 | Field Exposure and Deployment Decade

Figure 6K shows the number of years of field exposure of the
PV systems studied, and Figure 6L shows the degradation rates
for each exposure bin. Because we have excluded any studies
with less than 3years of data, field exposure time is catego-
rized unevenly from 3-5, 5-10, 10-15, and 20+ years. Only
five systems have been studied in Dfb, Dfc, or ET climates
after > 15years of field exposure: a rooftop array in Varennes,
Canada [58]; a rooftop and facade array in Stockholm, Sweden
[2]; a facade array in Huvudsta, Sweden [65]; a rooftop array in
Borldnge, Sweden [69]; and the double-axis tracking site pre-
sented in this work in Fairbanks, Alaska. Most studies in the
compendium are for PV systems with field exposure between
5 and 10years in length.

The decade of PV system deployment is provided in Figure 6M/N,
with PV systems deployment dates ranging from 1981 to 2019
in this compendium. Figure 6N demonstrates a rise in PV
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FIGURE 6 | The distribution of cold climate PV systems and boxplots by various categories: (A, B) Koppen-Geiger climate classification, (C, D)
PVCZ temperature zone classification, (E, F) degradation analysis methods, (G, H) system configurations, (I, J) PV system capacity, (K, L) field expo-
sure, and (M, N) deployment decade. Horizontal red lines in the boxplots denote the median value for each category. In subplots, (E, F) degradation
analysis methods are abbreviated, with “Calc.” referring to the number of PV systems where degradation rates were calculated by the authors of this
work from data provided in publications. “I-V” refers to the measurement of current-voltage parameters before and after field exposure.

degradation rates in time, with median (average) degradation
rates increasing from —0.17%/year (—0.25%/year) in the 1980s to
—0.32%/year (—0.54%/year) in the 2010s. The number of PV sys-
tems studied is also increasing in recent decades (Figure 6M),
which is an indication of the rise in interest in PV system deploy-
ments in cold climates in time.

The observed increase in PV system degradation in time may
be due to historic trends in module architecture towards larger
formats, thinner silicon wafers, and thinner glass sheets.
Together, these effects can reduce the mechanical durability
of modules and result in more cell-cracking, glass-cracking,
and module contortion in time [29, 74]. Continued reliability
testing and development of appropriate standards for cold cli-
mate conditions are required to ensure module durability for
emerging designs.

5.1.5 | Degradation Rates

Finally, the location and distribution of all reported degrada-
tion rates for mc-Si and c-Si PV arrays in cold climate zones of
Dfb, Dfc, and ET with >3years of field exposure are provided
in Figure 7. The locations of cold climate degradation studies
are shown in Figure 7A, and a histogram of reported rates is
provided in Figure 7B.

Most studies report a degradation rate of between —0.1%/year
and —0.2%/year; however, there is a long tail in the distribu-
tion with faster observed degradation rates. The median deg-
radation rate of cold climate sites is found to be —0.33%/year,
whereas the mean is —0.45%/year, reflecting the influence of
this long tail.

5.1.6 | Observed Degradation Mechanisms

Issues related to moisture ingress were identified in several of
the cold-climate PV sites [1, 2, 10, 58]. Bogdanski et al. [60] re-
ported on a module frame that was destroyed by snow and ice
freeze-thaw in Zugspitze, Germany. Cell and glass damage has
also been reported in a couple of instances [60], including dam-
age noted by the authors of this work for the double-axis track-
ing PV site located in Fairbanks, Alaska, near a gravel road.

5.2 | Global Context

The number of PV system degradation studies in cold climates is
relatively limited compared to other, warmer climates. Figure 8
summarizes the reported median degradation rates for three
other published reviews, which include Dfb, Dfc, or ET Koppen—
Geiger climate codes.

Lindig et al. [75] reported the average PLR of Dfb PV systems in
Europe from the PV PEARL database (purple circle in Figure 8).
The median PLR was found to be —0.17%/year for 19 mc-Si, c-
Si, and thin film systems with an average field exposure of
2.8years. The authors also examined warmer temperate climate
zones of Cfa, Cfb, and Csa, reporting PLRs between —0.63%/
year and —1.55%/year for these climate zones using a year-on-
year analysis [72, 75].

In 2022, Jordan et al. [32] analyzed 1700 utility-scale PV systems
in the continental United States [32]. A subset of the sites was an-
alyzed for PLRs by PVCZ temperature zone, finding lower PLRs
for the northern third of the United States (44 sites, blue circle in
Figure 8). PV arrays located in this region degraded with a me-
dian PLR of —0.48%/year, compared to the middle (—0.78%/year)
and southern (—0.88%/year) third of the continental United States.
The northern third of the United States primarily consists of Dfa,
Dfb, and BSk Koppen-Geiger climate zones, as noted in Figure 8,
though other climates may also be included in this analysis.

In 2016, Jordan et al. [33] published a summary of reported deg-
radation rates around the globe, finding around 200 studies and
11,000 degradation rates, but with only 39 data points attributed
to snowy regions (Dfa, Dfb, Dfc, and ET climates). The 39 snowy
data points reported by Jordan et al. [33] consisted of thin-film,
mc-Si, and c-Si studies with multiple strings of data with a me-
dian degradation rate of —0.35%/year (—0.62%/year average).
These 39 data points represent 26 unique PV systems, as plot-
ted in Figure 8. Moderate, hot and humid, and desert climate
types were also reported with degradation rates of —0.42%/year,
—0.60%/year, and —0.71%/year, respectively.

A secondary point is plotted for this study in Figure 8 to rep-
resent the same selection criteria used in this work. Removing
thin-film technologies, systems with field exposure <3years,
and systems in Dfa climate zones instead results in 13 PV sys-
tems with a median degradation rate of —0.19%/year.

In this work, we examined PV system degradation across
continental and polar climate zones of Dfb, Dfc, and ET. We
limited our literature review of cold climate degradation rates
to only sites with >3years of data and mc-Si or c-Si technol-
ogies to improve data quality and comparability. The median
degradation rate was found to be —0.33%/year (—0.45%/year
on average). This represents the most thorough report of cold
climate degradation analysis to date, which includes tundra
and subarctic climates.

5.3 | Data Limitations

A thorough understanding of long-term PV performance in cold
climates is limited by the slower uptake of the PV industry at
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FIGURE7 | (A)Thelocation of reported degradation rates for all 27 mc-Si and c-Si PV systems with >3 years of field exposure in Dfb, Dfc, or ET
climates. (B) The distribution of reported degradation rates in cold climates in this work covering Dfb, Dfc, and ET Koppen-Geiger climates. The

sample size, average, and median are inset.
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FIGURE 8 | Reported median degradation rates for cold climate lo-
cations in the literature. The Koppen-Geiger climate zones associated
with each study are listed next to each reference point. Dfa and BSk rep-
resent warmer climate zones in the continental United States. Circles
denote analysis that includes thin film technologies and PV systems
with field exposure < 3years, whereas stars denote analysis of only sili-
con PV systems with > 3years of field exposure.

high latitudes and altitudes, compounded by a lack of collocated
instrumentation near existing PV sites, sparse ground irradi-
ance stations, and lower satellite data quality at high latitudes
[76-78]. In the presented compendium, the degradation rates of
27 unique silicon PV systems in Dfb, Dfc, and ET climate zones
are analyzed.

There are notable data gaps in the compendium relating to PV
system configuration and location. PV systems with reported
degradation rates in cold climates are typically small rooftop
deployments with <10years of field exposure. Furthermore,
no reports on PV site degradation were found for Dfb, Dfc, or

ET climates in Russia, Greenland, and several other countries,
which may be due to limited PV deployments in these regions to
date [79, 80].

Additionally, we observed a trend towards higher degradation
rates for PV systems deployed in recent decades compared to
systems deployed in the 1980s and 1990s. More data are re-
quired to corroborate this finding.

A few studies were found for PV systems in Eastern Europe and
the United States that did not specify latitude and longitude coor-
dinates, resulting in their exclusion from this analysis. However,
these systems may be located in Dfb, Dfc, or ET K6ppen-Geiger
climate zones. Larrivee [81] reported the degradation rates of
several PV systems in Germany. Belik et al. [82] reported deg-
radation rates between —0.7% and —1.3%/year for unnamed c-Si
PV plants in the Czech Republic and Ukraine. Murgescu et al.
[83] reported the PLR of several PV plants in Romania without
geographical coordinates. Finally, Raupp et al. [84] reported an
average degradation rate of —0.7%/year for two rooftop systems
in New York State, which may be located in a continental or tem-
perate climate zone.

Nonetheless, the results presented in this review represent
the most thorough compilation of degradation studies in Dfb,
Dfc, and ET climates to date. Lessons learned from PV sys-
tems deployed in subarctic and tundra climates can inform the
performance of PV systems in warmer climates, which are expe-
riencing more frequent extreme weather events including heavy
snowfall, ice storms, and high wind events [85].

6 | Conclusion

In this work, we presented a compendium of silicon PV sys-
tem degradation rates in cold continental and polar Képpen-
Geiger climate zones (Dfb, Dfc and ET) with >3years of
field exposure. The 27 PV sites presented have a median
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degradation rate of —0.33%/year and an average degradation
rate of —0.45%/year. Snow load, high winds, and freeze-thaw
cycles with temperatures as low as —40°C can cause cell and
frame strain and embrittlement in these climates. However,
the benefits of lower PV system operating temperatures and
reduced UV-light exposure are suspected to outweigh these
mechanical stresses, leading to the overall lower observed
degradation rates. PV systems deployed in subarctic and tun-
dra climates can be expected to provide lasting power for high
latitude and alpine communities.

A diverse range of methodologies for calculating degradation
rates is present in the compendium, highlighting the variabil-
ity of degradation analyses, and underscoring the need for stan-
dardized calculation methods to improve comparability and
accuracy across future studies. Year-on-year approaches are rec-
ommended in particular for high-latitude locations that experi-
ence strong seasonality and remote locations that may be more
prone to data outages.

New PV systems and test sites deployed in cold climates should
collect and store data over the long term to facilitate reliability
studies and regular degradation monitoring. This is particularly
important in remote locations, where access to I-V flash test-
ing equipment may be limited. However, long-term data col-
lection in cold climates for year-on-year degradation analyses
can be challenging in cold climates due to small regional PV
workforces, outdoor operation and maintenance challenges in
winter months, and higher data-outage potential. In the case
where I-V tracing equipment is available, flash-testing modules
before and after field exposure are recommended to supplement
year-on-year methodologies or when continuous data collection
is not possible.

Further studies on new bifacial technologies, such as SHJ and
TOPCon modules, are required across different climate zones
to determine their degradation rates and mechanisms under
varied outdoor stressors. A trend towards higher degradation
rates for PV systems deployed in recent decades is observed in
the compendium, which may be due to larger and thinner mod-
ule architectures in recent years. Continued development of re-
liability standards and testing is critical to maintaining module
durability under cold climate stressors of snow load, wind load,
and freeze-thaw cycles.

Finally, included in this review is the examination of three
new subarctic ground-mounted PV sites >60°N in Alaska and
Canada using RdTools, representing the three highest latitude
PV sites in the compendium and the first PV systems analyzed
in Alaska for degradation. We show that the specific yield of
these subarctic PV sites varied between 911 and 1329 kWh/kWp,
depending largely on the system configuration and cell tech-
nology. Site PV power data availability was >90% in all cases,
whereas meteorological data experienced more outages, with
availabilities of 65%, 84%, and 95%. For the 16-year-old double-
axis tracking PV system located in Fairbanks, Alaska (65°N),
the arrays demonstrated tracking availabilities of 48%-86%. The
tracking of one of three arrays failed after 12years of operation.
Overall, the newly analyzed subarctic North American PV sites
showcase a wide range of degradation rates from —0.4%/year to

—1.5%/year due to their widely varying system configurations,
module technologies, and deployment age.
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