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ARTICLE INFO ABSTRACT

Keywords: Solar energy’s penetration at high latitudes has been boosted during recent years, but snow deposits during the
Icephobic ) winter still limit its exploitation. Therefore, various solutions for snow removal, such as icephobic coatings,
ls\lanonllate“al increasing panels’ tilt angle, and using wind flows, are being attempted to reduce snow and ice accumulation.
now 10ss . The novelty of this study is that it presents insights into the snow-related issues of photovoltaic plants in Norway
Building-integrated photovoltaics L. > . . i A A . )
Solar cell and proposes a preliminary approach to modelling these issues’ influences at high latitudes using a co-simulation

approach. The workflow is based on a combination of PVsyst and Marion’s algorithm, and moves from the
assessment of snow deposits on photovoltaic panels and the consequent reduction of plane of array (POA)
irradiance (snow losses) to evaluating the influence of icephobic nanomaterials on snow losses. Solar analyses are
performed on a photovoltaic plant located in Trondheim, Norway, and then reiterated considering the climate of
the Norwegian cities of Bergen and Oslo. The snow losses between November and April, when the snow depth is
greater than zero, are 32.75 kWh/m? in Oslo, 25.05 kWh/m? in Trondheim, and 5.85 kWh/m? in Bergen. The
application of icephobic coatings currently available on the market will reduce such snow losses to 12.05 kWh/
m? (65% efficiency) in Oslo, 10.00 kWh/m? (60% efficiency) in Trondheim, and 3.35 kWh/m? (45% efficiency)
in Bergen. In conclusion, the application of icephobic coatings should be more greatly boosted in a continental
climate (Oslo and Trondheim) than in an oceanic climate (Bergen) to maximize photovoltaic power output.

(251 Wh/mz), reach almost the same value as in June (253 Wh/m?)
(Good et al.,, 2014). The sun elevation also changes significantly
throughout the year; the sun height at noon in the summer is around 50°,
while in the wintertime, it is below 10° (Lobaccaro et al., 2017a; Manni
et al., 2018).

1. Introduction

Public interest in solar energy is rapidly increasing in Norway, as
demonstrated by the increment in the installed solar power capacity

from 15 MW (2015) to 225 MW (2021) over only six years (Fig. 1)
(Statista, 2022), and building-integrated photovoltaics (BIPV) (Jelle,
2016; Jelle et al., 2012; Manni et al., 2020) will likely increase in
popularity in the coming years. The misconception that the level of solar
radiation is lower in the Nordic countries than in Continental Europe has
partially contributed to this delay in the exploitation of solar energy
(Formolli et al., 2021). However, recent studies regarding solar energy
have demonstrated that the available solar radiation in the Nordic
countries is simply differently distributed over the year if compared as
compared to Continental Europe; i.e., most irradiation is available
during the summer months, and only a limited amount is available
during the winter. Furthermore, the average hourly direct normal irra-
diation on the horizontal plane can, in winter months such as February
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In this context, it has been demonstrated that installing photovoltaic
(PV) systems at high latitudes has certain advantages, ranging from (i)
higher efficiency due to the low temperatures to (ii) the significant
amount of solar energy reflected by the snow covering the ground; (iii)
the solar energy potential, especially on vertical surfaces, i.e., building
facades, due to the low angle of solar rays at high latitudes; and (iv) the
significant amount of annual sun hours, which is higher than in others
locations in central Europe (Dubey et al., 2013; Formolli et al., 2021;
Scharmer Grief, 2000). On the other hand, some barriers can be easily
identified, particularly during the winter, such as the presence of snow
deposits on PV panels. This snow cover can cause worsen the efficiency
of grid-connected PV systems by around 3% in Continental Europe
(Becker et al., 2008), but the extent to which snow influences the plane
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Nomenclature

Variables

POA Plane of array [kWh/m?]

SL Snow losses [kWh/m?]

SD Snow depth [cm]

T Temperature [°C]

m Empirical coefficient in Marion’s algorithm [W/m?K]
k Sliding coefficient [unitless]

S Shear force [Pa]

P Load pressure [Pa]

Greek letters

0 Contact angle between the liquid-vapour interface and the
solid surface [0°-180°]

Y Tension force [N/m]

B Tilt angle of the photovoltaic panels [0°-90°]

Subscripts

L-A Liquid-air interface

S-L Solid-liquid interface

S-A Solid-air interface

a Air

Acronyms

BIPV Building integrated photovoltaic

PV Photovoltaic

ZEB Zero emission building

Lab Laboratory

MA Marion’s algorithm

VBPV Vertically mounted bifacial photovoltaic
T™MY Typical meteorological year

NOAA  National Oceanic and Atmospheric Administration
NCDC  National Climatic Data Center

MET Meteorological Institute

IAM Incidence angle modifier

of array (POA) irradiance of a PV panel in Norway is has been only
sparsely explored in the literature. Sevik and Aktas examined snow-
induced power losses by investigating the effects of natural and
manual cleaning on the performance of PV arrays. In a three-day period,
50-75% higher energy production was achieved as compared to the
other power plants with snow load. Snow removal from PV arrays both
prevented PV degradation and resulted in increased power generation,
while panel cleaning improved energy efficiency (Sevik and Aktas,
2022).

The continuous monitoring of the PV systems integrated into the roof
of the Zero Emission Building (ZEB) Living Laboratory (Lab) in Trond-
heim, Norway, shows that the optimized configuration of the PV panels
(i.e., the tilt angle is designed to maximize the POA irradiance) do not
prevent snow deposits, thus substantially decreasing energy production
during the winter (Fig. 2). The observations from the ZEB Living Lab
(Nocente et al., 2021), a pilot office building at Norwegian University of
Science and Technology Glgshaugen Campus, in Trondheim, confirmed
the issues of snow deposition for buildings at high latitudes (Fig. 3).
Further investigations highlighted the fact that another problem that
prevents the snow from sliding is the module frame: the snow cover
usually sticks to the frame and slides off only partially (Fig. 2).

Because snow and ice represents a serious problem and, thus, a
challenge to be solved for solar cells (Andersson et al., 2017; Borrebzek
et al., 2021, 2020; Jelle et al., 2016; Midtdal and Jelle, 2013), several
numerical models have been implemented to estimate and predict snow
losses (SL) (Andrews et al., 2013a), which are defined as the fraction of
the POA irradiance that cannot be harvested due to snow deposits,
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hereinafter referred to as “snow losses.” The algorithm coded by (Ross,
1995) uses the surface temperature of photovoltaic solar cells as a pre-
dictor of snow coverage, i.e., ice and snow deposits if the surface tem-
perature is below the 0 °C, while (Powers et al., 2010) found an
empirical correlation between SL and both the PV tilt angle and snow
depth (SD). Nonetheless, the experimental validation performed by
(Andrews et al., 2013b) demonstrated that these numerical models tend
to underestimate the effects of snowfalls. A turning point in modelling
SL is represented by the algorithm developed by Marion et al. (Marion
et al.,, 2013). A large dataset was used for its implementation, which
included information about energy production, SDs, snow coverage, and
POA irradiance for 24 combinations of PV technology, panel tilt angle,
and location. In a comparative analysis of SL models performed by
(@gaard et al., 2021), Marion’s algorithm (MA) yielded the best results.
Therefore, MA has been chosen to be integrated into the workflow of this
study (see the Methodology section for a detailed description of the
algorithm).

At the same time, solutions for snow removal that do not imply
additional energy consumption have been developed (Andenes et al.,
2018). In fact, manual snow removal has never been considered a valid
solution because solar systems can be difficult to reach in winter and
such an operation might damage the equipment (Ross, 1995). Devel-
oped techniques aim to enhance parameters of PV panels that influence
snow and ice accumulation, i.e., geometrical properties, orientation,
position, location, and surface physical characteristics. Increasing the
tilt angle of the photovoltaic panel, as well as exploiting wind flows, may
limit the adhesion of snow and ice (Ross, 1995). In that regard, vertically

2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

Fig. 1. Development of installed capacity for solar power in Norway (Statista, 2022).
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Fig. 2. ZEB Living Lab after a snowfall in late January 2015 (left); The snow cover sticks to the frame and slides off only partially after a snowfall in late November
2015 (middle); detail of the roof geometry with the tilted and flat parts, the weather station and the three rows of modules installed and the lowest part free from the

PV modules (right). Photo credit: Clara Good.

=

Fig. 3. From the top left corner to the bottom right corner, there is a progressive increase in the snow deposits on the PV system integrated into the rooftop of the ZEB

Laboratory in Trondheim, Norway.

mounted bifacial PV (VBPV) panels (Jouttijarvi et al., 2022) or PV
panels integrated into a building’s facade (Tina et al., 2021) can be
particularly advantageous at high latitudes due to both favorable solar
geometry and conditions, i.e., low incident angles on the part of sunrays,
and the presence of the snow covering the ground during some periods
of the year, especially at wintertime, i.e., solar radiation reflected from
the ground. Moreover, east-west oriented VBPV panels may shift energy
production from noon to morning and evening, thus improving the
match between solar power production and electricity load (Jouttijarvi
et al., 2022). Similarly, nanoscale modifications of the PV panel surface
have been implemented to create a water-repellent and self-cleaning
layer. However, among the other related issues, the snow sliding off
the solar cells should never constitute a danger for people walking next
to the plant or an obstacle on the pathway (Jelle, 2013). This has led, for
example, to the installation of anti-avalanche systems on the ZEB Lab-
oratory (Fig. 3).

The repellent-surface strategy in the presence of snow and ice has
been largely debated in the literature, leading to the development of
innovative and potentially icephobic nanomaterials. Icephobic treat-
ments have been attracting increasing interest due to their multiple
applications, e.g., power lines, plane wings, and wind turbines.
Regarding the energy sector, the implementation of a transparent, anti-
reflective, and durable icephobic treatment for PV modules can increase
energy production throughout the year, particularly during the winter
season, in cold climates.

The Norwegian climate is characterized by frequent snowfalls during
the winter period, which prevent the PV solar cells installed on flat and
moderate tilted angles roofs from fully harvest solar irradiance, leading
to reduced potential and performance in terms of energy generation.
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Maintaining the surfaces of the PV panels as free from snow deposits as
possible should therefore be prioritized. In that regard, snow- and ice-
phobic coatings have been demonstrated to have good potential, and
they have been specifically developed for PV solar cells so as to improve
their efficiency during the wintertime.

Within this framework, the novelty of the present study is in pro-
posing a co-simulation approach to model the influence of icephobic
nanomaterial coatings at high latitudes. The presented workflow cou-
ples commonly used computation and analysis tools, such as PVsyst, and
advanced algorithms from the literature, such as the MA, for SL calcu-
lation to simulate the presence of snow and preliminarily estimate the
POA irradiance of PV panels treated with icephobic nanomaterial
coatings. Although a significant number of publications have assessed
the application of snow- and icephobic coatings, the extent to which
these surface treatments can influence POA irradiance in Norway re-
mains unclear.

Thus, moving from the assessment of snow conditions in the three
most populated cities of Norway (Oslo, at latitude 59.9139° N; Bergen,
at latitude 60.3913° N; and Trondheim, at latitude 63.4305° N), this new
study aims to numerically investigate the efficiency of PV solar cells
treated with the icephobic coatings currently available on the market by
comparing their performance levels against those of PV solar cells
without icephobic coatings. Furthermore, an insight into the functioning
of icephobic coatings and their characteristics is provided.

The study presented herein is structured as follows: the Background
section (Section 2) outlines a theoretical framework for ice-formation
processes, hydrophobic and superhydrophobic materials, and ice-
phobic materials; the Materials and Methods section (Section 3) defines
the research workflow, the numerical model for the estimation of SL, the
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settings for the simulated materials, and the information on the selected
locations; the Results and Discussion section (Section 4) provides an
overview of the impacts of icephobic coatings on SL, followed by com-
ments on the results and limitations of the study. The article concludes
by considering future developments and summarizes the most important
findings and the implications for future advancements in the application
of icephobic nanomaterials at high latitudes (Section 5).

2. Background
2.1. Ice formation

The formation of ice and snow on a PV panel’s surface may occur due
to four phenomena: crystallization, moisture condensation, water
desublimation, and snowfall. The crystallization process mainly consists
of two phases: nucleation and crystal growth. Nucleation takes place
when the liquid is exposed to a temperature below its equilibrium state
and begins crystallizing. Solute molecules that are dispersed in the sol-
vent begin gathering into clusters at nanoscale (nucleation). Then, the
crystals grow until the clusters reach a critical size and become stable
nuclei (crystallization). If the critical size is not achieved, the clusters
dissolve. Moisture condensation is observed when the air temperature
drops below the dew point and water vapor in the air becomes liquid.
The condensation of water can be responsible for the formation of ice if
it begins freezing. On the other hand, water desublimation can occur
onto a cold surface, often by forming small ice crystals. In this case,
water vapor in cold air freezes without becoming liquid water. Snow
consists of flakes of crystalline ice that have formed in clouds at tem-
peratures below 0 °C and fallen to the ground via precipitation. Snow
precipitation can be observed even when air temperature values are
greater than 0 °C. However, the air temperature, together with the wind
velocity and characteristics of the PV panel, i.e., tilt angle and rough-
ness, determine the snow deposited. The surface temperature of the
panel also influences snow adhesion; if the surface temperature is higher
than 0 °C, a thin layer of water is generated on the ice, one with hybrid
properties, i.e., an intermediate between ice and water.

Once the freezing process is completed, ice adhesion plays a key role
in the duration of both ice and snow obstruction. The substrate char-
acteristics, ice particle size, and mode of fracture (i.e., the opening crack
and edge sliding crack) determine ice adhesion (Fillion et al., 2014).
Therefore, icephobic surfaces are designed to reduce ice adhesion and
delay water freezing, mainly by affecting two parameters: nucleation
temperature and nucleation delay time. To enhance these parameters,
the physical properties to be implemented in icephobic coatings are
mostly the same as those characterizing water-repellent surfaces. This
represents an advantage because water repulsion has been more thor-
oughly debated by scholars than icephobicity, which property is a
relatively recent and thus immature topic.

2.2. Hydrophobic and superhydrophobic coatings

The hydrophobicity level of a material is determined by the contact
angle (0) between the liquid—vapour interface and the solid surface. A
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surface is called hydrophilic if 0 is lower than 90°; otherwise, the surface
is classified as hydrophobic (90° > 6 > 150°) or superhydrophobic (6 >
150°) (Fig. 4).

A given system of solid, liquid, and vapour at a given temperature
and pressure has a unique equilibrium contact angle, which can be
numerically estimated under specific conditions, i.e., a smooth and ho-
mogeneous solid surface. Firstly, the equilibrium of the vertical com-
ponents of the interfacial tension forces is described as follows:

YL-atCOSO +ys | =7V a @

where yy.4 is the liquid-air tension force, ys.; is the solid-liquid tension
force, and ys 4 is the solid-air tension force. Solving this equation for cos
0 permits us to obtain Young’s equation (Parvate et al., 2020) and
determine whether a surface has a hydrophobic or hydrophilic nature.

If the solid-air tension force is higher than the solid-liquid tension
force (ys.a > vs.L), the contact angle 8 will be lower than 90°, and the
liquid is said to “partially wet the surface.” Otherwise, if the solid-air
tension force is lower than the solid-liquid tension force (ys.a < vs.L),
the contact angle 0 ranges between 90° and 180°, and the liquid is said to
“not wet the surface.” Therefore, hydrophobicity increases when the
solid-air tension force (ys.p) decreases. Hydrophobicity can be also
enhanced by manipulating the topography of the surface.

For a nanorough surface, two states, i.e., the Wenzel state and the
Cassie-Baxter state, are observed depending on the drop’s penetration
into the asperities of the surface (Fig. 5). The Wenzel state occurs when
the drops’ bottoms penetrate into the asperities, while air is trapped
between the water and surface texture in the Cassie-Baxter state. As the
surface roughness increases, it becomes unlikely for water to completely
adhere to the topography of the substrate, and hydrophobicity is
enhanced. Nonetheless, the system usually transitions from the Cassie-
Baxter state to the Wenzel state through an irreversible process; there-
fore, contact time must be considered.

The coatings having a contact angle 0 higher than 150° are termed
superhydrophobic coatings. Such coatings have attracted great attention
because they combine water-repellent properties with self-cleaning
ability. In fact, a droplet rolling on a surface can drag dust away (Mid-
tdal and Jelle, 2013).

The Cassie-Baxter state is dominant when considering super-hydro-
phobic coatings; therefore, highly nanorough textures are designed.
Several methods have been developed to realize the hydrophobization of
a surface such as covalent layer-by-layer assembly, chemical vapor
deposition, the synthesis of gels and nanoparticles, and hydrothermal
synthesis (Xue et al., 2010). Alongside these, approaches to producing
superhydrophobic coatings exist, and these are based on the application
of low-surface-energy materials onto the substrate, e.g., fluo-
rochemicals, silicones, and nano-textured materials). However, their
mechanical stability represents an issue: nanoroughness can easily be
destroyed by external forces, e.g., accidental impacts or excessive wind
pressure, and adhesion to the substrate is weak most of the time.

2.3. Icephobic coatings

Icephobic coatings consist of materials capable of delaying ice

0 9 ¢
Hydrophilic Hydrophobic Superhydrophobic
6 < 90° 90°< 6<150° 6> 150°

Fig. 4. Surface properties depending on the contact angle 0.
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Fig. 5. Schematic representation of drop penetration into the asperities of the surface according to the Wenzel Model (left) and the Cassie-Baxter Model (right).

formation from condensed or incoming water when ice would normally
form, i.e., at temperatures below water’s freezing point, and/or weak
shear and normal adhesion strength of ice (less than 100 kPa) (Hejazi
et al., 2013). A parallel exists between the definitions of hydrophobicity
and icephobicity, but hydrophobic and superhydrophobic surfaces are
not always suitable for icephobic applications (Sojoudi et al., 2016).

Existing hydrophobic and hydrophilic nanotextures were tested by
Jung et al. (Jung et al., 2011) and Eberle et al. (Eberle et al., 2014) to
determine the characteristics of an ideal icephobic coating. A hydro-
phobic surface was observed to decrease the possibility of water
freezing, while a hydrophilic surface delayed the freezing of supercooled
droplets. As compared to the reference aluminum substrate, the ice
nucleation was stopped at lower temperatures due to the presence of a
hydration layer between the forming ice nucleus and the solid surface.
However, the work (Schutzius et al., 2015a) on the physics of icing
demonstrates that the surface nanoroughness influences nucleation
delay but not nucleation temperature.

Frost formation can alter the wetting properties of a rough super-
hydrophobic surface, making it increasingly hydrophilic. The transition
from the Cassie-Baxter to the Wenzel state takes place when the surface
temperature decreases in a humid environment (Varanasi et al., 2010).
This transition is verified when vapour condenses in the air pockets
between the nanorough surface and the droplet and then begins freezing
due to the low temperature. However, the self-cleaning capability of
superhydrophobic surfaces may help prevent the Cassie-to-Wenzel
transition (Sojoudi et al., 2016). Wang et al. (Wang et al., 2013) inves-
tigated droplet rebounds after hitting a surface: such events were found
to be more probable on superhydrophobic surfaces with hierarchical
structures than on micro- or nanostructured superhydrophobic surfaces.
In fact, drop impact is a critical aspect for superhydrophobic surfaces,
which do not implement nanotextured and closed-cell geometries,
because the liquid meniscus may penetrate the surface texture (Schut-
zius et al., 2015b).

Snow deposits behave differently depending on snow characteristics:
dry snow adhesion is regulated by solid-solid friction, while wet snow
adhesion is regulated by solid-liquid friction. Therefore, dry snow
sliding is accelerated on superhydrophobic surfaces, while wet snow
slides off easily from hydrophilic surfaces. To prevent snow adhesion
under both conditions, i.e., dry snow and wet snow, Nakajima et al.
(Nakajima, 2004) developed a hybrid coating in which hydrophilic
channels are realized on a superhydrophobic substrate.

Regarding the applications of these materials to PV, icephobic
coatings should be selected by considering ice adhesion as a stress
parameter. The design of icephobic surfaces presented in (Schutzius
et al., 2015a) are characterized by ice-adhesion mean-stress values be-
tween 15 kPa and 60 kPa, while Golovin et al. (Golovin et al., 2016)
designed coatings with ice adhesion values close to zero (0.2 kPa). There
are some icephobic coatings that are available on the market, e.g.,
polysiloxanes, silicones, and anti-freezing proteins, and can be applied
through rolling, brushing, or spraying on various substrates. Although
their performance levels are generally worse than those of materials
under development, e.g., laser-treated icephobic surfaces and silicone
nanofilaments, they can achieve ice-adhesion mean-stress values
ranging from 20 kPa to 80 kPa.
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3. Materials and method
3.1. Workflow

The novelty of this study is in the development of a new workflow
combining commonly used computational and analysis tools, e.g.,
PVSyst, with advanced algorithms from the literature, such as the MA
(Marion et al., 2013). This research study is arranged into four stages
(Fig. 6). The first to the third stages concern the solar assessment of
different scenarios, i.e., the solar analysis of the PV system without the
presence of snow, the solar analysis of the PV system considering
snowfalls, and the solar analysis of the PV system enhanced with ice-
phobic coatings and considering snowfalls. The fourth and final stage
involves the estimation of the efficiency of the icephobic coatings and
the comparison of the results.

During stage one, location, climate conditions, geometry, and
ground albedo are considered as input values. The PVsyst tool, which
implements the Perez sky diffuse model, is used to determine the POA
irradiance of the PV system integrated into the building envelope case
study. The typical meteorological year (TMY) weather data file, ob-
tained through EnergyPlus weather (.epw), is used to describe climate
conditions of Bergen, Oslo, and Trondheim (Norway). Conversely, the
SD data are provided by the National Oceanic and Atmospheric
Administration (NOAA) division in National Climatic Data Center
(NCDC) in the US, as accessed via the national database of Norwegian
Meteorological Institute using the eKlima service. A specific ground al-
bedo value is assigned to each month, with the greater amounts corre-
sponding to the winter season, when snow is deposited on the ground
surface (Table 1).

During the second stage, the MA is integrated into the PVsyst
calculation process to simulate the presence of snow deposits on PV
panels and quantify the SL. Information about SD is considered as input,
together with the parameters from the first stage, i.e., location, climate,
geometry, and ground albedo. The functioning of the MA is detailed in
this section.

In stage three, the investigated PV panels are enhanced with ice-
phobic coatings. Therefore, the material’s properties are considered as
input parameters, in addition to those mentioned above. Similar to the
method described for stage two, a co-simulation approach based on the
combination of PVsyst and the MA is exploited.

Outputs from the three stages concern the POA irradiance amounts
calculated for the three scenarios. Such quantities are post-processed in
stage four to estimate the efficiency of the icephobic coatings, which is
defined as the ratio between the SL estimated for PV panels enhanced
with icephobic coatings and the SL estimated for traditional PV panels.

3.2. Case study locations and climates

The solar analyses are performed for the climate conditions charac-
teristic of Bergen, Oslo, and Trondheim. According to the Koppen
climate classification system, Bergen is classified as an oceanic climate
(Cfb), Oslo as a warm-summer humid continental climate (Dfb), and
Trondheim as a continental subarctic climate (Dfc), see Fig. 7.

Data about SD have been accessed through the Meteorological
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Scenarios Outputs Data analysis

Location
Climate
Geometry
Ground albedo

Unobstructed plane

Icephobic

e

coatings
efficiency

Snow deposits

Icephobic
coating

Snow deposits
Ice-phobic PV

Fig. 6. The workflow of the conducted study: the boxes in grey are the input data; the red boxes represent the tools; in yellow, we present the output data; the green
background identifies the three scenarios. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Ground albedo values set in PVsyst for each month.
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Albedo 0.82 0.82 0.75 0.55 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.82

Kdppen climate types of Norway

ET —Tundra

Dfc — Subarctic

Dfb — Warm-summer humid continental

Dsc —Dry-summer subarctic

Dsb — Warm-summer mediterranean continental
Cfc — Subpolar oceanic

Cfb — Oceanic

Csc— Cold-summer mediterranean

Csb — Warm-summer mediterranean

N

Fig. 7. The Koppen climate classification system: the case study locations and the building case study are reported in the circles. Modified from “Koppen climate

types of Norway” by Adam Peterson.
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Institute (MET). In Fig. 8, the monthly average SD values measured since
January 2019 have been reported for Bergen, Oslo, and Trondheim. This
time interval was chosen because it is the only one for which SD data are
available for the three locations. Omitted months are characterized by
null SD values.

3.3. Building case study: The ZEB Living Lab

The building case study is the ZEB Living Lab, in Trondheim. A
detailed description of the facility and thee research activities performed
there are provided in (Goia et al., 2015; Lobaccaro et al., 2017b).

The building is equipped with a PV system installed on the two south-
facing roof slopes. The roof slopes have a tilt angle of 40° from the
horizontal plane, and they are exposed southward. The PV system
consists of 48 modules arranged in six rows of eight panels (three rows
per roof slope). Each string is made of twelve PV panels (two strings per
roof slope). The PV modules are REC 260PEs, and they have sixty
polycrystalline silicon (poly-Si) solar cells, with three bypass diodes. The
nominal power for one module is 260 W), for a total installed power of
11,480 W,,. The rated efficiency of the modules is 15.8%. The area of one
module is 1.65 m? (1 m by 1.65 m), resulting in a total area of 79.2 m>.
Two Sunny Boy 5000 TL-21 MS inverters are installed (one per roof
slope), which are characterized by a maximum DC power of 5.25 kW and
an efficiency of around 97%.

In wintertime, the PV panels installed on the ZEB Living Lab are often
subjected to snow cover, affecting energy production (Fig. 2) and
exhibiting all the issues related to snow deposition for buildings at high
latitudes. However, it is worth noting that this building presents a spe-
cific geometrical design for the roof, which is characterized by a tilted
section 40° from the horizontal plane and a horizontal section. Even if
this design represents a peculiar feature of a typical Norwegian dwelling
on the one hand, the specific geometry of the building strongly in-
fluences the snow deposition on the other hand. In fact, the horizontal
part of the roof represents a favorable place for snow accumulation,
leading to a long period of snow coverage and ice formation, especially
on the lowest PV rows during the coldest months. Consequently, the
snow on the higher rows is prevented from sliding off. Even though this
phenomenon was taken in consideration during the design phase by
avoiding the installation of PV modules on the lowest part of the roof
(Fig. 2), when abundant snow precipitation occurs, the PV modules are
prevented from producing any energy because of the snow deposition
and obstruction (Fig. 2). Further observations highlighted another
problem that impedes snow sliding, the module frame; sometimes, the
snow cover sticks to the frame and slides off only partially (Fig. 2).

3.4. Modelling snow losses

A new co-simulation method that combines the MA with commercial
software, such as the PVsyst tool, is used to calculate SL. Firstly, the
geometrical properties (i.e., tilt angle and azimuth angle) of the PV plant
are defined, together with the location (i.e., latitude and longitude).
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Then, the POA irradiance is calculated by the PVsyst tool and then
modified by the MA depending on the estimated snow coverage. The
PVsyst software enables investigating grid-connected systems, stand-
alone systems, pumping systems, and direct current networks for pub-
lic transportation. The PVsyst tool also provides access to miscellaneous
meteorological data sources, in addition to continuously updated solar
system component data. These aspects make the PVsyst tool suitable for
application to the wide range of studies that may follow the present one.

The PVsyst software allows us to account for “array incidence losses,”
which correspond to the decrease in the irradiance reaching the PV cell’s
surface due to reflections and the transmission of the sun’s rays at each
material interface, as well as to slight absorption of the glass cover. The
magnitude of such an incidence effect increases with low incidence
angle values for solar radiation; therefore, this issue should be particu-
larly considered in Norway, especially during the winter. The PVsyst
software program uses an incidence angle modifier (IAM) function based
on the Fresnel’s law, which describes the decrease in transmitted irra-
diance as a function of the incidence angle. This function is also applied
to the beam component, as well as to the diffuse and albedo components.

The POA irradiance after the evaluation of the IAM losses is used by
the MA to derive the snow coverage. In particular, the MA verifies the
presence of snowfall events for each day. If a snowfall occurred, the
model assumes that POA irradiance is null; otherwise, the latest snow
coverage value from the day before is considered. This value is kept
constant until either the POA irradiance or the air temperature changes,
causing some of the accumulated snow to slide off. In fact, snow sliding
occurs as long as the following inequality is satisfied:

POA
Taf—o >0 (@3]
m

where T, represents the hourly temperature of the air, expressed in
Kelvin, and m represents Marion’s empirically defined value (-80 W/
mzK).

If the model determines that sliding is possible, then the hourly snow
slide amount is calculated according to the following:

s = k-sinf 3

where the dimensionless sliding coefficient k is set equal to 1.97, which
was experimentally determined for roof-mounted systems by Marion
et al. (Marion et al., 2013), and f is the tilt angle in degrees. Once the
snow slide amount is calculated, it is subtracted from the initial snow
coverage until the volume of snow covering the PV modules is null.
Finally, the PV strings that are free from snow are identified, and these
PV modules are allowed to operate normally. Conversely, the energy
production of the other PV strings is considered to be null. Such a routine
is then reiterated for the following hour of the day.

3.5. Icephobic coatings

The behavior of icephobic coatings and their influences on snow
adhesion to PV modules is simulated by modifying the sliding coefficient

Bergen ™ Oslo

PP DD D DD
>
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Fig. 8. Monthly average snow depth (SD) amounts calculated since January 2019 are reported for Bergen, Oslo, and Trondheim (Norway).
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derived from the MA. Moving from the definition of the friction coeffi-
cient as the ratio between the shear force per unit area (S) and the
pressure due to the load (P), the S-term can be defined as follows:
S sing
P~ cosp @
When the icephobic coating is applied to the photovoltaic surface,
the S value can change proportionally to the ratio between the ice
adhesion strength of the panel surface treated with the icephobic coating
and the ice adhesion strength of the untreated panel surface. Conse-
quently, an equivalent sliding coefficient is defined bt dividing the value
defined by Marion et al. (Marion et al., 2013) by the same ratio.
Icephobic coatings that are already on the market have been studied
so as to allow for the full comprehension of their characteristics. Data
sheets usually refer to an ice adhesion parameter to show the efficiency
of the product. For the icephobic coatings available on the market, ice
adhesion usually ranges between 40 kPa and 80 kPa.! Tests made on
bare glass, which is the material commonly applied as a cover for PV
panels, showed that ice adhesion can be assumed to be around 400 kPa
(Chernyy et al., 2014). Therefore, comparing a value of around 60 kPa
(i.e., in the middle of the above range) with the above given value of
400 kPa, the ice adhesion strength of PV panels enhanced with icephobic
coatings may be assumed to be reduced by 85%; thus, the equivalent
sliding coefficient is obtained by dividing the sliding coefficient for the
untreated PV panel by 0.15.

3.6. Limitations and assumptions of the current study

The main limitations of this study are presented and discussed in the
following. The data on solar irradiation from statistic-based weather
data files may contain an incorrect computing of direct fractions, as well
as systematic errors within the evaluation of the potential benefits. Such
weather data files are, however, the usual source of weather data at the
preliminary phase of the design process and are, at the moment, the
most used and most accepted source of weather data inputs in terms of
building performance simulations.

Concerning the PV applications of icephobic coatings, high trans-
parency is required. Nonetheless, icephobic coatings are mostly opaque
because the light transmittance usually decreases with increasing sur-
face roughness. New technological solutions (Wu et al., 2022; Zhuo
et al., 2020) have achieved high transparency and anti-reflective levels,
but they may alter the optical properties of the PV panels. Therefore,
modelling the icephobic coatings through only the MA’s slide coefficient
limits the results’ overall accuracy. However, the workflow followed in
this study is based on a comparative analysis of the results, and this
significantly reduces the impact of this limitation on the main research
outcomes.

The equivalent sliding coefficient (see Section 3.5) is not experi-
mentally determined for the investigated icephobic coatings. However,
the proposed workflow is developed to be exploited at the early stages of
the design process, when material and technology solutions are still
undefined. At these stages, architects, engineers, and designers can
mostly rely on information reported on materials’ data sheets. There-
fore, the sliding coefficient is calculated from the ice adhesion param-
eter, which is usually provided in such documentation. Here as well, the
comparative approach helps reduce the impact of this limitation.

The co-simulation approach, as described in this work, has not been
validated against experimental data. Nonetheless, the accuracy of the
two tools combined in this co-simulation approach, i.e., PVsyst and the
MA, has already been widely addressed by other available studies in the
literature (Nicolas-Martin et al., 2020; (gaard et al., 2021).

Finally, the PV panels considered in this study are integrated on a
tilted planar roof, which does not present any obstacles to snow sliding,

1 https://www.silicone-polymers.co.uk/.
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e.g., windows, antennas, and chimneys. Similarly, the adhesion of snow
to the frame of the PV modules is neglected when evaluating snow
sliding.

4. Results and discussion

4.1. Scenario of snow losses in Norway without the application of
icephobic photovoltaic surfaces

The average monthly amounts of POA irradiance for an unobstructed
plane and SD are calculated over the monitored period (from 2019 to
2022) for the three case study locations (Fig. 9). Such POA irradiance
values are used as references to determine the SL later. Only the months
with SD amounts different from zero in at least one of the locations are
included in the following analyses. This allows us to focus exclusively on
those months in which icephobic coatings are effective so as to better
understand the implications of their application. Therefore, only the
months between November and April will be considered in the time
domain from here on.

The results regarding the reduction of POA irradiance due to snow
deposits (the scenario with the presence of snow) are reported in Fig. 10
and Table 2 for Oslo, Bergen, and Trondheim. Oslo shows the greatest
variations from the reference irradiance profile in January (from 14.40
kWh/m? to 4.15 kWh/m?), while the global solar irradiance impinging
on the PV panels is halved in December. In Bergen, the SL were lower
than in the other locations due to the warmer climate conditions.
However, the POA irradiance was decreased by 20% in January and
15% in February (i.e., no significant variations detected during the other
months). In Trondheim, SL are observed between December and March,
with a peak in February (from 38.00 kWh/m? to 26.65 kWh/m?). The
total amounts of SL estimated for the selected months has confirmed
Oslo as the case study with the highest snow loss percentage (around
15%), followed by Trondheim (around 10%) and Bergen (lower than
5%). It is worth highlighting that the PV panels in Bergen are also
characterized by the lowest solar accessibility; therefore, the minimum
potential for the application of icephobic coatings is observed for this
case study. In fact, an ideal icephobic coating (i.e., a coating enabling a
completely null SL) would allow harvesting only 5.85 kWh/m? in Ber-
gen, as compared to 25.05 kWh/m? in Trondheim and 32.75 kWh/m? in
Oslo.

4.2. Scenario with the application of icephobic photovoltaic surfaces

The reduction of POA irradiance due to snow deposits when ice-
phobic coatings are applied to the PV panels’ surfaces can be seen in
Fig. 11 and Table 3 for Oslo, Bergen, and Trondheim. The SL percentages
calculated for the PV plant in Oslo range between 40% and 50% of the
POA irradiation estimated for an unobstructed surface, that is, during
December and January. Conversely, minor losses, i.e., lower than 5%,
are observed in the other months. In Bergen, the POA irradiance amount
that is lost because of snow deposits is always lower than 2.00 kWh,/m?
per month, and the maximum loss is observed in February, at 1.50 kWh/
m?. Indeed, the trend of the POA irradiance estimated considering SL
and solar panels enhanced with icephobic coatings does not diverge
significantly from the reference POA irradiance (Fig. 11b). When ice-
phobic coatings are applied to the solar panels in Trondheim, snow
deposits prevent a share of the solar irradiance from being harvested,
with a peak in February (around 20%). Icephobic coatings do not alter
the rankings described in the previous section: Oslo is the case study
location showing the highest SL (5%) throughout the considered
months, followed by Trondheim (3%) and Bergen (2%). Despite the
application of icephobic coatings, SL still account for 12.05 kWh/m? in
Oslo, 3.35 kWh/m? in Bergen, and 10.00 kWh/m? in Trondheim
throughout the considered months.
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Fig. 9. The average monthly amounts of plane of array (POA) irradiance and snow depth (SD). The average is calculated over the monitored period (from 2019 to
2022) for the three case study locations.

POA Irradiation [kWh/m?]

140.00

120.00

100.00

80.00

60.00

40.00

Oslo

POA TIrradiation [kWh/m?]

Bergen
140.00 7
120.00
100.00 £
2
L
80.00 =
.2
=
60.00 1 =
k=
40.00 1 S
(=9
20.00 1
0.00 —
% SRR
NIRRT RO,
& W & W
\@q@ MR Q\O\ W

140.00 1

120.00 1

100.00 1

80.00 1

60.00 1

40.00 1

20.00 1

Trondheim

Fig. 10. Outcomes concerning the reduction of plane of array (POA) irradiation due to snow deposits (the scenario with the presence of snow) for Oslo, Bergen, and
Trondheim (Norway). The dashed line and the gray area depict, respectively, the POA reference value and the solar energy loss due to snow from this when the
presence of snow is considered.

Table 2
Outcomes of the solar analysis performed for the scenario with the presence of snow, considering the climates in Oslo, Bergen, and Trondheim (Norway).
Oslo Bergen Trondheim
POA Irradiation [kWh/  SL [kWh/ SL POA Irradiation [kWh/  SL [kWh/ SL POA Irradiation [kWh/  SL [kWh/ SL
m?] m?] [%] m?] m?] [%] m?] m?] [%]
November 15.40 0.30 2 10.30 0.50 5 13.50 0.00 0
December 7.40 3.80 51 4.60 0.30 6 5.60 1.00 18
January 14.40 10.25 71 8.20 1.65 20 11.05 2.60 23
February 27.45 8.40 31 21.30 3.00 14 38.00 11.35 30
March 70.70 7.75 11 49.15 0.50 1 92.05 10.15 11
April 103.10 2.30 2 86.80 0.00 0 129.15 0.00 0
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Fig. 11. Outcomes concerning reduction of plane of array (POA) irradiation due to snow deposits (scenario with the presence of snow and icephobic coatings applied
to PV panels) in Oslo, Bergen, and Trondheim (Norway). The dashed line and the blue area depict, respectively, the POA reference value and the and the solar energy
loss due to snow when snow presence and icephobic coatings are considered. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 3

Outcomes of a solar analysis performed for the scenario with the presence of snow and icephobic coatings applied to PV panels, considering the climates in Oslo,

Bergen, and Trondheim (Norway).

Oslo Bergen Trondheim

POA Irradiation [kWh/ SL [kWh/ SL POA Irradiation [kWh/ SL [kWh/ SL POA Irradiation [kWh/ SL [kWh/ SL

m?] m?] [%] m?] m?] [%] m?] m?] [%]
November 15.40 0.15 1 10.30 0.50 5 13.45 0.00 0
December 7.40 3.75 50 4.55 0.25 6 5.60 0.70 12
January 14.40 5.95 41 8.20 1.05 13 11.05 1.10 10
February 27.45 1.15 4 21.30 1.50 7 38.00 6.80 18
March 70.70 0.90 1 49.15 0.00 0 92.05 1.45 2
April 103.10 0.15 0 86.80 0.00 0 129.15 0.00 0

4.3. Inter-scenario comparison and guidelines

The icephobic coatings simulated in this study were capable of
reducing the SL in all the considered locations (Fig. 12). In Oslo, the
solar irradiance harvested by the treated solar panels diverges from the
reference value (i.e., the POA irradiance of an unobstructed plane) by
12.05 kWh/m?, while the solar irradiance harvested by the untreated
solar panels diverges by 32.75 kWh/m? throughout the selected months.
According to this, the icephobic coatings are effective in reducing SL by
around 65% during the winter. In Bergen, the application of icephobic
coatings reduces SL from 5.85 kWh/m? to 3.35 kWh/m? between
November and April, with an effectiveness of around 45%. In Trond-
heim, during the considered months, only 10.00 kWh/m? would not be
harvested due to snow deposits if the solar panels were treated with
icephobic coatings. Conversely, in the scenario without the application
of icephobic photovoltaics, the SL amount to 25.05 kWh/m?2. The ice-
phobic coatings are characterized by an effectiveness of 60% in the case
study location of Trondheim. Exploiting icephobic coatings is more
efficient in Oslo (65% efficiency) and in Trondheim (60% efficiency)
than in Bergen (45% efficiency).

It is worth highlighting that the icephobic coatings are found to be
more effective during the months between January and April than in
November and December at every location (Fig. 12). Both the greater SD
and the higher solar accessibility of the PV panels observed in the period
from January to April contribute to increasing the icephobic coatings’
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efficiency. Furthermore, the best monthly effectiveness is found in
March for Bergen when SL are lowered to zero, while the highest
nominal reduction of SL is estimated in March for Trondheim (8.70
kWh/m?).

To summarize, the following guidelines are outlined concerning the
application of icephobic coatings in Norway:

e The application of icephobic coatings should be prioritized in loca-
tions classified as having a continental climate (zone D);

e Icephobic coatings should be applied to maximize PV power output
between January and April in Oslo, as well as between January and
March in Bergen and Trondheim;

e Icephobic coatings currently available on the market can reduce SL
in solar panels by at least 45% during winter.

5. Conclusions and future outlook

This study presents an insight into the snow-related issues of
photovoltaic (PV) plants at high latitudes. The proposed workflow
moves from an assessment of snow deposits on PV panels and the
consequent reduction of plane of array (POA) irradiance to an evalua-
tion of the influence of icephobic nanomaterials on snow losses. These
analyses are performed for three case study locations in Norway (Oslo,
Bergen, and Trondheim).

When snow presence is considered, the SL calculated over the
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Fig. 12. SL and icephobic coatings’ efficiency: the blue bars represent the SL when icephobic coatings are applied to PV panels; the grey bars describe the additional
SL in the scenario without icephobic coatings, with the red cross symbols representing the icephobic coatings’ efficiency. The efficiency of the icephobic coatings is
defined as the ratio between the SL estimated for PV panels enhanced with icephobic coatings and the SL estimated for traditional PV panels. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

months between November and April are equal to 32.75 kWh/m? in
Oslo, 25.05 kWh/m? in Trondheim, and 5.85 kWh/m? in Bergen. In
particular, the SL can amount to 70% of the POA irradiance (during
January in Oslo). Therefore, techniques for snow removal should be
implemented to boost solar energy penetration at high latitudes. The
application of icephobic coatings currently available on the market can
reduce SL to 12.05 kWh/m? in Oslo, 10.00 kWh/m? in Trondheim, and
3.35 kWh/m? in Bergen. Therefore, the effectiveness of the icephobic
coatings is equal to 65% in Oslo, 60% in Trondheim, and 45% in Bergen.

If we consider an annual basis analysis, the SL account for a
maximum of 3% of the yearly POA. Such a value is in line with that
estimated by Becker et al. for Continental Europe (Becker et al., 2008).
Therefore, the application of icephobic coatings cannot enable addi-
tional solar energy gains that exceed such a share of POA. This makes it
necessary to accurately investigate the economic feasibility of the pro-
posed technology regarding its application at high latitudes.

The main findings can be summarized as followings:

e Snow losses are larger in Oslo than in Trondheim and Bergen.

e The mitigation of SL due to icephobic coatings application is directly
proportional to SL.

e The highest nominal reduction of SL is estimated for March in
Trondheim (8.70 kWh/mz).

e The highest monthly effectiveness is found for March in Bergen,
when SL are nulled.

In conclusion, the application of icephobic coatings should be
boosted at locations classified as having a continental climate (zone D in
the Koppen climate classification system) to maximize PV power output
during the wintertime on the one hand, as well as to enhance the per-
formance level of other solar strategies, such as solar air heaters, light
shelves, and photoluminescent surfaces, on the other hand. Nonetheless,
for future studies, it will be important to gain further insight into the
model chain, as well as the applied icephobic nanomaterials. This in-
cludes the following aspects:

e Validating the model chain with experimental data from various
high-latitude locations and PV systems.
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Implementing a more accurate model chain for the better simulation
of the behavior of icephobic coatings when applied to PV panels, i.e.,
modelling icephobic coatings otherwise than using Marion’s algo-
rithm (MA) for the sliding coefficient.

Assessing the potential of icephobic coatings that have been pre-
sented in the literature but are not yet available in the commercial
market.

Conducting an economic analysis of the application of icephobic
nanomaterials to PV panels, with a specific focus on the payback
period of the intervention.

Obtaining miscellaneous information about icephobic materials and
coatings through the available literature and by conducting new
laboratory experiments, e.g., transparency and anti-reflective levels,
climate exposure and ageing durability, and snow/ice repulsion
efficiency.

Performing a sensitivity analysis of the ice adhesion strength of the
PV panels.
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