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Foreword

Foreword

When I started my research in snow and ice adhesion mitigation, the subject matter appeared so
large and so incomprehensibly complex; nearly impossible to grasp in its entirety. From there the
field appeared to grow with my capacity to ask more specific questions, until I simply had to pick
one narrow sliver to make my own.

Snow is a fascinating field of research and, in the context of improving the applicability of solar
energy in cold regions, it feels especially motivating as I may contribute to a development of
society towards a better future. A better future in the sense that coming generations may find a
more intelligently designed way of life; a way that allows them to live modern, comfortable lives
while in balance with their environment.

To this end photovoltaics (PV) offer a spectacular opportunity to harvest energy for our very
energy-hungry society, directly from the sun, without having to take the extra steps through
complex planetary chemistry. Modern homes often have PV installed on the roof, hanging on
brackets or braces outside the roof itself. This adds an environmentally redundant layer to the
building envelope. Having the PV modules replace the roofing is thus the next logical step in PV
module design.

Building integrated photovoltaics (BIPV) is a faitly new technology that has seen some sudden
rises and falls in popularity as new and exciting products have been announced. Such PV modules
may replace roof elements, wall elements, or even replace roads, pavements and parking spaces.
PV may thus be integrated, not only directly integrated into buildings, but the surrounding
infrastructure as well.

In northern climates, snow and ice present a significant challenge as they may cover the BIPV
installation and thus reduce power production significantly during the part of the year when the
energy is most needed. The project of which this research was part, was started in response to a
growing need for knowledge of how to approach solar energy in Norway; a country where snow
and ice are very prevalent through significant parts of the year.

It is my sincere hope that solar energy replaces and revolutionizes the manner in which we
generate our energy. This thesis represents my tiny contribution to this vision, so far.

Per-Olof Andersson Borrebxk
Trondheim, April 2020
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Summary

Summary

Solar energy is one of the main environmentally responsible forms of energy production and
one that is very interesting for private citizens to invest in. The cost for private citizens to invest
in solar energy, however, has still not reached parity with fossil fuels such as natural gas.
Integration of photovoltaic cells in building skin elements such as roofing or wall cladding,
however, makes it possible to co-invest in both simultaneously. This may allow for a dramatic
energy price reduction while maintaining the original aesthetics of the architecture.

In the cold regions of the world, where snow and ice are common occurrences, these present
another challenge by accreting on the solar panels. The winter months, when snow and ice is
most prevalent, is also the time when the energy is most needed. Though itis the least productive
time of the yeat, between 1-20% of the annual production may be lost due to accumulation of
ice and snow covering the solar panels.

Based on a thorough state-of-the-art analysis, resulting in two review articles, it was determined
that snow adhesion differs fundamentally from ice adhesion. Snow adhesion is a less explored
area, often conflated with ice adhesion. The scope of this thesis was therefore narrowed from
including both ice and snow adhesion mitigation, to focus specifically the mitigation of snow
adhesion.

In order to explicitly test the similarities and differences between ice adhesion and snow
adhesion, a controlled method for snow adhesion measurement was developed. This method was
then applied to known ice adhesion mitigating surfaces to ascertain the extent of the difference
in behavioural trends. It was found that the level of ice adhesion mitigation has no apparent
bearing on the level of snow adhesion.

The method was further applied to glass surfaces of varying roughness to begin the process of
accumulating quantitative adhesion data specific to snow, and to test the limitations of the
method. Results indicate that increased surface roughness on glass in the micrometre scale will
have a drastic negative impact on snow adhesion mitigating efforts.

All analyses of snow adhesion were performed using synthetic snow. The use of synthetic snow
allows for repeated production of snow with identical properties, something that cannot be
attained with 7z-sit# measurements using natural snow. This ensures the reproducibility of the
experiments such that results may be independently verified.

After having determined that snow adhesion should indeed be studied separately from ice
adhesion, a suggestion for a redefined terminology was presented, along with a framework for
classification of performance.

- 10T -
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Nomenclature

The following nomenclature has been used throughout this thesis. Brief explanations of these
and other concepts and definitions can be found in Appendix C.

AFM — Atomic force microscope
BIPV — Building integrated photovoltaics
BWI — Bulk water ice

CA — Contact angle

CAH - Contact angle hysteresis

CIP — Crack initiation and propagation
IFM — Infinite focus microscope

IP — Ingress protocol

LIT — Low interfacial toughness

LLL — Liquid-like layer

LWC — Liquid water content

MSI — Mullin-Sekerka instability

PV — Photovoltaics

RH — Relative humidity

ROI — Return on investment

SLIPS — Slippery lubricant impregnated porous surface
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Introduction

1 Introduction

Renewable energy generation is a hot topic around the world as global warming becomes an
ever more present theme, permeating a wide variety of fields. The most common renewable
energy forms, wind and solar energy, both see heavy investment. In cold regions, where abundant
snow and ice accumulation is a challenge, certain precautions and special solutions have to be
employed to keep snow from blocking solar panels. The research presented in this thesis is
focused on the matter of mitigating the impact of snow on building integrated photovoltaics

(BIPV).
1.1 Traditional building mounted photovoltaics

Photovoltaic (PV) modules have been mounted on buildings for many years and, as one might
expect, often on the roof as the angle often corresponds approximately to the optimal angle for
PV energy generation. Larger installations are commonly found on the flat roofs of industrial
buildings, where PV modules are placed on a frame to angle them as closely as possible to
optimize annual solar exposure.

Many larger PV installations are mounted on tigs standing on the ground, coveting large areas.
Such practices claim significant land areas to produce relatively little energy. By instead placing
PV on buildings, the land use can be combined for both habitation or productivity, and energy
hatvesting. Using roof space for PV often also allows for utilization of otherwise unused space,
of which cities and other densely built regions have an abundance.

1.2 Building integrated photovoltaics (BIPV)

Placing a layer of PV on top of the intended outer skin element of buildings, makes for a
redundant extra layer of cladding. While common PV modules do not commonly meet the same
requirements as traditional building skin elements, they do form an extra cladding layer that could
be made to form a proper building skin. PV that do meet these requirements are known as building
integrated photovoltaics (BIPV).

1.2.1 Integration alternatives

Most commonly, PV is mounted on roofs as they are commonly angled in a way that is closer
to the optimal angle (perpendicular to the incident light) than other sutfaces. As the roof cladding
is not usually implemented as a water-tight building membrane, making roofing tiles or modules
that behave similarly to traditional roofing tiles is perhaps not as complicated as it may first

appear.

The standardization of cladding element size dictates the optimal module size or sizes that may
be used. Opting to disregard such standardization may incur extra cost of sub-structure design to
propetly support the modules. In addition to this, the only actual requirements for building
cladding elements is that they function as intended. They have to repel most precipitation and act
as a shield against the elements, while being securely fastened and the substructure allowed to dry
out any accumulated moisture.

The BIPV modules themselves, much like traditional PV, must be properly weather resistant to
deter water ingress that may damage the electrical components. Other than that, they must
comply with regulations concerning electrical installations (particularly including fire safety),
which may differ between countries or even regions within a country.
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Several studies have shown that proper use of albedo (reflection of solar radiation) effects from
snow or bodies of water, may allow for drastic increases in PV energy production [1-3]. This
makes facade elements well suited for certain environments, but site-specific considerations must
be taken into account for each project.

Shading products are sometimes considered integrated and lend themselves well to PV energy
production as their inherent function is to reduce solar radiation transmission into the building.
As they are not integral parts of a buildings protective skin, there are generally no building code
requirements beyond common safety aspects.

1.2.2 Cost reduction

In addition to eliminating an otherwise redundant building element, lowering the complexity of
the building skin, building integration allows the price of photovoltaics to be offset by the price
of roof or fagade cladding. While manufacturers may aim to produce BIPV at prices on par with
traditional cladding, one should still expect an added cost relative to traditional cladding elements.
Continuous energy production, however, allows some of the cost to be compensated for, ideally
yielding a net cheaper building cladding.

A traditional building skin has a long lifecycle. Typically, around 40-50 years can be estimated
for a roof [4] and approximately the same for a fagade [5]. Ideally, the PV energy generation
should remain unchanged from installation to the technical end-of-life of the element, but
realistically one should assume a loss of efficiency of about 1% per year, tapering off to around
50% after 25 years [6]. Both the lifetime energy production and the estimated technical lifecycle
of the BIPV element have to be considered when regarding the total cost of a building cladding
element, with or without integrated PV.

1.3 The challenge of ice and snow

In cold regions, such as high latitudes or altitudes, cold precipitation such as snow and ice,
regularly accrete and can cause photovoltaics to lose as much as 20% of the annual potential
production, depending on location [7,8]. Local variations can be extreme but most locations with
recurring snowfall can be expected to lose around 1-10% of the annual production [7].

The production losses directly resulting from accretion of snow and ice have been estimated
between 1-12% [8,9]. In locations with heavy snowfall there may thus be a significant impact on
the return on investment (ROI) that may prevent investments in such systems.

Ice adhesion is the most commonly researched facet of cold precipitation impact mitigation.
Surfaces that can passively lower ice adhesion significantly are often called Zegphobic, which has
also come to include the mitigation of ice accretion and snow adhesion. As shown in the research
presented herein, this is incorrect.

1.4 Research objective and scope

Mitigating the problem with ice and snow accumulation is a complex matter that has been
reviewed in Articles I and II. These serve to structure and clarify terms and concepts, and to
reveal trends in successful surface designs.

Originally, the scope of this thesis was to include the mitigation of both ice and snow, based on
the assumption that ice adhesion and snow adhesion could be mitigated in the same manner. This
assumption has been tested and shown incortrect, motivating a shift of focus towards snow
adhesion mitigation specifically. Ice accretion may, naturally, influence the adhesion of snow but,
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for this research, the scope has been limited to snow adhesion and its possible mitigation. In
moderately cold climates, snow is also the most common challenge presented by cold
precipitation.

The overarching objective of this thesis is to find ways in which the impact of snow on BIPV

annual production may be mitigated through intelligent surface design. In essence, surface design
which permits low snow adhesion. To this end, the following research questions have been posed:

o  How well does snow adhesion cortelate to ice adhesion?
o How do we test and measure snow adhesion?

e What surface design aspects are important to minimize snow adhesion?

It has previously been suggested that different types of PV modules and methods of PV
implementations (i.e. fastening method, use of frames, etc.) may impact the accumulation of ice
and snow [10]. In this thesis, the type of PV or BIPV technology and the method of
implementation has been largely excluded in order to focus more specifically on the adhesion
aspect.
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2 Background

A thorough review of the field has resulted in two state-of-the-art review articles (Articles I and
II). The following chapter is not an exhaustive description, but rather a recapitulation of some of
the most important points for the present context.

2.1 Formation and ageing of snow and ice

Understanding the different processes by which ice and snow form in nature is vital to the
understanding of the mitigation of these phenomena. Though they are variations of the solidified
water, their origin and how they behave over time fundamentally impact their observable
behaviour.

2.1.1  Formation of ice

The water molecules of any body of liquid water move in a random pattern, bumping into each
other and everything around them, by virtue of thermal energy. Statistically, such random motion
will always yield localized areas with a high density of molecules that have a small attraction to
one another. At temperatures above the melting temperature, however, the kinetic energy of each
molecule easily overcome the attraction and the local minima are quickly lost, only to form
elsewhere [11].

Ice can form when the temperature of the liquid water reaches below the melting point. At the
pressure of one atmosphere (earth sea level), this generally occurs at 0°C, below which, the kinetic
energy may not be able to overcome the random fluctuations in density, and they instead begin
to agglomerate. These initial agglomerates are known as ice embryos.

The growth or dissolution of an ice embryo can be described by thermodynamics through
considering the transition of a system from one state to another: One of single-phase liquid water
(state A), and another with an ice embryo within the liquid phase (state B). The Gibbs free energy
of state A can be described as

Gy = ugN M
and for state B as
Ge™P = UGN + UENP +yA @

where u is the bulk chemical potential, IN is the number of molecules, A4 is the embryo surface
area and p is the energy per-surface-area-unit of the interface. For chemical potentials, the only
influencing factors are temperature and pressure and, assuming these are equal in A and B, it thus
holds that y4 = up = w. This allows for formulation of the transition as

AG =GP -G =
= u*N* + uPNF +yA —,u“(N“ + NB) =
= AuN* +yA ©)
where Au = p# - u®. Using N = g1/, where g is the number density, this may be expressed as
AG = AupPVE +yA @
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Since the beta is the more stable phase (smaller chemical potential) below the melting
temperature, Au will be negative. If the approximation of a spherical embryo is made, the area
term will initially grow faster than the volumetric term, creating an energy maximum at a critical
radius, 7, as seen illustrated in Figure 2.1. Above this radius, the addition of more molecules will
lower the total energy and the embryo keeps growing. If the critical radius is not reached, the
embryo will dissolve [12].

Surface———— 3= Total ]
= /
o i DR
@ —— >
5 SERN r
©
s B ]
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ar Volume 1
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......... VD'L“TlB '..._
Surface
Radius

Figure 2.1: Gibbs free energy as a function of ice embryo radius. The ctitical radius for continued growth is here

noted as 7.

This process of freezing, known as classical nucleation theory, is the most common way to
describe the solidification process of a liquid. Despite the arguable error in its description of a
microscopic system, using bulk thermodynamic properties, it works well as an estimation in the

present setting.

Classical nucleation theory may also be extended to include an intetface such as that between
water and a contaminant or the interface between a water droplet and air. This introduction alters
the energy relation described in equation 4 and a new term is introduced

AG = AupPVP +yapAng + (Vps — Yas)Aps ®)

where the index, d, represents the new phase [13,14]. Here, we can see that, the larger the
interfacial energy between water and the external phase, the more acute the influence of the third

phase will be on nucleation.

2.1.11 Melting point suppression

The sutface curvature of an object has important implications. The Gibbs-Thompson effect
describes a pressure increase within objects with high curvature surfaces, which translate to a
temperature increase and may be interpreted as a suppression of the melting point [12]. This
implies that the temperature of a small enough droplet can have a significantly lower melting
point than the bulk material.




Background

A rain drop only experiences a very small effect of the curvature and the internal temperature
may only increase by a fraction of a degree. In order to reach a melting point suppressed to -
10°C, the droplet radius would have to be reduced to the order of a few nanometres [15,16]. This
will be shown to be relevant in the suppression of ice accretion through frost formation.

2.1.1.2 Supercooling

If a droplet of water does not have a seed particle (i.e. a dust particle or other contaminant) that
lowers the critical radius, 7, it can remain in its liquid state far below its melting point. This is
known as supercooling and occurs regularly in nature as supercooled rain. When supercooled
droplets hit a surface, the metastable state of supercooled droplets is perturbed and the water
freezes on impact. When this occurs, glaze ice is formed.

2.1.2  Formation of snow

Snow crystals are single crystal formations of ice and can be formed from any ice crystal
symmetry. There are 13 known possible symmetries [17] and of these, the hexagonal (Iy) is the
most studied as this is the most stable form under natural terrestrial conditions. Snowflakes, as
we see them fall in wintertime, are commonly agglomerations of multiple such ice crystals and
form large, fluffy, three-dimensional shapes [18].

Snow crystals form in the atmosphere by the condensation and solidification of water vapour
[19]. They are commonly known for their intricate hexagonal, symmetrical pattern that occurs
with great variation. So gteat, in fact, that they are often said to all be unique. The validity of this
common claim will not be discussed here, however, the morphology of snow crystals has been
categorized in a multitude of studies over the years [18,20,21] including a formal classification
scheme [22].

The formation process of a snow crystal begins with the condensation of a few water molecules,
often on a dust grain that lowers the energy barrier for ice nucleation. As more water molecules
condensate and adsotb to the tiny ice ctystal, the crystal grows and form hexagonal plates by the
stabile phase’s hexagonal crystal symmetry.

At a certain diameter, nascent ice particle begins to grow from the six corners. This generates a
larger surface area to volume ratio, apparently in conflict with the commonly accepted notion
that surface area is always reduced in nature due to minimization of energy. In 1963, Mullins and
Sekerka [23] showed analytically that a small perturbation, simulated by a harmonic oscillator, on
a spherical particle would preferentially grow in certain size ranges compared the particle itself.
This means that their simulated perturbation would grow for particle radii larger than a certain
value. This is known as Mullins-Sekerka instability (MSI), as it is argued that the spherical particle
will be unstable for all radii where growth of the perturbation occurs.

MSI, however, does not provide a complete picture. It assumes very small perturbations and
ignores internal mass diffusion processes while disregarding attachment kinetics. Libbrecht [24]
has presented an explanation wherein he argues that, while MSI initiates branching, attachment
kinetics and diffusion limitation are responsible for the growth. He argues that, the Berg effect
(the elevated concentration of vaporized molecules above a convex surface) is responsible for
elevated attachment rates near the edges of a prism. In slow growth, the attached molecules are
allowed to diffuse away from the edge. At higher growth rates, the directional difference in
attachment rate makes the crystal grow preferentially in one direction. He calls this the edge-
sharpening instability [24].
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The precise growth kinetics of snowflakes are exceedingly complex. The general process,
however, is conceptually important for the understanding of the ageing process of snow. This in
turn is important for the understanding of the adhesion of accumulated snow.

2.1.21 Wet and dry snow

Snow under ordinary terrestrial conditions, practically always contain some amount of liquid
watet, usually referred to as its Jiguid water content (LWC). Despite the LWC being a continuum
depending on temperature and pressure, snow is commonly referred to as either wez or dry. These
have been cited to be defined by the temperatutes -1°C and -2°C where warmer than -1°C yields
wet snow and colder than -2°C yields dry snow [25,26]. This definition stems from a dramatic
shift in measured LWC in this region.

2.1.2.2 Hail and graupel

Hail forms as tiny ice embryos, much like snow, but is subjected to warm updrafts that keep
them airborne and with sufficient heat to form ice closer to its equilibtium state [27]. Depending
on conditions, hail can range in size from millimetres to centimetres but are generally round or
oval in shape. Graupel forms as ice aggregates onto snow and ice crystals in the atmosphere,
forming more complex and solid structures [28]. Graupel pellets are more porous than hail stones
but may otherwise look similar and are often mistaken for hail.

2.1.3  Ageing of snow

The well-known dendritic snow crystal is, as previously discussed, formed by rapid growth in
an unstable morphology with limited diffusion rates to counteract it. In essence, the water
molecules do not have enough time to move into the most thermodynamically stable positions.
After the growth has seized, the diffusion processes continue. Even at sub-freezing temperatures,
the crystal morphology changes slowly from the dendritic towards the hexagonal prisms (or
spherical crystals in the limit) through the Gibbs-Thompson effect. This is process is often

referred to as metamorphosis of snow.

In contact with other snowflakes, diffusion of molecules will occur between the snowflakes as
well. When this occurs, the molecules are deposited at, or near, the contact points and the particles
begin to coalesce. The phenomena, known as sintering, is a process driven by the surface area
reduction that lowers the potential energy of the system [29-32].

In the simplest case, sintering occurs between two spherical particles. The convex curvature of
the particles increases the internal pressure of the particles just below the surface, while also
raising the vapour pressure just above the surface [12]. The increased pressure will then drive
diffusion processes that transport molecules or atoms towards the contact point (or neck) where
the concave curvature has the opposite effect, resulting in a lowered pressure.

Six individual diffusion processes, schematically presented in Figure 2.2, can be argued to play
a role in the sintering process: (i) Surface diffusion, (ii) lattice diffusion from surface, (iii) vapour
diffusion from surface, (iv) grain boundary diffusion, (v) grain boundary lattice diffusion, and (vi)
dislocation lattice diffusion [33-36]. While diffusion rates of all kinds of diffusion are heavily
temperature dependent, the processes never come to a complete halt.
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«'f:(iii)

\

Figure 2.2: Schematic of sintering processes present at point contact (top) and after neck formation (bottom),
interpreted from equations and descriptions by German [34].

In the case of snow, there is a multitude of highly curved features. The convex dendrite needle
ends are complemented by a large number of concave contact points between the dendrite arms.
So long as there are curvature differences present, the process continues and, eventually, the
diffusion processes rounds the snow crystal features to form hexagonal prisms or plates,
depending on the ambient temperature [24]. Given sufficient time, spherical particles are formed,
though this process is very slow.

The decay of a snowflake (rounding of featutes) is a slow process at non-melting conditions.
Given infinite time, however, the equilibrium shape of the crystal, where the surface energy is at
a minimum, will be spherical. The full equilibrium shape, though, has apparently never been
confidently recorded, owing to the near infinite time required to reach such a state [19]. Colbeck,
however, claims the process is only this slow under the condition that no temperature gradient is
present, a state only found in laboratory conditions. In nature, where a temperature gradient is
practically always present, the process is significantly faster. The decay of a snow crystal under
laboratory conditions is illustrated in Figure 2.3 [37], and is simplified in Figure 2.4 with
indications for matter transport through diffusion (i.e. how the metamorphosis transpires).

- 10 -
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28 45 54

Figure 2.3: Decay of a snow crystal towards the equilibrium shape [37].

/

Figure 2.4: Simplified and exaggerated representation of a snow crystal with directional indication for diffusive

transport.

2.1.4  Formation of frost

Frost is a type of low-density ice formation that forms through ecither freezing of compensated
water droplets or through desublimation (i.e. gas to solid phase transition). The precise physics
of this will not be addressed here but the process shares some features with the formation of

SNOw.

Frost can form in a variety of geometries and sizes depending on the conditions and path of
formation. Generally, frost is separated in hard rime, soft rime, and hoar frost. Hard and soft
rime form in the same manner, but under different conditions leading to different crystal
structures and, thus, different overall densitdes. This has given rise to their names. Hard rime is
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generally smaller crystals that are more closely packed while soft rime consists of larger crystals
that are often the result of strong winds. Soft rime is therefore generally attached to the leeward
side of branches and other objects and stretches in the wind-ward direction.

Hoar frost differs from these in that it forms on snow crystals, either on the surface (i.e. surface
hoar) or under the surface (i.e. depth hoar) [22,37]. It is also very dependent on diffusion rates of
moisture within snow and thus on the incident solar radiation [37-39].

2.2 Interfacial mechanics

The interfacial mechanisms, her understood as adhesion and release mechanisms, are believed
to be the physical root of the adhesion mitigation problem. They will here be mentioned and
described very briefly, to provide a contextual understanding only.

221 Adhesion mechanisms

Adhesion is generally understood as the force per area unit required to separate two surfaces.
In the case of a dry interface of solids being separated by shear forces, this is referred to as friction.
With the inclusion of a liquid, however, or as in the case of ice, a liquid-like layer (LLL), an
adhesive contact is formed. Whereas dry friction may be described by a linear relationship
between the normal force on the interface and the lateral force required to shear the interface,
adhesion such as that provided by a liquid cannot be described in this way. This is therefore called
lateral adhesion and is in this thesis desctibed simply as adbesion.

Most generally, adhesion of snow or ice is measured by the application of a lateral force to a
sample in contact with a substrate material. As it would be exceedingly difficult to separate the
dry static friction from the adhesion, the two are accepted as a total adhesion though different
processes govern the two.

Static friction is often regarded as the overcoming of mechanically interlocking of surface
asperities, in addition to adhesive forces at each contact point. In the present context, this
becomes an aspect of the lateral adhesion. In addition, the liquid or LLL interface creates
molecular adhesion through the formation of, primarily, hydrogen bonds.

2.2.2  Interfacial release mechanisms

Release mechanisms can be understood as the process by which the adhesion mechanisms are
overcome. While ice, snow, and liquid water all adhere strongly thorough formation of hydrogen
bonds, liquid water behaves mechanically different when a mechanical force is applied. A droplet
may roll or slid away, in a complex dance of forming and disrupting bonds due to the mobility of
the molecules. Ice and snow, however, have only a limited number of free (LWC) or semi-free
(LLL) water molecules, making other effects visible. E.g. solid ice can allow for crack initiation
and propagation (CIP) at the interface, which can be desctribed as a cascade failure of interfacial
bonds. Snow does not allow for this as it is dependent on the stiffness of the material, or its ability
to distribute force within itself [40]. Furthermore, the discontinuity of the interface forces the
crack initiation to occur repeatedly, a more energy intensive process than the mere propagation
of an existing crack.

A recent discovery by Golovin et al. [41] indicate that there may be more to the story, however.
They introduced the concept of low interfacial toughness (LIT) to describe the observed effect
of ice adhesion for latge scale interfaces. Their results indicate that making polymetic coatings
thinner and harder has the potential to drastically decrease interfacial toughness and reduce the
force requited for shedding.
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A surface designing for ice adhesion mitigation by CIP thus has no beneficial effect for snow,
as the snow cannot distribute mechanical strain within the material. This is corroborated by the
results in Article IV. The impact of a LIT material on snow is thus far unknown, though given
the relatively low Young’s modulus of snow compared to ice, mathematical descriptions of
interfacial toughness presented by Golovin et al. [41] indicate that the interfacial toughness may
be expected to be high. It is therefore reasonable to conclude that surfaces need to be designed
specifically for one or more types of cold precipitation needed for the intended application.

2.3 Management systems

There are several strategies for dealing with ice and snow, ranging from shovelling snow to
burning ice away with blowtorches from train tracks [18]. Here we view them as active or passive
depending on their consumption of energy to perform their task or not.

2.3.1  Active management systems

The most common systems are active systems, meaning they consume energy in some fashion.
There are primarily two types: Mechanical systems and thermal systems. Excluding manual
labour, as it is not an engineered system, mechanical systems include commonplace things like
windshield wipers and less common automated robots [42]. These utilize moving parts and
require regular maintenance, which can make them expensive to operate over time.

Thermal systems use energy to produce or transport heat so that snow and ice may be melted.
This is common on aircraft wings [43] as a safety system against icing of the wings. It is also
implemented on e.g. wind power turbine blades [44] and car windows. Thermal systems are
generally cheaper to maintain but can be energy intensive to operate, increasing the cost. As BIPV
is a cost sensitive technology, active thermal systems have generally been avoided. A recent study,
however, has shown that it may be possible, through proper planning, to attain increased annual
production by implementing active heating of PV only when most beneficial [45].

2.3.2  Passive management systems

As adhesion of snow and ice, and accretion of ice occur by very different processes, the
mitigation of these must be approached with specific intent. While most ice adhesion mitigation
research has focused on various implementations of superhydrophobicity [46—48] and shedding
inducing measures [49,50], snow adhesion research has primarily been divided between
supethydrophobicity and hydrophilicity [26]. Ice accretion mitigation has almost exclusively been
focused on superhydrophobicity, as the prime objective is to repel and remove water faster than
it can freeze [51-54].

2.3.2.1  Superhydrophobicity

As most forms of cold precipitation is accompanied by liquid water or a LLL, the minimization
of hydrogen bond formation is a vital part of their adhesion mitigation. This is most often
approached by surface modifications with fluorocarbons, the use of which is likely to be
prohibited in the near future. A side effect of this is supethydrophobicity, which may have
additional benefits such as self-cleaning or anti-fouling properties.

Superhydrophobicity is defined as a water droplet static contact angle (CA) above 150° and a
low contact angle hysteresis (CAH), shown in Figure 2.5. This is attained by (i) impeded ability
of the surface to form hydrogen bonds with water molecules, and (ii) increased surface roughness
[55,56]. Surface roughness lowers the interface contact area, thereby minimizing the number of
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bonds, and can be implemented on several scales typically on the nanometre scale and/or the
micrometre scale.

Figure 2.5: Schematic illustration of contact angle (CA) of a sessile droplet (left), and advancing (CA a) and receding
(CAR) contact angles on a tilted plane (right). Contact angle hystetesis (CAH) is defined as the difference between CAa
and CAr.

2.3.2.2  Ice adhesion mitigation (Icephobicity)

The adhesion of ice is typically mitigated through surface designs that implement
superhydrophobicity in some manner. Some have micro-structured [56], nano-structured [57], or
hierarchical structures [52]. It was, however, found by Varanasi et al. [58] that microstructured
surfaces, despite superhydrophobicity, ate sensitive to frost formation within the structure. This
effectively renders the surface incapable of reducing ice adhesion as ice adheres very well to the
frost crystals. Thereby, the structuring begins to work against the intended purpose by allowing
the ice formation to penetrate the structure and catch on the protruding asperities. This problem
does not, however, present on nanostructured surfaces as the asperities are often small enough
to force coalescing droplets out to the surface before they can freeze, and shed the water droplets
by virtue of superhydrophobicity [59].

Other than superhydrophobicity, some strategies attempt to attain a facilitated CIP by
combining superhydrophobicity with soft substrates [49,50]. The flexing of the substrate under
load allows for the induction of stress concentration in multiple locations which may initiate
cracking [60]. There are also examples of surfaces that are smooth and hard [61,62], often
focusing heavily on superhydrophobicity and/or reduction of the bonding strength overall.

2.3.2.3  Ice accretion mitigation (Frostphobicity)

While the melting point of water can be depressed through confinement, below the effective
melting point, water will freeze. It may, however, not do so immediately, opening for the
possibility of shedding the liquid water which is easier accomplished than with the solid ice
crystals.

Ice accretion generally occurs through two processes: Desublimation or condensation of
atmospheric water vapour, and the freezing of incident water droplets. In both cases, the object
is to repel the water before ice crystals can form, making superhydrophobic surfaces a natural
choice. By utilizing a very fine structures surface, the inherent confinement of droplets formed
within the structure can ensure a depressed melting point for droplets within the structure. As
they coalesce, they are forced out of the structure and, if the surface is propetly designed, shed
before the growing droplets have a chance to freeze. As shown by Hao et al. [59], however, frost
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may form even on superhydrophobic surfaces with condensation expulsion, if the surface is not
petfectly clean. This illustrates the difficulty maintaining the effect over time in a natural setting
where contaminants are generally numerous. It also indicates the importance of attaining a degree
of self-cleaning, which commonly relies on superhydrophobicity as well.

The superhydrophobic effect may be further enhanced by combining structuring hierarchically,
further reducing the number of contact points of an expelled coalescing droplet. This could aid
the frostphobicity by reducing the thermal energy transfer between substrate and reducing the
potential adhesion points of a frozen droplet that must be shed.

2.3.2.4  Snow adhesion mitigation (Snowphobicity)

Generally, snow adhesion research has followed the same trajectory as ice adhesion research,
starting from a superhydrophobicity perspective. Kako et al. [26] established that
superhydrophobicity indeed appears to reduce snow adhesion, though did so using a simulated
snow made from water and vety fine glass beads. While exhibiting similar mechanical propetties
to the wet snow it was to simulate, the lack of crystal complexity may yield somewhat expected
results.

Approaching snow adhesion from superhydrophobicity appears a sound strategy but has to be
coupled with the interaction between snow crystal and substrate structure. Mechanical
interlocking between snow crystals and asperities on the surface may have a profound impact on
the adhesion trends, especially as the LWC shifts towards dryer snow. At very low levels of LWC,
it may be that the adhesion behaviour more closely resembles dry static friction.
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3 Research materials and methods

The research methods and materials used in the acquisition of the results described in this thesis,
will here be described briefly. The interested reader is directed to the publications (Articles I-VI)
for more detailed and specific desctiptions.

3.1 Literature review

Two literature reviews have been performed in this thesis project, described in Articles I and II.
These were both approached as qualitative reviews of published articles through the search
engines Google Scholar and Web of Science, to ascertain the state-of-the-art.

3.2 Snow synthesis

In the course of reviewing the field of snow adhesion and its effects and mitigation, it was found
that the vast majority of research was either performed 7#-situ, i.e. outdoors, using natural snow
[8,9,63], or using simulated snow, i.e. other materials adapted to mimic the behaviour of snow
[26]. Expetiments petformed in-sitn carry the inherent disadvantage of pootly controlled ambient
condition, making the results difficult, or even impossible, to cortrelate between snow events in a
detailed manner. It also makes accurate reproduction of the experiment very difficult. With
simulated snow, the results can be correlated between experiments though they may not
accurately represent the behaviour observed with natural snow as the conditions can vary greatly.

In order to conduct experiments in a controlled manner, relatable to the behaviour of real snow,
synthetic snow has been manufactured in a laboratory environment. An apparatus is placed in a
cold room, typically kept at -20°C, where air is ventilated over a warm water bath to absorb water
vapor as it heats up. The air is then lead through an unheated chamber with steel wire grids hung
in several layers. The cooling air condensates water on the cold wire grid forming large rime
crystals similar to stellar snow crystals as can be seen in Figure 3.1. The wire grid is regularly
vibrated to shed the crystals into a collection tray from which it can be taken for experimentation.
The process and equipment is described in detail by Giudici et al. [64].
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Figure 3.1: Synthetic snow crystals growing on steel wire. Curtesy of M. Dahl Fenre at the Norwegian University of
Science and Technology (NTNU), Trondheim.

3.3 Snow adhesion analysis

Typically, the adhesion of ice is defined as the shear force per area required to attain interfacial
failure between an ice sample and the substrate. While this approach has been challenged in recent
years [41,60], it remains the most commonly used and is widely accepted. Therefore is has been
chosen as the basis for snow adhesion as well [20].

As no widely accepted method for controlled snow adhesion testing was available, this thesis
contributed by developing such a method, as described in article III. The tilted table approach is
an old technology that proved to work in low snow adhesion regime situations (upper limit
defined by equation 1, at 90° tilt angle). This approach utilizes gravity to apply an even force
throughout a snow sample on a dynamically tilted table, from which a critical tilt angel is obtained.

The table is set up in a cold room with controlled environmental parameters and the substrate
sample of interest is attached to the table. A sample of synthetic snow, as desctibed previously, is
produced, weighed, and placed on the substrate. The table is then tilted gradually until a critical
tilt angle is attained where the sample breaks away from the substrate or begins to slide, as seen
in Figure 3.2. This event, and the angle at which it occurs, is captured by camera and analysed
later.

Several parameters may be varied in the conduction of this experiment. The temperature and
relative humidity may be varied (though, as described in article III, the facilities in question had
no direct regulatory control over relative humidity), the time between placement on the substrate
and tilting start may be varied, and all aspects of snow sample production may be varied (size,
formation, age, etc.).

The resulting tilt angle is translated to an adhesion level as
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o ="%sing (6)

where 7 1s the snow sample mass, gis the gravitational constant, .4 is the interface area, and fis
the critical tilt angle. In order to compare the adhesion of samples with a variation in density, the
adhesion must then be normalized by the density of contact points at the interface. As these
logically scale in the same manner as volumetric density (by percent of solid), assuming the
volumetric density is approximately uniform, the results are normalized by volumetric snow
sample density towards 100 kg/m?.

o' =0— )

Figure 3.2: Experimental setup example. Here seen without tilt measuring equipment and camera.

3.4 Snow adhesion on icephobic surfaces

The adhesion of snow and ice has commonly been included in the term dgphobic. This implies
the assumption that adhesion of ice and snow may be mitigated in the same manner. The snow
adhesion analysis method developed in this thesis, allowed the opportunity to test this
assumption.

In Article IV, snow adhesion is tested using the method described previously on some known
icephobic surfaces along with some reference surfaces. A slippery lubricant impregnated porous
surface (SLIPS) and commercial low adhesion coating called EC-3100™ from Ecological
Coatings LLC were employed as the icephobic surfaces, due to their documented low ice adhesin
[65,66]. These were compared to a unidirectionally brushed Al6061-T6 aluminium substrate,
identical to the one used as a reference to the EC-3100™ [65], and a plain float glass substrate.

- 20 -



Research materials and methods

Synthetic snow, produced at -20°C as described previously, was used at -10°C and at -18°C
within 12 h of production. For more detailed information, please refer to Article IV in Appendix
A.

3.5 Snow adhesion on smooth and rough surfaces

In order to compare the influence of surface roughness, four float glass samples were prepared
with increasing levels of unidirectional polishing with water suspended boron carbide particles:
(@) plain/smooth glass, (i) polished with 80 grit carbide suspension, (iii) polished with 180 grit
carbide suspension, and (iif) polished with 320 grit carbide suspension.

By means of the method presented in Article III, synthetic snow, produced at -20°C as
previously described, was applied in cylindric samples (height: 25 mm, diameter: 45 mm) to the
four surfaces. Snow adhesion was analysed at -10°C within 12 h of snow production

Roughness analysis was required to characterize the attained roughness levels of glass samples
used in article V. This was performed by both infinite focus microscopy (IFM) and atomic force
microscopy (AFM) in collaboration with SINTEF Industry.

3.6 Cold room laboratory

The ambient conditions of the laboratory cold room used in the analysis of snow adhesion is an
important factor in the repeatability of results. The available facilities at NTNU allows for
accurate control of temperature wile passively monitoring relative humidity. The temperature and
RH can be seen recorded over nearly 12 h in Figure 3.3. Standard deviation of temperature was
established at £0.5°C, and of humidity at £6 p.p.
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Figure 3.3: Temperature and humidity in cold room laboratory. “Middle” implies approximately half way between floor
and ceiling.

-21 -



Research materials and methods

Accurate temperature control is a vital aspect to be able to control for experiments like the ones
presented here. While the temperature regularly spikes at the ceiling level due to de-frosting cycles,
the temperature remains stable at both floor and mid-height.

Humidity can carry significant implications to adhesion of condensation occurs and ice/frost
begins to accrete. As no condensation or frost/ice accretion has been obsetved in the course of
the experiments, it can be assumed that the effects are minor at most. Given the recorded stability,
the humidity can also be assumed relatively constant.
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4 Summary of experimental findings

The main findings from the experimental studies are here summarized and placed in continuous

context. For specific details and more explicit presentations, please see Articles IT1-V.

4.1
411

Snow adhesion analysis method

Abilities

The method developed for snow adhesion testing, presented in Article ITI, was demonstrated

to be able to differentiate some common engineering materials. Five substrates (listed below)

were tested. Three common engineering materials and two modified examples of these three.

Monoctrystalline <100> Silicon

Monocrystalline <100> Silicon, etched by potassium hydroxide (IKOH)
Nominally smooth aluminium Al5774

Plain float glass

Plain float glass coated with commercially available hydrophobicity spray

All three plain engineering materials exhibited adhesion levels significantly different from one
another, as seen in Figure 4.1. The structured silicon, however, exhibited adhesion levels beyond
the limitations of the methods capacity, whereas the coated glass exhibited adhesion too similar
to the uncoated glass to establish a statistically significant difference.

30

o]
o

i

Normalized shear stress [Pa]
5 o
|_
|, L
H|

Al Si Glass Coated Glass

Figure 4.1: Measured critical shear stress on different materials, normalized for snow density. Etched silicon results

4.1.2

excluded due to adhesion results exceeding the limitations of measurement.

Limitations

The method has an obvious limit of applicable force and can therefore not evaluate adhesions

above 25 Pa for the sample size employed, as seen in the evaluation of roughened glass surfaces
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(Figure 4.5). For low adhesion materials however, this has been seen sufficient and it is for such
surfaces the method was developed.

In addition to general method limitations, two potentially influencing factors were also analysed:
The influence of the snow sample geometry, and the snow sample time spent on substrate (resting
time). Whereas the geometry of the snow sample was not seen to have a significant effect, the
resting time was seen to have an apparent effect in the first few minutes. This is consistent with
developing interfacial molecular bonds.

4.2 Snow adhesion and ice adhesion

Ice adhesion results from testing the SLIPS and EC-3100™ shows that both coating materials
do indeed lower ice adhesion, compared to other engineering materials, as seen in Figure 4.2
[65,60]. Testing these materials for snow adhesion, however, has presented an entirely different
trend, seen in Figure 4.3.

Snow adhesion to brushed aluminium, SLIPS, and EC-3100™ was compared to plain (smooth)
float glass for common reference as it is the primary cover material in photovoltaics. The
experiments showed a marginal reduction of adhesion by the EC-3100™ material while the
SLIPS material showed an increase in snow adhesion, similar to the results from the brushed
aluminium material. Another interesting feature of this study is that ice adhesion appears relatively
unaffected by a temperature shift from -10°C to -18°C [65], whereas snow adhesion showed a
clear and consistent increase in the same range.
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Figure 4.2: Ice adhesion results reproduced from Ronneberg et al. [65].
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Figure 4.3: Snow adhesion results. Red +-signs indicate outliers as defined by values exceeding 1.5 standard
deviations from the median.

4.2.1 Hypothesized cause of difference

While ice adhesion and snow adhesion both should be affected by superhydrophobic surfaces
that minimize the ability to form hydrogen bonds, the materials investigated here were not
superhydrophobic.

The dislodging of bulk water ice (BWI) from a substrate, normally occurs as crack initiation and
propagation (CIP) throughout the interface. This has been an adhesion reduction approach in
several studies [49,50,60,67] and is a well-known process.

CIP between solid ice and a mechanically soft substrate, such as the SLIPS, may have played a
major role in the successful mitigation of adhesion to such an extent. Such processes have been
investigated previously by Beemer et al. [68] and Irajizad et al. [60]. Snow adhesion was found to
not be significantly different between the soft SLIPS and the harder EC-3100™. The CIP effect
thus appears to have a minimal influence on snow adhesion.

There have been no apparent suggestions for release mechanisms of adhering snow as of yet. It
was speculated in Article IV, however, that the lack of strong bonding between snow crystals,
may allow for some ductility of the snowpack close to the interfacial, allowing the snow to absorb
energy as it deforms. On an unyielding substrate, any energy absorption will take place in the
snow. A similar argument was made by Cai et al. [40], though not applied specifically to porous
materials such as snow.

This could then allow for locally dislodging regions as the snow deforms (Figure 4.4, A-C),
leading to load concentration and facilitate the interfacial failure. On a yielding substrate, however,
the substrate may also deform and absorb energy (Figure 4.4, D-F). This could allow the
interfacial regions that would otherwise dislodge, to remain bonded to the substrate longer (to
higher applied forces). This would be congruent with the larger adhesion to the softer SLIPS
substrate material. This process schematically shown in Figure 4.4 for a ridged and a soft
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substrate. If this hypothesis is correct, the implication would be that a mechanically hard substrate
would be preferable in the case of snow adhesion mitigation.
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Figure 4.4: Schematic illustration of hypothetical release mechanisms for snow. A-C depicts snow on a hard surface
under (A) no load, (B) moderate load, and (C) larger load. D-F depicts the snow on a soft substrate under (D) no load,
(E) moderate load, and (F) larger load.

4.3 Snow adhesion and roughness

In Article V, it was investigated how surface roughness of float glass impacts snow adhesion.
As can be seen in Figure 4.5, snow adhesion increased significantly with any increase in level of
roughness from the smooth glass. A hitherto unexplained dip occurred at the mid-level of
roughness (180-grit), though it appears likely that the effect is not an aberration as it occurs in
both directions of brushing. Comparing the parallel and perpendicular roughnesses, indicates that
the polishing appears to have produced somewhat isotropic properties, which is congruent with
the adhesion results.
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Figure 4.5: Normalized adhesion measured on float glass samples of varying roughness. Adhesion is indicated by

box-plots and roughness by blue stars with standard deviation bars. Red +-signs indicate outliers as defied by values

exceeding 1.5 standard deviations from the median.

The limits of the adhesion measuring method were surpassed repeatedly and the results indicate
that roughened glass is near or beyond its limit. The point of the study, however, was not to
quantify in detail the impact of roughness on snow adhesion, but rather to explore the limits of

the method and verify that increased roughness would increase adhesion. It was not expected
that the finest grit polishing (320-grit) would display such high adhesion, though it shows just

how immediate the effect of roughness can be on snow adhesion.
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5 Summary of theoretical developments

Based on the state-of-the-art analysis in Articles I and II, the research focus of this thesis was
narrowed from surface design for ice and snow mitigation on BIPV, to focus specifically on snow
adhesion mitigation. This development stems from an evolution of the theoretical understanding
of the field, leading to suggested developments of the terminology as well as a scheme for
classification proposed in Article VI.

5.1 Icephobicity and its interpretation

Icephobicity is commonly defined by (i) the mitigation of ice adhesion [25,67], (ii) the resistance
to frost accretion [25,58], (iii) the prolonged freezing of water droplets [25,69], or (iv) the
mitigation of snow adhesion [25]. These four aspects stem from fundamentally different
thermodynamic processes, making it difficult to pinpoint what icephobicity implies.

Results from Article IV suggests that icephobic surfaces cannot be implicitly assumed to
mitigate snow adhesion. Other studies [70] indicate that resistance to frost accretion and freezing
suppression of droplets necessitates structured surfaces, which Article V indicates would be
detrimental to snow adhesion mitigation.

In order to better communicate and understanding the effects of an engineered surfaces
requirements and/ ot abilides, the terminology should be separated by thermodynamic processes.
In Article VI, a separation of terms has been suggested where ice adhesion mitigation retains the
term zeegphobic, snow adhesion mitigation is termed snomphobic, and ice accretion is termed frostphobic.
An umbrella term is also introduced to describe the mitigation of cold precipitation in general,
dubbed erynerophobic (Greek: Cryo = cold, Nero = water, Phobos = fear), seen graphically
represented in Figure 5.1.

Snow adhesion
(Snowphobic)

lce adhesion
(Icephobic)

Ice accretion
(Frostphobic)

Figure 5.1: Graphic representation of the separation of terminology.
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As Figure 5.1 suggests, there may be significant ovetlap by two or more of the aspects. E.g.
superhydrophobicity appears beneficial to some degree to most forms of cold precipitation [25],
while vital for others [54]. Naturally, the specific engineering case must ultimately decide how
much overlap, if any, is required for the intended application.

5.2 C(lassification development

The ability to easily communicate certifiable performance of a crynerophobic surface design is
of vital importance for the applicability of a product in a commercial setting. To this end, a
scheme for classification of ctynerophobic performance level has been suggested in Article VI.

The syntax, developed to emulate the ingtress protection code (IP) classification [71], is defined
as shown in Figure 5.2. It specifies the level of adhesion for ice, the level of adhesion for snow,
and the ice accretion delay time as levels from 1-9. This also calls for ice type, snow type, and
pathway of accretion to be defined for each classification. Thus, a product may be classified in a
manner specific to its application, or by multiple if required.

CNP-iX-jY-kZ

\—' Ice accretion delay
Ice accretion path

Snow adhesion
Snow fype
Ice adhesion
» Jce type
Crynerophobic

Figure 5.2: Syntax suggested for classification of crynerphobic aspects.

The suggested scheme defines four ice types and four snow types, shown in Figure 5.3, that
greatly differ in mechanical and/or adhesive properties. The ice types ate glace ice, hard rime, and
soft rime, as defined in the ISO standard, ISO 2494:2017. BWI is added to this, as its properties
have been suggested to differ from glaze ice. The snow types include wez snow and dry snow, as well
as hail and graupel. These are all regarded as snow types due to their formation prior to surface
contact, whereas the ice types form directly on the surface.
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Figure 5.3: Genesis of snow and ice on generalized surfaces: Snow and ice types illustrated and exaggerated for
intuitive understanding of unique features. Each type shows both process of formation and a detailed excerpt, where it
should be noted that the formation of hard and soft rime occurs through a process of freezing rain/drizzle, often in

strong wind.

-32-



Future perspective

Future perspective

-33_



Future perspective

6 Future perspective
6.1 Snow adhesion on BIPV

In some regions snow can dramatically impact the annual production of any PV installation and,
given the present cost sensitivity of BIPV, may be the deciding factor between investing or not.
It is therefore imperative that methods are developed to combat the problem if BIPV is to be
widely implemented also in cold regions.

Given the evidence gleaned from the research presented here and elsewhere, some basic
guidelines can be constructed for successful snow adhesion mitigation:

1. A hard surface may reduce the deformation energy required to initiate sliding of snow
on a sutface (Article IV).

2. A superhydrophobic surface should allow for reduced ability of the snow to form
hydrogen bonds with the surface (Unpublished results).

3. A smooth surface should mitigate the mechanical adhesion between surface and the
natural roughness of snow (Article V).

6.2 Measuring snow adhesion

The measuring methodology developed and used here, is a simple approach designed for
measuring snow adhesion on possible snowphobic surfaces. A primary design parameter was to
use the least complex setup possible, without compromising accuracy too much. For universities
and other academic entities, advanced measuring equipment is a significant investment, though it
is commonly done as their mandate is to push the envelope and expand the horizon of knowledge.
For such goals, more complex designs may be required, e.g. to establish a generalized model for
adhesion on rough surfaces. Here, the tilted-table approach has been shown not to have sufficient
range.

Developers of surface coating technologies, such as could be employed for snow adhesion
mitigation, are often unable or unwilling to invest in expensive measuring equipment for tasks as
specific as snow and/or ice adhesion. Thus, thete is a significant advantage to the implementation
of simple solutions. Even more advantageous would be methods of measurement that can be
repurposed for other tasks when needed, such as a tilted table might.

6.3 Implications of success

Successful mitigation of snow adhesion on BIPV will have several implications of which some
are well-known while others are more seldomly discussed. Here more of them will be very briefly
presented so as to attain a more balanced view.

6.3.1  Financial benefit

The most well-discussed outcome of successful mitigation is the financial aspect. It would grant
a mote competitive lifetime cost of BIPV when compared to traditional alternatives. This,
however, is not likely to be a dramatic impact, considering the production losses commonly range
from 1-10% annually.

6.3.2 Legislation
Traditionally, snow catchers are mandatory by law in order to keep snow from falling on people
and property. This is in direct opposition to the passive and continuous snow removal as passive
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removal hinges on a free path for snow to move with little or no hindrance. If a successful
snowphobic surface is attained, the legislation may have to be amended for implementation to be
meaningful.

6.3.3  Design of BIPV

An apparently less discussed topic is the implications to BIPV design. In order for snow to slid
from element to element in a BIPV installation, frames, and other protruding elements such as
fastening screws, have to be removed. These would otherwise likely render any surface coating
effectively useless.

0.4 Future research
Snow adhesion is significantly less explored than ice adhesion and thus there are several matters
that ate better understood in ice adhesion. These should be examined specifically for snow.

1. 'The role and existence of the LLL.

The existence of a LLL on ice has been researched extensively for ice and is deemed
likely to be present in snow as well. Confirmation of this and what the consequences
of its existence might be, are hitherto unknown.

2. The impact of snow type.

Ice types have been explored and tested in various ways, though the impact of their
differences has not always been recognized. Similatly, snow types as defined by ctystal
size, liquid water content, age, etc. should be explored and correlated.

There are also aspects that either do not have a corollary in ice adhesion research, or that have
yet to be fully understood also there:

1. Liquid water content of snow dependence on temperature.

It has been recognized that LWC has a transition region between -1°C and -2°C. Below
-2°C, snow is often regarded as dry wheteas above -1°C it is generally regarded as wet.
This should be more accurately defined and underpinned by modelling to explain the
behaviour.

2. Relation between adhesion of snow of different wetness and hydrophobicity.

Once a better understanding of the wetness of snow has been attained, it should be
related to hydrophobicity, as it is the most common approach to ice adhesion and
often assumed to translate to snow. This cannot be assumed true for all levels of LWC
and must be verified.

3. The interplay between traditional dry friction and snow adhesion, and how they relate
to capillary adhesive forces.

Traditional dry friction is a field of research that often overlaps with adhesion research.
How static friction related to adhesion and what forces one should use to model the
behaviour, is not always agreed upon. Illuminating this area could significantly benefit
the understanding of snow adhesion and how it may be mitigated.
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7 Concluding remarks

As each facet of cold precipitation has a different fundamental nature, their impact mitigation
should also be approached in different ways, though they may overlap at times. Snow, being the
cold precipitation most relevant for BIPV optimization in cold climates, was chosen as the focus
of this thesis.

The field of snow adhesion has barely been scratched at the surface. The articles in this thesis
represent some of the first steps towards exploration of a field that is relatively unexplored and
appears poorly understood. They endeavour to communicate the importance of the separation
of the cold precipitation facets, and also suggested a means of communicating levels of success
between professionals through a classification scheme in Article IV.

Articles ITI-V have treated snow adhesion experimentation and methodological developments.
One of the cornerstones of the scientific principle is that of reproducibility and there are two
rules of thumb that may be seen as fundamental requirements for the general acceptance of
results:

1. Results that are not yet independently reproduced cannot be regarded as objective
truths or established facts.

2. Results obtained in a manner that cannot be reproduced, cannot be regarded as
adhering to the scientfic principle.

While the second rule appears harsh and arguments are often made for exceptions, it remains a
fundamental tenant of the scientific principle. Results may still be interesting, but care should
then be taken to recognize the potential unreliability of them when inferring new ideas of how
nature behaves. In order to propetly perform experiments that may be repeated and corroborated
by independent research teams, a controlled method for snow adhesion measurement was
developed in Article ITI. Synthetic snow was also produced for these experiments, in a repeatable
manner with tuneable properties that very closely resemble genuine snow.

The results obtained indicate that soft coatings yield higher snow adhesion as does any surface
roughness. While beneficial for attaining superhydrophobicity, structured surfaces may not be a
suitable choice for reducing snow adhesion. Rather, coatings should be designed
superhydrophobic, smooth, and hard.
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Article 1.

Passive Snow Repulsion: A State-of the-art Review Uluminating Research Gaps and Possibilities

A first review of the published literature on the mitigation of snow adhesion, as compared to
ice adhesion. It was found that snowphobicity, despite snow being a different and complex
material, is often assumed synonymous with icephobicity or taken as a facet of icephobicity.

Article II.

Avwoiding Snow and Ice Aceretion on Building Integrated Photovoltaics — Challenges, Strategies and Opportunities

A thorough review of the physical challenges facing BIPV in cold climates. Known and
proposed strategies for snow and ice impact mitigation are reviewed and telated to the
possible application to BIPV. Opportunities from successful mitigation designs and an
evaluation of future research paths is also offered.

Article I11.
A Gravity-Based Method for Measuring Snow Adbesion

Presentation of a novel technique for measuring snow adhesion in a reproducible fashion. A
controllable environment along with realistic, synthetic snow generation allows the method
to offer independently verifiable results. Limitations are discussed, backed by experimental
results, and recommendations are made for future development of the method.

Article IV.

Snow adbesion on icephobic surfaces

Snow adhesion analyses were performed on known icephobic surfaces in order to relate snow
and ice adhesion. It was found thatlow ice adhesion coatings are not necessarily accompanied
by low snow adhesion but can in fact yield an increased snow adhesion relative to a reference
material (in this case plain float glass). Possible mechanisms to explain the observed behaviour
are discussed and recommendations for future explorations are made.

Article V.

Influence of glass surface roughness in the micrometre range on snow adbesion

Snow adhesion analyses performed on glass of varying roughness in order to investigate the
impact of surface roughness on snow adhesion. Expetiments were performed at -10°C to
diminish any effect of liquid water lubrication. Surface roughness on the micrometre scale
was imbued on glass substrates to isolate the roughness aspect of adhesion. It is shown that
all roughness levels at this length scale dramatically raises snow adhesion to glass.
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Article VI.

The adbesion of snow and ice — a classifying framework for engineering surfaces

In order to facilitate communication of requirements and results between interested parties,
a classification scheme for mitigation of cold precipitation impact on engineering surfaces was
suggested, based on the separation of ice adhesion from ice accretion and snow adhesion.
The classification syntax was suggested in a way that express the performance of a surface in
a concise and understandable manner.
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Passive Snow Repulsion: A State-of the-art Review Hluminating Research Gaps and Possibilities

Per-Olof A. Borrebzk, Bjorn Petter Jelle, Zhiliang Zhang

Energy Procedia, 2017: pp. 423-428. doi:10.1016/j.egypro.2017.09.650
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Abstract

Building integrated photovoltaics (BIPV) are becoming more common every day. They are used everywhere, from the cabin in the
mountains to the modern apartment building, and with more common use, strengths and weaknesses begin to reveal themselves
more and more. In the regions of the world experiencing a colder climate, ice and snow coverage presents a challenge to
productivity, BIPV resilience and longevity. Mechanically clearing snow and ice wears down the installations more quickly and
may present a hazard to the people carrying out the clearing. Several research studies have been presented regarding the passive
repulsion of ice and frost, while the repulsion of snow remains largely unexplored. This study aims to concisely present a review
of what has been published in the field regarding snow repulsion and illuminate the research gaps and thus pave the way for future
research. The snow aspect is illuminated by employing strategies previously applied to icephobicity research. A special emphasis
is put on the comparison between microstructured, nanostructured and hierarchically structured surfaces as these constitute the
basis of most icephobic (pagophobic) strategies.
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1. Introduction

Removing snow and ice from building integrated photovoltaic (BIPV) installations is a necessary step to maximize
electricity production through the winter months in regions that experience significant snowfall. This is an activity
that can be accompanied by a risk of personal injury (e.g. from falling off a slippery roof) and of damaging the modules
with various tools. A BIPV solution with a surface that passively sheds snow would effectively eliminate this risk and
ensure continuous production throughout the year. Also, the risk of irreversibly damaging an integrated part of a
building envelope is potentially expensive to rectify, making the passive clearing of snow and ice that much more
important.

A lot of recent work has been carried out in the field of passively de-icing surfaces [1-5] and the terms icephobic
and pagophobic were invented to describe these surfaces. Passive snow repulsion or shedding, however, is a largely
unexplored area. In this study, possible strategies are explored and recent research reviewed in order to illuminate
challenges and future research opportunities. In keeping with scientific tradition, snowphobic surfaces will hereafter
be referred to as chionophobic surfaces (chion = snow (Greek)).

2. Ice versus snow

While significantly different phenomena, ice and snow accumulation are intimately related. As reviewed in a
previous study [6], ice will commonly accumulate via a liquid stage whether it be glace, frost or rime. This makes the
successful application of a superhydrophobic surface, a realistic potential solution. Snow differs from ice in that it is
comprised of an agglomeration of snow crystals, liquid water and air; all in varying relative quantities. This gives
snow a wide range of physical characteristics depending on composition and ambient conditions. Snow crystals also
come in a great variety of morphologies, ranging from simple hexagonal prisms to the more famous dendritic forms
[7-10] (see figure 1). This further adds complexity to the range of physical behaviour snow can display.

Snow has been defined by Sojoudi et al. [3] as “dry” at temperatures below -1°C to -2°C and “wet” above the same.
The same definition was previously made by Glenne et al. [11] but with a limit at 5°C and Pfister et al. [12] observed
a limit of snow cohesion at -3°C. This implies some ambiguity as to what can be defined as “wet” and “dry” snow. A
more stringent treatment could be as a continuum of compositions containing air, water and snow crystals (see figure
1). Each continuum will, however, only be valid for one crystal morphology and can be strongly affected by the level
of inter-crystal bonding of the snow.

b) Porosity

. Dry Wet

Snow Liquid
crystals water

Fig. 1. (a) Snow crystal morphology examples as shown by Kelly et al. [10]; (b) Suggested compositional view
of snow depicted as a ternary diagram, yielding a more dynamic definition of “wet” and “dry” snow. (The figure
may appear to suggest the existence of porous water, which is incorrect. It is merely a representation of the
coexistence of the three components)
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3. Snow repulsion and shedding strategies

Snow crystals can have several hundred different types of morphologies depending on the thermodynamic
conditions in the atmosphere at the time of their formation [8, 9]. This can make it very difficult to accurately predict
the behaviour of snow in the general sense. In a previous study [6], strategies for preventing icing and the passive
removal of ice were reviewed, but strategies catering specifically to the removal of snow and prevention of snow
accumulation were largely omitted. In the following subsections, the most promising pagophobic strategies are
reviewed with regards to chionophobicity and superhydrophobicity is given a special emphasis as the foremost
promising pagophobic strategy.

3.1. Using superhydrophobic surfaces against snow

Similar to the accretion of ice, snow accumulation can be assumed to be aided by the onset of frost on a surface.
Frost effectively alters the apparent surface exposed to the natural elements, to a rough, cold surface that is ideal for
the adhesion and growth of ice, and likely snow as well. This speaks to the advantage of using a pagophobic strategy
to achieve chionophobicity as well.

The porous nature of snow allows it to act as a thermally insulating material with thermal conductivity between
about 0.04 W/mK [13] and 0.9 W/mK [14, 15] depending on snow density, water contents etc. This allows it to trap
heat beneath even a very thin layer of snow. Andrews et al. [13] argue that this, in combination with the optical
transparency of a thin snow layer, might be able to accumulate heat like a greenhouse, melting the inner most snow
layer. The liquid water would then act as a lubricant at the interface to aid the snow in sliding on the underlying
surface.

An obvious limitation of this strategy is the severely reduced transmission of solar radiation through thick layers
of snow. At 2 cm of snow, the reduction is approximately 80% and at 10 cm, the reduction is 96% [13]. In locations
that experience significant snowfall, the heating effect might be severely reduced, or even negligible, following a
heavy snowfall event. It has, however, been shown that a superhydrophobic surface aids dry snow sliding off a surface
and reduces the adhesion strength of both wet and dry snow. Unfortunately, the sliding of wet snow is not facilitated.
Instead, a hydrophilic surface has been shown to accomplish this [16].

A potential explanation of this behaviour is the sliding lubrication of a water film formed at the interface by the
attraction of the hydrophilic surface, whereas this film is rejected by the superhydrophobic surface, leaving the dry
snow crystals in contact with the surface and thus hindering the sliding behaviour. The lowered adhesion of both kinds
of snow to the superhydrophobic surface, could be explained by the lack of surface wetting lowering the adhesive
bonding between any water contents and the surface. Very dry snow would naturally lack this adhesive effect, and
could possibly be further aided by the reduced surface exposure offered by a nanostructured surface and/or the
repelling effect between water molecules and a fluoropolymer.

3.1.1. Structured surfaces

There are, broadly speaking, three types of structured surfaces commonly associated with superhydrophobicity and
pagophobicity. Microstructured, nanostructured and hierarchical surfaces. In the case of ice- and frost prevention and
removal, the nanostructured and hierarchical structures have shown the most promise while microstructured
superhydrophobic surfaces suffer from complete loss of pagophobicity at the onset of frost accretion within the
structure [17].

Of these, the hierarchical surface has the potential advantage of reducing the effectively exposed surface area. This
minimizes thermal conduction and friction, while allowing for the capturing of air beneath a falling water droplet,
possibly allowing it to bounce on the surface without being pinned in a Wenzel state [1, 4]. A potential drawback of
the hierarchical structure could be the physical hindrance of snow crystals from the micro-scaled structures. It is a
possibility that dendritic crystals, for instance, get caught in some structure designs and hinder successful repulsion
and sliding. Well controlled experiments could potentially elucidate this matter and present further possibilities of
chionophobicity surface designs.

The strictly nanostructured surface could potentially serve as a compromise. It might lack the extra apparent surface
reduction of a hierarchical surface, but has the advantage of increased smoothness. It might also offer a simplified
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production more suitable to large scale production. One could also imagine a hierarchical surface with preferential
directionality in an obvious sliding direction, similar to the three-dimensional structures produced by Kako et al. [16].

3.1.2. Liquid infused surfaces

Liquid infused surfaces (LIS) still remain unexplored as chionophobic alternatives. Though they hold great promise
as pagophobic surfaces, the liquid surface that so effectively retards frost formation and ice accretion [18] could
potentially counteract the desired repulsion of snow by adhesive effects between the snow crystals and the liquid
surface. By strategically selecting the lubricating liquid, however, this issue could be addressed and with sufficient
experimentation, it might hold an important key to the successful repulsion of snow.

A related surface design is the slippery liquid infused porous surface (SLIPS) [19, 20]. The strategy of these closely
resemble that of LIS surfaces but attempt to counteract the depletion of lubricating liquid by infusing it into the
underlying material, allowing it to act as a lubricant buffer while counteracting depletion. There has been significant
research conducted on these surfaces with respect to pagophobicity but not with respect to chionophobicity.

3.1.3. Smooth surfaces and hybrid surfaces

Other superhydrophobic approaches to pagophobicity include the use of smooth fluoropolymers, like
polytetrafluoroethylene (PTFE) [21] or the hybridization of polydimethylsiloxane (PDMS) material with the SLIPS
strategy [5]. These have shown very promising results as pagophobic materials and are interesting candidates for
testing as chionophobic surfaces.

A more recent development, magnetic slippery surfaces (MAGSS), has been the application of a ferromagnetic
superhydrophobic liquid to a magnetic surface, magnetized in a pattern to raise the liquid in a way that resembles that
of a microstructured surface [22]. This surface has the advantage of self-healing and frost repulsion seen in LIS and
SLIPS while being simultaneously smooth and structured. This allows for a reduction of exposed apparent surface
area and, consequently, reduces the thermal conduction and friction. If this can be viewed as a passive surface could
be debated, but it should not consume any of the electricity generated by the BIPV installation if permanent magnets
are utilized.

3.2. Balancing repulsion of both wet and dry snow

The adhesion and sliding of snow on superhydrophobic and hydrophilic surfaces was evaluated by Kako et al. [16].
Both were found to be advantageous under different circumstances. The superhydrophobic surface was found to
prevent adhesion of both wet and dry snow while facilitating the sliding of dry snow. The hydrophilic surface, on the
other hand, was found to facilitate sliding of wet snow. This was then followed up by experiments where hybridized
surfaces with both hydrophobic and hydrophilic elements were tested, showing, as could be expected, a behaviour
close to the weighted average of the surface distribution [16].

These experiments have one significant point of critique, however. They used synthetic replacement for natural
snow, consisting of water suspended porous glass beads. While this may simulate the viscosity quite accurately, the
particle interactions with the surface and between the glass beads may not correctly simulate that of natural snow. The
surfaces prepared for these experiments might behave quite differently when exposed to natural snow.

In addition to balancing the repulsion of wet and dry snow, there remains the need to repel frost and ice accretion
as well. As the optimal strategies for each might differ, it could be that a compromise must be made. In such an event,
it might be beneficial to tune the compromise to each application and location. A fagade mounted BIPV solution might
have a greater need for pagophobicity while a roof mounted BIPV system might have a greater need of strategies
beneficial to chionophobicity.

3.3. Building integration for optimization of snow shedding

An advantage of BIPV installations is the great variety of integration that can be utilized. Photovoltaic (PV) panels
can be applied on facades, roofs, ornamentations, in windows and so on. In urban locations with tall buildings situated
in close proximity, the more advantageous placement might be on the roof, as this minimizes the shading. For such
applications it might be possible to tailor the surface of the PV modules for the reduced sliding angle.
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For buildings situated in a more spacious manner, it might be advantageous to place the BIPVs on the fagade or
incorporate them in the windows. This could be advantageous, not only to the shedding of snow and ice by the vertical
surface, but could actually generate more energy in winter than roof mounted BIPVs [23]. Owing to the increased
albedo effect of a snowy country, the facade could, despite the less optimized solar radiation angle, capture more solar
radiation in the winter.

There might also be an angle, optimized for each location depending on expected albedo effects, at which a fagade
or roof might enjoy the maximized effect of both radiation angle and albedo effects while allowing for maximized
sliding effect. This would then have to be considered from a net annual production standpoint to optimize the
production economy of the installation and, as a result, the economy of the building.

Integration of PVs into buildings should thus start in the early stages of building design, as an integral part of the
functionality of the building. This ensures sufficient power generation for the desired purposes, allows for a perfect
fit of BIPV modules to building standards and the financial aspect of the installations is given more transparency to
the commissioning party.

4. Future research opportunities

As mentioned previously, the superhydrophobic strategies applied to pagophobicity would be very interesting to
evaluate with respect to chionophobicity. A comparison of the dry strategies (structured surfaces and fluoropolymer
surfaces) to the wet strategies (LIS and SLIPS) would also be a very interesting aspect to have elucidated. It should,
however, be performed with as realistic snow as can be managed, in order to deconvolute the effects of different snow
types and different ambient conditions.

The mentioned combination of superhydrophobic and hydrophilic surfaces would also be of interest to further
develop. Different geometries with different materials and strategies could be employed and focused in a way that
optimizes the geometries to the applied surface orientation and application.

Another possibility for the future is the albedo effect. Acquiring quantitative evidence of how much this effect the
energy production under different circumstances and possibly determining a method for predicting it, would be of
great importance to future building integration strategies.

Aspects that have not been mentioned above, that would be of great interest to research further, include the
following:

e  Assess the thermodynamic albedo effects of a black backside of free-standing PV systems. It has been
mentioned by Ross et al. [24] as a potential solution for freestanding PV installations.

e For each surface evaluated, there should be a minimum angle for snow sliding that can be calculated. This
should also be combined with a comparison between snow types and ambient conditions.

e A closer assessment of the sintering and melting behaviour of snow would be interesting as this could
potentially affect the sliding behaviour of snow in a significant manner.

e Avalanches have been studied for many years in the hopes of better understanding and predicting where
and when they will occur. This research could potentially be adapted to the sliding of snow on engineered
materials like roof tiles and fagade mounted BIPVs.

5. Concluding remarks

Building integrated photovoltaic (BIPV) installations in countries with significant precipitation in the form of snow,
experience a loss of energy production due to the physical obstruction of solar radiation by snow. The efficient removal
of this snow remain a largely unexplored, yet very important, area. Herein, a concise summary of possible research
topics and opportunities is presented along with a summary of existing research presented on the topic.

It appears evident that there is a wide range of topics to be studied and the benefits of a successful future strategy
should be a strong motivator for funding the research. The field is closely related to pagophobicity with potential
applications in areas like aeronautical, nautical and automotive industries, besides the significance to the growing
BIPV industry. As such, chionophobicity could be of significant interest to these same industries as well as building
segment manufacturers in general.
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As building integrated photovoltaics (BIPV) are becoming increasingly popular, the demand for optimized uti-
lization will be increasing with respect to efficiency, aesthetics and reliability. In cold climate regions, we predict
that there will also be a growing focus on how to avoid snow and ice formation on the exterior surfaces of BIPV.
During the winter period there is substantially less incident solar radiation. This is also the period when the solar
radiation is most needed for heating, lighting and power production purposes. The task to avoid accretion of
snow and ice is challenging due to the fact that snow, ice and ambient weather conditions exist in countless

variations and combinations. Snowfall, freezing of rain water and condensation of air moisture with subsequent
freezing, are examples of aspects that have to be addressed in a satisfactory way. The present study aims to
review the cold weather challenges facing BIPV, the strategies for overcoming them and the opportunities that
follow from successfully overcoming them.

1. Introduction

With the ever-increasing number of installed photovoltaic (PV) sys-
tems, the demand for efficiency and aesthetics has risen as well. Seam-
less integration of photovoltaic panels in building skins is the next
logical step in renewable energy production and investment in such
products is quickly becoming more feasible. These integrated products
are known as building integrated photovoltaics (BIPV) and have recently
gotten increased attention due to Elon Musk’s (known from Tesla, The
Boring Company and Space X) investment in Solar City to start pro-
ducing BIPV.

With a growing market comes the demands that installations pro-
duce electricity steadily over time, be reliable and yield a good return-of-
investment (ROI). ROI will be significantly aided by the simultaneous
investment in new roof cladding and electricity generating photovoltaics
(PV) [1]. A corollary obstacle is evident in cold regions where snow and
ice reduce production to zero very quickly [2-4]. It should thus be
removed from PV surfaces in an efficient and timely manner. Current
methods involve either manual labour, consumption of energy, or
polluting de-icing chemicals [5].

As power production is lower in wintertime due to the low incident
angle of light and increased atmospheric absorption, the potential gain
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of removing the snow must outweigh the added cost of the chosen so-
lution. Melting of ice requires a tremendous amount of energy, cutting
into the ROI while chemical de-icing strategies contribute to the envi-
ronmental degradation and should thus be avoided [6]. Chemical
de-icing is currently used in aeronautics as no viable alternatives exist
[7]. Manual labour can be applied and vary in approach but common
risk factors include personal injury (e.g. falling from a slippery roof) and
risk of damaging the installation surfaces with various tools [8].

A proposed strategy that has been investigated the last few decades is
to make the surface passively repel all ice formation in a similar manner
to superhydrophobic surfaces repelling water. Some disbelief in the
applicability of the concept exist, as frost accretion has been reported to
effectively negate any ice adhesion reducing properties [9,10].

The term icephobic is commonly used and somewhat self-
explanatory but still lack a formal thermodynamic definition. Depend-
ing on application, some studies focus on low adhesion strength between
ice and a solid surface [11-14], some on the prolonging of freezing time
of sessile or impacting water droplets [15,16], and others on the pre-
vention of ice accretion [13,17]. Hejazi et al. have summarized these
definitions with three conditions of icephobicity: Preventing the
freezing of water condensing on the surface (frost), preventing the
freezing of incoming water, and if ice is formed, it should have a low
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adhesion strength [18]. Kreder et al. [19] made a similar list of condi-
tions: Suppression of ice nucleation, impeding frost formation and
reduce ice adhesion forces.

In the definitions used for icephobicity, however, there is rarely an
inclusion of the repellence or shedding of snow. This is possibly due to
the difference in behaviour and characteristics of snow. Therefore, the
term snowphobic (or more formally, pagophobic) is used to describe this
[20]. While this term also lacks a specific definition, it can be expected
to contain, at least, a minimization of adhesion to a hitherto undefined
degree.

Icephobic and snowphobic surfaces carries significant potential for a
cost-effective solution for BIPV and PV in general. In attempting to
obtain such a surface that is adequate, reliable, and scalable, several
strategies have been explored [21-24]. At present, none of the appli-
cations explored have seen widespread implementation. In this study,
the challenges of snow and ice on BIPV will be reviewed along with
strategies for overcoming them and the opportunities that follow from a
successful designed system.

2. Challenges of nature

Integration of PVs in buildings imply that they replace part of a
building’s traditional envelope and act as both PV panels and as building
envelopes. This places special requirements on BIPV to, not only to
produce electricity steadily and efficiently, but also to be chemically and
mechanically stabile enough to withstand the rigors of weather and
wind in a potentially harsh climate.

In some parts of the world, like the arctic and sub-arctic regions,
icing and snow coverage is a real problem as snow coverage can remain
during a significant part of the year [25,26], reducing the productivity in
a region that has a lower incident light intensity [27]. In addition, ice
and snow occur in numerous forms [28,29], and while one strategy
might work adequately for the repelling of ice formed by supercooled
rain, it might not be as effective in handling other forms of ice, e.g. frost,
as shown by Varanasi et al. [10] and Rykaczewski et al. [24].

A successful design must thus resist a broad range of weather con-
ditions and do so consistently over a long period of time to ensure
consistent energy production over the entire life span of the BIPV
product. These weather conditions will be briefly described below, along
with eroding and ageing factors such as hail, wind and ultraviolet (UV)
radiation.

2.1. Ice and rime

Under natural terrestrial conditions, ice may form in a number of
ways and may present a wide range of physical characteristics; from
glaze ice to rime.

The formation of glaze ice occurs at moderately low temperatures
and low to moderate wind speeds. This allows the water molecules the
freedom of movement to establish equilibrated solid ice. As wind speeds
increase and temperature decreases, rime ice begins to form. High wind
speeds and rapid freezing due to low temperatures, forces liquid droplets
to form miniature icicles in the leeward direction. This may sometimes
appear similar to frost but rime consists of a thermodynamically stabile
ice phase whereas frost maintains a non-equilibrium shape, similarly to
snow.

These forms of ice accretion occur through solidification of liquid
water such as impinging supercooled water droplets from rain or ocean
spray [30]. This occur when the water droplets are at a temperature
lower than the equilibrium melting temperature, sustained by the
droplet curvatures (Gibbs-Thompson effect) and lack of heterogeneous
nucleation sites [31]. These droplets then hit and conform to the host
surface, changing the liquid-gas interface curvature and introduce a
liquid-solid interface. This permits heterogeneous nucleation to occur
and ice begins to accrete.

This kind of precipitation can result in loss of efficiency in PV- and
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wind power installation [4,5,8], hazardous icing of roads, break-down of
power lines [19,32,33], and stalling aerofoil aircraft [34,35], just to
name a few.

As the accretion of ice occurs primarily through the solidification of
liquid phase water, an icephobic surface’s ability to repel liquid water is
crucial. Two things must be achieved to accomplish this: Minimizing the
surface contact time by shedding the water before it has time to freeze,
and reduction of the heterogeneous nucleation potential to allow for as
much time as possible [17,19,21,36-38].

2.2. Snow

In the case of PV installations, a snow cover as thin as 2 cm can
reduce the electricity generation by as much as 80% [2-4]. As snow is
also the more common cold weather element to impact PV, it is of vital
importance to address this issue.

Wet snow has a tendency to accumulate on almost any surface and is
a well-known problem area for power lines and rooftops [39,40]. The
added weight can collapse power lines and cave in roofs, leading to a
necessary over-dimensioning with respect to loadbearing capacity. In
this respect, a snowphobic surface may have the potential to reduce
construction and maintenance costs.

Dry snow accumulates rather than accretes and forms banks of snow
when wind is present. This stems from very different adhesion mecha-
nisms from wet snow.

The mechanical properties of snow, and thus the interfacial sliding
and adhesion mechanisms, continuously evolve and are difficult to
predict. It depends on factors such as the morphology of the snow
crystals, the liquid water content (LWC), the snow and substrate tem-
peratures, the mechanical motion of the snow, and so on. Snow falling to
the ground, forms as it falls through changing atmospheric pressures and
temperatures to become the familiar flakes of snow.

Snow is commonly separated in two main categories depending on
the liquid water content (LWC): Wet and dry snow. Wet snow is asso-
ciated with temperatures close to the freezing temperature, whereas dry
snow is associated with lower temperatures. Sojoudi et al. [41] suggest
an approximate temperature limit of —1 or —2 °C, below which the snow
can be considered dry, and above which it can be considered wet. A
more continuous definition may be obtained through the dielectric
constant of the snow, which can provide an estimation of the LWC
[42-44]. For the present purposes, however, the simpler definition is
utilized.

2.3. Frost

Frost is a term that contains a multitude of different forms of ice
crystal formations. In this study, the term “frost” will be used as a
general term.

Frost is generally formed in two ways; Desublimation of water
vapour from cold air onto a substrate, or freezing of water droplets
formed through condensation [45]. Condensation occurs when the
temperature of humid air reaches below the dew point by encountering
a cold surface. If the substrate temperature is below the freezing point of
the water droplets, frost will form on the surface [21]. The droplets will
stay in the liquid state until ice nucleation and growth occur, and the
droplets freeze. The time required is theoretically dependent on the size
and shape of the droplet (melting point suppression by the
Gibbs-Thompson effect), the temperature of the water, the substrate and
the atmosphere as well as the heat exchange rate with the surface and
the atmosphere [21].

Condensation also occurs at night through radiative cooling of PV.
This process is the same as with car windows frosting overnight, where
heat energy stored in the car allows for more humidity close to the glass.
As heat radiated up into space, the condensation forms and quickly
freezes. The effects on PV installations (Fig. 1), however, is smaller due
to the smaller amount of thermal energy stored in the solar panel
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compared to the inside of a car.

De-sublimation is a process that occurs when the water vapour
pressure is high but will always be a secondary process to freezing of
condensation that requires lesser vapour pressure to form [45]. One
might imagine a situation of rapid atmospheric cooling where the
desublimation process becomes favourable, such as extra-terrestrial
applications, but for the application of BIPV, the condensation process
is the common and thus the more relevant aspect.

2.4. Physical wear

Besides precipitation, building elements must withstand physical
wear in order to securely protect the integrity of the building. Tradi-
tional building elements adhere to strict national and/or international
standards to ensure quality and safety. BIPV must also adhere to these
standards, while simultaneously adhering to the standards of PV
electronics.

Any design to combat frozen precipitation, be it passive or active,
must likewise be resilient in order to preserve its functionality over time.
This may present challenges to the design of coatings, surfaces and
processes that must perform over extended periods of time in order to be
financially feasible.

2.4.1. Hail

This is a type of precipitation that can have a significant impact on a
sensitive surface like a structured surface or coating, where the struc-
tural integrity may be compromised by the bombardment of ice pellets
at high velocities.

Created in the atmosphere at high altitudes, the impact velocity of
hail is high and thus the potential for structural damage is significant.
The size of hail pellets can vary greatly, from a few millimetres to several
centimetres in extreme cases. It is thus highly relevant to design surfaces
that can withstand regular incidents of hail in the most common size
ranges, be it by mechanical strength by use of some self-healing strategy.

2.4.2. Wind and UV radiation

Wind can be both beneficial and deleterious to the removal of snow
and ice. It may aid in the shedding by added shear force or it may carry
materials such as leaves, sand, insects and other soiling and abrasive
contaminants. This has given rise to the self-cleaning glazing, which is
also strongly considered for PV installations worldwide as soiling is a
common problem.

UV radiation can have a deleterious effect on a sensitive surface.
Polymer surfaces or polymer-based coatings are especially sensitive as
they may suffer from UV photodegradation and decomposition. It is thus
an important factor to bear in mind when designing surfaces and
coatings.

3. Technical challenges

Cold weather precipitation can, as explored above, have a significant
impact on BIPV installations. In addition to this, there are some tech-
nical challenges for ice and snow mitigation that should not be
overlooked.

Fig. 1. Photo of frost accretion on common PV installation on a roof near
Trondheim, Norway. Courtesy of GETEK Energy AS (Norway).
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3.1. Shedding and retention of snow and ice

In countries with significant snow precipitation, snow is generally
retained on roofs by means of snow guards as exemplified in Fig. 2. They
are meant to prevent personal injury from snow and ice sliding off roof
tops.

These devices are commonly mandatory by law and in attempting to
design an ice- and snow-shedding surface for PV, this fact must be taken
into account. If spontaneous snow and ice shedding is to be made real,
the snow guards must be significantly redesigned or dispensed with
entirely. This places requirements on the shedding surface to shed suf-
ficiently small quantities that there is no risk of injury to any person
below the roof. It must also do so consistently over time and regardless
of weather conditions.

3.2. Snow accumulation due to confinement

PV installations are commonly installed in rows over the surface of a
roof and at an angle optimized for solar radiation harvesting. This often
yields a saw-tooth surface as seen in the installations in Figs. 1 and 3.
The spatial confinement here yields a retention of snow at the base of the
panels, preventing sliding of the snow. A successful ice- and snowphobic
surface treatment is dependent on sufficient space for the snow and ice
to fall away.

Likewise, it is often the case that snow begins to slide but catches on
the frame holding the PV module laminate together, as discussed by
Weiss and Weiss [46]. This leads to the conclusion that frameless panels
are beneficial to the shedding of snow, as indicated by experiments [47].
An addition to this argument, would be that panels, frameless or
otherwise, would have gaps between them where snow may catch.
Applying BIPV to roofing often avoids this by slightly overlapping the
devices in a staggered manner.

3.3. Transparency

As photovoltaics require the maximum amount of solar radiation
possible to reach the surface, in the range of wavelengths absorbed by
the PV cells, any coating material or surface treatment must be inher-
ently transparent in this range. Fillion et al. [48] make just this point,
focusing especially on coating materials, and cite some researchers that
have managed to produce coatings with well above 90% optical trans-
mission in certain wavelength ranges. As a contrast, the typical
soda-lime float glass, commonly used in windows, has an optical
transmission of less than 90% across the solar radiation spectrum [49].

Fig. 2. Snow guard. Photo of a snow guard holding snow on a residential roof
in Trondheim, Norway.
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Fig. 3. Photo of snow covered PV installation on a roof near Trondheim,
Norway. Snow can be seen to have begun to slide but has been hindered due to
build-up. Courtesy of GETEK Energy AS (Norway).

3.4. Durability

Any coating or surface treatment must be able to last a substantial
part of the modules expected life time. Warranty of photovoltaics is a
complex matter as it encompasses several aspects, such as PV modules,
inverters, workmanship etc. For the present purposes, we consider the
PV modules only, as only those pertain to surface designs or coatings.

Larger PV producers often offer a warranty up to 25 years on the PV
modules [50]. The net cost of a solution increases the more frequently
re-application of a coating or processing of the surfaces must be carried
out. A spray-on solution may allow for more frequent re-applications,
while direct surface engineering may not allow for any re-application
at all. The question of durability is thus closely linked to the method
of application and costs, making proper guidelines difficult to estimate.
As noted by Heinstein et al. [50], psychology also plays a major role,
further complicating matters.

Surface designs intended as ice- or snow-phobic are practically never
tested for long-term stability by e.g. accelerated ageing, though some are
tested for stability through time-consuming icing and de-icing cycling,
typically 10-30 times [51,52]. This makes it difficult to estimate a
technical life expectancy for new designs.

3.5. Price

For a surface design to be successful on the market and thus provide
an applicable solution to the problem of ice and snow, the solution must
be cost effective. The financial losses due to snow and ice on BIPV,
however, are difficult to assess properly due to the varying conditions of
the installation sites, variation in price on electricity, etc.

Attempts at estimating energy losses have been made, though con-
clusions vary [2,4,53,54]. The most in-depth analyses located for the
present review, and nearly concurrently published, Andrews et al. [54]
and Marion et al. [53] placed losses between 1-3.5% and 1-12%
respectively. Of these, only Marion et al. presented error estimation from
a model; their model fall within 0.5-1.5% (absolute) of measurement
losses [53].

While as small an error as possible between model and measurement
is desirable, these studies are case studies, applicable only to the cir-
cumstances where they were performed, and should thus be considered
with some care. They do, however, provide estimates to base further
estimations of financial impact. This is explored by Andrews et al. [54],
who arrive at a lowering of the return on investment (ROI) of
0.56-0.60% (absolute) as a direct result of snow coverage [54]. For that
specific case, there may thus be little motivation to invest in advanced
methods for snow- and ice management.

3.6. Application and re-application

Assuming a non-permanent surface modification, any chosen design
must be easy to apply. Not only is it a matter of expense versus gain, but
also one of practicality. Re-applying a coating, e.g. on BIPV facade ele-
ments in a multilevel building, may be hazardous, costly, and time
consuming. Fig. 4 exemplifies such a challenge. Thus, the more resilient
the surface modification is, the more versatile it will be.

Naturally, the cost of application is an important factor, as every re-
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Fig. 4. Oseana cultural center with BIPV on a combined roof and facade [55].

application required over the BIPV installations lifetime, increases the
demands for energy loss reduction.

4. Mitigation and prevention strategies

There are many proposed strategies for mitigation and prevention of
ice and snow accretion. The present section aims to present and contrast
these strategies without exploring their full depth individually, as they
each may warrant an extensive review to do so properly.

Mitigation of ice and snow, is most commonly based on super-
hydrophobicity, although some designs have been proposed using hy-
drophilicity [23,56-58]. The present section will briefly explore
superhydrophobicity to provide context for the snow and ice mitigation
strategies. Hydrophilicity is largely omitted in the present review due to
the specific requirements of snow and ice mitigation commonly being
better served by superhydrophobicity, as explored below.

4.1. Superhydrophobicity

Hydrophobicity is the result of the relation between interfacial free
energies (often simply referred to as surface energies) between the three
phases present: Solid, liquid, and vapour. Classically described by
Young’s equation

COSG:Y“ —Ya I6))

W
where 7, 751 and yj, are the interface energies between the three phases,
solid, liquid and gas, and @ the contact angle (CA).

For structured surfaces, this formulation has been supplemented by
the works of Wenzel [59] and Cassie and Baxter [60]. They describe two
different states of wetting with equations (2) and (3) respectively.

c0s0" = rcos0 2)

where 6* is the resulting contact angle and r is the roughness ratio, and

cos0" =r¢fcosO + f — 1 3)

where 1y is the roughness ratio of the apparent surface area and f is the
fraction of contacting surface area.

The term superhydrophobic generally implies that CA exceeds 150°,
though the phenomenon para-hydrophobicity may confuse matters. Par-
ahydrophobic surfaces imply a surface that allows for CA above 150°,
while droplets also adhere to the surface at high angles of tilt [61].
Therefore, the term superhydrophobic also carries an implication of low
sliding angle of a droplet.

The sliding angle of a droplet is commonly omitted and instead a
demand for low contact angle hysteresis (CAH), as described by

CAH =0rec — Ouay 4)
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where 6, is the receding angle and 6,4, is the advancing angle. A formal
definition of CAH required for superhydrophobicity has eluded the au-
thors of the present review, however, it is typically no more than a few
degrees [62,63].

4.2. Icephobicity

As previously discussed, icephobicity is commonly seen as having
three main approaches: (i) denying ice the opportunity to nucleate from
humid air and form frost, (ii) delay the nucleation long enough for water
to be shed before ice forms and (iii) minimizing the adhesion strength of
ice that has nucleated and attached to a surface. While not necessarily
mutually exclusive, they are commonly treated separately in an effort to
better focus the research.

4.2.1. Water shedding

Rainfall on sub-freezing surfaces and supercooled rain, are common
occurrences in cold climates. In order to minimize the probability of
water freezing on the surface, a surface can be designed to shed the
water faster than the time it takes for nucleation and growth to occur
[15,17,19]. This is commonly achieved through superhydrophobicity,
which allows water impacting droplets to roll off [64,65] an inclined
plane or even bounce [66,67].

As supercooled rain falls on a surface with a terminal velocity around
9.4 m/s [68], surfaces must be designed to disallow pinning of the water
droplets and instead promote rolling or rebounding [66,67,69].
Conventionally, superhydrophobic surfaces have been assumed to
accomplish this best, but it has also been noted that this might not al-
ways be the case [70]. For droplet roll-off, however, super-
hydrophobicity appear to remain the best option. Thus, care must be
taken to select a surface design that will promote the rebounding of
supercooled rain droplets without a significant risk of pinning.

Making a surface superhydrophobic does not only allow water to be
shed quickly, but also prolongs the time required for the water droplets
to freeze [15,21,70-72]. This is argued to be owed to a combination of
liquid-to-solid thermal conduction [21], liquid-to-air convection [62],
and radiation, where thermal conduction is a major heat transfer vector.

4.2.2. Ice droplet shedding

Similarly to water shedding, some researchers found that droplets
that are not shed in the liquid state, may still be dislodged and shed in
their frozen state [31,73,74]. Schutzius et al. [75] demonstrated dis-
lodging so violent that it launched the frozen droplets several milli-
metres from the surface. They argue that this is a result of rapid vapour
pressure increase under the droplet, owing to the rapid vaporization
occurring in the freezing process, producing an overpressure under the
droplet. Graeber et al. [73], tested this hypothesis specifically and found
droplets to dislodge on substrates that disallow large vapour pressure
gradients under the droplet. They argue that the key to self-dislodging of
freezing droplets, is in the dynamics of solidification; specifically that
the droplet freezes such that the droplet-substrate interface solidifies last
[73]. They also provide evidence suggesting that thermal conductivity
between droplet and substrate should be minimized to achieve this and
argue that minimizing substrate thermal diffusivity and
droplet-substrate contact area is vital to achieve this.

4.2.3. Frost denial

Another approach is to disallow the formation of ice through intel-
ligent surface design. In order to understand how to prevent ice from
nucleating on a surface, it is important to acquire an understanding of
the nucleation process.

There are two main types of nucleation: Homogeneous nucleation
and heterogeneous nucleation [76]. These describe the thermodynamics
of condensation of a gas and solidification of a liquid; in this case, water
vapour and liquid water. The former describes the process of water
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freezing in a theoretically infinite volume of pure and homogeneous
body of liquid water. The latter takes into account the existence of an
interface between a solid surface, a body of water (commonly a droplet)
and the forming solid phase.

In practice, heterogeneous nucleation occurs at a higher temperature
than homogeneous, making the influence of the substrate surface energy
of substantial importance. Minimization of surface energy allows for a
shift of the nucleation towards the homogeneous extreme and most
strategies for attaining icephobicity therefore start with super-
hydrophobicity [31,77].

No surface design has yet been presented that will prevent water
from freezing indefinitely. It can, however, delay and supress the het-
erogeneous effect and force the nucleation towards the homogeneous
region.

As frost commonly forms through condensation, researchers have
noted that frost occurs within the structures of some superhydrophobic
surfaces [9,10]. This occurs as condensing droplets are small enough to
fit within the structure and freeze there, without the opportunity to be
removed through superhydrophobic shedding.

Suppressing the nucleation of ice in a water droplet, however, can be
further aided by droplet size constraint as a result of the Gibbs-Thomson
effect [76,78,79]. With sufficient confinement, it is therefore possible to
force coalescence and shedding of the condensing water (Cassie
condensate) before it has an opportunity to freeze [17,78,80]. A sche-
matic representation of the Cassie condensate formation process can be
seen in Fig. 5.

4.2.4. Ice adhesion minimization

A commonly explored option is to accept some accretion of ice. The
mass of the ice itself, combined with very low interfacial adhesion, is
then used to allow the ice to be shed periodically by means of gravity or
other forces, be they naturally occurring (e.g. wind) or application
specific (e.g. rotation of wind power turbine blades) [7,81-83].

There are several facets of ice adhesion that are often researched
individually. Herein, we explore them in the same manner, and include a
discussion on the measuring methodologies, as there are many and often
yield different results.

4.2.4.1. Wettability. Minimization of adhesion can be approached in

Fig. 5. Schematic representation of the principle of condensation expulsion
through confinement as the droplets coalesce.
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several ways. A common topic is that of the role of wettability [11,52,
84-86]. Stemming from the reversible free energy required for the
creation and destruction of interfaces, Meuler et al. [11] previously
found a correlation with the practical work of adhesion, scaling with [1
+ c0S Brecl, Where Oy is the receding contact angle [11]. This correla-
tion, however, apply only to adhesion strengths above 100-150 kPa [11,
871.

Janjua et al. [52], however, showed a clear relation between ice
adhesion and CAH, as defined by equation (4). This corroborates the
conclusions of many studies [84,88], and they argue that Meuler over-
looks aspects such as encompassing the full range of receding contact
angles and statistical representation [52].

As one of the most explored design strategies to attain ice- and snow-
phobicity, a vast number of superhydrophobic surfaces have been
designed and tested by various means, under various circumstances [15,
41,51,66,71,78,89-93]. Results often vary but most agree that wetta-
bility plays a major role in the adhesion, although to what degree, under
what circumstances, is not clear. A full review of the role of wettability
in ice adhesion exceeds the scope of the present study.

4.2.4.2. Stress concentration. Wetting as described by contact angle or
contact angle hysteresis, does not necessarily correlate to adhesion
strength. Other factors must be accounted for, as noted by several re-
searchers [89,94-96]. Crack initiation and stress concentration are often
cited as possible contributors, especially on structured surfaces where
adhesion may be focused at several small points, rather than over a
continuous surface [95,97]. Fortin and Perron [95] modelled ice adhe-
sion with respect to shear stress, predicting a minimum ice adhesion
when the surface consists of infinitely sharp points, high enough to
minimize electrostatic forces, and with strength enough to maintain
these over many de-icing cycles [95]. This may be the optimization of a
model and not necessarily implementable but is very instructive in the
importance of stress concentrators to reduce ice adhesion.

Making use of a surface design to induce crack initiation has thus
been the main goal for several researchers [51,89,96]. Owing to the
ridged nature of ice, surfaces may be designed in a manner that in-
troduces stress concentrations in the interface dynamically [51,89]. This
allows for cracks to be initiated that will then propagate quickly across
the interface, releasing the ice.

4.2.4.3. Substrate material properties. The intrinsic properties of the
material in contact with the ice may also have a significant influence on
adhesion. Hydrogen bonding is often cited as the main bonding form
between substrates and ice [98-100], but other factors may also be
significant.

The quasi-liquid layer (QLL) shown to exist on ice [101,102], carry
unbound water molecules able to induce electric charge mirroring in a
substrate material. The mirrored charges then experience a coulombic
attraction, commonly known as an image force, which relates to the
surface materials permittivity. By testing substrates coated with mate-
rials of different dielectric constants, Saleema et al. [103] could show a
significant influence of dielectric constant, although very low values
seem to be required in order to substantially influence adhesion. A
similar study by Ryzhkin and Petrenko [99] seems to corroborate the
existence of this influence.

Petrenko [98] showed that the dynamic friction between ice and a
substrate is affected by an applied electrostatic charge and, although this
is a dynamic system and may translate poorly to statics, it further il-
lustrates the sensitivity of ice to electrostatics.

4.2.4.4. Measuring ice adhesion. Ice adhesion is commonly tested on a
small ice sample, typically on the scale of a few cm [89,104,105], and
yields a measurement that has thus far seen widespread acceptance.
Golivin et al. [96], however, recently found a size discrepancy when
testing ice adhesion through mechanical push testing on samples up to 1
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m in length. Up to a certain sample length, the common shear model
predicted the results with acceptable accuracy. Above this length,
however, no additional force was required to dislodge the sample. Thus,
they argue, the currently accepted model incorrectly predicts ice adhe-
sion of application size samples. They also conclude that surface designs
commonly not accepted as icephobic may yield a lower adhesion
strength for large areas [96]. They also propose a new model to com-
plement the common adhesion model, for samples larger than a critical
size that relates to the elastic modulus of ice.

Measuring ice adhesion in the common manners, like centrifugal
adhesion testing (CAT) or force probe measurements, has generally seen
some criticism of late [104,106,107]. Work and Lian [104] recently
published an in-depth critical review of ice adhesion testing methodol-
ogies, citing several systemic problems with widely accepted practices.
Generally, they cite problems such as lack of completeness in reported
data (surface feature analyses, wetting characteristics, ice formation
conditions, strain rate, evaluation of stress concentration, etc.) and how
little awareness there appears to be of the complexity of ice adhesion
testing [104].

4.2.4.5. Ice types. The manner in which ice is generated has been
explored as an influence on ice adhesion strength by Rgnneberg et al.
[108]. They explored three categories of ice: precipitation ice, in-cloud
ice, and bulk water ice (glaze ice approximate). Precipitation ice was
found to adhere around 170% more strongly than glaze ice and around
47% more strongly than in-cloud ice. Several possible influences were
cited: Ice microstructure, density, and the mechanical stiffness of the ice.
They also rejected ice adhesion based on electrostatic interactions and
QLL as these models predict behaviour trends in direct opposition to
their observations [108].

This is an important point to explore as it evidently affects the
adhesion quite significantly. While not explicitly explored, it may be of
interest to consider that ice adhesion could appear to be reduced with
increasing density due to an increased probability of interfacial crack
initiation and propagation. This would be consistent with the correlation
of increased grain size with increased stress concentration and ice
stiffness, cited by Rgnneberg et al. [108]. This could then be indicative
of the observed correlation being a result of interfacial mechanisms
which in turn depend on the properties of the ice, rather than a direct
correlation to the intrinsic properties of the ice itself. If so, this study
would not only show the important difference in adhesion between ice
precipitation modes, but may also suggest that some types of ice adhe-
sion mitigation may be better approached by strategies other than
interfacial crack mechanics.

4.3. Snowphobicity

Snow falls onto surfaces in an already frozen, or partially frozen state
and can thus not be repelled prior to formation. Snowphobicity, there-
fore generally refers only to the lowering of adhesion to the surface,
optimally to the point where a small tilt angle or slight breeze is enough
to remove snow continuously as it falls [4,5,20].

4.3.1. Snow adhesion minimization

The volume of published work on the adhesion strength of snow is,
relative to that of ice, quite small and no generalized models have been
developed. The primary body of work appear to be focused on predicting
the accretion on overhead power-lines [39,109,110] or shedding from
the same [40].

Specific focus on surface engineering for general snow adhesion
minimization was evaluated by Kako et al. [23] and Andrews et al.
[111].

Kako et al. [23] investigated the adhesion strength of wet snow,
using the herein adopted definition, as influenced by surface wettability.
They concluded that superhydrophobic surfaces yield a reduced
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adhesion strength than other alternatives.

Andrews et al. [111] tested hydrodynamic surfaces with an in-situ
method and conclude that no positive effect can be seen from merely
hydrophobic coatings. Publications on similar testing of dry snow
adhesion have eluded the present authors.

The snow wetness dependency of adhesion has not been properly
explored. Some have explored the extremes of wet and dry, but no
apparent explorations where wetness (or LWC), has been seen as a
continuum.

Generally, snowphobicity appears grouped with ice adhesion and
assumed to be a sub-set of icephobicity [41], though specific compari-
sons seem not to have been published, making the assumption open for
debate and makes the adhesion of snow an excellent candidate for
further study.

4.3.2. Measuring snow adhesion

Measuring snow adhesion cannot be carried out by common ice
adhesion measurement techniques, such as force probe, CAT, etc., due to
the high deformability of porous snow [112]. Snow adhesion is instead,
commonly tested by allowing snowfall (natural or simulated) on
fixed-angle installed test samples (Fig. 6) while monitoring aspects such
as how much snow accumulates prior to shedding [113] or how much
solar radiation is transmitted [111].

4.3.3. The relation to ice

The adhesion of ice and snow is naturally linked due to the shared
origin (water) of the substances. The same processes are thus expected to
contribute to the adhesion, albeit with possible differences in distribu-
tion. Ice and snow are, however, very different materials morphologi-
cally [114], mechanically [112] and thermodynamically [115]. Thus,
what may make a surface icephobic in adhesion and/or accretion, does
not necessarily make it snowphobic.

Successful snowphobic surfaces will likely also require some aspects
of icephobicity. Frost denial and water shedding should be included as
either occurrence of frost or glaze ice will negate the effects of any
surface design for snow adhesion minimization. Specific ice adhesion
minimization, or ice shedding effects, however, are not strictly neces-
sary if all other aspects are fulfilled, though it may follow from the in-
clusion of the other aspects.

4.4. Active mitigation strategies

4.4.1. Chemical treatment

The aeronautics industry actively de-ices both commercial and mil-
itary aircraft by means of chemical spraying. This is the only approved
technology to date, for these applications, as the demands to be met are
very high and the burden of proof weighs heavily before a passive so-
lution can be implemented.

The chemicals used for de-icing have, however, been found

O 000 O Snow
0QQ% % a O oy & .O‘/
o o O

Qo
o

Sample

Fig. 6. Schematic of snow adhesion measurement setup by Saito et al.
(1997) [113].
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detrimental to the environment [6,116] and represent a significant cost
in maintaining aircraft [117]. These limitations would also affect any
use on BIPV and demand regular re-application to keep the installation
clear of snow and ice. Use of environmentally detrimental chemicals in
close proximity to places of residence and work may also be subject to
more stringent regulation. Thus, the costs may outweigh the benefits.

Application of brine or salt, as is often applied to pavement, may
degrade a PV module [118] and would likewise require regular
re-application, thus making it costly over time and increase demand on
maintenance.

4.4.2. Surface heating

Heating solar panels to remove ice and snow has been tried, to
generally positive effect [46,47,119,120]. While often questioned as to
whether it is energetically favourable or not, a recent study suggests that
it is possible to balance the cost of heating with gained production, given
proper system design and regard for weather forecasts [119].

There are two main approaches to heating a module: Resistive
heating cables placed behind the modules [47], or biased solar cells that
produce resistive heating within the cells themselves [46]. Both methods
show the desired effect of inducing sliding of snow by melting of the
interfacial snow. Adding dedicated resistive circuits to a module will
increase the already high cost of snow removal, possibly past the point of
benefit.

Combination of heating and surface treatments/designs such as
superhydrophobicity, could further the sliding of snow and ice, allowing
the heating energy to be minimized. One such design was tested by
Wang et al. [120], exhibiting ice accretion prevention down to —14 °C
without the aid of electric heating, and down past —30 °C with a current
applied to the conductive coating [120].

4.4.3. Mechanical systems

Ultrasonic de-icing has been tested for the aeronautics industry as
well as the energy sector, specifically on wind power turbine blades and
airborne transmission lines [121,122]. The technology has not yet been
widely implemented though and is speculated by some to potentially be
detrimental to a PV module [123], though this has not been shown.

Some have experimented with using cleaning robots for PV in-
stallations, though primarily for dust and sand clearing [124,125]. Such
robots could, in theory, also be used for clearing snow from a surface,
while also cleaning it. Cost of implementation, however, would be likely
to exceed the benefits for household BIPV and may be better suited for
industrial sized PV complexes.

5. Opportunities
5.1. Annual production increase

Successfully removing snow and ice in a cost effective and timely
manner may allow for a significant production increase, making the
installation of BIPV more attractive in regions where snow and ice may
cause concern. As shown by Aarseth et al. [119], it is indeed possible to
increase the annual production sufficiently to offset some costs, though
how much may be a matter of local weather conditions, as pointed out
by Pawluk et al. [126]. In some regions one may only add 1-3% to the
annual production [2], while more snow rich regions, be it due to alti-
tude or latitude, may yield >15% more energy produced per year [127].

5.2. Cold region synergy effects

It is widely recognised that PV should be kept cool in order to opti-
mize production efficiency, making cooling of PV installations a topic of
research in warmer regions [128]. Though the irradiation in colder re-
gions may be smaller, the efficiency is thus better optimized.

In addition to better utilization of device efficiency, increased albedo
from the highly reflective surfaces of snow, ice, and water, can increase
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production [129]. Thus, implementation of BIPV that optimizes the use
of albedo effects from, e.g. nearby snow-covered fields, bodies of water,
or glaciers, may exhibit a higher than expected production [129].

The net annual production in snow rich countries is unlikely to ever
reach that found closer to the equatorial region. This, however, does in
no way preclude the implementation of BIPV [130,131].

5.3. Surface design synergies

As most surface designs for snow and ice mitigation are based on
superhydrophobicity, coupled with the often suggested design require-
ment of surface structuring to accomplish this, it may be possible to
design a snow- or ice-shedding surface that bears a synergistic benefit to
BIPV. Self-cleaning [132,133], anti-fouling [133], or anti-reflection
[132] are examples of added effects that would benefit BIPV greatly
and carry some similarities with common surface designs.

5.4. Nationally distributed energy production

Modern society is vitally dependent on electrical power for every-
thing from pumping water and transportation of food and fuel, to
medical facility functionality. Widespread power loss can thus have
devastating effects when communities are cut off for prolonged periods
[134,135]. It has also been rated in 2014 as one of the likeliest national
threat scenarios by the Norwegian Directorate for Civil Protection [136].

Emerging technologies, such as smart grids and smart cities, may be
combined with BIPV and other renewable energy sources to form sub-
groups of energy production, often referred to as islanding [137].
Though some industry may require massive amounts of energy, most life
sustaining functions, like communication and food storage, require
relatively little energy. Properly controlled, isolated regions could thus
use their local energy production to maintain vital functions until the
national grid is repaired, and main power restored.

5.5. Improved shedding from tilted surfaces

As previously discussed, PV modules usually have gaps between the
modules even if they are frameless, e.g. in building applied photovol-
taics (BAPV). This may cause snow and ice that has begun to slide, to
catch and accumulate until melted. BIPV commonly circumvents this
problem, either by design or fortunate coincidence, by applying the el-
ements with a slight overlap in a staggered fashion and without the,
otherwise familiar, aluminium frame. A successfully designed shedding
surface will thus be aided by the application to BIPV, provided this
overlapping design is adhered to, over that of the more common BAPV
modules.

6. Future research opportunities
6.1. Application based classifications

Presently, there is a standard for de-icing liquids used by the aero-
nautics industry, denoted class I through IV, indicating performance as
determined by how long it will remain effective. As previously
mentioned, icephobicity and snowphobicity have no precise classifica-
tion yet. This is owed in large part to the wide range of applications
requiring different levels of repellence.

To this end, it may be beneficial to flip the problem around and
produce a classification based on absolute values, to which applications
can then claim their requirements. Aeronautics, which is a particularly
demanding industry, could for example demand an ice adhesion level
below 100 kPa, which is commonly recognised as icephobic for this very
reason. Though, as indicated by recent findings [96], using an adhesion
measurement in this manner may end up being misleading, as previously
discussed.

One may envision a definition of icing- and frost retardation above X
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hours at Y % relative humidity and -Z °C. If Y and Z are predefined in a
standardization, the classification reduces to a single number (X) indi-
cating how long time one requires for the specific application.

6.2. Interfacial bonds

Dry snow is a very deformable and porous material that generally
does not allow for a continuous propagating interfacial crack to dislodge
it from a surface, the way that solid ice can (Fig. 7). It should then follow
that other factors must be focused on in minimizing snow adhesion.

As previously discussed, hydrogen bonds are commonly accepted as
the main contribution to direct interfacial and electrostatic image forces
have been shown to have an effect on adhesion strength [98-100,103,
138]. Despite this, most research appears to be focused on different ways
of making surfaces superhydrophobic. Exploring ways of reducing the
interfacial bonds, e.g. by manipulation of the dielectric properties of the
materials, may unlock new venues to reduce adhesion of both ice and
snow. Although snow may be more benefited as there is little possibil-
ities for inducing crack propagation at its interface, ice adhesion may
also benefit.

6.3. Interlocking on structured surfaces

When designing superhydrophobic surfaces, it is generally accepted
that structuring at some level is greatly beneficial. Application of such a
structured surface, however, may cause mechanical interlocking with
dendritic snow, increasing the adhesive potential. Despite this, there has
been little specific research on the matter. One may, for example, test
otherwise identical surfaces with varied degrees of roughness and
roughness orientation, along with varied snow microstructure.

6.4. Combining surface design and heating

Combining various surface designs with heating and make use of
existing solutions to obtain sufficient ice and snow repellence, may
allow for an application ready solution. Cost minimization will naturally
be a significant driver in design and material selection, and margins can
be small. This may have led to some disbelief in this solution and may be
a contributing factor to the apparent lack of research on the topic.

7. Discussion

There are numerous approaches to mitigation of snow and ice ac-
cretion on BIPV, and indeed surfaces in general. Most seem to agree that
superhydrophobicity alone is not a sufficient solution, but that it
significantly contributes to reaching this goal.

Compelling arguments for new views on the modelling of the inter-
facial ice adhesion have been presented recently. Here super-
hydrophobicity is not central, but rather expanded upon, and should be
explored further. Likewise, the influence of surface chemistry and the

A
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Fig. 7. Schematic representation of the interface between (A) substrate and
continuous solid ice, and (B) substrate and snow.
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direct interfacial bonds between ice and substrates have gotten some
increase in attention, though this research facet is far from exhausted.

Avoiding ice and snow on a BIPV system is a highly complex matter,
as the present review indicates. Each of the topics presented herein is
significantly more complex than the present scope allows, and the reader
is directed to the literature for a better in-depth understanding and
analysis of specific topics.

The complex differences between snow and ice suggest an
application-based approach might be advisable in pursuing ice or snow
mitigation. In the case of BIPV, snow and frost are more common oc-
currences and should thus, in our view, be prioritized for this applica-
tion. Pursuing these aspects will, in turn, be reliant upon defining some
parameters that are to be achieved, e.g. a critical temperature and
relative humidity that should/must be sustained frost free, or a
maximum accretion depth of snow that can be allowed and for how long.
This, as discussed, suggests a method of classification that would allow
for a more precise discussion and better focused research.

The passive mitigation of snow and ice is a fascinating possibility
that could, and perhaps realistically should, be combined with some
active measures in order to function sufficiently reliably. Balancing cost
and benefit will naturally be of vital importance, though it has been
indicated that there are significant opportunities here for further
exploration and optimization.

BIPV annual production efficiency is central in any cost-benefit
analysis. Passive solutions require some surface modification and may
impact productivity to some degree, through reduction of transmittance.
Active mitigation strategies, on the other hand, are all energy consuming
in some sense but do not directly impact the productivity of the BIPV
system in the short term. Whatever the strategy, cost-influencing opti-
mizations must be carefully considered.

Cost is always a driving factor and producing reliable solutions that
improves ROI of BIPV will likely be key. To this end, the durability and
price of a chosen solution will largely determine if a solution sees wide-
spread implementation. As noted previously, ROI varies with location
through the variation in climate and therefore the applicability of so-
lutions will likely be location dependent.

There are some extreme locations where an ice- or snow-phobic
surface will not suffice, and an active method may not be realistic.
Fig. 8 shows a remote communications station on a mountain top in
Norway. The combination of high altitude and latitude makes ice
accumulate to the point where parts of the station have to be chiselled
out in order to function.

Avoiding the accretion of snow has not been explored as much as the
accretion and adhesion of ice and will likely require significant research
to accomplish significant mitigation in a reliable way that can withstand
the rigorous demands BIPV places on it.

8. Concluding remarks

The present review seeks to present the challenges faced by BIPV
with a heavy focus on snow and ice accumulation, known strategies for
overcoming them, and the possibilities afforded by successfully over-
coming them. Closely related themes are also touched upon in order to
form a more complete picture. Several subtopics presented herein are
quite complex matters and warrant full reviews themselves to fully
explore them.

Snow and ice still present a significant challenge in several areas,
including BIPV. Depending on common icing conditions, an all-in-one
solution appears unlikely to present itself. Instead it may be useful to
focus on application specific solutions. To this end it may be useful to
finally give icephobicity and snowphobicity proper definitions that may
be sectioned in levels. Such a definition would allow for more focused
research and a more precise discussion of the topic.

One of the most promising solutions for BIPV, that may be imple-
mented today, is a combination of active and passive mitigation. E.g.
heating combined with superhydrophobicity.
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Fig. 8. Extreme ice and snow accumulation on a communications station,
before (left) and after (right) accumulation. Courtesy of GETEK Energy
AS (Norway).
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Abstract

For decades, there has been no proper thermodynamic definition of icephobicity. Some claim icephobic properties at an
adhesion lower than 100 kPa, whereas others claim it when the accretion of ice is significantly prolonged. Herein we propose
to use a terminology based on the type of precipitation and physical behaviour, separating ice and snow in adhesion and
accretion. This is done in order to lay a foundation on which to introduce a framework for classification of snow- and icephobic
surfaces. Such a classification empowers users and producers of such surfaces to communicate accurately about performances
and expectations of surfaces and coatings. We include snowphobicity in this scheme, as snow is closely related to the traditional
icephobicity and often exhibit overlapping requirements.

Keywords: Adhesion; accretion; ice; snow; definition; crynerophobic, icephobic, snowphobic, surface

1 Introduction

Snow and ice accumulation on various surfaces are a wide-spread problem in the cold regions of the world with
a large financial impact on a wide variety of societal functions. Aircraft [1], airborne powerlines [2], wind power
turbine blades [3], and photovoltaic panels [4] are all familiar examples. The high cost of maintaining some of
these systems has induced significant investments in research focused on mitigation of the problems of snow and
ice accumulation. One of the greatest driving forces has been the aeronautics industry where icing can have lethal
consequences [5].

Icephobicity has been defined differently by different researchers. Some note icephobicity as low ice adhesion,
often defined by the limit 100 kPa [6], whereas others note icephobicity as a significant delay of ice accretion [7].
This difference is sometimes referred to as de-icing vs. anti-icing surfaces. Assuming icephobicity is thought of
as both, the definition has two weaknesses: (i) It conflates ice adhesion and ice accretion, thus confusing the
communication of requirements, results, and expectations. (ii) The given limit of adhesion may apply to the
aeronautics industry, but simultaneously has no bearing on other implementations. In addition, there is a seemingly
common terminological conflation of the mitigation of ice adhesion, ice accretion and snow adhesion [8]. While
related, ice adhesion and snow adhesion have been shown to behave quite differently from an engineering
perspective [9].

Frost accretion is also a relevant aspect to consider. As shown by Varanasi et al. [10], surfaces may be designed
to be superhydrophobic but lose their intended low ice adhesion if frost accretion occurs. Therefore, frost accretion
is here viewed as a type of ice accretion. There are thus three paths for ice accretion: freezing of impacting water
droplets, freezing of droplets condensing on a surface, or desublimation of water vapour into ice.

The success or failure of a surface in mitigating these three facets (ice adhesion, ice accretion, and snow
adhesion) must be viewed from the perspective of the targeted application. To address this matter, we here suggest
a new way of presenting the adhesion and accretion mitigating effect of snow and ice of a surface, through a
classification system. We shall not provide a full classification protocol with procedures, but rather limit ourselves
to suggesting and discussing a system framework on which to build such a classification system. In doing so, the
shaping and refining of the system can become a collaborative effort within the field.

2 Proposition

2.1 Separation of terms

Firstly, we must properly disjoin the adhesion and accretion of ice from the classical icephobicity, in order to
counter the first weakness mentioned above. Adhesion, we here define in the traditional manner, as the shear force
per interfacial area required to dislodge a stationary ice sample, regardless of how it was formed. This definition
is in accordance with the most common ice adhesion test methods which utilize shear force to detach the ice [11].
Accretion we define as the time-delay before ice (or frost) begins to accrete, at some standard conditions. This
follows from the common manner of determining anti-icing [7,12]

As snow cannot be prevented from forming in the atmosphere, it must either be prevented from interacting with
the surface or the adhesion strength of the snow must be minimized. Thus, snowphobicity will here be defined to



consist only of the adhesion aspect. Though both ice and snow are intrinsically frozen water, their formation and
interaction with surfaces are different enough that they warrant separate definitions, as seen in a recent study [9].

2.2 Classification syntax

In the field of electronics, there is an established classification for moisture and dust protection called ingress
protection code [13]. This is a common and easy-to-grasp system for people who work with electronics to define
requirements and to know what products fulfil said requirements. The syntax consists of a descriptor, /P, followed
by two integer numbers: One representing the dust repulsion grade and one representing the water tightness grade.
A similar concept is here introduced for the classification of cold precipitation mitigation, including adhesion of
accretion of both snow and ice.

The three main facets of cold precipitation isolated previously, may be gathered under the common umbrella
term crynerophobic (Greek: cryo = cold, nero = water, phobos = fear), implying the point at which all three facets
overlap as schematically shown in figure 1. For the present purposes, this term may be applied as a descriptor,
easily abbreviated CNP. This descriptor must then be followed by three integer numbers representing the degree
of ice adhesion mitigation, ice accretion delay, and snow adhesion mitigation.

Ice adhesion Snow adhesion
(Icephobic) (Snowphobic)

Ice accretion

(Frostphobic)

Crynerophobic

Figure 1: Graphical representation of the separation of terms and the definition of crynerophobicity. Terms are defined in
the negative, i.e. the aspect to be mitigated or delayed, with a term in the positive form in parenthesis.

Ice, however, comes in many forms and with different adhesive behaviours, as recently pointed out by
Rgnneberg et al. [14], and the same most likely applies to snow. This variation creates a potential divide in
classification strategy where one might either opt for a standardized type of ice and snow to which other types
might be correlated, or one might specify the type of ice and snow used for the specific standard. These two
strategies will here be visited in some more detail.

2.2.1  Syntax alternatives

By using a standardized ice type, the syntax becomes more easily recognized and read, as it applies to all cases.
A mock-up of such a syntax is shown in figure 2. In order to properly implement this syntax, however, all types
of ice and snow have to be accurately related in a manner currently not available. Such correlations will require
accurate modelling which in turn requires a comprehensive repository of data. Data must be collected from
measurements of various ice and snow types as well as the methods used to acquire them, under all manner of
conditions.

CNP-X-Y-Z

Ice accretion delay time
Snow adhesion level
Ice adhesion level
Crynerophobic

Figure 2: Syntax for classification with standardized types of ice and snow.

As such a repository is currently not compiled and models for correlation does not presently exist, an alternative
approach may be to specify ice and snow types. Such data can be more readily found in the literature and is thus
more readily implementable in a classification system. The syntax could be implemented as seen in figure 3,
where the ice type, i, is specified for the ice adhesion level, the snow type, j, for the snow adhesion level, and ice



accretion path, k, for the accretion delay. Using this approach, however, the classification will apply only to the
specified type of ice and snow combination. It may not be transferable between different types of precipitation,
and if a surface or coating is developed for several applications, it needs to be tested for all relevant types of
precipitation. Though a sharp division between ice and snow types is rarely the case in nature, where
environmental conditions change rapidly and present more as a continuum, one may qualitatively interpolate to
estimate the impact of such a snow and/or ice continuum.

CNP-iX-jY-kZ

\—' Ice accretion delay
Ice accretion path

Snow adhesion

Snow type

Ice adhesion

Ice type

Crynerophobic

Figure 3: Syntax for classifcation with a specified type of ice and snow.

Incorporation of more widely applicable specifications, e.g. a range of ice and snow types, will then require the
use of a list of classifications for ice and snow. For ice, such precipitation types could be based on the ice types
described in the ISO standard for atmospheric icing on structures, ISO 12494:2017. It defines the ice types glaze
ice, hard rime, soft rime and wet snow. To this range, it appears prudent to add bulk water ice (sessile bulk water
frozen onto substrate), as it may differ from glaze ice [14].

As discussed, snow should be treated separately, and hence wet snow should be excepted from the ice types.
Instead, it should be incorporated in a range of snow types, separated on the basis of being pre-frozen (prior to
surface contact) precipitation. Snow types should include the classical separation of dry snow and wet snow, as
well as hail and graupel.

Ice has three major pathways for accretion. Airborne condensed water droplets that impact the surface, here
discussed as impact icing, freezing of droplets condensing on the surface, here called condensation frosting, and
desublimation frosting where water vapour deposits as solid ice without condensation of liquid water. Impact
icing will, as here defined, result in glaze ice or rime if allowed to accrete.

More types could be included in the future if found useful. A list of the discussed types may be seen in table 1,
with a corresponding illustration in figure 4. We have here suggested Greek lettering for these variables, so as to
logically separate them from the other elements.

Table 1: Overview of suggested ice and snow type ranges.

Type i i k
a Bulk Water Ice Wet Snow Impact icing
B Glaze Ice Dry Snow Condensation frosting
Y Hard Rime Graupel Desublimation frosting
o) Soft Rime Hail




Figure 4: Genesis of snow and ice on generalized surfaces: Snow and ice types illustrated and exaggerated for intuitive
understanding of unique features. Each type shows both process of formation and a detailed excerpt, where it should be
noted that the formation of hard and soft rime occurs through a process of freezing rain/drizzle, often in strong wind.

2.2.2  Interpretation

In order to dissuade confusion, the numbers representing the three core facets of cold precipitation can either be
interpreted as “higher is better” or “lower is better”. Ether choice will provide the same useful information but
may create confusion if all numbers do not adhere to the same interpretation scheme. Therefore, it may be most
beneficial if increasing the number for adhesion constrict adhesion levels and the inverse holds true for accretion,
or vice versa. E.g. a higher number for adhesion indicates a lower adhesion level and a higher number for accretion
indicates a lower level of adhesion. That way CNP-a9-9-y9 would indicate the best of all crynerophobicity facets
for bulk water ice and dry snow. By similarity to what is familiar from e.g. the ingress protection code, there is an
argument for the “higher is better” scheme being more intuitive.

2.2.3  Ranges and limits

The integer numbers used to indicate the levels adhesion and accretion should range 1-9 with the possible
addition of 0. Exceeding single digits, however, incurs the risk of miscommunication as there is then no obvious
upper limit, i.e. does it go to 9, 99, or does it go on forever? Similarly, the use of 0 could be misunderstood as an
absence of mitigation. Assuming a range from 1-9, each level must then reflect a measurable level of adhesion or
accretion.

As a first approach, we propose a simple linear scaling for each if the variables and quantify the upper and lower
bounds based on some of the most well cited publications. An overview can be seen in table 2. For ice adhesion,
the lower bound (X = 1) is set to 100 kPa as it has often been cited as a limit for icephobicity [6,15,16], and the
upper bound (X =9) is set to 1 kPa as it has been one of the lowest published limits and may allow for spontaneous
shedding [15,17]. It is also uncertain whether a further reduction in ice adhesion strength below this point is
required for the purposes of ice shedding in realistic environments and for industry purposes. For snow adhesion,
data is more scarce but an upper and lower bound have been set based on some recent results [9].

Ice accretion delay is logically reported as the time that ice accretion can be supressed. This is often tested by
freezing time of a sessile droplet [7,18], though this would likely not be representative for all accretion pathways.
In such cases one might determine a standard mass of ice, e.g. 1 g, that is to set the time of accretion. Such an
approach has been utilized previously [19], though, not always in a standardized quantitative manner required for
the present purposes [20]. For tentative range determination, we have used the scale used by Wang et al. [19] and
extrapolated in a linear manner up to 300 minutes (5h).



Table 2: First-approach suggestion for varable ranges. X, Y, and Z correspond to variables presented in figures 2 and 3.
*100 kPa was previously used to definite icephobic surface [22]; **60 kPa was suggeted as low/ice adhesion surfaces [23];
*%%]0 kPa was defined as the super-low ice adhesion sufaces |24

X/ (kPa) Y/ (g/m?) Z/ (min)
1 100* 900 60
2 90 800 90
3 75 700 120
4 60** 600 150
5| 50 500 180
6 40 400 210
7 25 300 240
8 JO%*2 200 270
9 i 100 300

2.3 Requirements

2.3.1  Standardized testing

In order for a classification scheme to function properly, some standard method of testing is commonly chosen.
In the case of ice adhesion, there is a plethora of testing methods, each with advantages and disadvantages [25],
though the relating of methods to each other within a single ice type is rarely reported on and presents a challenge
to the correlation of results [11,26]. Furthermore, it has recently been shown that different methods for testing ice
adhesion strength results in slightly different values of ice adhesion [26], although the general trends hold so far.
As previously discussed, quantitative ice accretion methods exist though, much like for ice adhesion, the methods
are not standardized, making it difficult to correlate existing results. In measuring the time until accretion,
however, it appears advantageous to define a standard sample size along with a standard mass to define the time-
limit.

For snow adhesion, controlled laboratory testing methods are scarce but do exist [27]. As snow requires
specialized equipment to realistically synthesize in a laboratory, and expensive set-ups to utilize in a controlled
environment, most tend to conduct experiments in-situ with little to no control over ambient conditions [28,29].

General agreement on a single standard method for all testing may be difficult to obtain where many exist.
Laboratories often build or buy the equipment most convenient to them and would be hard pressed to invest in a
new set-up. This problem may be circumvented by very accurately correlating the results they offer, with all
experimental parameters included, such that any established measuring equipment may be used. Correlating
methods, however, may not be necessary for classification purposes, as proper certified classifications are most
often conducted by accredited laboratories only, who have an innate incentive to invest in the proper standard
equipment.

There is also a need to define all the parameters for each standard test, such as ambient temperature, relative
humidity and many others. Determining these exceeds the present scope, though it appears most useful to ascribe
standards that most commonly appear in the literature or that best represent the most common engineering cases.

Implementation of a classification with specified ice and snow types, as shown in figure 3, generates a list of
combinations of ice and snow types. It is, however, not necessarily useful to test all three parameters for all types.
For some engineering cases, e.g. a product intended only for ice accretion mitigation, it may not be necessary to
perform a snow adhesion mitigation test. By testing only for relevant aspects, the cost of testing can be minimized.

2.3.2  Setting of ranges and limits

The ranges of adhesion and accretion must be set in such a way that they differentiate sufficiently for most
applications. Industrial producers of equipment in need of a low ice accretion surface, should not all be forced to
choose the maximum level for all applications, nor should the lowest level be sufficient for any application. We
have here suggested ranges for the three variables as a starting point. Before general implementation, however,
thorough reviews the state-of-the-art for each variable, as well as assessments of the needs of industrial
applications, should contribute to the final ascription of integer level values. It should be discussed and debated
in more detail than the present scope allows, perhaps most aptly by experts in each of the three fields and
representatives from the industries that may make use of such a classification scheme.

2.3.3  Correlation database

As previously mentioned, a database of adhesion and accretion data gathered with all the methods available,
could allow for a higher degree of correlation of adhesive behaviour of one type ice to another, using a single ice
type test. In order to reach accuracies of prediction sufficient to provide reasonable confidence in such
comparisons, however, a high level of accuracy is required in the reporting of findings. Such accuracy is not
always included in publications, however, as pointed out by Work and Lian [25]. This implies that certain



requirements should be placed on submission acceptance to the database which may either incentivize researchers
to fulfil the requirements and presenting more accurate work or conceivably deter researchers from submitting.

2.3.4  Administration and development

A classification must be properly administrated to ensure that inflation of results is avoided and to ensure the
integrity of the classification. This is generally accomplished by regular control and accreditation of the classifying
agents, i.e. classifying laboratories and companies. Administration of this type is most commonly handled by
committees such as the European Committee for Electrotechnical Standardization that administrate European
Standards (EN) documents. A similar committee for crynerophobic surface classification with representatives
from different facilities and fields of application might be initiated for this task.

3 Discussion

3.1 Impact of success

A classification of the type presented here is generally not motivated by advantages to academic research, but
by advantages to the industry. A manufacturer of a product requiring low ice adhesion or resilience towards ice
accretion, would be aided by the tool of a classification for communicating their needs and expectations to their
subcontractors. It would also allow them to communicate the excellence of their product to prospective customers
and thereby gain market shares. Such a tool for communication spills over to academic research, where use of a
wide range of methods for analysis may not allow for accurate classification but allows for orientation of progress
and milestones achieved. Communication of progress and the reaching of milestones is also here of significant
importance, as reports are given to political and other organisations that distribute funding. While a widely agreed
upon classification for cold precipitation would undoubtedly require significant further discussion and debate to
properly establish, successfully doing so appears to be worthwhile pursuing given the advantages.

Attaining a wide agreement will naturally attract debate and opposition to various points. Successful
dissemination and acceptance of a classification such as presented here could fail if confidence in it becomes too
low. Therefore, a productive discourse on the details between representative experts with the greatest width of
representation possible, will be vital for success.

3.2 State-of-the-art maturity

It has often been the case that snow adhesion mitigation has been lumped in as a consequential side effect of low
ice adhesion. This was recently refuted [9], showing the importance of specialized engineering approaches to
mitigate snow adhesion. The separation of both ice accretion and snow adhesion from icephobicity, has led to the
syntax design suggested here. If more facets are separated from these three by future discoveries, the syntax may
then have to be redefined.

The benefits to the industry argue in favour of implementation with the separations currently available. As
understanding evolves, so too will definitions and classifications. This development has occurred with several
classification schemes, including the IP code. New versions with new definitions or limits can thus be agreed upon
by the administrating organization and disseminated to the world through updated documentation.

3.3 Correlation database

Correlating ice adhesion, ice accretion, and snow adhesion by type and method of analysis has the potential to
fundamentally alter how their results are viewed. Placed in the context of a classification scheme, a level of
structure is added whereby we may better communicate state-of-the-art and progress to the relevant audience.

The need for accurate reporting such that reported results are properly relatable, a minimum level of accuracy in
reporting of variables should be demanded. For example, reported data of testing method and parameters such as
ambient temperature, relative humidity, time consumption, sample mass and dimensions, has to be available as
they may significantly impact the results. Maintaining such a demand for completeness and accuracy in reported
data, suggests that acceptance to the database has to be moderated and therefore a moderating body is needed,
such as a committee as previously mentioned. The moderation process could also be automated by a publication
form with demands on reporting a number of variables which would thus allow for compilation of data and
immediate presentation of the current state-of-the-art in a unified format.

3.4 Syntax reference choice

One of the main concerns discussed herein is the option to use either a standardized type of ice or to use a range
of ice type classifications. While the simplified syntax shown in figure 2 carry an arguable perception advantage,
the implementation of a range of classifications appears to be the more directly implementable. While ice and
snow do not exist in an integer range of types, but in a continuum of variables, such as density, temperature, and
age since formation, the range may be expanded to better accommodate common engineering cases.

The more easily implemented syntax presented in figure 3 thus has a significant advantage. Coupled with the
classifying responsibility of certified organizations only, speaks to the advantage of the syntax shown on figure 3
over that of figure 2.



3.5 Definition of variables

Ice adhesion is traditionally defined as the lateral force per unit area required to dislodge a stationary volume of
ice from a surface. Recently, this view has been challenged by a concepts such as interfacial toughness [30] and
stress localization [17]. These concepts are promising but far less common and currently not generally adopted
by the field. It may be that the new concepts gain wide acceptance but until then, the traditional definitions are
sufficient. Snow adhesion follows the same definition and may be similarly affected by a future shift in view of
adhesion.

We have defined ice accretion in a manner similar to what is commonly reported quantitatively. We are not
aware of any widely accepted standard for ice accretion in the form of frost, though the reporting of time until a
predetermined mass has accreted on a standardized sample size, appears an uncontroversial approach.

3.6 Future research

The present discussion has partly revolved around the need for a database to allow for the correlating of results,
such that the full potential of a classification scheme may be reached. In order for that to be possible, a proper
definition of what variables to demand reported, has to be defined. As accuracies of measurements may vary
greatly, defining requirements for data accuracy may also be necessary.

Given the successful definition of requirements and the setting up of a repository to which one may report
findings, data already available has to be vetted for applicability and added along with new data. Consolidation
of the different views and methods for ice adhesion will require substantial agreement, which is not present today.
In addition, snow adhesion and ice accretion are little reported on, relative to ice adhesion, and would thus require
the strongest focus to establish a sufficient amount of data.

When a repository of data of sufficient accuracy and completeness is available, modelling will be required to
establish the relations between types of ice and snow. This will likely also require advancements in the
understanding of interfacial bonds and the mechanisms for overcoming them, especially for the less reported on
mitigations of snow adhesion and ice accretion.

4  Conclusions

Successful implementation of a classification scheme, such as the one proposed herein, has the potential to enable
industrial partners to communicate about requirements and expectations, as well as highlight excellence of
performance.

Getting to the point of implementation still requires substantial work. The relating of results to a classification
standard, requires wide comparisons to be made between available information, suggesting the need for a database
of results on which to build models.

As a developing field, new information may become known that alters the view on what the classification should
contain. A classification, however, can be adapted over time and the advantages to ease of communication, speak
to the virtue of implementation sooner rather than later.

Two syntax alternatives have been discussed, utilizing either one standard type of ice and snow or including
variable types. It has here been argued in favour of the latter as the state-of-the-art of result comparability has not
yet matured to the point where the former may be employed.
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The Article belonging to these datasets is awaiting publication and are not included in NTNU Open
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Appendix C: Concepts and definitions

Concepts and definitions

Throughout this thesis and in some other published literature, the following definitions are used.

Adhesion — Adhesion is herein defined as the shear force per interfacial area (i.e. the
shear stress) required to dislodge the adhering part, typically ice or snow in the present
context.

Atomic force microscope (AFM) — High resolution microscopy measuring the minute
deflections of a cantilever probe with a laser. Deflections arise from the probe being
attracted or repelled by extreme proximity to a surface.

Building integration — Integration of photovoltaics in buildings imply that the
photovoltaic module is designed to function as a replacement for a traditional building
element, such as a roof tile or a cladding section.

Bulk water ice (BWT) — The frozen state of a body of water at rest. In theory an infinitely
large body of water, though commonly used to describe any frozen water from a

stationary liquid.

Cold precipitation — Water based precipitation below the melting point of water, e.g.
snow, ice, frost, hail, etc.

Condensation — A process of phase change from a vapour state to liquid state.

Contact angle (CA) — The inner angle between a sessile droplet and the surface on which
it rests. See figure 2.5.

Contact angle hysteresis (CAH) — The difference between contact angles at the leading
and trailing side of a droplet on a tilted plane. See figure 2.5.

Crack initiation and propagation (CIP) — A process by which interfacial dislodging of
adhering materials can take place.

De-sublimation — The reverse process to sublimation. De-sublimation is a process of
phase change from a vapour state to solid state without entering the liquid state though
condensation.

Frostphobic — Passive mitigation of ice crystal accretion on a surface, either through
droplet freezing, freezing of condensation, or desublimation of atmospheric water.
Heterogeneous freezing — Freezing of water in presence of third phase influence.
Homogeneous freezing — Freezing of water devoid of third phase interference.
Hydrophilic — A surface may be defined as hydrophilic when the static contact angle
(CA) is below 90°.

Hydrophobic — A material or surface is to be considered hydrophobic if the contact
angle (CA) with water is 90° or more.

Icephobic — Passive ice repellence, encompassing both low adhesion strength and
reduced accretion of ice.

Infinite focus microscopy JFM) — A non-contacting 3D surface characterization

method utilizing optical microscopy to create a topographical image.

Ingress protocol (IP) — A classification of ingtess protection by particulates and liquids
in electronic applications.

Low interfacial toughness (ILIT) — A competing view on adhesion and its mitigation,
focusing on binding energy density rather than shear force per area unit required to
dislodge adhering materials.
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Liquid-like layer (ILLL) — The loosely bound surface water molecules of a frozen body
of water that present semi-liquid properties as a result. Also known as a quasi-liquid
layer (QLL).

Liquid water content (LWC) — The percentage of a volume of snow that remains in the
liquid state.

Mullin-Sekerka instability — A concept where a small perturbation in a small ice crystal
has been seen to generate hexagonal patterned ice geometries. A theoretical explanation
for the morphological trends in snow.

Parahydrophobic — A surface is considered parahydrophobic if the contact angle (CA)
to water is 150° or more and exhibits a high (not formally defined) contact angle
hysteresis (CAH).

Photovoltaics (PV) — Electtricity producing devices, utilizing the photoelectric effect to
convert solar radiation into electrical energy.

Relative humidity RH) — A measurement of how saturated a gas (typically air) is with
water vapour. It is relative in the sense that the saturation limit changes with temperature
of the gas.

Return on investment (ROI) — A measure of profit per invested monetary unit,
indicating the profitability such that investments can be prioritized by potential gain.
Resting time — In the context of snow adhesion measurements, resting time indicates
the time between placement of the sample on the substrate and the commencement of
the tilting from the horizontal position.

Slippery lubricant impregnated porous surface (SLIPS) — A surface design proposed for
low ice adhesion applications where a typically water repellent liquid, is infused into the

matrix of a substrate material and allowed to leach out to the sutface.

Snowphobic — Passive shedding of snow, i.e. low adhesion strength.

Static friction — Also known as “stiction”, this is an adhesive bartier seen before the
onset of interfacial movement, also referred to as kinetic friction.

Superhydrophobic — A surface is considered superhydrophobic if the contact angle (CA)
to water is 150° or more and it exhibits a low contact angle hysteresis (CAH), typically
no more than a few degrees.
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