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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 fairly 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 Borrebæk 

Trondheim, April 2020 
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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 it is the least productive 

time of the year, 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 in-situ 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. 
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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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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 rigs standing on the ground, covering 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 

harvesting. 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 surfaces. 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 

properly 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 façade 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 façade 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 façade [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 icephobic, 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 incorrect, 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: 

• How well does snow adhesion correlate to ice adhesion? 

• How do we test and measure snow adhesion? 

• 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  

𝐺𝐴
𝛼 = 𝜇𝐴

𝛼𝑁 (1) 

and for state B as 

𝐺𝐵
𝛼+𝛽

= 𝜇𝐵
𝛼𝑁𝛼 + 𝜇𝐵

𝛽
𝑁𝛽 + 𝛾𝐴 (2) 

where µ is the bulk chemical potential, N is the number of molecules, A is the embryo surface 

area and γ 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 µA = µB = µ. This allows for formulation of the transition as 

∆𝐺 = 𝐺𝐵
𝛼+𝛽

− 𝐺𝐴
𝛼 = 

= 𝜇𝛼𝑁𝛼 + 𝜇𝛽𝑁𝛽 + 𝛾𝐴 − 𝜇𝛼(𝑁𝛼 + 𝑁𝛽) = 

= ∆𝜇𝑁𝛽 + 𝛾𝐴  (3) 

where Δµ = µβ - µα. Using N = ρV, where ρ is the number density, this may be expressed as 

∆𝐺 = ∆𝜇𝜌𝛽𝑉𝛽 + 𝛾𝐴 (4) 
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Since the beta is the more stable phase (smaller chemical potential) below the melting 

temperature, Δµ 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, r, 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]. 

 

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

noted as r. 

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 interface 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  

∆𝐺 = ∆𝜇𝜌𝛽𝑉𝛽 + 𝛾𝛼𝛽𝐴𝛼𝛽 + (𝛾𝛽𝛿 − 𝛾𝛼𝛿)𝐴𝛽𝛿  (5) 

where the index, δ, 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. 

2.1.1.1 Melting point suppression 

The surface 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. 
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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, r, 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 (Ih) 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 great, 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 adsorb to the tiny ice crystal, 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. 

2.1.2.1 Wet and dry snow 

Snow under ordinary terrestrial conditions, practically always contain some amount of liquid 

water, usually referred to as its liquid water content (LWC). Despite the LWC being a continuum 

depending on temperature and pressure, snow is commonly referred to as either wet or dry. These 

have been cited to be defined by the temperatures -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 equilibrium 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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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 features) 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).  
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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 either 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 densities. 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. 

2.2.1 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 described simply as adhesion. 

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 described 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 large scale interfaces. Their results indicate that making polymeric coatings 

thinner and harder has the potential to drastically decrease interfacial toughness and reduce the 

force required 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 

superhydrophobicity 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 superhydrophobicity, 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 (CAA) and receding 

(CAR) contact angles on a tilted plane (right). Contact angle hysteresis (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, are 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 properly 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 

perfectly 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 very fine glass beads. While exhibiting similar mechanical properties 

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 descriptions. 

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 in-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]. Experiments performed in-situ carry the inherent disadvantage of poorly controlled ambient 

condition, making the results difficult, or even impossible, to correlate 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 [26].  

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 described 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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𝜎 =
𝑚𝑔

𝐴
sin 𝜃 (6) 

 

where m is the snow sample mass, g is the gravitational constant, A is the interface area, and θ is 

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/m3.  

 

𝜎′ = 𝜎
100

𝜌
 (7) 

 

 

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 icephobic. 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.  
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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: 

(i) plain/smooth glass, (ii) polished with 80 grit carbide suspension, (iii) polished with 180 grit 

carbide suspension, and (iii) 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.  

 

Figure 3.3: Temperature and humidity in cold room laboratory. “Middle” implies approximately half way between floor 

and ceiling.  
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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 observed 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 III-V. 

4.1 Snow adhesion analysis method 

4.1.1 Abilities 
The method developed for snow adhesion testing, presented in Article III, 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.  

• Monocrystalline <100> Silicon 

• Monocrystalline <100> Silicon, etched by potassium hydroxide (KOH) 

• 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. 

 

 

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

excluded due to adhesion results exceeding the limitations of measurement. 

4.1.2 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 

[65,66]. 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. 

 

 

Figure 4.2: Ice adhesion results reproduced from Rønneberg 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. 

 

 

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/or abilities, 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 icephobic, snow adhesion mitigation is termed snowphobic, and ice accretion is termed frostphobic. 

An umbrella term is also introduced to describe the mitigation of cold precipitation in general, 

dubbed crynerophobic (Greek: Cryo = cold, Nero = water, Phobos = fear), seen graphically 

represented in Figure 5.1. 

 

 

Figure 5.1: Graphic representation of the separation of terminology. 
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As Figure 5.1 suggests, there may be significant overlap 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 Classification 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 crynerophobic performance level has been suggested in Article VI.  

The syntax, developed to emulate the ingress 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. 

 

 

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 are 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 wet 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. 
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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 surface (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, there 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 more 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. 

6.4 Future research 
Snow adhesion is significantly less explored than ice adhesion and thus there are several matters 

that are 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. Similarly, snow types as defined by crystal 

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 whereas 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 III-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 scientific 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 properly perform experiments that may be repeated and corroborated 

by independent research teams, a controlled method for snow adhesion measurement was 

developed in Article III. 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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Summary of articles 

Article I. 

Passive Snow Repulsion: A State-of the-art Review Illuminating 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. 

Avoiding Snow and Ice Accretion 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 related to the 

possible application to BIPV. Opportunities from successful mitigation designs and an 

evaluation of future research paths is also offered. 

 

Article III. 

A Gravity-Based Method for Measuring Snow Adhesion 

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 adhesion on icephobic surfaces 

Snow adhesion analyses were performed on known icephobic surfaces in order to relate snow 

and ice adhesion. It was found that low 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 adhesion 

Snow adhesion analyses performed on glass of varying roughness in order to investigate the 

impact of surface roughness on snow adhesion. Experiments 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 adhesion 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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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 (BWI) – 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 (IFM) – A non-contacting 3D surface characterization 

method utilizing optical microscopy to create a topographical image. 

• Ingress protocol (IP) – A classification of ingress protection by particulates and liquids 

in electronic applications. 

• Low interfacial toughness (LIT) – 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 (LLL) – 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) – Electricity 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 surface. 

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

• Static friction – Also known as “stiction”, this is an adhesive barrier 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.  

 


	112738_PhDCover_Per-Olof_Borrebæk
	112738_PhD_Per-Olof_Borrebæk_83_NY



