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ABSTRACT: Offshore wind turbines (OWTs) in cold climate regions have become increasingly significant due to the abundant
wind resources with the development of renewable energy. These areas offer considerable potential for the development of OWTs.
Generating energy for communities in cold climate regions involves overcoming significant challenges posed by the remote and
harsh environmental conditions. This review presents the state-of-the-art research regarding prediction models for ice accretion on
wind turbine components. Furthermore, this review summarizes advanced mitigation solutions, such as cold-weather packages and
ice protection systems, designed to address icing issues. The present study identifies critical knowledge gaps in OWT deployment
in cold climate regions and proposes future research directions.
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1. Introduction

The trend of transition from fossil fuel to green energy and the growing emphasis on sustainable energy solutions
have driven offshore wind turbines (OWTSs) into the forefront of renewable energy strategies, especially in regions
where harsh climates coincide with abundant wind resources as shown by the Global Wind Atlas in Figure 1. As the
deployment of OWTs expands into these cold climate zones, maintaining their efficiency and reliability become in-
creasingly challenging. Among these challenges, icing on the turbines becomes a critical threat to the operational safety,
energy efficiency, and mechanical integrity of OWTs.

Icing usually occurs when supercooled water droplets in the atmosphere freeze upon contact with the surfaces of
wind turbine blades and other components. When the ice accumulation reaches a critical level, it significantly alters the
aerodynamic properties of the OWTs’ blades and results in a reduction in the power generation. In addition, the mass
of the accumulated ice on OWTs increase the mechanical loads, which lead to structural failures. Therefore, it is signif-
icant to understand the icing process and develop effective icing mitigation strategies for the efficient and safe operation
of OWTs and wind farms in cold regions.

https://doi.org/10.70322/mer.2024.10002
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Figure 1. Global wind resources: mean wind speed map at 50 m [1,2].

Several studies on icing problems of wind turbines have been published to date. Fortin and Perron [3], Parent and
Ilinca [4], Battisti [5], and Hu et al. [6] provided extensive insights into the occurrence of icing events, and ice mitigation
systems were investigated by the latter three. Andersen et al. [ 7] took a broader perspective, investigating icing problems
in wind power, with a focus on production losses and economic aspects. Contreras Montoya et al. [8] studied production
losses by reviewing Computational Fluid Dynamics (CFD) based icing models. They summarized that the results of
CFD simulation can be affected by the type of ice. Alsabagh et al. [9] and Afzal and Virk [10] conducted reviews
focusing on the effect of ice accretion on energy losses and dynamic response of wind turbines. Sunden and Wu [11]
presented a review regarding ice detection and ice mitigation techniques, as well as performed ice accretion simulation
on an airfoil. Their simulation results indicated that temperature and wind velocity play key roles in influencing ice
accretion the most. Wallenius and Lehtoméki [12] explored the potential and challenges of wind energy in cold climate
regions, introducing techniques related to ice detection and mitigation. Fakorede et al. [13] reviewed various ice pro-
tection techniques and indicated ice protection techniques’ efficiency. Lehtomaki et al. [14] gave an introduction to the
ice accretion problem on wind turbines in the IEA Task report, covering resource assessment, icing models, ice shedding,
ice detection, and mitigation systems. Another IEA Task reported by Bredesen et al. [15] addressed cold-climate topics
related to term definitions, ice classification, relevant technologies, operation, and maintenance, as well as health and
safety considerations. Madi et al. [16] investigated various combinations of available ice detection and ice mitigation
techniques, their effectiveness was accessed. Martini et al. [17] presented a review of blade icing modeling methods,
focusing on surface roughness and droplet trajectory modeling.

The objective of this review paper is to provide an overview of existing icing models and their effectiveness in
predicting ice accretion on OWTs. In addition, this review also introduces relevant mitigation strategies designed to
reduce the hazards of icing. Their effectiveness and applicability are discussed. This paper will provide stakeholders
with the knowledge required for improving the performance and safety of OWTs in cold climates. Icing models range
from empirical approaches, which can provide fast estimates based on analysis of measurement data and fundamental
physics, to numerical simulations which are capable of capturing the complex interactions between the airflow, water
droplets, and turbine surfaces. Appropriate selection of icing models for researchers and engineering practitioners
should be based on the consideration of accuracy, computational cost, and the operation conditions of OWTs. Their
effectiveness and applicability are discussed. The organization of the review paper is as follows: Section 2 will introduce
the icing process and the key parameters influencing the process; Section 3 focuses on the comparison and evaluation
of different predictive models for icing; Section 4 introduces existing mitigation strategies for icing problems. Discus-
sion and recommendations for future study will be provided in Section 5.
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2. Environmental Conditions of Cold Climate Regions
2.1. Cold Climate Regions

Cold climate regions refer to the regions where atmospheric icing occurs frequently, or temperatures drop below
the specified operational limits [ 14]. The cold climate regions consist of two different sub-regions, i.c., low-temperature
regions and icing climate regions and their characteristics are shown in Figure 2. Low-temperature regions refer to the
regions where air temperature drops below —20 °C for more than 9 days annually or where average annual air temper-
ature is below 0 °C. Icing climate regions, on the other hand, are characterized by instrumental icing occurring for over
1% of the year or meteorological icing lasting for more than 0.5% of the year. Here, instrumental icing in the figure
denotes the time frame in which ice is observed on a structure or a meteorological instrument. Meteorological icing
denotes the time frame during which meteorological conditions can cause ice accretion.

Cold climate regions

Low-temperature Icing climate
regions regions

* Air temperature * Instrumental icing
lower than —20°C on during more than 1%
more than 9 days per of the year.
year. * Meteorological icing

* Average annual air during more than
temperature lower 0.5% of the year.
than 0 °C.

Figure 2. Characteristics of low-temperature and icing climate regions [18].

IEA proposed an ice classification to indicate the long-term ice severities at a given site [ 14]. Here, the ice severity
is defined as the icing frequency resulting from in-cloud icing. The IEA ice classification employs two simplified as-
sumptions. Firstly, it assumes that meteorological and instrumental icing occur simultaneously. Secondly, the classifi-
cation is applicable to unheated structures. IEA Ice Class 1 presents minimal icing risks at the given site. IEA Ice Class
2 presents a potential for moderate icing risks, whereas IEA Ice Class higher than 2 means substantial icing hazards [6].

Figure 3 shows the IEA Ice Class map WlceAtlas [19]. This map is built based on over 20 years of measurement
data to predict icing severities for the next 20 years. It also shows a higher ice class for regions with higher latitude.
Countries such as Canada, Norway, Sweden, Finland, and Russia usually experience high icing risks. The study con-
ducted by Battisti [5] indicates that wind power installations in North America and Europe experience high icing risks,
affecting 72% and 94% of the total wind turbines, respectively. This matches well with the ice class map shown in
Figure 3. The significant risks, including reduced power production, structural failure, and ice throw and fall behaviors,
highlight the importance of developing accurate icing prediction models and effective ice mitigation techniques for
wind power systems.



Marine Energy Research 2024, 1, 10002 4 0of 15

IEA Ice class
| No data

B

]

I =3

Figure 3. Ice class map provided by VIT WlceAtlas [20].

2.2. Icing Process
2.2.1. Icing Definition and Ice Type

According to Battisti [S] and Mustafa et al. [21], icing on wind turbines occurs as ice shapes accumulate on both
stationary and moving parts of the wind turbines. Icing or ice accretion includes both atmospheric icing and sea spraying.
The atmospheric icing occurs when supercooled water particles are present in the atmosphere [22]. The sea spraying is
induced by seawater splashes on structures or seawater in wind [5]. Based on the formation processes, the atmospheric
icing can be generally divided into in-cloud icing and precipitation icing. Both of the two icing phenomena pose signif-
icant concerns for the structural health and the operational performance of wind turbines [23]. Supercooled water drop-
lets within clouds or fog can cause the in-cloud icing, which often persists over extended periods. In contrast, freezing
rain and wet snow are two main factors leading to precipitation icing [24]. The two main ice types of icing events on
OWTs, rime ice and glaze ice are introduced.

(a) Rimeice

Rime ice is characterized by a rough, granular texture, which is a consequence of entrapped air content. When
wind turbines are subjected to in-cloud icing, the blade surface experiences the impact of supercooled droplets, leading
to immediate freezing upon contact, as shown in Figure 4a. The rapid freezing traps micro-sized air bubbles within the
ice, creating voids between ice grains. This phenomenon causes rime ice to exhibit a distinctive milky or white appear-
ance, as highlighted by Fortin and Perron [3]. The formation of the rime ice is influenced by several key factors, includ-
ing the wind speed, the shape of the structures, the liquid water content (LWC), and the air temperature [24].

(b) Glaze ice

Glaze ice forms at an air temperature ranging from —10 °C to 0 °C, with higher LWC levels and larger sizes of
airborne water droplets than those of the rime ice [3]. The formation of glaze ice is shown in Figure 4b. According to
Hu et al. [6], this formation process results in the typical appearance of the glaze ice: clear, smooth, transparent, and
high density. The adhesion strength of the glaze is larger than that of the rime ice. The formation of glaze ice is primarily
influenced by the precipitation rates, the wind speed, and the air temperature [24].

Based on the findings of Hudecz et al. [25], the rime ice tends to have a weaker influence on wind turbine aerody-
namic performance, compared to the glaze ice.
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Figure 4. The formation process of ice: (a) Rime ice, (b) Glaze ice.

2.2.2. Key Parameters

Ambient temperature, LWC, and Median volume diameter (MVD) have a significant influence on the severity of
icing phenomena on wind turbines. An overview of these key parameters is presented in the following subsection.

(a) Ambient temperature

In cold climate regions, ambient temperatures often remain below the freezing point. Icing is typically expected to
occur between 0 °C and —15 °C. At temperatures below —15 °C, liquid water droplets may freeze and snow formation
may occur. This phenomenon reduces the likelihood of freezing rain icing. The droplet size and supercooling extent are
also influenced by the ambient temperature [26]. The reduction in ambient temperature can lead to a decrease in the
formation probability of supercooled water droplets, which subsequently reduce the icing severity on the turbine.

(b) LWC

LWC is defined as the water concentration in the air. In-cloud measurements indicate a range of the LWC from 0
g/m? to 5 g/m? [5]. According to Cober et al. [27], the LWC tends to decrease as droplet size increases. As pointed out
by Fortin and Perron [3], an increase in the LWC leads to increasing icing severity since the ice shapes that accrete
become larger under a higher value of the LWC. A widely accepted classification system for icing severity ranges from
light, moderate, severe to extreme, corresponding to the LWC values of 0.04, 0.07, 0.2, and 0.36 g-m > [28,29].

(c) MVD

MVD represents the median droplet size, which is defined as the droplet diameter below which half the mass (or
volume) of water is contained [30]. The median size of droplets plays an important role in affecting droplets trajectories
and the efficiency of water collection upon impact on the structures [31]. The increase in the water droplets’ diameters
leads to a larger inertia than that of small water droplets. Then, water droplets with large diameters follow a straighter
path on the structure surfaces, hitting directly on the airfoil leading edge, which leads to a significant ice accretion on
the wind turbine blade [6].
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3. Advancements in Addressing OWT Icing Problems
3.1. Empirical Models of Ice Accretion

Empirical models for ice accretion prediction are generally developed based on statistical analysis of observed data.
Makkonen model is a commonly used ice accretion prediction model, which originally aimed to calculate the ice accre-
tion rate on cylindrical structures [32]. The icing rate is calculated using:

dm

- w-A-
dt NiN2N3 - w v

where dm/dt is the icing rate per unit projection area; A is the cross-sectional area; 7, is the collision efficiency; 7,
is the sticking efficiency; 73 is the accretion efficiency; w is the mass concentration; v is the particles velocity rela-
tive to the structure. A detailed explanation of these factors can be found in reference [32].

Several studies investigated turbine icing problems utilizing this model [33,34]. Dierer et al. [34] simulated the ice
accretion on two Enercon E-82 turbines using the Makkonen model. Their results revealed that the Makkonen model
slightly overestimated the lasting time of the icing event. This discrepancy was attributed to the exclusion of the ice
reduction in the model (e.g., ice melting and sublimation). Jolin et al. [33] used the Makkonen model to investigate
factors affecting the ice accretion and identified the wind speed and turbine rotor RPM as the main factors.

The predictive accuracy of the Makkonen model relies heavily on the accurate measurements of input parameters
(e.g., LWC, MVD, and cloud droplet density). Furthermore, the Makkonen model only considers the growth of ice, ex-
cluding both ice melting and sublimation. This limitation may overestimate the severity of the ice accretion [11]. An
improved Makkonen model was introduced by Davis [35] to overcome these limitations. The improved model incorporates
ice ablation and considers the blade’s relative velocity, which is relatively high at the blade tip. Additionally, the rotation
of the cylinder described in the original model has been removed to better align with the real wind turbine. These improve-
ments resulted in a more precise representation of the actual conditions experienced by the wind turbine blades.

3.2. Numerical Models of Ice Accretion

Numerical models for ice accretion prediction are based on mathematical equations that describe the underlying
physical processes governing the icing. For accurate ice accretion modeling, the computational approach requires a
systematic sequence of four key modules: acrodynamic calculations, particle trajectory calculations, thermodynamic
analysis, and ice geometry.

Numerical Tools

Several two-dimensional and three-dimensional ice accretion simulation tools have been developed to study the
icing problem. The following subsection presents an overview of the most commonly used numerical models.

(a) LEWICE

LEWICE is a two-dimensional ice accretion simulation software [36]. The two-dimensional panel method is used
to obtain the flow field. The panel method removes constraints associated with the conformal mapping technique, par-
ticularly when dealing with thick airfoils and high angles of attack [37]. The particle trajectory is calculated using the
Eulerian method. The atmospheric parameters and the meteorological parameters are used as inputs to simulate the
shape of the accumulated ice.

Several studies have been carried out using the LEWICE code [11,36,38,39]. Etemaddar et al. [38] investigated
the ice accretion on the NREL 5 MW turbine blade. They combined the LEWICE code with Ansys Fluent. The dynamic
responses were simulated using the HAWC2. The study revealed that the ice load increases with the increasing LWC,
MVD, and relative wind speed, while the ice load reduces with the increasing blade thickness. Several assumptions
were made by Etemaddar et al. [38], such as a uniform atmospheric icing as well as the neglection of the three-dimen-
sional effects and the possibility of the ice detachment from the blade. These assumptions could lead to deviations
between the results and the measurements. Sunden and Wu [11] studied the ice accretion on an airfoil using the
LEWINT code, which integrates the LEWICE code with a user interface, analysis tools, and automated plotting capa-
bilities. The main factors influencing the ice accretion were found to be air temperature and the wind velocity, as indi-
cated by the results. High-resolution atmospheric data were used as input for the LEWICE code by Montminy et al. [39]
to simulate ice accretion on the nacelle. The simulation results showed that, compared to the Makkonen model, the
LEWICE model provided much better agreement with the actual camera observations of the ice accumulation on the
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nacelle. In addition, their study also reviewed that the wind orientation and MVD had a significant influence on the ice
accretion prediction [39].

In summary, the LEWICE code is capable of performing more realistic ice accretion predictions than the Makkoen
model. The limitation is that this model has only been validated in a high Reynolds number regime (Re > 2 x 10°)
[36,40]. In addition, this code cannot accurately predict the glaze ice and the mixed ice.

(b) TURBICE

TURBICE is a two-dimensional simulation program for the ice accretion [41]. The program is capable of simulat-
ing the rime icing and the glaze icing. This program simulates the flow field around airfoil cross-sections using the
panel method, and the trajectory of particles is calculated using the Lagrangian droplet tracking technique.

Several studies have been carried out using the TURBICE program to simulate the ice accretion on the blades
[25,42]. Homola et al. [42] observed a reduction in the lift coefficient across all scenarios with varying droplet sizes
and temperatures. The results of CFD simulations suggest that the horn-type glaze ice shape leads to a substantial
decrease in lift and an increase in the drag coefficient of the blade. Hudecz et al. [25] studied the impact of ice accretion
on a NACA 64-618 airfoil. They compared the results obtained from the TURBICE program with the actual ice profiles
from wind tunnel tests. The simulation results are in good agreement with the actual results. The study found a nearly
linear relationship between the lift and drag coefficient of the airfoil. Furthermore, the mixed ice condition of both rime
and glaze ice had a significant influence on the performance of turbine compared to the purely rime ice condition. The
presence of mixed ice conditions could potentially reduce the accuracy of the prediction results obtained by the TUR-
BICE program.

(c) FENSAP-ICE

FENSAP-ICE is a three-dimensional ice accretion simulation software that considers the main ice processes. A
flow solver based on Reynolds-averaged Navier—Stokes (RANS) is employed to solve the flow field. The impingement
is calculated using the Eulerian method. The growth of ice is modeled by solving partial differential equations (PDEs).

Manatbayev et al. [43] studied ice accretion on a vertical-axis wind turbine using the FENSAP-ICE program,
considering the centrifugal and Coriolis forces. The predicted ice shapes on the blades were validated against experi-
mental results and showed good agreement. The results indicated that, when compared to the glaze ice condition, the
impact on aerodynamic performance is relatively minor in the case of the rime ice condition. This is attributed to the
smooth ice shape generated by the rime ice condition on wind turbine blades. Yang et al. [44] predicted the ice accretion
on a5 MW OWT. The flow field was calculated using Fluent. The dynamic response was simulated using FAST and
Orcaflex. The predicted ice shape closely matched the measurements from wind tunnel tests. The study identified that
the changes in the wind speed moderately influenced rime icing, and temperature variations had limited effect. The
results of the FENSAP-ICE program match well with the experimental data. Moreover, differences between the results
of the LEWICE and the FENSAP-ICE could be insignificant [40,45].

3.3. Prediction Models for Energy Loss Caused by Icing

Due to the nonuniform ice accretion process, icing events can change the mass and shape of blades or other com-
ponents. Consequently, this imbalance of mass due to the ice accretion and the locally changed aerodynamic properties
of the blades can cause increased local loads on turbines, reducing the turbine’s power efficiency. Tammelin et al. [46]
pointed out that annual energy production can decrease by 20-50% under severe icing conditions compared to that
under ice-free operating conditions. A study involving 517 turbines with a combined capacity of 682 MW showed that,
the total produced energy experienced a loss of 18,966 MWh over 29 months due to the turbine blade icing [47]. Dalili
et al. [23] estimated that approximately 20% of the performance is lost annually at sites with severe icing occurrence
for the operations in stall-regulated and variable-speed modes. Swenson et al. [48] established a statistical power loss
prediction model based on field measurements to estimate the icing-induced energy losses.

The most common tools for energy loss prediction caused by icing are the two-dimensional CFD-BEM (Compu-
tational fluid dynamics-Blade element momentum) method and the three-dimensional CFD method. For the first method,
the ice accretion and aerodynamic coefficients are simulated using CFD. Then, the aerodynamic coefficients are used
as input data for the BEM model to obtain the power curve. The procedure is shown in Figure 5. Notably, the BEM
theory assumes that no aerodynamic interaction exists between blade sections and three-dimensional effects are not
taken into consideration. The two-dimensional CFD-BEM method has a lower computational cost than the three-di-
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mensional CFD method. Yet, this method may underestimate the aecrodynamic coefficients and power output. The un-
derestimation of the aerodynamic coefficients may be due to neglecting spanwise flow, which fails to predict the flow
separation [8].

(

Clean 2D
\_ airfoil
2D CFD
Ice accretion model

k Icing airfoil

Clean blade

Aerodpanncoeﬁicmnts BEM caleulation
Lift and drag )

Icing blade \

BEM calculation

Aecrodynamicoefficients

Figure 5. The procedure of the energy loss prediction with coupled CFD-BEM method.

Despite the high accuracy of the three-dimensional CFD method, its applications are limited by the high computa-
tional costs. In addition, studies on energy loss using the three-dimensional CFD method are conducted in a quasi-
steady state (i.e., the water and air phases in two-phase flow are calculated using a steady solver). Thus, the performance
of wind turbines under an unsteady state is still unknown. Moreover, to improve the computational efficiency, the
analyses of energy loss usually focus on one blade, which does not consider the interaction among the blades.
Switchenko et al. [49] compared the results of the two-dimensional and three-dimensional CFD simulations of a com-
plex icing event. The two-dimensional simulations produced results comparable to the three-dimensional ones, but with
low computational cost. As pointed out by Sagol [50], the simulation result of three-dimensional CFD closely match
the experimental results, while the two-dimensional simulation results showed a deviation of 25% in the calculated
torque of the blade. Sagol [50] also indicated that the three-dimensional CFD simulation takes more than 10 times
longer than the two-dimensional CFD simulation.

In summary, the two-dimensional CFD method has a lower computational cost compared to the three-dimensional
method, providing a significant advantage when dealing with long-time and complex icing events where computational
resources are limited. Although the results from the two-dimensional CFD method are generally comparable to those
of the three-dimensional method, the latter may still be preferred where higher accuracy and the capture of the three-
dimensional effects are crucial.

4. Solutions for Icing Mitigation on OWT
4.1. Cold Weather Packages

Cold weather packages, which provide heating to turbine components, can mitigate the negative effects of icing
events and expand the operating temperature range of the wind turbines, as illustrated in Figure 6. Battisti [5] pointed
out that cold weather packages are seldom provided for small and micro wind turbines, which are typically designed to
remain stationary under extreme conditions.
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Figure 6. The performance of wind turbines in cold climates with and without cold weather packages.

Hu et al. [6] summarized that, for wind turbines with a capacity larger than 1 MW, the minimum operating tem-
perature without the cold weather package is —10 °C, while the minimum survival temperature without the cold weather
package is —20 °C. If the cold weather package is employed, the minimum operating temperature is —30 °C, while the
minimum survival temperature is —40 °C. Figure 7 shows the typical composition of cold weather package.

* Improved nacelle sealing,

» Special alloy ductile iron for hub and machine frame,
* Special alloy tower steel,

* Low temperature lubricants,

* Heated anemometry,

¢ Ice detectors,

» Diagnostic package

Standard
equipment

Cold weather
package

Heating module- * Gearbox heaters,
requipment * Additional generator heaters

., Cold station

service
Heating module rotor
ice prevention system

Figure 7. Typical composition of the cold weather package [5].

4.2. Ice Protection Systems

Ice protection systems include anti-icing systems and de-icing systems. Here, the anti-icing systems aim at pre-
venting ice formations during the operation of turbines. The de-icing systems are used to remove ice that has already
accumulated to a certain extent. The main difference between an ice protection system and a cold weather package lies
in their objectives. The cold weather packages enable turbine components to function in low temperatures, whereas ice
protection systems specifically address icing events on wind turbines.

Fakorede et al. [ 13] performed a comprehensive comparison of the performances of different ice protection systems,
as shown in Table 1. The microwaves and thermal coating techniques are energy efficient, particularly in mitigating
moderate icing events. However, they may be less suitable for heavy icing. The resistive heater and hot air injection
techniques may not provide complete coverage for all blades. The power consumption of the resistive heater and hot
air injection techniques is higher than that of microwaves and thermal coating techniques. Additionally, the heating
resistance techniques are equipped with lightning protection system, while the other techniques are not. The hot air
injection techniques, however, are unaffected by lighting.

The principles, advantages, and disadvantages of these ice protection systems are listed as following:
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Table 1. The comparison of ice protection systems [13].

Ice Protection Systems Effectiveness (1-5) Cost (1-5) Energy Consumption (1-5) Lightning Protection System

Ice-phobic coating 2 2 N/A Not equipped
Black paint 1 1 N/A Not equipped
Heating resistance 4 4 3 Equipped
Hot air injection 4 5 4 Not affected
Pneumatic technique 5 4 1 Not equipped
Ultrasonic technique 5 3 2 Not equipped

(a) Ice-phobic coating

Ice-phobic coating is commonly used to minimize ice adhesion strength on blade surfaces. Erosion and pitting may
negatively affect the effectiveness of this technique. This may further lead to increasing blade surface roughness. As-
sessing the durability and reusability of these coatings is crucial. The ice-phobic coating technique was applied by
Orsted in a wind pilot project located in Jamtland, Sweden [7]. The observations made during the pilot test indicated
that the application of the ice-phobic coating alone was insufficient for effective anti-icing [7].

(b) Black paint
Black paint can be used to heat the blade during daylight. This technique can complement ice-phobic coating, which is
suitable for wind parks where icing events are infrequent, or sunlight exposure is sufficient. Maissan [51] combined the black

paint and the ice-phobic coating on the turbine blades with heaters, resulting in improved power production compared to
using heaters alone. However, the black paint alone is often insufficient to prevent ice accretion [52].

(c) Heating resistance

Heating resistance technique creates a water film to induce ice shedding through the centrifugal force [53]. This
energy consumption of this technique is relatively low compared to the overall energy production of the turbines [54].
The heating power is generally adequate, though challenges arise with the supercooled rain [55]. Direct heating provides
nearly 100% thermal efficiency [56]. Furthermore, the energy demand of the heating resistance technique does not
increase with the blade size [55].

(d) Hot air injection

Hot air injection technique creates a water film between the surface and ice with hot air [52]. In addition, waste
heat of the turbine can also be used as a supplement [57]. This technique presents several advantages. Hot air injection
technique uses wind turbine waste heat to increase efficiency. It is environmentally friendly and not susceptible to
lightning [58,59]. Due to the uneven heat distribution, the thermal efficiency is compromised [57,59]. In extremely low
temperatures, the technique’s application is limited by the substantial heating power [60,61].

(e) Pneumatic technique

Pneumatic technique uses air chambers to distort the ice [60—62]. This technique, known for its simplicity and
efficiency, has many years of experience in the acrospace field. However, its installation can be complex, potentially
disrupting the aecrodynamics of the blade. Maintenance demands may also contribute to higher costs [62].

(f) Ultrasonic technique

Ultrasonic technique aims to disconnect the adhesion bonds between ice and the surface of the blade [63,64]. This
technique provides advantages of low cost and high efficiency. Its effectiveness diminishes during heavy icing events
due to output limitations and uncertainties with larger water droplets. Furthermore, its technical structure restricts sur-
face coverage along the blade length [16].

4.3. The Evaluation and Suggestion of Ice Protection Systems

Lehtomiki et al. [14] conducted a benchmark test of several commercial ice protection systems at four sites, in-
volving wind turbine equipment manufacturers Dongfang, Enercon, Nordex Group, and Vestas. The ice protection
systems used in this benchmark test were based on the hot air injection technique. The test sites A, B, and D were
located in the Nordics, while site C was located in central Europe. The IEA Ice Class of sites A, B, C, and D are 4, 3, 2
and 4, respectively. The benchmark test showed that ice protection systems can protect wind turbines from icing events
and reduce energy loss [14].
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Fakorede et al. [13] summarized several promising ice protection systems based on the icing severity and the size
of the wind turbine. It was suggested that the black paint and active pitch control are suitable for wind turbines that are
less than 3 MW, and the resistive heaters can be applied to wind turbines that are higher than 3 MW.

5. Discussion and Future Work

Challenges and risks arising from icing hinder the commercial deployment of OWTs in cold climate regions. To
review the icing problem of OWTs, the authors have taken into account the environmental conditions of cold climate
regions and recent advancements in addressing these issues.

In the aspect of the environmental conditions of cold climate regions, the terms and concepts related to cold climate
regions, icing events, and sea ice are introduced. The physical mechanisms and key parameters of ice accretion are
reviewed. Lower ambient temperatures, higher LWC, and MVD tend to increase the severity of icing events, thereby
negatively influencing the OWT performance in cold climate regions.

In the aspect of the advancements in addressing OWT icing problems, a summary of icing prediction models for
OWT is presented in Table 2. Empirical formula models can provide faster runtime than numerical models, though they
may sacrifice accuracy. However, both types of models exhibit distinct limitations. For example, the Makkonen model
does not consider real blade geometry and ice ablation processes. On the other hand, numerical models often require a
high computational cost and may be restricted in their application scope. The two-dimensional CFD-BEM methods have
higher computational efficiency than the three-dimensional CFD methods when dealing with long-time and complex icing
events while the three-dimensional CFD methods can capture three-dimensional effects with a high accuracy. To mitigate
icing on OWT, solutions such as cold weather packages and ice protection systems are implemented.

Table 2. Overview of icing prediction methods for OWT.

Model or Evaluation of the Model and Code

Code Main Inputs Ice Type Efficiency Summarized Features Reference
e  Primarily suitable for estimating
Makkonen Crossfsectlgnal area, LW'C, relajﬂve Rime ice, . ice accretion on a rotathg cylin- Makkonen
model velocity, wind speed, cylinder diame- Glaze ico High der rather than on a turbine blade 32]
ter, droplet diameter, temperature e  Not consider the ice ablation
e  Short run time
iceBlad e  Consider the ice ablation
ce ¢ Cross-sectional area, LWC, relative .. e  Provide short-term icing forecast
(Improved . ) . . Rime ice, . . .
velocity, wind speed, cylinder diame- . High e A better representation of the Davis [35]
Makkonen . Glaze ice
model) ter, droplet diameter, temperature blade

e  Short run time

e  Only validated in a high Reyn-
L olds number regime (Re > 2 x
. . Rime ice, 5
Temperature, pressure, wind velocity, Glaze ice 10°)
LEWICE LWC, relative humidity, droplet di- Low e  Cannot predict glaze ice and Wright [36]

(low accu- . .
ameter mixed ice accurately
racy) A .
e  More realistic ice accretion pre-
dictions than the Makkoen mode
MVD, LWC, wind speed, rotating . ° C?nnot predict mixed ice
TURBICE speed. pitch anele. air femperature. air Rime ice, Low e Differences between the results Makkonen et
peed, prich ansic, 4 P ’ Glaze ice of LEWICE and FENSAP-ICE  al. [41]
pressure and icing time
are moderate
MVD, LWC, r.elatlve ve1001ty,4 Rime ice, Three-dimensional CFD solver Habashi et
FENSAP-ICE attack angle, air temperature, air pres- . Lowest . .
Glaze ice contains all ice processes al. [65]

sure, icing time

To promote and accelerate the deployment of OWTs in cold climate regions, the following future research direc-
tions are recommended:

1. Advanced icing prediction methodology: It is crucial to regularly update icing prediction models to include the
geometric details of OWT blades. A comprehensive understanding of the transient behaviors of different types of
ice during ice accretion is necessary. Furthermore, integrating empirical formulas with phenomenological coupled
icing models is recommended to achieve a balance between accuracy and computational efficiency.
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2. More effective solutions: The combination of several ice protection systems is recommended to counterbalance
the negative influence of their respective technologies when addressing icing problems. For example, a well-ap-
plied pneumatic technique, though expensive, can be combined with a low-cost and relatively moderate ultrasonic
technique to reduce costs.

6. Conclusions

The abundant wind resources in cold climate regions provide unique opportunities for deploying and developing
OWTs. The harsh environments of these areas pose significant challenges that must be addressed to supply energy to
communities effectively. The significance of icing prediction models and mitigation strategies cannot be overstated, as
they play a key role in identifying and reducing potential hazards for OWTs in cold climates.

The present review has highlighted the critical importance of accurate icing prediction models and effective miti-
gation strategies for the deployment of OWTs in cold climate regions. By systematically evaluating existing models,
both empirical approaches and numerical simulations have been identified as valuable tools for predicting ice accretion,
each offering unique benefits in terms of accuracy, computational efficiency, and adaptability to various operational
conditions. The development of these models enhances the feasibility of deploying OWTs in such challenging environ-
ments. Moreover, the implementation of the cold weather packages and the ice protection systems can effectively reduce
the ice accretion, enabling OWTs to operate at lower temperatures.

In conclusion, OWTs provide a promising solution to fulfill energy needs in cold climate regions while minimizing
the environmental impact. By overcoming logistical hurdles and optimizing turbine design and deployment, cold cli-
mate regions can look forward to a more sustainable and cleaner energy future.
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