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A new risk-based decision model for assessing and controlling the safety risk of a wind turbine operating under icing conditions

I. INTRODUCTION

The risk-based decision icefall-model developed by Tractebel consists of several model components such as presented in following figure: The ice accretion model component is based on the advanced model of Lamraoui and considers 3 different types of ice: glaze, hard rime and soft rime. The type of accreted ice as a function of wind speed and air temperature is based on the ISO 12494-("Atmospheric icing on structures") methodology. In the ice release component, various ablation processes are considered. For long term risk assessments (p.e. permitting), the meteorological model is based on local historical data sets of wind climate and temperature, while for short term assessments, actual local meteorological data are used as input. The scattering of ice is modelled by a trajectory model empowered via a Monte-Carlo algorithm. This leads to a spatial probability distribution of the fragments. The mass, ice type, impact and energy of ice fragments at each location is calculated. The impact on people of a falling ice fragment is determined using a probit-function method following divers' criteria (shard, energy, skull base). The combination of above described model components leads to a quantitative risk measure as being a combination between probability and effect. In order to be able to evaluate the calculated risk level, a risk acceptance framework has been defined for both individual and societal risk which is based on international societal and industry standards integrating also the ALARP-concept. This leads to four risk regions: the broadly acceptable region, the ALARP-low risk tolerable region, the ALARP-high-risk tolerable region and the unacceptable region. The risk exposure of individuals and groups of people in the surroundings of the wind turbine is quantitatively calculated and presented using graphical maps. The effect on the risk of all kind of technical and organisational mitigating measures such as preventive stops, blade heating, yaw position, warning signs …. can be reassessed by the methodology. Together with the cost estimate of the analysed mitigating measures the methodology can be used as a risk-based decision tool. The different modules represented in the figure above are explained in more detail below.

II. ICE ACCRETION

Ice accretion of wind turbine blades is caused by what is called "atmospheric icing". This effect comprises all processes where drifting or falling water droplets, rain, drizzle or wet snow in the atmosphere freeze or stick to the blades of the wind turbine that are exposed to the weather conditions. There are several sources of icing which are caused by the current conditions in the atmosphere. The icing can be defined by either the way in which the ice is formed or the resulting ice. The two main sources of icing are in-cloud icing and precipitation icing. [START_REF] Thorsson | Modelling of Atmospheric Icing[END_REF] states: "In-cloud icing is caused by supercooled droplets which hits the surface and freezes. Depending on the meteorological circumstances (temperature, windspeed, Liquid water Content LWC and Median Volume Diameter MVD), different types ice will be formed. Precipitation icing is formed when rain or snow freeze upon contact with a surface. Snow will stick to a surface if the air temperature is between 0 and 3 °C, when the snow contains liquid water. Because of the presence of liquid water the snow crystals can form bonds between each other. These bonds are weak when formed, but will become stronger as soon as the temperature falls below 0°C. Precipitation icing can also be formed by rain falling when the air temperature is below 0°C. The most common reason for this is when there is a temperature inversion. But it's known to occur when there is a swift temperature rise, leaving the objects temperature lower than that of the air (Dalili, Edrisy, & Carriveau, 2009)." Depending on the atmospheric conditions different types of ice can be formed. Following ISO 12494:2017[START_REF] Iso | ISO12494 -Atmospheric icing of structures[END_REF], the types of ice can be divided into four main categories. The characteristics of these types are shown in the table below [START_REF] Iso | ISO12494 -Atmospheric icing of structures[END_REF]. The type of accreted ice that will be formed is a function of wind speed and air temperature such as illustrated by the figure below. The ice accretion component in the risk assessment model follows the advanced ice accretion model of Lamraoui [START_REF] Lamraoui | Atmospheric icing impact on wind turbine production[END_REF]. This blade cylinder model assumes in-cloud icing and uses supercooled cloud microphysics. Nevertheless, the use of the model can be extended for precipitating icing [START_REF] Lamraoui | In-cloud icing and supercooled cloud microphysics: from reanalysis to mesoscale modeling[END_REF]. For the estimation of the amount of ice accretion, the 3 different types of ice (glaze ice, hard rime ice and soft rime ice) are being considered. Equations are derived for the calculation of the total ice mass accreted along the blades of a rotating and a standstill wind turbine. This allows to estimate the effect of a wind turbine that is preventively stopped. The amount of glass, hard and soft rime ice at a position r on the blade can be calculated by following equations [START_REF] Cobbaert | Wind turbine: ice accretion and ice release components of an icefall risk assessment model[END_REF]:

In which Sg, Shr and Ssr are the accreted glass, hard and soft rime surface areas on the blade, vwind is the windspeed, is the rotational speed of the wind turbine and da the duration of the accretion. Both local meteorological data and wind turbine technical characteristics are used as an input for these equations.

III. ICE SHEDDING

Ice ablation refers to the removal of ice by any method. Common ice ablation processes are melting, sublimation, shedding, and erosion. In risk assessments of ice fall from wind turbines, the ice shedding is the only hazardous process. The other ablation methods are not hazardous and even advantageous because they lower the risk of ice fall. In relation to shedding fragments, mainly due to the work of Seifert [START_REF] Morgan | Assessment of safety risks arising from wind turbine icing[END_REF], [START_REF] Seifert | Risk analysis of ice throw from wind turbines[END_REF] who recorded a limited number of ice pieces collected on the ground around wind turbines, a Weibull-like density function is employed to describe the ice pieces mass distribution. Based on a parametric analysis following a Weibull probability density function (variable x is the fragment mass) is used:

In which the scale parameters η equals 0,375 and shape parameter β equals 1,119.

IV. MONTE CARLO ICE TRAJECTORY MODEL

An ice fragment falling will be carried by the wind and will hit the ground at a certain distance. The probability density function of falling fragments around a wind turbine is determined using a Monte Carlo model. For the area under study, the mass, ice type, impact velocity and energy of ice fall at each location is calculated. The mathematical model governing ice fall can be written as following differential The Monte Carlo process can be summarized as follows: generate a random wind direction and wind speed based on the meteorological model, generate a random ice fragment based on the shedding model (random position, type, shape, mass, angle of attack), calculate the ice fall distance using the above expressions, repeat, normalize the results to the number of times the process has been repeated. The complete set of normalized results define the probability density function of ice fragments around the wind turbine. This is described by the which defines the probability that an ice fragment falls at location .

V. ICE FRAGMENT DAMAGE MODEL

Ice fragments represent a risk to humans being hit. The effect will depend on the mass, energy and velocity of the fragment. As the risk acceptance framework will refer to the lethal effect of the fragment on a human this has to be quantified. In the used model 3 different effects to the human body are being considered [START_REF] Tno | CPR16E -Methods for the determination of possible damage to people and objects from release of hazardous materials[END_REF]: the effect of shards leading to skin penetration, fragments that cause high compressive stresses and deformation in the body that can impact all sorts of organs with consequent internal bleeding, and impact on the skull leading to a skull base fracture. A set of 3 probit-functions is used to quantify the effect in the model: For fragment masses m > 4,5 kg: (skull base fracture):

(with impact velocity [m/s]) For fragment masses m > 0,1 kg and < 4,5 kg (body deformation):

(with = kinetic energy) For fragment masses m < 0,1 kg (skin penetration):

(with )

The probability of mortality is expressed by the equation:

The area of impact to be considered is defined by the Anthropometric data of humans. For the skull, a value of 0,04m² is common. For the human body the surface to be considered depends on the angle of attack of the fragment at impact and varies from 0,1m² to 1,5m² [START_REF] Geerinck | Substantiation for the use of the impact area parameter for human impact of ice fragments in the Monte-Carlo icefall trajectory model[END_REF].

Starting from the calculated probability density function a new function can be derived which defines the probability that a falling ice fragment falling at is lethal:

VI. RISK ESTIMATION MODEL

To quantify the risk for an individual, two type of risk measures are commonly used in risk assessments: the LIRA value and IRPA value (IEA Wind, 2018). The LIRA-value is the probability that an average unprotected person, permanently present at a specified location, is killed in a one-year period due to a hazardous event. So, this value is independent of any specific individual and is defined locally. The IRPA-value is the probability that a specific or hypothetical individual is killed due to exposure to the hazard. This value depends on the definition of the individual and how he uses or moves in the hazardous area. In order to be able to calculate this value, knowledge is needed about the use of the hazardous area by the individuals. In the population that uses the area a hypothetical individual is defined such that the associated risk is conservative for all individuals in the exposed group. This selected hypothetical person is called the critical individual. When the hypothetical individual is defined as a person who is permanently localized at a given point his IRPA equals the LIRA-value at this location. The use of a LIRA measure is easier but does not consider the real exposure since abstraction is made from the way the environment is used. As the methodology will be used mainly in situations where presence in the neighbourhood of a wind turbine during icing conditions is limited and that the model is meant to be a risk decision tool, the IRPA risk measure is used. The IRPA-value is given by: In which tp is the time a critical individual will be exposed to the hazardous zone during 1 movement, tr is the time interval during which ice release is to be expected during the ablation process, tp the time the individual is present, is the number of icing days to be considered, N the number of expected ice fragments and Np is the number of times during a day that the critical individual performs a movement.

VII. HUMAN EXPOSURE MODEL

The definition of the critical individual for a concrete situation requires knowledge about the use of the hazardous zone by the group of people that are exposed to the ice fall hazard. The surroundings of a wind turbine are being described so that the exposure to the danger of ice fall can be quantified. This enables the calculation of the individual risk per annum (IRPA) and the societal risk measure that will be used to evaluate the risk acceptability. Within the simulation area 2 types of area objects are defined to describe the exposure: A line element that represents a path that is defined by the number of times a critical individual uses the path each day ( ), the speed associated with the critical individual ( ). A surface element that is defined by the time a critical individual is present during a day in the considered area ( ). For a line and a surface element becomes respectively:

VIII. RISK ACCEPTANCE FRAMEWORK

The model adopts the framework of the Health and safety executive [START_REF] Hse | Reducing risk protecting people -HSE's decision making process[END_REF] in which a framework for judging the tolerability of risks is defined considering an unacceptable, a tolerable and a broadly acceptable region. The dark zone at the top represents an unacceptable region. For practical purposes, a risk situated into that region is regarded as unacceptable whatever the level of benefits associated with the activity. The light zone at the bottom, on the other hand, represents a broadly acceptable region. Risks falling into this region are generally regarded as insignificant and adequately controlled. The levels of risk characterizing this region are comparable to those that people regard as insignificant or trivial in their daily lives. The zone between the unacceptable and broadly acceptable regions is the tolerable region or ALARP region. ALARP is short for "as low as reasonably practicable". The term involves weighing a risk against the trouble, time and money needed to control it. Thus, ALARP describes the level to which we expect to see risks controlled. Deciding whether a risk is ALARP is challenging because it requires duty-holders to exercise judgement. In the clear majority of cases, we can decide by referring to existing 'good practice' that has been established by a process of discussion with stakeholders to achieve a consensus about what is ALARP. For other situations such as high hazards, complex or novel situations formal decision-making techniques are used to perform a judgement. The aim of the developed risk model by Tractebel is to provide such a decision-making tool. The boundary between the "broadly acceptable" region and "tolerable" region is based on the work of the Health and safety executive in the UK. [START_REF] Hse | Reducing risk protecting people -HSE's decision making process[END_REF]. HSE believes that an individual risk of death of one in a million per annum for both workers and the public correspond to a very low level of risk and should be used as a guideline for the boundary between the broadly acceptable and tolerable regions. The boundary between the "tolerable" and "unacceptable" region is defined by using the MEM methodology (CENELEC, 2017). The MEM or Minimum endogenous mortality is a method to derive absolute values for risk acceptance based on the natural death rate of human beings of specified age for which the endogenous mortality rate (EMR) is minimum. This value is focusing only on natural causes of death without any kind of accidents and native malformation influences. In the range between 5 years and 15 years of age for humans, the natural death rate in industrial developed states reaches a minimum for human individuals. This minimum is defined as m. (CENELEC, 2017) gives following value for this rate m = 2,0. 10 -4 /year. The MEM requirement states that the additional overall hazard death rate caused by all technical systems (t) shall not exceed the minimum endogenous mortality rate m. If we consider that no more than 20 systems impose fatal hazards on a specific group of people at the same time the maximum allowable additional rate (ζ) for a single system should not exceed 5% m.

In the ALARP region it should be demonstrated that the cost and effort involved in reducing the risk further, would be grossly disproportionate to the benefit gained. The ALARP principle arises from the fact that infinite time, effort and money could be spent in the attempt of reducing a risk to zero. To have a framework for judging what level of controlling measures should be implemented the ALARP region is further split up in 2 regions allowing to allocate the type and level of controls to implement. In such way 2 additional action regions are created leading to a 4-region risk scale: Acceptable (no measures needed), low risk tolerable region (requiring little attention), high risk tolerable region (requiring higher attention), unacceptable (risk is not tolerated). The above risk measure and associated criterium guarantee the protection of an individual. It does not say anything about the acceptability of a group of individuals which are exposed to the same risk. Although the risk of everyone in the group is governed by the criterium related to the critical individual, the risk of an incident with one or more people in a group will increase when the number of exposed persons increases. In contrast to other sectors (petrochemical, etc) an event that causes multiple victims in a group is not considered relevant for the icefall hazard. As explained by [START_REF] Vrijling | A framework for risk evaluation[END_REF] the basis of the framework with respect to societal risk is an evaluation of risks due to a certain activity on a national level. This evaluation must be translated to local installations or activities in order to support a systematic appraisal at local level. Since this framework is meant to support an operator of wind turbines, the national level as defined above will be translated as the sum of all assets (Wind turbines) falling under the same permitting authority to which the operator operates his turbines. Based on the above developed approach following acceptance framework is used in the developed model: Based on the acceptability and the ALARP concept, mitigating measures may be introduced. The effect of these measures on the risk maps can be simulated enabling the user to make risk-based decisions. Mitigating measures that can be introduced are:

 Technical measures related to the wind turbine: Wind turbine dimensions (rotor diameter, hub height), rotor positioning in case of icing conditions, preventive shutdown, Shutdown on ice formation, Preventive blade heating, icephobic coatings, Hydrophobic coatings.  Environmental measures: construction of protective roofs, using protective nets, static and dynamic warning systems.  Organizational measures: Communication (raise awareness), SMS warning system, Manual ice removal, exclusion zones.

X. CONCLUSIONS

With the developed risk assessment model, a rigorous methodology and acceptance framework is defined that enables the different stakeholders to quantify the risks of ice fall during icing conditions and assess them against clear criteria. The effect of different mitigating measures can be simulated providing developers and operators with a riskbased decision tool. The model can be used in design and

Figure 1 :

 1 Figure 1: Risk assessment model

Figure 2 :

 2 Figure 2: Type of accreted ice as a function of wind speed and air temperature (ISO, 2017)

  22 e Congrès de Maîtrise des Risques et Sûreté de Fonctionnement λµ22 Le Havre 12-15 octobre 2020 equations which refers to the motion equations of a falling ice fragment: With the following solution, These expressions consider gravitational forces, drag forces (kd) and lift forces including air resistance and yield the position and velocity of an ice fragment at each time . This model can be applied in a Monte Carlo analysis, by repeatedly simulating a falling ice fragment with different input parameters.
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 6 Figure 6: Risk maps related to the IRPA and societal risk measures

Table 1 : Characteristics of ice types, after ISO 12494 (ISO, 2017)
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