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ABSTRACT ARTICLE HISTORY
Despite the need to ensure that operations at the end of the infrastructure Received 5 April 2021
life cycle are carried out in a safe and efficient manner, there is no Accepted 25 December 2021
systematic risk analysis study tailored specifically for renewable energy
decommissioning. This paper aims to propose qualitative and off o

. A P A g shore wind;
quantitative approaches for identifying and prioritising different hazards decommissioning; risk
associated with decommissioning of offshore wind farms. The potential analysis; safety; as low as
hazards are identified through well-established techniques such as reasonably practicable
hazard identification (HAZID), fault tree analysis (FTA), event tree (ALARP)
analysis (ETA) and risk matrix. Four levels of consequence are
considered in the risk analysis process. The results reveal that the lifting
and loading are the most safety-critical operations during the
decommissioning; hence, they will require specific attention for safety
management improvement.

KEYWORDS

1. Introduction

Offshore wind farm (OWF) decommissioning operations have increased substantially in Europe in
the past few years. Table 1 lists seven offshore wind farms that have been decommissioned until
now, including Vindeby, Hooksiel, Lely, Utgrunden I, Yttre Stengrund, Blyth and Beatrice. Except
the Vindeby offshore wind farm, the other six wind farms were decommissioned prior to the end of
their useful life.

With the rapid growth in decommissioning activities, there is a crucial need to develop compre-
hensive risk management strategies that are tailored to the decommissioning phase of the asset life-
cycle. There are several factors affecting the decommissioning operations in OWFs, such as the
weight/capacity of the wind turbines, the number of wind turbines on the wind farm, available
vessels (for lifting and transportation) and their capacity, weather conditions, etc. Decommission-
ing is often seen as a reverse of installation. However, because of the age of structures this may be an
oversimplification. For instance, lifting points on the wind turbines may have defects, which there-
fore will cause the structure to have lower strength at later age. The structural integrity must be
ascertained through visual inspections as the project plan is being developed. Offshore wind
farm decommissioning is not as mature as offshore oil and gas decommissioning. However, in
the context of safety management, there are standards and regulations that duty holders in both
sectors take into account. Some examples are the International Maritime Organisation (IMO)
FSA regulations, Health and Safety Executive (HSE) guidelines, DNVGL recommended practices
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Table 1. Decommissioned offshore wind farms (4C Offshore 2020).

Actual year of Estimated year of decommissioning

Country Wind farm decommissioning based on design life
Denmark Vindeby Offshore 2017 2011
Germany Hooksiel 2016 2028
Netherlands Lely 2016 2017
Sweden Utgrunden | 2018 2020

Yttre Stengrund 2015 2021
UK Blyth 2019 2020

Beatrice Demonstration 2016 2026

for location-specific projects, etc. For more information the readers can refer to HSE (2002); Mar-
itime (2017); International Maritime Organisation (2018) and BSI (2018, 2019, 2020).

The risk management literature has predominantly focused on the early and mid-stages of offshore
wind farm development, including design, installation, and operation and maintenance (O&M) phases.
A summary of the most important studies on these lifecycle phases is presented below:

Mehdi et al. (2020) proposed a novel real-time, manoeuvring-based dynamic risk assessment
method to improve the navigation safety around offshore wind farms during the planning phase.
Kahrobaee and Asgarpoor (2011) proposed a risk-based failure analysis method using cost priority
numbers (CPN) as the metric to reduce the costs associated with risk of offshore wind turbine fail-
ures during the design phase. Gonzédlez, Burgos Payan, and Riquelme Santos (2013) studied
decision making under uncertainty (risk) in order for design engineers to select the appropriate
transmission system for a large OWF. The authors used Monte Carlo Simulation (MCS) for the
selection of the best alternative based on different scenarios and parameters. Kim, Shah, and
Kang (2020) used dynamic probabilistic methods (including Bayesian Network and clustering
analysis) to quantify the safety risks of OWFs during the installation phase. Kim et al. (2021) studied
the risk of collision in offshore wind turbine installation vessels and identified the most critical fac-
tors contributing to such risk. Lazakis and Kougioumtzoglou (2019) proposed the use of failure
mode, effects and criticality analysis (FMECA), hazard identification (HAZID) and Bayesian Net-
work (BN) for evaluating the risks associated with installation and O&M of OWFs. Gintautas,
Serensen, and Vatne (2016) proposed a risk-based decision support tool to quantify the cost
risks associated with assembling, transportation, installation, and O&M of OWFs. Mendoza and
Koéhler (2019) proposed a BN decision-making framework to find an optimum design for offshore
wind turbine monopiles based on the expected consequences of failure. Furthermore, the value of
acquiring further site-specific information on the soil characteristics is addressed by means of a
value of information analysis. For the O&M phase, Rangel-Ramirez and Serensen (2012) studied
the risk-based inspection planning of OWFs based on estimated probability of fatigue failure.
Dai et al. (2013) presented a novel risk analysis framework for the collision of service vessels and
oftshore wind turbines. The study used fault tree analysis (FTA), event tree analysis (ETA) and
BNs for estimating the likelihood of occurrence, and the ANSYS package for consequence assess-
ment. Taflanidis, Loukogeorgaki, and Angelides (2013) proposed a stochastic simulation frame-
work for quantification/evaluation of risks in offshore wind turbines under extreme
environmental conditions. A surrogate modelling approach based on moving least squares response
surface approximation was also introduced to improve the computational efficiency. Shafiee and
Dinmohammadi (2014) proposed an FMECA-based risk assessment method to mitigate the oper-
ational risks related to asset failure in offshore wind farms. Zitrou, Bedford, and Walls (2014) pro-
posed a mathematical model for the estimation of early operation risks in OWFs. The authors
argued that asset managers can make better informed decisions, reduce risks and improve avail-
ability by using their proposed model. Shafiee (2015a) proposed a fuzzy analytic network process
(FANP) to determine the most appropriate risk mitigation strategy for OWFs. Adedipe, Shafiee,
and Zio (2020) reviewed studies that applied the BN to risk assessment of OWFs. The authors pro-
posed BNs as a tool to overcome the limitations of classical risk assessment techniques.



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 1059

Some authors have proposed risk assessment methods for wind turbine asset lifecycle. Adem,
Colak, and Dagdeviren (2018) used SWOT (strengths, weaknesses, opportunities and threats)
analysis and Hesitant fuzzy linguistic term set (HFLTS) method for the evaluation of occupational
safety risks in lifecycle of wind turbines. The study found out that the construction phase was the
fourth most contributor to the risk ranking of lifecycle phases; however, it was not clear if decom-
missioning was included in the construction phase. Gul, Guneri, and Baskan (2018) presented a risk
assessment method for wind turbines during their construction and installation period by combin-
ing two fuzzy-based methods: fuzzy analytical hierarchy process (FAH) and fuzzy VIKOR method.
The most significant construction and operation risks were seen to be related to seatbelts, falls from
height, road accidents, poor emergency response, etc. In another study, Ashrafi, Davoudpour, and
Khodakarami (2015) presented a BN model to assess and improve wind energy system reliability.
This showed the capacity of BNs in risk level monitoring in continuous time.

Safety should be prioritised in all stages of the asset lifecycle, from planning and construction
phase to operation and maintenance (O&M) phase to end of life (EOL) phase. However, the litera-
ture review showed that there was no study investigating the risks associated with the EOL and
decommissioning phase of OWFs. In an attempt to fill this research gap, our study proposes quali-
tative and quantitative approaches for identifying and prioritising different health and safety related
risks during the decommissioning process of OWFs. It is important for asset managers to mitigate
the risks related to the removal of wind turbines, vessel accessibility and operational efficiency,
whilst ensuring high safety practices. To achieve this, we identify potential risk-driving factors in
offshore wind decommissioning operations as a (de)construction problem, by using semi-quanti-
tative risk assessment approaches including HAZID, FTA, ETA, and risk matrix. Four classes/indi-
ces of hazard consequence are considered in the analysis, providing a more granular insight into the
possible mitigation/controls required. The specific area of safety management practices that need to
be improved in terms of project management, personnel protective equipment, administrative,
engineering or mitigation methods are determined. The novelty and contributions of this study
to the body of literature and practice are captured in three areas. Firstly, it presents risk assessment
for the decommissioning phase of an OWF lifecycle, which was not previously presented in the lit-
erature. Secondly, the most critical risk factors (i.e. key risk drivers) in OWF decommissioning are
presented for the first time, to the best of the authors’ knowledge and analytical descriptors pre-
sented for each risk critical factor. Thirdly, ranking the consequences using four metrics (personnel,
asset, economic and environmental) allows for each potential hazard to be estimated in more detail
and mitigation/control recommendations be provided in a more structured way. Thus, the findings
of this study can substantially support asset managers or owners, regulators, decommissioning pro-
ject managers and risk researchers towards reducing risks and improving safety in OWFs.

The organisation of this paper is as follows. Section 1 introduces OWF decommissioning trends and
some OWF risk management research up to date. Section 2 presents the research background, detailing
the decommissioning phases and some tools and techniques for decommissioning risk assessment. Sec-
tion 3 presents the risk assessment for OWF decommissioning by adopting the HAZID, FTA, ETA and
risk matrix techniques. Section 4 presents the results obtained from the assessment: the HAZID result,
frequency analysis of the top event, minimal cut set, importance ranking, basic event sensitivity analysis,
consequence analysis and risk matrix. It also discusses the most safety-critical tasks during lifting and
loading operations and some mitigation measures are proposed. Section 5 concludes the study with
proposals for future work in OWF decommissioning safety research.

2. Research background
2.1. Lifecycle phases in offshore wind decommissioning

Decommissioning is defined as the process of planning, removing, transporting, waste management
and post-decommissioning of wind turbines and their support structures in order to return the
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wind farm site to as close to its original condition as before development (Adedipe and Shafiee
2021). At each stage of the decommissioning process, risk factors/hazards must be considered to
ensure all operations are conducted safety. However, OWF decommissioning has not been a
focus in safety engineering research in the wind energy industry to date. Decommissioning has
not been a focus in safety engineering research. The main decommissioning activities and their
associated risks are described in detail in the following subsections:

2.1.1. Planning and consenting

This stage involves task scheduling (accounting for weather and other environmental conditions),
stakeholder consultation, procurement, (sub)contracting, transportation planning, selection and
chartering of vessel fleet, obtaining licenses and certifications to execute, developing a lift plan,
etc. (Acero et al. 2016). During planning, the duty holder is responsible for engaging all relevant
regulatory bodies. The lift plan informs decisions on the vessel fleet to be chartered and the number
of personnel to be deployed for operations. In Morandeau et al. (2013), the Mermaid software was
proposed as an economic risk management tool to reduce the cost-associated risks by improving
the project schedule in planning.

2.1.2. Wind turbine preparation

This involves disconnecting wind turbines from the substation/grid, disconnecting the cables,
removing hydraulic fluids and other toxic substances from the nacelle, removing the elevator
from the tower, removing excess marine growth, fitting/welding lift points on the turbine if
required (Topham and McMillan 2017; Adedipe and Shafiee 2021). This is a repetitive activity
for all the wind turbines on site. The risks associated with this activity involve drop from height,
asphyxiation due to confinement for extended periods, etc.

2.1.3. Lifting and loading (including unbolting and cutting of wind turbines and
foundations)

This involves unbolting, cutting, disassembly, lifting and loading onto the transportation vessel, and
vessel repositioning. Operation durations depend on factors including lift configuration, environ-
mental conditions during operations, wind farm size, and the number of vessels. Vessels that may
be used include jack-up barges, floating cranes, shear-leg crane barges, heavy lift vessels (HLV),
installation vessels, etc. (Zhao et al. 2018). Typical factors involved in crane selection are: height
of lift, reach, weight of components, safe working load (SWL) capacity of crane, wind turbine rating,
maximum lift capacity of crane, method of nacelle removal, sea states, environmental conditions,
etc. Ruud and Mikkelsen (2008) presented the steps involved in a generic offshore lifting operation
using cranes, including influencing factors, risk levels and mitigation measures. Safety factors
during lifting operations include: nonexceedance of SWL capacity, adequate prior maintenance
and certification, using of appropriate attachment tools, etc. Safety factors during loading oper-
ations are related to the loading/arrangement layout, fastening of components, deck loading
capacity, and vessel stability/ballasting. The support structure/foundation lift has similar risk factors
as the wind turbines removal except the height related factors. For further reading, the readers can
refer to Seyr and Muskulus (2016) and Hinzmann, Stein, and Gattermann (2019).

2.1.4. Transportation

After lifting, the components are loaded onto the intended transport vessel based on the transpor-
tation schedule and charter plans and pre-planned deck layout. They are transported to shore, and
the vessel returns to the site. Goerlandt and Montewka (2015) presented a review of risk manage-
ment practices in the maritime transportation industry. The decommissioning fleet may be made
up of an installation vessel, support barges/vessels and tow tugs. Transport vessels may be subject
to mechanical or structural faults or failures, as reported in Abdussamie et al. (2018). The authors
made a case for relying on qualitative risk evaluations (HAZID and fuzzy risk assessment) because
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of data sparsity with four consequence classes: personnel, asset (vessel and modules), economic and
environment. Transportation alternatives may include the use of one removal vessel (WTIV) or
multi-vessel alternative (Topham and McMillan 2017).

2.1.5. Waste management

The removed components transported to port/shore must be disposed of in the most practically
sustainable manner and according to local and international waste management regulations like
the EU Landfill Directive (1993/31/EC) (United Nations 1982; OSPAR Commission 2006; Cher-
rington et al. 2012). The different waste management methods include recycling, reuse, energy
regeneration, scrapping, etc. A number of deepwater ports are used for decommissioning like
the Port of Grenaa in Denmark (Port of Grenaa 2020).

2.2. Risk assessment tools and techniques for offshore wind farm decommissioning

According to ISO 31000, risk is defined as the ‘effect of uncertainty on objectives, expressed in terms
of potential events, likelihood and consequences’ (BSI 2018). Risk assessment is used in decision-
support to ensure safety of operations. Mathematically, the risk can be expressed by Equation (1)
(Rahman et al. 2020).

Risk = ZPi x C; (1)

i=1

where P; and C; represent the probability of occurrence and the consequence of the ith hazardous
event, respectively. The probability of occurrence may be obtained from different sources including
historical data, expert judgement, or computerised modelling (Kim et al. 2021; Friis-Hansen and
Simonsen 2002; Li, Meng, and Qu 2012). Most OWF decommissioning risk management practices
are adopted from adjacent industries, particularly the offshore oil and gas industry. Risk manage-
ment involves identification and control of hazards that may hamper operations. Safety is not the
absence of risks; it is rather a state whereby as little as possible can go wrong (Aven, Vinnem, and
Wiencke 2007; Shafiee 2015b). Safety management in construction is studied using different safety
indicators like lost time injury frequencies (LTIF) and total recordable injury rates (TRIR) in
Winge, Albrechtsen, and Arnesen (2019). These indicators also have been adopted in the offshore
wind energy industry as reported in G+ Global Offshore Wind Health and Safety Organisation
(2020). Some commonly used tools/techniques are described below:

2.2.1. HAZID

HAZID (hazard identification) is a tabular, qualitative technique used to identify potential oper-
ational hazards/deviations and their possible causes and consequences. A HAZID worksheet lists
the different hazards that can occur during operations in an observed system. HAZID can be carried
out using workshops, interviews, surveys, etc. During HAZID workshops all or parts of the oper-
ation or equipment under control (EUC) can be considered.

2.2.2. Fault tree analysis (FTA)

FTA is an established diagrammatic technique which uses a top-down (deductive) method to ident-
ify, model and analyse the relationship between different causal events that can lead to an unwanted
system/operational top event. It is used for qualitative or quantitative assessments of the top event
based on the use of events (intermediate and basic) and gates. Events are operational/system occur-
rences that can lead to an unwanted fault/failure during operations. Gates are the symbols that show
how the events develop and their relationship to one another. Events are connected by either AND
(resulting event occurs only if all input events occur) or OR gates (resulting event occurs if any
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input event occurs). Some symbols are represented in Figure 2. Readers can refer to Shafiee et al.
(2019) for further reading Figure 1.

2.2.3. Event tree analysis (ETA)

ETA is a bottom-up (inductive) diagrammatic technique that uses reasoning to show escalation/
development of a potential unwanted initiating incident/event and different possible outcomes.
It shows the safety/hazard promoting factors at each level of the event tree with each level develop-
ing into two branches (one for success and one for failure) for different potential outcomes. The
consequences of operational (or system) failure depend on the safety gates at each stage of the
tree development. In order to determine an event sequence, the ETA can be performed or a func-
tional block diagram to be used (Aneziris et al. 2008).

2.2.4. Risk matrix

A risk matrix is a technique used to categorise risks into different levels based on the combined like-
lihood and consequence rankings in order to rate the significance for prioritising mitigation/control
actions. It is made up of two axes, with the likelihood on one axis and the consequence on the other
axis. Each cell represents a risk rank or rating which is determined for every potential event being
assessed. It is used to rate, evaluate and communicate the magnitude of different risks and deter-
mine how acceptable they are in order to set risk management priorities. The likelihood or conse-
quence rating can be of three, four or five levels, making a 3x3, 4x4 or 5x5 matrix, respectively (BSI
2019b).

3. Methodology

In this section, semi-quantitative risk analysis approaches using the HAZID analysis, FTA and ETA
methods and risk matrix are developed for the OWF decommissioning activities in order to prior-
itise the required risk control/mitigation measures or barriers. The approach chosen for risk assess-
ment in this study is advantageous as it uses well-established methods to provide a good baseline
assessment of OWF decommissioning risks. Our methodology is represented by a flowchart
given in Appendix A.

3.1. HAZID for offshore wind farm decommissioning

The hazards inherent within the decommissioning activities were identified using the HAZID tech-
nique. A HAZID study was conducted to obtain different potential hazards or incidents involved in
the decommissioning activities. In the study, hazards were identified from consultation with experts
and they were ranked based on their potential to disrupt decommissioning operations. During
decommissioning activities, the safety of operations depends on factors such as vessel safety, cranes

Suspended/Halted Decommissioning operations

A

Collision Vessel damage Crane failure

Figure 2. Fault tree diagram for top event (suspended/failed decommissioning operations).
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intermediate event | basic event | ANG gate OR gate Undeveloped event | External event

An event that | A failurein | Output happens | Output happens if | Event with not | Event
happens between | the system | if both the input | one of the input | enough expected  to
two other events events happen events happens information happen

Figure 1. FTA symbols.

and other lifting equipment remaining in good working condition, personnel safety, and compli-
ance with regulations.

3.2 Fault tree analysis (FTA) - estimation of likelihood

In this study, the likelihood of occurrence for the top event is estimated for lifting and loading oper-
ations to determine potential to safety threats. The top event (TE) during lifting and loading oper-
ations is ‘suspended/halted lifting and loading operations’. The FT'A focuses on two types of failures
related to lifting and loading activities, including: operational faults/failure and equipment faults/
failure. The fault tree diagram (FTD) includes the probability of occurrence of the basic events/
causes that could lead to the top event. The intermediate events investigated are collision, vessel
damage and crane failure as illustrated in Figure 2. FTA can also be used to present the likelihood
of occurrence of each of the basic events and the minimal cut sets (MCS), which are the smallest
combination of events that can lead to the top event.

The events in Figure 2 are connected by an OR gate because any of the intermediate events can
result in the top event. There are a host of FTA tools available in the market, including PTC Windc-
hill FTA (formerly Relex FTA), ReliaSoft BlockSim, Isograph FaultTree+, etc. (Baklouti et al. 2017).
The data for constructing the FTDs can be collated from different literature sources and expert jud-
gements. The rankings for the likelihood of occurrence are given in Table 2.

3.2.1. Collision/contact

Collision hazards are a significant concern for the offshore wind energy industry. Collision is often
caused by three distinct factors as reported in Antdo and Guedes Soares (2006) and Dai et al. (2013).
These are: failure in navigation operations, manoeuvring operations and/or hazard detectability.
These basic events and their combination are important to understand in order to make adequate
provision for mitigation and control measures. Data on offshore wind collision is available in data-
bases like: G+ Global Offshore Wind Health and Safety Organisation (2020) and Marine Accident
Investigation Branch (2020). In Figure 3, the collision intermediate event is further developed based
on navigation, manoeuvring and detection failures.

Navigation failure is caused by a combination of procedural issues, equipment failures and
decision-making errors. Manoeuvring failure is due to human-related errors and equipment fail-
ures, and detection failure is most often caused by human errors. Because OWF decommissioning
and installation vessel data is not yet as granular as tanker vessels, the data used are taken from col-
lision accident estimations of tankers in Ugurlu et al. (2015). The frequency estimates are

Table 2. The rankings for the likelihood of occurrence.

Index Probability

1 p < 0.00001

2 0.00001 < p < 0.0001
3 0.0001 < p <0.01

4 0.01<p<0.1

5 p>0.1
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considered suitable because the probability of failure estimation can be representative for heavy lift/
jack up/transportation vessels, which have similar navigation and manoeuvring basic events and
thus, applicable only for frequency estimation in collision incidents. The consequence estimation
is incomparable, which is not used in this study.

3.2.2. Vessel damage

Vessel operation management is critical for decommissioning and can be costly, especially for oper-
ations involving large modules. In this study, vessel damage was considered in place of grounding
because there is limited possibility of damage by grounding during lifting and loading operations
offshore. Marine vessel damage can be caused by mechanical, structural or human-related failures,
and may lead to dynamic changes in vessel response. The fault tree for vessel damage was devel-
oped, excluding events that could lead to collision or grounding. Vessel damage can be caused
by events like improper cuts, poor payload estimation, an imbalance in the forces acting on the
vessel, etc. Failure rate values of the basic events were obtained from Babaleye, Khorasanchi, and
Kurt (2018) and Rahman et al. (2020) as shown in Figure 4.

The operation limits for a lifting vessel are set to ensure that the vessels remain safe (DNVGL
2015; Luo-Theilen and Rung 2019). Structural integrity, cutting efficiency, jack up leg/seabed inter-
action, payload estimation, sea states, etc. are assessed, but failures can still occur if a combination of
events takes place. Clean cuts are required to avoid potential operational risks; thus, appropriate
severance methods must be selected (Li, Gao, and Moan 2016; Kaiser and Pulsipher 2004). Vessel
damage can result in sinking or capsize if safety barriers are ineffective or if there is a slow response
to incidents that eventually escalate.

3.2.3. Crane failure

The crane is the most critical equipment in the lifting operations. Crane overloading must be pre-
vented with due consideration of SWL, load behaviour during all stages of the lift, lifting reach/
angles/heights, and the dynamic response of the vessel and crane system in the real time environ-
ment. Crane operability must be certified by an independent body such as DNVGL (DNVGL 2015),
however, the duty holders are responsible for ensuring that operational plans and activities are pru-
dent (DNVGL 2017). Figure 5 shows the fault tree of the crane failure event and the basic events and
their fajlure rate values obtained from Bai, Sun, and Sun (2012) and Sun et al. (2012). Any of the
basic events represented can lead to the unexpected motions during lifting and loading, excluding
bad weather conditions. There is also a potential for self-induced vibrations like galloping vibrations

Figure 3. Fault tree diagram for collision event (intermediate event).



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 1065

Vessel damage

M

Stuck monopile Loss of stability
1.33 x10* 3.6 x 10
Poor external cut Poor internal cut Loss of structural integrity Crash with vessels Flooding

1.2 x 10° 6.4 x 10 1.0 x 10 2.0 x 103 5.0 x 104 1.2 x104

Improper cut Jammed cutter Drill cutting debris Incorrect cutting time Inaccurate payload estimation Excessive marine growth

O O O O O O

Figure 4. Fault tree diagram for vessel damage event (intermediate event).

caused by winds acting on the crane (Klinger 2014) which may be more likely in the offshore oper-
ating environment.

3.3. Consequence analysis - event tree analysis

Multi-dimensional consequences of the hazards were identified for the events presented for col-
lision, vessel damage and crane failure operational deviations/hazards. The four consequence
classes used are offshore personnel safety, asset losses, economic, and environmental consequences.
Safety/hazard promoting factors can be evaluated in the event tree to determine where operational/
technological improvements may be needed in decommissioning operations. The economic conse-
quence is based on lost days, contingency costs and schedule overruns (Jacinto and Silva 2010).
Consequence data can be obtained from incident reports or computer modelling (finite element
modelling).

Crane failure

M

Hook failure Operational fault
7.0x 103 2.11x 102
Actuator failure Decoupling prevention device failure | | Vibrational impact || Improper hooking Human error
-2 -3
4.17 x 108 1.5 x 10?3 2.0x 10 1.0 x 10?2 3.3x10 3.1x10
Structural failure || Control system fault Device failure Failure of manual control Inaccurate signal Obstructed vision

O o O O O O

Figure 5. Fault tree diagram for crane failure event (intermediate event).
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3.3.1. Event tree for collision/contact

The event tree for the collision event is presented in Figure 6. The safety/hazard critical factors,
including vessel hull damage, vessel stability, detached or dropped load, man overboard and vessel
on collision course with another asset are seen above the tree, represented by each tree branch for
which failures (F) result in further development of the tree and success (S) results in the expression
of the estimated consequence. Collision potential will vary from site to site, largely depending on
the wind farm layout. Influencing factors of collision risk include: number of vessels (removal
and transportation), number of wind turbines, etc. The risk assessment can further be investigated
for the type of collision: vessel-vessel collision (V-V) or vessel-turbine collision (V-T). With more
than one consequence class for each branch, the higher-ranked consequence was used to classify the
chain of events in each tree branch. For example, hull damage and loss of vessel stability will cause
economic and asset-related risks, higher costs in future insurance premiums, remedial action and
repair costs - (ranking: 2).

3.3.2. Event tree for vessel damage

The event tree for the vessel damage presents the possible consequences as shown in Figure 7. The
safety/hazard promoting factors are water ingress, flooding, vessel instability, detached cargo, and
sink/capsize. If the vessel loses stability, it can lead to detached loads and compound into other fail-
ures/incidents. The vessel may be damaged due to swinging/dropped loads or loss of stability. The
liability of the removal vessel damage rests with the agreed party within the contract. Regardless of
liability, personnel safety must be assured throughout the decommissioning process. If there is
vessel/hull damage with uncontrollable water ingress that leads to flooding, it may cause extensive
damages to the vessel and other equipment on board. This will be classified under damage to mul-
tiple assets but with no damage to the environment resulting in higher financial/economic liabilities
(ranking: 2). If the vessel sinks/capsizes, this will lead to loss of asset and potentially multiple per-
sonnel injuries (ranking: 5).

3.3.3. Event tree crane failure

Crane failure includes the failures of the crane operations or the load being lifted. The failure of the
crane can have minimal or catastrophic consequences, which will lead to vessel stability compro-
mise depending on the failure extent. It is important that inspections are carried out at set intervals
during lifting operations and peculiar project/site factors are taken into consideration. The event
tree is presented in Figure 8, where the safety/hazard critical factors are loss of crane/load integrity
(the load may lose integrity at the lift points), swinging/dropped load, safe/dangerous zone, loss of
structural strength because of the swinging load, and ineffective remedial/corrective action. If crane
strength is compromised, this will lead to damage to a single or multiple equipment and moderate

Detached/dropped Man overboard? On collision course

Hull damage?  [Loss of stability? .
¢ ¥ load? with other assets?

Collision 1A, 1E

2E

2A, 3E

3p,4A

4A, 3E

4/5A, 4/5E

Figure 6. Collision event tree.
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‘ F S

4A, 3E, 3ER
4P, 5A, 4/5E
Figure 7. Vessel damage event tree.

economic impact (ranking: 3). If the swinging/dropped load falls within a dangerous zone, this will
result in multiple personnel injuries and extensive damage without the need for extensive remedial
action (ranking: 4).

Opverall, the event trees above consider possible scenarios that could occur if collision, vessel
damage and crane failure take place. These different scenarios and their corresponding safety/
hazard critical factors and barrier effectiveness may be further developed using simulations to pre-
dict the outcomes presented in order to quantify the consequences. The types of simulations that
can be conducted are damage extent, survivability, cargo pollution modelling, and structural
response modelling for the different potential outcomes.

3.4. Risk matrix

In this study, the risk-matrix approach is used in addition to an FTA and ETA for decommissioning
risk ranking. The risk matrix can be used to estimate the magnitude of the risk by considering a
single consequence or using multiple consequence classes as shown in Appendix B. In order to esti-
mate the offshore wind farm decommissioning risks, a risk matrix is used to rank the hazards
associated with lifting and loading operations and the potential hazardous incidents.

4, Results and discussion

The results obtained from the HAZID, FTA (including the results for minimal cut sets), ETA, and
risk matrix methods are presented in the following subsections.

Loss of crane/load | Swinging/dropped | Within safe zone? | Loss of crane strength? | Ineffective corrective
integrity? load? action?
Crane S 1A 1E
failure '
S
£ 2A, 2E
F S
2A, 3E
F S
4P, 3A, 3E
F S
3P, 3A.4E
13
4/5P, 5A

Figure 8. Crane failure event tree.
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4.1. HAZID table

Some guidewords such as delay, dropped object, drift, impact, operational fault, overloading,
spills, etc. are used to3 identify the associated deviations or hazards. The results of the HAZID
analysis for operations involved in an offshore wind turbine decommissioning project are reported
in Appendix C.

4.2. Frequency analysis - top event FTA

The top event (suspended/halted decommissioning operations) has a probability of failure of 6.9 x
107 if the same level of inspections and modifications are used in maintaining reliability/safety
of equipment and overall operations. The top three most frequently occurring basic events include:
inaccurate signal, improper hooking (during crane activities) and failure of manual control.
The least occurring events are crane structural failure, decoupling prevention device failure and
improper tugboat use. Of all these basic events, crane-related fault/failure events are the most likely
events to occur. Thus, this study suggests that crane-related events are the area of focus for contrac-
tors, asset managers and regulators. Existing best practices and guidelines are in place to prevent/
control any mishaps/risks. The rankings for the likelihood of lifting and loading incidents are given
in Table 3.

4.2.1. Collision event frequency of occurrence

The probability of occurrence of collision during decommissioning was estimated to be 8.46 x 10,
According to the fault tree, the three highest contributing events to collision risk include: COLREG
violation, risk assessment error and poor communication between vessels, which have the probabil-
ities of occurrence of 2.34 x 107>, 1.33 x 10> and 1.03 x 1077, respectively. All these probabilities
are based on detection failure (E10 — E16) events, which is hinged on human errors. Reliable
and consistent communication between removal vessels is critical, especially if more than one vessel
is to operate on site.

The estimated collision rate in this study assumes activity durations are impacted by decommis-
sioning vessels needing to be repeatedly repositioned by each wind turbine for removal. The vessels
will return to site and be positioned, and this cycle of operations will continue until all modules have
been removed and transported. It is uncertain, however, if head-on collision or manoeuvring col-
lision would have a higher probability of occurrence. This study does not classify the collision type.
We anticipated that this would depend on the wind farm size, wind farm layout and number of
vessels used for operations. More data can be collected from operators for analysis as decommis-
sioning operations grow over time.

4.2.2. Vessel damage frequency of occurrence

The frequency assessment yielded a vessel damage probability of 3.94 x 10>, The basic events with
the highest probability of failure is differential sticking of the monopile during foundation removal
operations. This is mostly influenced by the cutting operations as shown in Figure 4. There are
different cutting techniques, and the selection depends on different criteria including type of foun-
dation, thickness of the material, etc. In an attempt to lower the duration of cutting operations,
different methods may be preferred over others subject to operator request. The vessel stability

Table 3. Frequency ranking of lifting and loading incidents.

Frequency Index Intermediate events/top event Probability
3 Collision 8.46x 107
3 Vessel damage 3.94x1073
4 Crane failure 6.42x1072

Top event 6.9 %1072
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also depends on monitoring of different lifting parameters. If the vessel is damaged by flooded
members, it can lead to catastrophic vessel sinking or capsize.

4.2.3. Crane failure frequency of occurrence

The probability of occurrence of crane failure intermediate event was estimated to be 6.42 x 107,
From the FTA, it is observed that crane failure or crane related events are mostly due to operational
or mechanical failures. In the FT'A, inaccuracy in signal, improper hooking of the object and failure
of manual control are the three most contributing factors to crane failure. The potential for mech-
anical faults supports the case for secondary back-up controls fitted on the crane. This study shows
that a hazard such as improper hooking may result in falling/swinging loads. Operational safety
thus depends on adherence to proper operating procedures as stated in the guidelines, standards
and recommended practices.

4.3. FTA outcome - minimal cut set (MCS)

The minimal cut sets were determined using Boolean logic expressions. The probability of a col-
lision event (intermediate event IE1) was estimated to be 8.46 x 10™*. The probability of a vessel
damage event (intermediate event IE2) was estimated to be 3.94 x 107>, The probability of crane
failure event (intermediate event IE3) was estimated to be 6.42 x 107, The probability of the top
event is estimated to be 6.89 x 1077, which presents a baseline case. When calculating the prob-
ability of occurrence of top event, the minimal cut set (MCS) is identified. The MCS is presented
below.

TE = IE, + IE, + IE;

TE = (E1.E2.E3 4 E2.E3.E4 4 E5 4 E6 + E7 + E8 + E9 + E10.E13.E14
+ E10.E13.E15 + E10.E13.16 + E11.E13.E14 + E11.E13.E15
+E11.E13.E16 + E12.E13.E14 + E12.E13.E15 + E12.E13.E16)
+ (E17 + E18 + E19 + E20 + E21.E22.E24 4 E21.E23.E24)
+ (E25.E27.E28 + E26.E27.E28 + E29 + E30 + E31 + E32)

where TE is the top event and IE; are the intermediate events (1 = collision, 2 = vessel damage, 3 =
crane failure).

There are 13 first order MCSs and 15 third order MCSs as given in Appendix D. The first order
events represent the most critical events for which the top event can occur if only one of them
occurs. The third order events are the smallest combination of events that can occur if three of
the events occur at the same time.

4.4. Importance ranking (risk critical factors) and sensitivity analysis

To improve the decommissioning safety, the importance ranking is calculated to determine the
basic events contributing the most to a failed/suspended decommissioning operation. This ident-
ified where operations need to be improved with respect to the operating system, equipment/
vessel and personnel-related decision making. Each activity was analysed to observe how much
impact a basic event would have on the overall top event (TE) if that basic event was eliminated.
For example, the basic event, improper hooking, is set to zero to show the impact it has on the
fault tree while the value of probability of occurrence for all other basic events remain the same.
The top event is calculated subsequently for each basic event set to zero. The output is presented
in Figure 9, which shows the importance ranking of the basic events, excluding the events that
reflected no significant impact. Inaccurate signal, improper hooking and vibrational effects
have the highest impact on the top event with 48%, 31% and 10% changes, respectively. Based
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on this analysis, the crane failure basic events are the most likely to have the highest impact on a
failed/halted decommissioning operation. Thus, mitigation and control efforts should make
cranes a priority.

4.5. Sensitivity analysis

In Figure 10, a sensitivity analysis is conducted to assess the impact of changes in basic events on the
top event frequency. To compare the sensitivity of different basic events, each event is set to zero,
one after the other, while maintaining the probability of failure values for other basic events. It was
observed that inaccurate signal, obstructed vision, improper hooking and vibrational effects had the
highest sensitivity on the top event when eliminated. This implies that the top event will be most
sensitive to these events. This means that if those events can be eliminated, then the likelihood
of failure of the decommissioning operations will also be reduced. This will be compared against
the overall risk ranking determined by the risk matrix.

4.6. Consequence analysis - outcome of ETA

The metrics of each consequence are expressed based on the values reported in Appendix B.
4.6.1. Collision/contact consequence scenario

In Figure 11 if the collision event leads to a minor hull damage, the consequence will be asset
damage and economic impact from financial loss/increase insurance premium or interest (severity
ranking of 1). In scenario B where there is loss of stability and dropped/swinging load, this may lead
to personnel injury and major damage/loss to the asset(s), and recovery of the dropped load; thus,

increasing financial cost. There are costs associated with contingencies of these nature; however,
more than the amount allocated may be required.

4.6.2. Vessel damage consequence scenario

In Figure 12 for the vessel damage hazard, there is only water ingress without flooding or damage to
other equipment. This has a consequence of minor damage to one asset and minimum financial
loss/premium/interest. In scenario B, after the vessel losses its stability, the cargo is detached,

Faulty manoeuvre master
Jammed cutter

Improper cut

Incorrect cutting time
Obstructed vision
Vibrational impact

Improper hooking

Inaccurate signal

0% 10% 20% 30% 40% 50% 60%

Figure 9. Importance ranking of basic events.



INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 1071

0.07
0.06
0.05
0.04
0.03
0.02 B Base Case (TE)
0.01 o
0 m Sensitivity on TE
liminating event)
> . & & & S & & (e g
S & § & F S
) O > > .qu K > &
F ¥ @ ¢ & §& L
N ¢ & & S S & &
fbc’o &OQ &‘Q)\.\ é\& ,}O \& x‘b& &
A s & F & @‘z’o
« ©
-

Figure 10. Sensitivity of basic events on top event.

and the vessel may capsize/sink. Depending on the evacuation effectiveness, there might be multiple
personnel injuries or fatalities, extensive damage/loss of asset, and maximum financial loss. The
environmental impact will depend on the hydraulic spill into the sea from the nacelle module. Scen-
ario B shows the event path for the worst-case scenario.

4.6.3. Crane failure consequence scenario
During lifting and loading operations, the impact of crane failure on personnel safety is determined
based on the zone of occurrence (if it involves swinging/dropped loads), availability of first aid/
medical care at the time of the incident. Economic impacts will be based on the exposure of the
contractors or duty holders based on the contract liability clause extent of schedule delays. The
social impacts depend on the contractors or duty holder’s track record in safety; the impact on
the asset is defined by the extent of the damage. The environmental damage will be dependent
on how thoroughly the wind turbines were prepared for removal in the event of a dropped object.
As can be seen in Figure 13, in the scenario A of the crane failure, if there is loss of crane/load
integrity without further damage, this will lead to minor/major impact on the asset and minimum
financial loss/premium/interest, increased contingency cost, and increased schedule delay cost. In
scenario B, there may be multiple injuries/fatalities, extensive asset damage and extensive financial
loss/premium/interest.

4.7. Risk matrix for decommissioning operations

The risk matrix shows the risk values for the three intermediate incidents (collision, vessel damage
and crane failure). For the incidents studied, the minimum, most likely and maximum consequence

Hull damage? | Loss of stability? Detached/dropped|  njan overboard? OT‘ collision course
load? with other assets?
S
Collision 1A, 1E
| E S
| 2E
F S
2A, 3E
F S
3P, 4A
F S
4A, 3E
F
4/5A, 4/5E

Figure 11. Collision consequence scenario 2.
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’ Water ingress? Flooding? Vessel instability?| Detached cargo? Sink/capsize?
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3A, 4E, 3ER
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Figure 12. Vessel damage consequence scenario 3.

scenarios are determined. The risk values are a function of the probability of occurrence and
expected consequence given the safety/hazard promoting factors. The risks associated with each
hazard are obtained for different consequence ranking scenarios with different outcomes. For
each potential incident, frequency ranks are presented, and the different safety/hazard promoting
factors were used to present the four consequence classes (indices) for each event.

The results of the risk matrix for decommissioning operations are given in Appendix E. From the
results, the crane failure has the highest level of risk followed by vessel damage and collision/con-
tact, respectively. Also, the asset and economic impacts are the highest risk classes overall, followed
by personnel safety and environmental risks, respectively. The asset and economic risks are closely
related. Personnel risk is seen to be unacceptable if crane failure occurred with a dropped object
within a dangerous zone, as the punitive damages incurred may be high (medical bills, fatalities,
and compensation). Long term, insurance premiums may also increase.

4.8. The most safety-critical activities in lifting and loading operations

The most safety critical activities during lifting and loading operations are found to be those associ-
ated with crane operations. This is consistent with construction project conventions where crane
safety is the most important during operations requiring lifting of heavy modules and even more
so for offshore marine decommissioning projects. The highest risk drivers identified are related
to crane operations such as weight of component in relation to the crane capacity and number
of crane inspections per set of lifts. Crane vessels will have been tested for different loads, environ-
mental and vessel response constraints. There is limited research, however, on the operability con-
straints related to the different types of lifts within wind farm decommissioning projects. In terms of
the number of crane inspections per set of lifts, there is a more stringent process required by cer-
tification organisations who will usually have representatives present to approve of lifting

Loss of crane/load | Swinging/dropped Within safe zone? | Loss of crane strength? | Ineffective corrective
integrity? load? action?
Crane S 1A, 1E
failure |
S
E 2A, 2E
| F S
2A, 3E
|« :
4P, 3A, 3E
F S
3P, 3A. 4E
|+
4/5P, 5A

Figure 13. Crane failure consequence scenario 3.
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operations after inspections are conducted. We propose that safety can be improved by lowering the
number of lifts per wind turbine, considering crane lifting capacity and vessel type.

4.9. Mitigation and control

Reducing the risks involves reducing the likelihood of occurrence of incidents and/or reducing the
impact of the incident to as low as reasonably practicable (ALARP). To prevent hazards from esca-
lating, barriers are put in place. Records of the barrier/control effectiveness should be kept. Barrier
effectiveness can be monitored using maintenance records and inspections, which are closely mon-
itored by regulators. Investment in improvement of barrier effectiveness may not lower the fre-
quency of failures of the critical events. Therefore, the need for improvement must be
considered using cost-benefit or cost-effectiveness analysis as the conventional cost-benefit
approach may not always provide the most suitable approach (Aven, Vinnem, and Wiencke
2007). Risk control options may be geared towards reducing the likelihood of occurrence and/or
consequence of an event or the manner in which the risk burden is shared amongst all parties
involved in the decommissioning project (BSI 2019a). Mitigation and control measures will be
focused to reduce the likelihood of occurrence or magnitude of consequence.

There are several mitigation and control approaches to prevent or safeguard against collision risk
as reported in Kongsvik, Haavik, and Gjesund (2014). Mitigation measures/barriers to reduce the
impact of hazardous incidents include: (i) reduction of the level of impact on personnel (ii) ensur-
ing high-quality inspection of the lifting equipment to ensure all standards are met (iii) reduction of
marine activity duration (e.g. by using more efficient or robot-assisted technologies) (iv) reduction
of human-related errors by improved personnel training, modification of tasks or provision of the
right personal protective equipment (PPE). Operational research is usually improved by performing
human reliability analysis (HRA) (Rahman et al. 2020) and because decommissioning operations
are made up of man-machine tasks, human errors are bound to occur or may be caused by poor
responses to mechanical errors. When an accident occurs, an investigation will be conducted by
an independent body. It is recommended that investigation reports also be made publicly available.
Some mitigation and control measures are proposed in Table 4 for personnel safety, asset safety,
procedures/regulations to be put in place, lifting configuration, contingency planning, reporting
and investigation. If crane failure occurs, barriers should be put in place to control swinging/
dropped loads and prevent further escalations. To improve the safety of crane activities, crane-
less and driver-less technology can be explored for decommissioning (Choudhary and Howes-
Roberts 2018).

Based on the contributions of this study, identifying the most safety critical factors can improve
asset management decision making if the risks are prioritised in this manner. In addition, ranking
the consequences and thus risk, allows for more targeted approach in risk management, where the
risk treatment (mitigation/control) can be focused on reducing the most critical consequences (per-
sonnel, asset, economic or environment) for each hazard type.

5. Conclusion and future work

Decommissioning of offshore wind infrastructure requires a risk-based decision-making approach
through which all potential hazards can be identified and assessed to mitigate risk exposure. An
improved understanding of the risk-critical activities allows regulators and asset managers and
owners improve safety operations in offshore wind decommissioning. Based on the G+ Global
Offshore Wind Health and Safety Organisation (2020) report, the potential hazards throughout
offshore wind decommissioning activities were found to be higher during the lifting and loading
operations. Thus, this study focused on lifting and loading operations because operational safety
depends on vessels, cranes and other lifting equipment to be in good working condition. In



Table 4. Mitigation and control measures for the intermediate events.

Intermediate

event Personnel Asset (Vessel/WF asset) Procedures/Regulations Lifting configuration Contingency planning Reporting and investigation
Collision Use of appropriate PPE  Choosing appropriate Safety zone standards should Lifting configuration Financial contingency Collision risks during
vessel size for WF access be assessed for should be selected based provisions should be decommissioning (and
(perhaps standardised decommissioning operations. on age of structure and made to address issues installation) operations
criteria) Where applicable it should be number of removal and that may be caused by should be adequately
different from WF installation transportation vessels hazards. documented, recorded and
safety zones. available on site. investigated.
Vessel Depending on causes  Determination of an Limiting operations during a More research into vessel ~ Number of emergency/  Investigation reports are
damage of event, personnel appropriate accidental threshold of environmental response during different evacuation vessels made easily accessible for
trainings must limit state. Vessel conditions. lifting configurations. should be assessed improved learning and
incorporate hardening by design. based on the number development for different
improved methods of removal vessels and stakeholders.
to improve wind farm size/layout.
competence.

Crane failure  Use of appropriate
PPE. Promptness in
response to move
personnel into safe

zone.

Replace any failed parts
considering the cost and
safety optimal level.
Inspection records
digitised to prevent
errors in manual entries.

Ensure the appropriate

certifications are obtained
before each set of lifts.

Removing components in
smaller modules
depending and factoring
the wind farm size into
the chartered lift vessel.

Ensuring the right
contract is drawn up
for any financial
liabilities.

Investigation reports are
made easily accessible for
improved learning and
development for different
stakeholders.
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addition, personnel safety must be ensured whilst complying with regulations, standards and rec-
ommended practices.

The risk assessments of offshore wind farm decommissioning in this paper were conducted
using well-established methodologies, including HAZID, FTA, ETA and risk matrix. The
HAZID was conducted for all the key decommissioning tasks. The HAZID paints a picture of
potential hazards involved in different activities but is not exhaustive. The risks associated with lift-
ing and loading operations were further assessed with FTA and ETA techniques for collision/con-
tact, vessel damage (caused by loss of stability and vessel response) and crane failure incidents/
hazards. The corresponding ETA was conducted to estimate the impact of all possible outcomes
on decommissioning operations. A risk matrix was further used to estimate the level of risk of
all potential hazards/incidents.

The craneevents were considered to have the highestrisk ranking followed by vessel damage and col-
lision,withratingsashighas20,15and 15,respectively. Thecraneeventswerecausedbynavigationfaults,
manoeuvringfailures,hazarddetectionfailuresandhumanerrors. Thevesseldamage,ontheotherhand,
wasprimarily duetovesselstability concernsand vessel response. The crane failure was caused by mech-
anicalfailuresandhuman errors. The ET A was used to estimate the consequences of each potential inci-
dentinfourclasses,including: personnel,asset(vesselandwindturbines),economicandenvironmental,
and possible scenarios were presented from theleast to the highest possible consequence. The risk rank-
ing was presented for the different scenarios. In addition, mitigation and control measures were pro-
posed for personnel safety, asset safety, procedures/regulations to be put in place, lifting
configuration, contingency planning, reporting and investigation to reduce the identified loads to as
lowasreasonablypracticable (ALARP). Thekeyriskdriverswereidentified usingimportancemeasures.
Based on the analysis, the most significant contributing events to the top event included: inaccurate sig-
nal, improper hooking and vibrational impact. If industrial HAZID records were to become public, it
wouldbebeneficialnotjustfortheoffshorewindindustrybutalsofortheothersectorsinthesupplychain.

Risk assessment is paramount to safe decommissioning and four classical risk assessment
methods were applied to a baseline offshore wind farm case to identify critical safety factors in
decommissioning. However, because these classical methods are limited (due to their static nature
and the limited knowledge about OWF decommissioning to date), uncertainties have to be mod-
elled; both as a means to validate and update the risk assessment parameters when new information
is obtained. Further investigation into risk can be carried out with the use of methods like advanced
fault tree models, probabilistic methods like fuzzy theory and BN models. In addition, accounting
for the duration of operations in modelling the risks will offer better insight into the impact that the
duration of each activity has on decommissioning safety. Beyond decommissioning risks presented
in this study, suggestions for future work include: firstly, identification of safety barrier improve-
ments required for decommissioning; secondly, research into risk-based methods for optimal lifting
configuration, considering the risks and potential financial risks related to decommissioning oper-
ations; thirdly, transmission assets risk (like cables, piles or foundations removed or left-in-place)
can be reviewed and areas for safety improvements proposed like design improvements related to
lifting points or lifting equipment like cranes. Lastly, organisational risks related to decommission-
ing capacity/capability can be assessed.
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Appendices
Appendix A: Methodology flowchart
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Appendix B: Risk Matrix with multiple consequence classes (BSI 2002; 2019)

C (€) Probability (P]
Severity 1 2 3 4 S5
| . .
Ranking Personnel Assets Economic Environmental Unlikely Low. ! Possible | Probable Likely
Probability
0 Zero injury | Zero damage Zero cost Zero effect
Single.ir!jury Minor Minimur!'l fin?ncial Minor spill within
Low (1) requiring damage to | los/premium/intere .
" a small radius
first aid one asset st (£)
Multiple Minor Low financial
2 injuries damageto | loss/premium/inter | Minor spill within
Medium (2) i 5 s )
requiring multiple est (£) + cost from a wide radius
first aid assets schedule delay
. . Moderate financial
Single injury . ) Large/concentrat
L loss/premium/inter o
3 requiring | Local damage ed spill within a
High (3) 4 est (£) + ¢ 7 .
medical to one asset : wide radius with
3 contingency cost + 3
attention minor effect
schedule delay cost
Multi
AuAmp'e Major ek .
injury d . High financial
Major (4) requiring amage 9 loss/premium/inter Major effect
3 multiple
medical est (£)
% assets
attention
Extensive
Catastrophi Maxi fil ial
atastrophic Fatality damage/loss aximum financla Massive effect
(5) loss (£)
of asset

The asset consequence depends on whether the removed modules are intended for disposal or reuse. It is assumed
that there is good visibility during all decommissioning operations.

Appendix C: HAZID analysis for an offshore wind turbine decommissioning (G+ Global
Offshore Wind Health and Safety Organisation, 2018; DNVGL Energy 2016; Abdussamie
et al. 2018; Babaleye, Khorasanchi, and Kurt 2018; Babaleye and Kurt 2020).

Operation Guideword(s) Deviation/Hazards Possible causes Possible consequences
Planning and Delay Schedule delays Poor weather conditions. Cost overrun risks.
regulatory approval Failures or breakdown of
decommissioning
equipment without
backup.
Delay Delay in documentation  Delay in obtaining the Schedule delays and cost
submission/approval appropriate permits. overruns.
Incomplete environmental
impact assessment.
Preparation activities Confined Asphyxiation Inadequate ventilation in Personnel harm/fatalities.
for removal (removal space risks confined spaced.
of hydraulic fluids, Injuries caused by Extreme weather (cold) Personnel injuries.
marine growth) accreted ice fragments
Electrical Electrocution Poor disconnection Electrical burns. Other
hazards procedures. Personnel personnel injuries/
error. fatalities.

Spills Spill of hydraulic fluid Poorly secured hydraulic Additional cost/duration
fluid receptacle. Poor for clean up if above
procedures. Personnel allowable limit.
error.

Dropped Dropped loads Poorly fastened equipment  Additional cost to retrieve

object dropped load.
Vessel positioning Impact Vessel collision with Tug impact. Manoeuvre Vessel damage. Vessel

other assets

collision.

flooding. Vessel
capsize/sink. Collision
with other assets.
Structural damage of
other assets.

(Continued)
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Continued.
Operation Guideword(s) Deviation/Hazards Possible causes Possible consequences

Drift Loss of station-keeping  Faulty dynamic positioning  Structural failure. Vessel
(DP) system. Loss of power flooding. Loss of
in vessel. Extreme towline. Personnel
environmental conditions injury.

(typhoon).

Stability Loss of stability Differential sticking of cut Vessel capsizes or sink.
monopile. Loss of Personnel injury/
structural integrity. fatality.

Ascent/ Sinking of removal or Damaged vessel hull. Impact  Loss of unit. Personnel

Descent transport vessel from other vessels. injury/fatality.
Dropped objects.

Ballasting Ballast system failure Electrical or mechanical Delay in ballasting
fault. Centrifugal pump operations. Delay in
failure. Failure of ballast removal operations.
valves.

Operational Failure of support Mechanical failure. Electrical ~ Schedule delays. Cost

fault equipment (tugs) failure. Barge/tug overruns.
operational failure.
Personnel transfer/ Fall Fall from height. Man High winds. Broken hoist Personnel injury/fatality.
hoisting overboard. cable. Vessel impact.
Exposure to dropped
object. Spinning of blade
when removed.
Dropped load  Dropped tools/ Poor attachment/fastening ~ Additional costs for
equipment of tools. retrieval.
Lifting and loading Overloading Lifting crane overload Inaccurate estimation of Structural damage. Loss

operations (blades,
nacelle, hub, tower)

Structural
damage

Collision

Impact

Damaged lifting point.
Hook stabilisation tool
failure. Lifting clamp
damage. Tugger wire
failure.

Navigation failure

Manoeuvring failure

Detection failure

Dropped/swung objects
and loads

payload weight. Presence
of significant amount of
marine growth on
payload.

Inadequate structural
integrity inspection.
Inaccurate estimates of
residual anode thickness.
Corrosion thinning at
crevice of lifting point.
Cyclic loading over the
course of the asset life.
Inadequate/poor
inspection of lifting points.

Loss of control. Faulty
procedure. Violation of
navigation procedures.
Poor use of navigation
equipment.

Loss of control. Poor
management of vessel
manoeuvre. Failure of tug,
barge or other transport
vessel.

Poor personnel observation/
attention.

Extreme weather (high
winds). Structural failure.
Loss of vessel station
keeping. Fastening system
not properly installed.
Vessel movement during
lift. Limited work area on
vessel. Other vessel(s) on
site. Compromised wire
ropes.

of vessel stability.

Dropped objects.
Personnel injury/
fatality. Collision with
nearby vessels or
installation.

Loss of removal vessel
positioning. Financial
losses.

Collision can lead to
damage of nearby
assets.

Personnel injuries/
fatalities.

Removed component(s)
fall over. Personnel
injuries/fatalities.

(Continued)
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Continued.
Operation Guideword(s) Deviation/Hazards Possible causes Possible consequences

Stability Loss of stability Uneven/poor deadweight Impact. Personnel injury.

distribution during lifting
operations. Differential
sticking of cut pile.

Operational Vessel or handling Mechanical/electrical failure  Delay in operations.
fault equipment. of generator and prime

breakdown. Improper mover assembly. Human
fastening of error.
components.

Operational Mechanical hazards. Contact with moving parts. ~ Personnel injury or
fault fatality.

Extreme High winds/waves. Working in winter season. Fall from height. Collision
weather with tower or other
conditions machinery. Personnel

injury/ fatality. Dropped
objects. Delay in project
schedule.
Lifting and loading Structural Stuck pile Wrong vessel positioning. Vessel damage. Man
(foundation, offshore hazards Soil compaction above overboard. Personnel

substation (OSS) and
masts)

Lifting and loading
(miscellaneous
structures like scour
protection)

Transportation to port

Waste management

Site clean-up and
surveys
Post-decommissioning

Dropped load

Dropped load

Collision

Drift

Operational
fault
Spills

Lost
equipment

Monitoring
error

Dropped tools/
equipment.

Dropped structure on
nearby assets.

Collision with other
assets/passing vessels

Vessel drift

Barge operation fault

Fluid spills

Lost ROV

Data misinterpretation

estimations.

Poorly secured load. Sea
fastener failure.
Equipment failure. Poor
adherence to loading/
unloading plan.

Equipment failure during
loading operations.
Dropped within
dangerous zone.

Poor navigation system.
Poor weather. Failure of
engine.

Poor weather. Vessel
operational fault.

Electrical/mechanical fault.

Poorly sealed hydraulic fluid
receptacles.

Murky waters. Poor weather.
Insufficient Environmental

hazard identification
(ENVID) analysis.

injury/fatality.
Additional cost of
retrieval.

Additional cos of
retrieval. Personnel
injury/fatality if in
dangerous zone.

Vessel damage.

Collision with other
assets.
Schedule delay.

Environmental pollution.
Additional cost to clean
up.

Additional cost to charter
new ROV.

Poor decision-making
based on faulty data.
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Appendix D: Minimal cut set (MCS) for suspended/halted decommissioning operations

(top event).

MCS Probability McCS Probability
E5 5.02E-04 E1.E2.E3 6.4491E-12
E6 2.34E-04 E2.E3.E4 4.8145E-12
E7 6.71E-05 E10.E13.E14 4.9891E-11
E8 2.09E-05 E10.E13.E15 1.0511E-10
E9 2.23E-05 E10.E13.16 4.9891E-10
E17 1.20E-03 E11.E13.E14 1.6148E-11
E18 6.40E-04 E11.E13.E15 3.4021E-11
E19 1.00E-04 E11.E13.E16 1.6148E-10
E20 2.00E-03 E12.E13.E14 3.2056E-10
E29 7.00E-03 E12.E13.E15 6.7535E-10
E30 2.11E-02 E12.E13.E16 3.2056E-09
E31 3.30E-02 E21.E22.E24 2.394E-11
E32 3.10E-03 E21.E23.E24 5.7456E-12
E25.E27.E28 8.34E-16
£26.£27.E28 3E-11

Appendix E: Risk matrix for intermediate events (collision, vessel damage and crane

failure)
Consequence
Frequency rank Risk index
Intermediate event rank Consequence safety/hazard promoting factors P A E EN P A E EN
Collision/contact 3 Hull damage 0o 1 2 0 - 3 6 -
Loss of stability 2 1 2 0 6 3 6 -
Detached/dropped load 1 4 3 3 3 12 9 9
Man overboard 4 0 4 0 12 - 12 -
On collision course with another vessel 0 5 5 0 - 15 15 -
Vessel damage 3 Water ingress 0 2 3 0 - 6 9 -
Flooding 0 3 3 0 - 9 9 -
Loss of stability 2 1 2 0 6 3 6 -
Detached/dropped load 0o 2 3 3 - 6 9 9
Sink/capsize 4 5 5 3 12 15 15 9
Crane failure 4 Loss of crane/load integrity 0 3 2 0 - 12 8 -
Swinging/dropped load 0 4 3 2 - 16 12 8
Within dangerous zone 4 4 0 0 16 16 - -
Loss of crane strength 4 3 4 0 16 12 16 -
Ineffective remedial/corrective action 3 5 5 0 122 20 20 -

P - Personnel consequence

A - Asset consequence

E - Economic consequence

EN - Environmental consequence

Personnel consequence, P, refers to the crew health- related impacts such as injuries requiring first aid, medical attention or
fatalities. Asset consequence, A, refers to damages to the lifting vessel and the WT if retrieved parts are intended for
reuse. Economic consequence, E, refers to financial losses. Environmental consequence, EN, relate to environmental damages
caused by incidents like spills, unrecovered dropped objects, etc.
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