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Abstract:

This paper presents a feasibility study of a new embrittlement-cutting technique for offshore
wind monopile foundations called Cryogenic Cooling and Cutting System (CCCS). The main
idea of CCCS is based on the cryogenic treatment of monopile wall surface to reduce its impact
energy absorption capability and achieve faster-cutting speeds in comparison to conventional
cutting techniques. The overall idea and proof of concept of the CCCS are presented and the
cutting process using the CCCS is simulated using a finite difference-based heat transfer model.
The overall performance of CCCS is assessed in comparison to the conventional AWJ technique
in terms of cutting speeds and times. The sensitivity of the CSSS technique to different
parameters, such as ambient temperature, cooling bandwidth, and monopile length, are also
investigated. The numerical results from the heat transfer analysis and real-world offshore wind
decommissioning project suggest that the new CCCS cutting technique can offer faster-cutting
speeds with the potential capability of reducing offshore wind farm decommissioning costs.
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1. Introduction

The global climate emergency has intensified the efforts to create clean, renewable energy
resources worldwide to reduce greenhouse gas emissions and keep the average global
temperature under control. Offshore wind is one of the key renewable energy resources that has
witnessed a considerable expansion during the past two decades [1]. The European Union and
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the UK are global leaders in offshore wind energy, with total capacities of 14.60 GW and 10.40
GW, respectively, reported in 2020 [2]. The success of previous Offshore Wind Farm (OWF)
projects and the urgent need for clean energy have convinced policymakers to further support
and boost the global offshore wind energy capacity in the coming decades. For example, the UK
government has recently set a plan to expand the offshore wind capacity to 40 GW by 2030,
which is in line with the country's policy to meet the net zero emission target by 2050 [3]. The
European Union has also implemented an ambitious plan to install a large number of WFs in the
coming decades and boost their overall wind energy capacity to 450 GW by 2050 [4], [5].

In addition to the rapid expansion, the offshore wind sector has also achieved remarkable
development from the technological aspects of OWF assets, resulting in shorter installation times
and cheaper energy production costs [6]. However, the limited operational lifetime of OWFs is
still a big challenge. The performance of previously erected OWFs suggests that their operational
lifetime is typically between 20 and 25 years [7]—-[9]. This highlights the fact that a huge number
of OWFs will be required to be decommissioned in the near future, which can create another
environmental challenge [10]. The decommissioning process includes a set of actions that need
to be performed to return the OWF site to its original state before the installation. The Wind
Turbines (WTs), Offshore Substation (OS), Meteorological Mast (MM) and their foundation
needs to be dismantled and removed from the seabed, while the cables and scour protection can
be left in their situ based on current regulations if they do not put any risk for marine navigation.
However, the current regulations in different countries on cables may change in the near future,
and they may need to be fully removed from the seabed. The OWF decommissioning operations
are typically performed by expensive vessels/equipment that needs to be properly managed under
harsh and uncertain weather conditions.

One of the expensive OWF decommissioning activities is the WT foundation removal which
requires subsea cutting and lifting operations. Most of the current OWFs approaching the
decommissioning stage are in shallow waters with tubular monopile foundations [11]. In
comparison to other foundation types, the monopile is a popular structural option for WT
foundations due to its simple design, lower cost, ease of fabrication, and straightforward
installation [12], [13]. According to Gupta and Basu [13], the foundations of almost 80% of
current OWFs is steel tubular monopiles. The monopile foundation removal operation is usually
performed by a Jack-Up Vessel (JUV) and Offshore Support Vessel (OSV) supported by the
appropriate number of Barge Vessels (BVs) and Tug Boats (TBs) for transportation. A Remotely
Operated Vessel (ROV) is also required to support the subsea cutting and excavation operations.
The monopiles are usually cut from 1 m under the seabed by an appropriate cutting tool [14] and
lifted by a JUV on a BV.

The historical development of OWFs shows that the sizes of monopile foundations have
gradually increased during the past two decades as a result of an increase in WT unit capacities.
The diameter of current monopile foundations varies between 4 m and 8 m [12]. With the current
appetite for further expansion of wind energy capacity, the new generation of OWFs is expected
to be installed in deeper waters with larger WT units which will require larger monopile
foundations with up to 10 m in diameter [13], [15]. This makes the foundation removal operation



even more expensive as the larger monopile foundations will result in longer cutting and removal
durations as well as higher decommissioning costs at the end of the operational lifetime of
OWFs. The fast, efficient cutting techniques can potentially reduce the rental duration of
expensive vessels/equipment employed at the decommissioning stage. Moreover, the currently
available cutting techniques, such as the Abrasive Water Jet (AWIJ) tool, are energy-intensive
tools with certain environmental impacts [16], [17]. Hence, the development of faster, cheaper,
and environment-friendly foundation-cutting techniques is crucial to reduce the economic and
environmental impacts of OWF decommissioning projects.

Cryogenic is a heat treatment approach performed at unconventionally lower temperatures with
the primary purpose of improving the mechanical properties of materials [18], [19]. The
cryogenic treatment process is usually delivered through liquid gasses, such as Liquid Nitrogen
(LN2) [20]. The cryogenic treatment has been widely employed for the optimisation and
improvement of mechanical properties of steel, such as fatigue and hardness [21]-[24]. For
example, Li et al. [21] investigated the effects of deep cryogenic treatment on steel hardness, in
which the steel is submerged in a bath of coolant (e.g., LN2) for a given time to increase the
hardness and reduced its grain size. The study confirmed that the tensile and fatigue strengths of
steel could be improved by the deep cryogenic treatment. In another study, Sivaiah and
Chakradhar [25] investigated the effects of cryogenic cooling on a set of performance
characteristics in the machining process of 17-4 PH stainless steel. The study reported the
effectiveness of cryogenic cooling in improving the performance characteristics of the machining
process. In recent years, the cryogenic cooling process has also been employed to reduce the
surface temperature of steel during the milling processes [26], [27].

Cryogenic cooling has also been applied to enhance the performance of cutting tools in different
aspects, such as their wear resistance, tool life, dimensional integrity, and product quality [19].
The review provided by Akincioglu et al. [19] reveals that the cryogenic treatment process can
reduce cutting tool costs due to a prolonged lifespan and corrosion resistance. The cryogenic
cooling treatment provides a fast-machining process, as it allows the cutting tool to operate at
lower forces with higher cutting speeds [28].

The embrittlement cutting is a novel idea that aims to take advantage of Ductile to Brittle
Transition (DBTT) behaviour in mild carbon steel types caused by their high iron (Fe) content
with a body-centred cubic atomic structure. The mild carbon steels exhibit a highly impacted
DBTT depending on temperature, which makes them brittle at lower temperatures and
significantly decreases their impact energy absorption capability [29]. This study presents a
feasibility investigation of a new embrittlement technique for cutting offshore wind monopile
foundations, called Cryogenic Cooling and Cutting System (CCCS). The main idea of CCCS is
based on the cryogenic treatment of the mild steel object to achieve lower impact energy
required for the cutting process. The intention is to achieve a faster cutting process in comparison
to conventional cutting techniques in the offshore wind industry. The study investigates the
practical application of the proposed technique in cutting the monopile foundations in the OWFs.
The performance of the proposed CCCS technique is compared to the traditional non-thermal
cutting technique of AWIJ based on a heat transfer analysis. The study also discusses how the



development of the new CCCS technique can reduce the duration and costs of OWF
decommissioning projects.

The rest of the paper is organised as follows. Section 2 gives a brief overview of currently
available cutting techniques in the offshore industry. The proof of concept and the heat transfer
analysis model for the novel CCCS technique are discussed in Section 3. Section 4 investigates
the performance of the CCCS technique in terms of cutting times and speeds based on the heat
transfer analysis and provides the potential economic benefits of the CCCS for the OWF
decommissioning projects. Finally, Section 5 provides the concluding remarks.

2. Overview of cutting techniques employed in the offshore industry

The currently employed cutting techniques in the offshore industry can be categorised into
Dimond Wire (DW), AWJ, Laser Beam (LB), Plasma Arc (PA), Oxy Arc Cutter (OAC),
explosives, and Shear Ram (SR) techniques. The mentioned cutting techniques have been widely
employed for different cutting purposes in the Oil and Gas (O&G) industry. The applicability of
each cutting technique depends on the foundation diameter and wall thickness. The PA and
explosives techniques are not appropriate options for monopile cutting operations as their
performance highly depends on the wall thickness. The applicability of the SR technique
primarily depends on the monopile diameter rather than thickness, and their design is not flexible
enough to handle large diameters of monopile foundations [30]. Moreover, there are safety
concerns in the application of OAC, as it requires risky manual labour operation. The DW is a
well-developed external cutting technique in which the excavation around the monopile is
needed to provide access of cutting equipment to the cutting line.

The AWIJ is the most popular cutting technique for monopile foundation removal in OWF
decommissioning projects. The AWJ is an internal and automated cutting method applicable to
monopiles with a wide range of diameters and thicknesses, which can reduce the costs and risk
for the operators. Table 1 presents the comparison of the different conventional cutting
techniques employed in the industry based on different performance measures, including type,
cutting cost, speed, productivity, precision, quality, energy consumption, safety risks,
environmental impact, ambient applicability, material applicability as well as the maximum
thickness that they can cut. The table clearly shows the advantages and disadvantages of each
cutting technique. As the AWIJ is widely applied for monopile foundation cutting in OWF
decommissioning projects, this study will assess the performance of the new cutting concept
against the AWJ technique. The following subsection discusses the AWJ cutting technique in
more detail.



Table 1. Comparison of the different conventional cutting techniques employed in the industry based on different
performance measures [30]-[39]

DwW AWIJ LB PA OA SR Explosives
External/Inter ~ External/Inter External/Inter  External/Inter External/Inter
Type External External
nal nal nal nal nal
. . . Medi
Cost High Highest Medium Low Lowest ;dlu Low
Speed Low Low High Highest Medium High Instant
Productivity Mec:;:;m/L Low Highest High Low High Lowest
Precision High Highest Medium High Low Lowest Lowest
Quality High Highest Medium low Low Lowest Low
Energy . . . . . .
Consumption Medium High High Highest Medium High Low
Small Hazardous Hazardous Hazardous
Small fragments vapours vapours vapours Small Fragments
Safety Risks fragments & ’ POUTS, POUTS, POUTS, fragmen and explosive
abrasive mud aerosol and dross and burns and gas
and cuts . ts waves
and cuts burns burns explosions
Environmental Medium Medium Low Low Medium Mediu High
Impact m
Ambient Non Non Non Non
Applicability All All Explosive Explosive Explosive All Explosive
. Non All Steels,
Z[atiréinit All Steels Acnorsff)l:i;‘;d Reflective All Steels but mostly Sgl:lls All Steels
PP Y P Steels Carbon Steel
+
Maximum tw +300 mm +300 mm 60 mm 50 mm +300 mm n’:;’li)lo 75 mm

2.1. AWJ technique for monopile foundation cutting

The performance of the AWIJ technique for cutting the monopile foundations in the OWFs is
highly dependent on the wall thickness. In this study, the cutting speeds of different techniques
will be compared for different wall thicknesses of ISO EN 1.0577(S355J2) mild carbon steel
tubular objects. Table 2 lists the cutting speeds of the AWJ technique for different wall
thicknesses of ISO EN 1.0577(S355J2) mild carbon steel tubular objects which shows how the
cutting speed of the AWJ is highly dependent on the thickness. The cutting speeds in Table 2
were calculated based on the calculation model provided by the KMT Waterjet Calculator [31].

Table 2. Cutting speeds of AWIJ cutting technique depending on the wall thickness of S355J2 mild carbon steel
tubular object (based on [31])

tw (mm) 40 50 65 75 85 100 120 130 135 150
Cutting Speed (mm/min) 110.6 80.1 543 437 360 278 206 18.0 169 14.0

Due to their low thickness-to-length ratios, the monopile foundations can be considered thin-
walled pipes with thicknesses between 40 mm and 150 mm. According to the definition stated by
the American Society of Mechanical Engineering (ASME) [40], a thin-walled pipe is defined as

a pipe if the ratio of wall thickness (t,,) to the outer diameter (D,) is less than 1/6, i.e., ;—W < %.

This ratio for the monopile foundations is in the range between 1:10 and 1:53. Hence, the
transient heat transfer analysis can be employed based on the assumption of 2D surface to



calculate the cooling time of the tubular monopile foundation wall with ISO EN 1.0577(S355J2)
mild carbon steel material.

3. Cryogenic Cooling and Cutting System (CCCS)

The application of cryogenic cooling for the purpose of cutting carbon steel types using energy
impact shattering is a novel idea and has not been widely addressed in the literature to date. This
study's main aim is to theoretically investigate a novel embrittlement cutting technique, called
CCCS, based on the cryogenic treatment approach. This section explains the overall idea, proof
of concept, and the transient heat transfer model of the proposed CCCS technique.

In this study, the cutting process of S355J2 (ISO EN 1.0577) steel material will be investigated
for the AWJ and CCCS techniques, which is one of the commonly used structural carbon steel
types for large monopile foundation fabrication in OWFs [41], [42]. The cooling and cutting
times required by the proposed CCCS technique for cutting the monopiles with different wall
thicknesses will be compared to those yielded for the conventional non-thermal AWJ cutting
technique. Figure 1 compares the overall conceptual designs of the proposed CCCS and
conventional AWJ cutting techniques. The study will investigate the advantages of the novel
cutting technique compared to the AWJ approach.

Figure 1. Comparison of cutting techniques: a) AWJ [43], b) new CCCS technique

The new Cryogenic Cooling and Cutting System (CCCS) consists of three main mechanical
components as follows: 1) the workpiece itself (i.e., the monopile), ii) the cooling system, and iii)
the shattering mechanism. A detailed section view of the conceptual design of the CCCS with all
main components is illustrated in Figure 2. The CCCS consists of two main parts, the cooling
unit and the shattering mechanism. The former consists of the coolant housing halo, inlet and
outlet for the cooling aid, as well as gaskets for a tight sealing against the inner surface of the
monopile wall. The latter includes a clever to fracture the monopile wall, a shattering pin, a
gasket around the cleaver for sealing the coolant from leaking out, a spring for rebounding the
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shattering pin to its base point for refracturing, if needed, as well as the pneumatic pressure
release for generating the required kinetic energy for the fracturing process.

Cuter Wall Surface
Pneumatic Pressure Release

’ ¢
Inner Wall Surface /%

Figure 2. Conceptual design of the CCCS

3.1. Proof of concept

For the proof of concept of the new CCCS technique, the following questions are needed to be
addressed to show how the proposed technique works:

e What coolant temperature is required to obtain a reasonable cooling time?
e What is the required impact energy needed for fracturing?
e To what extent do the ambient conditions affect the cooling time?

e What is the impact of the pipe length on the cooling time? Is CCCS applicable to long
pipes?

e How can the cooling bandwidth affect the cooling time in the CCCS?

e Isit possible to cool down the fracturing area of a thick steel pipe to below transition
temperature in a short timeframe?



e Is the CCCS fast enough to compete with conventional cutting methods, such as AWJ?

e What are the benefits of the new CCCS technique from economic and time viewpoints?

To answer the aforementioned questions, a set of information and data are needed to determine
the theoretical foundation and simulate the new cutting concept, which can be obtained through a
literature review. This study employs a two-dimensional transient heat transfer analysis based on
the Finite Difference Method (FDM) to model the CCCS technique and obtain the cooling time
and the kerf within an S355J2 mild carbon steel object.

The cutting time required by the CCCS technique depends on a set of parameters, such as the
material properties, liquefied coolant type, the elemental composition of the material, the wall
thickness t,, and outer diameter D, of the monopile, the environmental condition, wind speed,
and atmospheric conditions. Table 3 presents the elemental composition of S355J2 mild carbon
steel assumed in this study. The S355J2 mild carbon steel has a material density (p) of
7850kg/m> [44], [45], thermal conductivity (k) of 50 W/mK [46], specific heat capacity (Cp) of
470 J/kgK [46], and a Charpy V-Notch (CVN) impact test strength of 27 J/cm? at -20 °C [13],
[44]. The environmental condition is assumed as equivalent to the normal atmospheric
conditions. The environmental heat transfer coefficient h depends on the wind speed v, which
can be calculated by the following empirical equation [47]:

h=1212 —1.16v + 11.6v1/2 (1)

where the wind speed is between 1 m/s and 25 m/s, i.e., 1 < v < 25. As the CCCS is an internal
cutting technique, the minimum environmental heat transfer coefficient of 22.5 W/m’K
calculated by equation (1) based on the lower wind speed bound with the ambient temperature of
20°C is considered in this study.

Table 3. Elemental composition of ISO EN 1.0577 (S355J2) mild carbon steel [42], [44], [48]

Iron Carbon Silicon Copper
Manganese (Mn Phosphorus (P Sulphur (S .
97.03 Min 0.22 Max 1.60 Max 0.025 Max 0.025 Max 0.55 Max 0.55 Max

As was mentioned earlier, the monopile foundation is cut under the seabed, where the mud
compound of the bedrock acts as an insulator against the saline water. As the heat transfer
coefficient of the ocean's saline water will not affect the cooling process of the CCCS, this study
neglects its impact on the transient heat transfer model. Rather, the heat transfer coefficient in
equation (1) for stagnant air is used.

In the CCCS, a coolant needs to be applied to the surface of the carbon steel object before the
cutting process takes place. This study assumes that the LN is chosen for this purpose due to its
appropriate cryogenic properties and prevalence in the industry. The application of LN; as a
cooling aid reduces the energy absorption capability of steel objects and makes them ready for
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the cutting process with minimum energy. To this end, it is assumed that the LN is applied to
the material surface with a coolant bandwidth size of between 50 mm and 500 mm. It is also
assumed that the operational environmental pressure is I ATM or 1013 MPa, which implies that
the working temperature of the LN is equal to 77K (-196 °C) [49], [50], as can be seen from the
thermodynamic phase diagram of nitrogen in Figure 3. In Figure 3, the Antoine vapour-pressure
equation [51], [52] was used to calculate the LN> temperature based on its pressure. According to
Refs. [53], [54], the LN> behaviour would be within the film boiling area if the difference
between the LN> and ambient temperatures, represented by AT, be greater than about 120K
(120°C). Considering the DBTT of the mild carbon steel at -45°C, the temperature difference
between the LN> and the carbon steel will never reach below 140K during the cooling processes
of the CCCS. Since the parameter AT for the CCCS condition will always be greater than the
mentioned limit, the LN> will never reach its film boiling region. This means the LN> will
provide efficient cooling properties for the cutting conditions in this study. In this study, the heat
transfer coefficient of the LN, will be assumed to be about 128 W/m?K considering the film
boiling effect of AT taking place in the LN> when it comes into contact with warmer surface mild
carbon steel objects, as evidenced by Refs. [54]-[57].
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Figure 3. Thermodynamic phase diagram of LN, [50]

Figure 4 illustrates the transitional phase diagram of carbon steel types and their energy
absorption capabilities adopted from [29], [58]. According to the International Organisation for
Standardisation (IOS) [45] and ASME [40], the DBTT temperature of the S355J2 mild carbon
steel is about -45 °C which results in 15 J/cm? of absorbed energy, as shown in Figure 4. In the
CCCS, it is assumed that the temperature of the monopile steel wall will be reduced to -45 °C
before the cutting process takes place. Then, the cutting process will be instant by applying a



pneumatic spring-loaded cleaver mechanism, which will add a maximum of 5 seconds to the
cutting time of the CCCS according to the knowledge of the authors in fracture simulation tests
of the cutting process.

140 T T T T T
= =Carbon Steel Upper Limit o
120 b === Mild Carbon Steel (S355J2) - g
= Carbon Steel Lower Limit 4
= =Impact Energy Absorption @15J /
=100 J -

Absorbed Energy (J/em®)

-200 -150 -100 -50 0 50 100
Temperature (°C)

Figure 4. The transitional phase diagram of carbon steel types and the DBTT point for the S355J2 steel (J/em?) [29],
[58]

To simulate the cutting process using the new CCCS technique, a transient heat transfer program
was implemented in MATLAB, and the required cooling time to reach -45°C at the bottom
surface of the S355J2 mild carbon steel object with the different wall thicknesses is calculated.
Then, the overall durations required by the CCCS for cooling and cutting the S355J2 mild carbon
steel object will be compared to the cutting times required by the conventional AWJ technique.
The comparisons will be provided to show how the new CCCS technique can provide higher kerf
quality and reduce the cutting time and environmental impact.

The two important parameters affecting the performance of cutters in OWF monopile
foundations are the wall thickness and diameter. The thickness and diameter of the monopile
foundation are usually designed against fatigue and buckling loads [59]. Literature review shows
that the diameter of the monopile foundation can vary in a range from 2.5 m to 10.0 m, while its
thickness can be between 40 mm and 150 mm [13], [60]-[66]. Therefore, this study focuses on
the monopile foundations with the wall thicknesses of t,, € [40 m, 150 m] and diameters of
D, € [2.5 mm, 10 mm].

The CCCS will apply the cryogenic liquid to impact the atomic crystal structure in the cutting
area of the monopile steel wall. The main aim of the new CCCS cutting concept is to cool down
the monopile steel wall temperature in order to reach the DBTT temperature at which the impact

10



energy absorption capability of the steel is about 15 J/cm2, as shown in Figure 4e impact energy
absorption of the S355J2 steel at an ambient temperature is about 27 J/cm?, according to the
impact v-notch test [67] and the carbon steel type specification of S355J2 [40]. Hence, the CCCS
will cool down the steel to reduce the impact energy absorption from 27 J/cm? to 15 J/cm?, which
will make the monopile steel wall significantly brittle and easy to fracture. In order to prove the
CCCS concept, Figure 5 presents the impact of the monopile length on the cooling time required
to achieve the DBTT temperature of the S355J2 mild carbon steel monopile with a thickness of
50 mm and cooling bandwidth of 200 mm. From Figure 5, it can be seen that the cooling times
are constant for the monopiles with longer lengths. According to Figure 5, the required cooling
time in the CCCS is less than 897 seconds or 15 minutes, which is much less than the overall
cutting time required by the AWJ technique and proves the advantage of the new embrittlement
cutting concept.

900

850

650

600 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

L (m)

Figure 5. The impact of the monopile length on the cooling time of the S355J2 mild carbon steel monopile with a
thickness of 50 mm and cooling bandwidth of 200 mm

3.2. Finite Difference Method (FDM) for the cooling process

To show the efficiency of the CCCS concept in terms of the cost and time, the cooling times
need to be calculated for monopile foundations with different geometrical specifications. The
cooling times are obtained through the transient heat transfer analysis based on the FDM. As the
monopile foundations in OWFs are thin-walled tubular hollow structural systems, they can be
modelled as a 2D linear surface model in the transient heat transfer calculations using FDM [68].
In comparison to a full 3D model, the application of 2D surface model of the tubular monopile
foundations will make it easier to solve, handle, and calculate the cooling time required to reach
the DBTT point at the cutting area. A program was developed in MATLAB to perform the 2D
FDM analysis of the monopile structure and calculate the cooling times. To perform the transient
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heat transfer analysis, a 2D nodal grid layout is considered for the cutting surface on the S355J2
mild carbon steel wall. Figure 6 illustrates a general monopile foundation, the cooling band, and
the FDM area assumed by this study in the transient heat transfer analysis.

. Seawater
-

- Monopile foundation

e
>

/_/ Cooling bandwidth

_FDM area

. Bedrock
-

Figure 6. 3D model of the monopile foundation with the internal cryogenic cooling bandwidth (in yellow) and the
FDM area (in red)

4. Numerical results

This section investigates the performance and potential applicability of the proposed CCCS
technique in cutting the monopile foundation of WTs from different perspectives. The first
subsection focuses on the impact of ambient temperature on the cooling times of CCCS. The
cooling bandwidth and thickness are important parameters which could potentially affect the
cooling time. The second subsection investigates the impacts of cooling bandwidth size and wall
thicknesses on the cooling times of CCCS. The third subsection discusses the impact of
monopile length on the required cooling times in the CCCs. Then, the fourth subsection provides
an overall performance comparison between the proposed CCCS and AWI cutting techniques in
terms of cutting speeds and times. In the last subsection, the potential benefits of the CCCS
technique in reducing the durations and costs of offshore operations in real-world OWF
decommissioning projects are discussed.

In order to investigate the efficiency of the proposed CCCS technique, the results in this section
are based on the FDM-based transient heat transfer analysis for the monopile foundations of the
eight different offshore WTs listed in Table 4. The transient heat transfer analysis is performed
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by assuming the LN; as the cooling aid, and the model's cooling band with 300 mm in length is
considered to calculate the cooling time. As the cooling and cutting processes in the CCCS take
place inside the monopile structure, the internal wind speed of the air is taken as equal to zero in
the heat transfer analysis model. Considering the cutting conditions below the mudline, the
ambient temperature of bedrock is assumed to be 20 °C, and the ambient bedrock's constant heat
transfer coefficient is considered equal to 22.5 W/m?K [47].

Table 4. The outer diameter (D,) and wall thickness (t,,) of the monopile foundations investigated in this study

WT size (MWh): 5.0 2.0 2.0 3.0 3.6 10.0 5.5 6.0
D, (mm): 2500 3000 3400 3400 4000 7500 8000 10000
tw (Mm): 130 40 50 120 65 85 135 150

4.1. Impact of ambient temperature on cooling times

To investigate how the ambient temperature can affect the cooling time of the monopile steel
wall section, the required cooling times are calculated for different ambient temperatures, as
shown in Figure 7. From Figure 7, the cooling time is significantly sensitive to the ambient
temperature around the monopile foundation. It is observable that the cooling time for the
ambient temperature of 0 °C is about 21 minutes and 21 seconds, while it is calculated around 33
minutes and 15 seconds for the ambient temperature equal to 20 °C. This highlights the necessity
of an appropriate assumption on the ambient temperature around the steel monopile foundation.
As was discussed earlier, the monopile foundation is usually cut 1 m below the seabed, which
means that the heat transfer coefficient of the ocean saline water will not affect the cooling
process of the proposed cutting technique. Hence, this study assumes the ambient temperature of
20 °C with a constant heat transfer coefficient equal to 22.5 W/m?K [47] for the proposed novel
CCCS technique.

2000 T T T T T

1900 - 1

1800 +

target

1600 - 4

1500 -

Timeto T

1400 - 4

1300

1200 ‘ ‘ i ‘ I ‘ i ‘
0 4 6 8 10 12 14 16 18 20
Ambient Temperature (°C)

Figure 7. The cooling times required to reach -45 °C in the cutting area of the S355J2 carbon steel with a thickness
of 100 mm
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4.2. Impact of cooling bandwidth and thickness on the cooling time

The cooling bandwidth and the wall thickness of the monopile foundation can affect the cooling
time required by the proposed CCCS technique. In order to show the extent of their impact, the
cooling times required by the CCCS technique to reduce the temperature of the fracturing area
on the monopile wall by -45°C are calculated for different bandwidth and wall thickness values,
as shown in Figure 8. From Figure 8§, it can be observed that increasing the cooling bandwidth on
the monopile wall results in a faster cooling process and lower cooling times for different
thicknesses. It also can be seen that the impact of cooling bandwidth on the cooling time
becomes negligible for the higher bandwidth values, which shows excessively wider cooling
bandwidths will increase the coolant costs without significant reductions in the cutting times.
Hence, the optimal cooling bandwidth should be calculated for each monopile foundation with a
specific thickness value. Based on the diagrams in Figure 8, the appropriate cooling bandwidths
can be recommended for three categories of monopile foundations depending on their
thicknesses, as follows:

250 mm if 40 mm <t,, <75mm
b={300mm if 80 mm <t,, <115 mm (2)
400 mm  if 120 mm < t,, < 150 mm

where b represents the cooling bandwidth and t,, is the monopile wall thickness. Although it is not
possible to recommend an optimal cooling bandwidth value for all monopile types, it seems to be a good
idea to consider an average cooling bandwidth of 300 mm for all monopile types.
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Figure 8. The cooling times required by CCCS to reduce the temperature of the fracturing area on the monopile wall
to -45°C for different bandwidth and wall thickness values
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4.3. Impact of monopile length on the cooling time

In this subsection, the impact of monopile length on the required cooling time of the proposed
CCCS technique is investigated. Figure 9 shows the cooling time required in the CCCS cutting
technique for different monopiles with different wall thicknesses and cooling bandwidth values.
As can be observed from Figure 9, the cooling time does not change and remains constant for the
monopiles with a greater than 1 m in length. This reveals the fact that the cooling time in the
CCCS technique is not sensitive to the length of the monopiles with more than 1 m in length.
Since the common monopile foundations in the OWFs are greater than 15 m in length due to
stability requirements [65], it can be concluded that the impact of the monopile lengths on the
cooling time of the CCCS technique is negligible.

4.4. Cutting time comparison

In order to show the effectiveness of the proposed embrittlement-based cutting technique, this
subsection provides a performance comparison between the proposed CCCS and conventional
AWI cutting techniques. Table 5 presents the performance comparison between the CCCS and
conventional AWJ techniques in cutting monopile foundations of different WTs, which shows
the cutting speeds and times, assumed bandwidths, and time savings. Table 5 shows that the
cutting speeds of the CCCS technique are from 7.7 up to 46.8 times faster than the AWIJ
technique depending on the monopile diameters and wall thicknesses, which result in 87.1% up
to 97.9% reductions in cutting times.
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Figure 9. The cooling times required by CCCS to reduce the temperature of the fracturing area on the monopile wall
by -45°C for different cooling bandwidth, wall thickness, and length values

15



4.5. Potential cost savings in OWF decommissioning projects

The OWF decommissioning operations are usually performed by a set of vessels/equipment with
significant leasing costs. As was mentioned earlier, foundation removal is one of the expensive
operations in the OWF decommissioning projects. The monopile foundations need to be cut at an
appropriate depth under the seabed. The literature survey shows that most of the OWF
decommissioning projects employ a JUV to support the cutting process and lift the foundation.
The approach also requires a desired number of BVs and TBs for the transportation of
dismantled foundations to shore. The faster cutting times can result in significant reductions in
vessel costs. The intention of this subsection is to show to what extent the proposed CCCS
cutting technique can reduce the foundation removal costs in OWF decommissioning projects.

Table 5. Performance comparison between the proposed CCCS and conventional AWJ cutting techniques

1 2 3 4 5 6 7 8
WT size (MW) 5.0 2.0 2.0 3.0 3.6 100 55 6.0
D, (mm) 2500 3000 3400 3400 4000 7500 8000 10000
Circumference length (mm) 7854 9425 10681 10681 12566 23562 25133 31416
ty (mm) 130 40 50 120 65 85 135 150
AW]J cutting speed (mm/min) [31] 18.0 110.6  80.1 206 543 360 169 140
AWIJ cutting time (min) [31] 436 85 133 518 231 655 1487 2244
Cooling bandwidth (mm) 450 200 200 450 200 200 450 200
CCCS cutting time (min) 37.5 110 155 330 240 410 400 480
Time savings (%) 91.4%  87.1% 88.1% 93.6% 89.6% 93.7% 97.3% 97.9%

In order to show the cost-benefit of the CCCS over the conventional AWJ technique, let us
consider Cape Wind OWF decommissioning projects in the US. This OWF consisted of 101
WTs with a 3.6 MW capacity per unit. The diameter of monopile foundations in this OWF is
equal to 16.4 ft, and the wall thickness is equal to 95 mm. The available data from the Cape
Wind decommissioning programme shows that the foundation removal operation using the AWJ
cutting technique was estimated to take about 151.5 days, resulting in 1.5 days per WT unit [69],
[70]. The monopile foundation removal operation usually takes place in three stages, including
preparation, cutting, and lifting stages. Since a prototype for the proposed embrittlement-cutting
method has yet to be developed, the intention of this subsection is to show the cost-benefit of the
CCCS only in terms of cutting duration.

According to Ref. [31], the cutting speed internal AWJ technique is about 30.2 mm/min, which
will result in a cutting time of 8 hours and 40 mins for a monopile foundation with a thickness of
95 mm. This means the preparation and lifting stages of each foundation in the Cape Wind OWF
take place in about 27 hours and 20 mins. When it comes to the CCCS technique, requires
significantly less cutting time compared to the AWJ technique. The CCCS requires only about
24 mins to cut the same monopile foundation, which offers more than 95% saving in cutting
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time. By considering the cutting times required by the CCCS, the total removal duration of 101
monopile foundations in the Cape Wind OWF will reduce from 151.5 days to about 117 days,
which shows a reduction of 28% in overall operational time. Figure 10 shows the resulting
foundation removal durations using the new CCCS and conventional AWJ techniques for
different numbers of monopiles. As can be seen from this figure, the advantage of applying the
new CCCS is more obvious for the OWFs with a larger number of monopiles.
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Figure 10. The resulting foundation removal durations using the AWJ and CCCS techniques for different numbers
of monopiles

According to the previous data available from OWF decommissioning, the leasing rates of the
vessels employed for foundation removal operation vary and depend on various parameters, such
as duration of the contract, inflation rate, and market situation [71]. However, the minimum day
rates for the JUV, BV, and TB can be considered about £100 k, £12.9 k, and £8.6 k, respectively
[71], [72]. By considering these assumptions, Table 6 compares the vessel costs obtained for the
foundation removal operation using different cutting techniques in the Cape Wind OWF with
101 monopiles. From Table 6, the overall vessel cost obtained using the CCCS technique is
about £14.31 m, while it is about £18.40 m for the conventional AWIJ technique. This shows
more than £4 m reduction in overall foundation removal costs, about 23% saving in the vessel
leasing costs. The results highlight the fact the development of innovative foundation-cutting
technologies plays a key role in reducing the cost of wind energy production.
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Table 6. The vessel costs for the foundation removal operation in the Cape Wind OWF with 101 monopiles using
CCCS and AWI cutting techniques

AWJ CCCS

Leasing Duration Overall Cost pe?r Overall Duration Overall Cost pe.r Overall
Vessel rate per duration monopile cost (£) per duration monopile cost (£)

(£/day) monopile %) monopile (£)
Juv 100 k 1.50 151.50 150 k 15.15m  1.16 117 116k 11.7m
BV 129k 1.50 151.50 19.35k 1.95m 1.16 117 15k 1.51m
TB 8.6k 1.50 151.50 129 k 1.30 m 1.16 117 10k 1.10 m

Total: 18.40 m Total: 1431 m

5. Concluding remarks

The study presented a feasibility study on a novel CCCS technique for the cutting operation of
monopile foundations in the OWFs. The main idea of the study is based on the cryogenic
treatment, which is applied to the cutting surface of the steel object to reduce its impact energy
absorption capability and achieve faster cutting speeds in comparison to conventional cutting
techniques. The overall idea and proof of concept were presented and the cutting process using
the CCCS was simulated using an FDM-based transient heat transfer model. The performance of
the CCCS depends on different parameters, such as ambient temperature, cooling bandwidth, and
monopile length. The numerical results obtained from the heat transfer analysis revealed that the
selection of appropriate cooling bandwidth on the monopile surface is crucial. Based on the
results, it was shown that higher cooling bandwidths result in a faster cooling process and lower
cooling times for different wall thicknesses. Meanwhile, the impact of cooling bandwidth on the
cooling time becomes negligible for the higher bandwidth values, which shows excessively
wider cooling bandwidths will increase the coolant costs without significant reductions in the
cutting times. The performance comparisons between the CCCS and the traditional AWJ cutting
technique suggested that the cutting speeds of the CCCS technique are from 7.7 up to 46.8 times
faster than the AWJ technique depending on the monopile diameters and wall thicknesses, which
result in 87.1% up to 97.9% reductions in cutting times. The potential economic benefits of the
new CCCS cutting technique over the traditional AWJ technique were also investigated on a
real-world OWF decommissioning project. The results of the OWF case study, which consisted
of 101 foundations, showed that the CCCS could reduce the total foundation removal operation
time by 28%, which results in 23% saving in vessel leasing costs. Future studies can be focused
on the experimental investigation of CCCS for the offshore cutting operations of monopile
foundations.
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