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Abstract
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the various components, including non-metallic, to understand the fate of
the materials and degradation products in offshore waters.
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model to estimate the degradation rates of synthetic polymers as a function
of depth, and subsequently, their long-term forecasting in relevant offshore
oil and gas infrastructure in marine environments.
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Executive Summary

This project has been executed for, and on behalf of, the National Decommissioning Research Initiative
(NDRI) within National Energy Resources Australia (NERA) to provide an understanding of the
degradation rates and processes for non-metals (synthetic polymers) in subsea infrastructure. The
outcome of this work will inform the assessment of structural mobility if left in situ, and the rate at which
microplastics (fragments less than 5mm in size) and other contaminates will form. Phase 1 comprised
of two main activities: a desktop study and a conceptual proof of concept.

Following a comprehensive desktop study (literature review, TR-RES-62365), this report presents the
findings of the second objective of the project, i.e., to model the degradation rates (and lifespan) of
synthetic polymers (otherwise known as plastics) associated with subsea infrastructure if left in-situ at
varying continental shelf depths, in Australia’s offshore waters, To achieve this, we incorporated (i) the
effect of depth-dependent physicochemical factors, i.e., temperature, hydrostatic pressure, solar
intensity, and sediments in offshore waters, specifically in the North West and South East of Australia,
(ii) the effect of service life and service temperature, and (iii) the relevant properties and degradation
information pertaining to synthetic polymers used in Australian offshore equipment. The synthetic
polymers investigated include those associated with steel pipelines, flexible flowline, umbilicals, and
field joint coatings. These synthetic polymers include fusion bonded epoxy (FBE), polyethylene (PE),
polypropylene (PP); internal pressure sheath such as polyamide 11 (PA-11); and thermal insulation
material, namely, polyurethane (PU).

We found that the degradation rate of the synthetic polymers exposed in subsea conditions decreases
markedly as a function of water depth and can be estimated quantitatively by the mathematical model
that accounts for the effect (and sensitivity) of geographical location, and the essential depth-dependent
physicochemical factors. The results demonstrate how sand sediments in the water column are likely
to compensate for the decreasing depth-corrected degradation rates, resulting in surface abrasion and
the formation of microplastics. The sensitivity analysis shows that sand abrasion, as currently estimated
in the model, represents a significant source of uncertainty (due to the large variation in the estimation
of buoyant sand sediments) for some synthetic polymers (i.e., polyethylene, polypropylene and epoxy),
especially at water depths of the seabed. On the other hand, sand abrasion plays a relatively minor role
in the degradation of hydrolysable hard synthetic polymers such as polyamide 11 and polyurethane.

As an example, it takes a polyethylene coating on a subsea rigid steel pipeline approximately 800 years
to degrade (i.e., breakdown completely) on ocean floor off continental shelf with a total depth above
1000 m (as opposed to less than 400 years in coastal, i.e., shallow waters with a total depth less than
300 m). The degradation process of the polyethylene will generate microplastics as the initial products
due to the mechanical shearing (abrasion) of the surface, resulting in 1000s of particles per g of
polyethylene degradation over the lifespan of, for example, 800 years off the continental shelf.

For steel pipelines and flexible flowlines embedded below the seabed, the degradation rate of the
synthetic polymer coatings will be influenced by the geochemistry of the mudline and the poroelastic
nature of the seabed. There is currently no information in the open literature quantifying the effects of
mudline geochemistry and poroelasticity of seabed on the degradation of synthetic polymers. We have
modelled the degradation rate of the synthetic polymer coatings in this scenario to be between the
degradation rates on the seabed with and without abrasion based on the fact that the temperature and
near-zero light intensity below the seabed are similar to that experienced on the seabed, and the sand
below the seabed will be relatively more stable. However, there may be other potential degradation
mechanisms at play. If the effect of abrasion is lessened due to stable seabed condition, the
polyethylene coating may last between 800 — 3000 years if completely buried below the seabed.
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Further studies are needed to investigate the influence of transport of marine sediments on abrasive
wear of synthetic polymer post-decommissioning, and to experimentally measure the rate of synthetic
polymer degradation in subsea and underwater buried conditions. The outcomes, i.e., the rate at which
the synthetic polymers on subsea infrastructure will degrade, and the rate of formation (and
disintegration) of microplastics, presented in this report are significant for the environmental
assessment of synthetic polymers in subsea infrastructure, especially for decisions regarding
decommissioning.
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Glossary of Terms, Abbreviations, and Acronyms

DOC Dissolve organic carbon

EP Epoxy thermoset

FBBP Fusion bonded black polyethylene
FBE Fusion-bonded epoxy

HBE High build epoxy

HDPE High-density polyethylene

LDPE Low-density polyethylene

MP Microplastic

NP Nano-plastic

PA Polyamide

PE Polyethylene

PCB polychlorinated biphenyl

PAH polycyclic aromatic hydrocarbons
PP Polypropylene

POP Persistent organic pollutant

PU Polyurethane

PUF Polyurethane foam

SA Surface area

XLPE Cross-linked polyethylene

Curtin University is a trademark of Curtin University of Technology.
CRICOS Provider Code 00301J. f
Copyright © Curtin University 2020. vVorv



AN INVESTIGATION INTO THE DEGRADATION OF NON-METALLIC RES-62365
COMPONENTS OF OIL AND GAS INFRASTRUCTURE IN THE OCEAN

1. Introduction

1.1. Background

Speciality synthetic polymers (otherwise known as plastics) serve as functional materials in Australian
oil and gas infrastructure and protect thousands of kilometres of metal pipelines and subsea
infrastructure against seawater corrosion, mechanical damage, and many other functions. This
infrastructure includes offshore rigid flowlines, and flexible flowlines, and umbilicals; however, as this
infrastructure reaches the end of their service life, the management of the synthetic polymer
components becomes of great interest (in terms of in situ decommissioning) to the environmental
regulators, industry, and community, considering the known sizeable impacts of plastics on global
biogeochemical cycles. 12 Therefore, this project seeks to investigate the degradation of synthetic
polymeric components of oil and gas infrastructure in the ocean.

As shown in Figure 1, the Australian offshore oil and gas operations are located mainly in the Northwest
Australia (in the Indian Ocean, up to 1500 m depth), and Bass Strait (near Tasman Sea, up to 400 m
depth). In Figure 2, the red circles show wells drilled by the oil and gas industry in the Australian marine
environment between January 2001 and January 2021 (not to scale; data from
https://nopims.dmp.wa.gov.au/Nopims/); the numbers of structures are indicative based on publicly
available information and are derived from Advisian (2020); the diversity of marine environments in
which these operations have occurred is shown by IMCRA v4.0 bioregions (represented by pastel
colours); and Commonwealth waters are those that are more than three nautical miles offshore.
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E facilities .v ®
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Figure 1. Geographical location of the Australian offshore Oil and Gas activities.®
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1.2. Purpose and objective

Project 2.2 seeks to develop an overarching understanding of the degradation rates and processes for
non-metallic materials (synthetic polymers) to inform the assessments of the rates at which structures
will degrade and facilitate potential leaching of contaminants, and the formation of macro- and
microplastics.

Following a comprehensive literature review (TR-RES-62365)4, the purpose of this report is to present
the model for estimating the degradation rates of synthetic polymers associated with subsea
infrastructure, lifespan, and formation of microplastics to meet the following objectives:

e To develop a reliable and representative method for assessing the degradation rates and
mechanism of synthetic polymers under various subsea conditions considering the necessary
environmental influences.

e To quantify the expected total mass degradation, hence, the lifespan of the polymers
associated with subsea oil and gas infrastructure.

e To evaluate the formation of microplastics (i.e., fragments less than 5mm in size) and their
expected persistence timeline in offshore waters considering the necessary environmental
influences.

1.3. Scope of work
The scope of this work was designed:

e To capture the effect of water depth, to cover the basin of interest, i.e., the Northwest and Bass
Strait regions.

e To express the degradation model for five synthetic polymer coating systems, comprising
polyethylene, polypropylene, polyamide 11, epoxy and polyurethane (see Figure 2). According
to the problem statement from NERA,® the synthetic polymeric components of Australian
offshore infrastructure can be categorised based on the intended functions such as (i) insulating
material, e.g., polyurethane foam (PUF); (ii) coatings, providing external corrosion protection,
e.g., fusion bonded black polyethylene (FBBP), high build epoxy (HBE), high-density
polyethylene (HDPE), Coal tar enamel (CTE), solid polyurethane, fusion-bonded epoxy (FBE);
and (iii) materials used in flexible flowlines and umbilicals, e.g., polyamide 11, cross-linked
polyethylene (XLPE) pressure sheath and PE sheaths.

e To clarify the effect of service conditions, multilayer coating systems, and types and size of the

infrastructure.
H. [
R I o H_H_ o i
C Ll R,
f, D ,I/ \ﬂ/ SRY, \n/ \sz} 4, N )q
o fe) I} H
Polyethelene . |
. Polyurethane Polyamide i
o OH o |
b o o o 0\/A :
Polypropylene | : Bisphenol-based epoxy :
C-C backbone Heteroatom backbone

Figure 2. Chemical frameworks of synthetic polymers employed in coatings and insulation applications. The symbols Ry, and
R,y denotes isocyanate and polyol fragments in polyurethane. The R, in polyamide varies depending on the composition —
however, the aliphatic (CH_):0 main chain (Nylon 11) is used in subsea applications.
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1.4. Report format

The following Sections 1.4 — 1.8 present the rationale for the modelling approach, detailed method for
modelling the degradation mechanism, rate and long-term forecasting of synthetic polymers in
seawater, and how to account for the formation and degradation of microplastics. Section 2 summarises
the ambient rate data (essential model input) based on literature information.

In Section 3, we present the depth-corrected degradation rates and lifetime predictions of synthetic
polymers on selected rigid pipelines and flexible flowlines. Section 4 summarises the findings with
conclusions, and some recommendations are presented in Section 5. The supplementary document
accompanying this report contains the Python Code which can be used to examine the degradation of
the synthetic polymers in different scenarios.

1.5. Rationale for modelling approach

Despite the wide use of synthetic polymers in subsea and offshore infrastructure, the current literature
on polymers degradation is limited to sea-surface environments, and a model for subsea degradation
of synthetic polymers is needed. We reported that the influence of the essential parameters (i.e.,
temperature, hydrostatic pressure, solar intensity, and sand sediments) will vary as a function of water
depth in Technical Report 1 (TR-RES-62365)%.

The very recent data-driven approach by Min et al.® does not consider subsea conditions (i.e., marine
conditions at depth rather than at the surface of the sea). While Min et al.’s model may be useful for
estimating the surface degradation of some polymers at the sea surface, it is not applicable for the
selected synthetic polymers in oil and gas operations, especially under subsea conditions. In this
regard, the work cannot be applied to relevant subsea oil and gas scenarios mainly because it is a
correlative model where the intrinsic properties of various synthetic polymers have been related to the
molecular-based partitioning coefficient and experimentally measure degradation rates. The polymer-
water partitioning function depends solely on temperature, not photo-irradiance (which changes the
hydrophilicity of the polymer), and pressure (which is very sensitive to depth). Similarly, the authors
noted that the model focused more on polymers with enthalpy of melt < 90 J/g, which is not the case
for most of the materials in question in oil and gas infrastructure.

In the absence of relevant data measured in subsea conditions, the approach is to use kinetic
transformations to correct experimental rates measured at ambient marine conditions. In this regard,
Chamas et al.” reported the surface degradation rates of some synthetic polymers at ambient marine
conditions.

1.6. Mechanisms and method for modelling degradation and lifetime prediction

A model for long-term forecasting of synthetic polymers in offshore conditions shall incorporate both the
essential physicochemical factors in the water depths and the characteristic properties of synthetic
polymer degradation. As shown in Figure 3, these physicochemical factors include temperature and
solar irradiance that are expected to decrease with depth, hydrostatic pressure and sand sediments
that increase as a function of water depth, as well as dissolved oxygen and microbial activities. For
synthetic polymers in marine applications, the surface degradation approach remains valid, considering
that (i) the diffusion coefficient (D) of the degradation agents (i.e., water, dissolved Oz, and ions) into
the synthetic polymer is relatively slow compared to the reaction rate constant (k), and (ii) the thickness
of synthetic polymer is greater than the critical thickness required for bulk degradation (L, See Figure
3).89 This is consistent with the design and use of synthetic polymers to withstand degradation in marine
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conditions, as well as the large molecular size of the microbial enzymes, restricting the diffusion of the
enzymes into the bulk structure of the polymer.

Essential marine factors

Properties (®);

, A M, E, etc.
1 N A
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2 X
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Figure 3. (a) lllustration of surface and bulk erosion phenomena. Critical thickness required for bulk degradation Le; = (D/k)Y2, D
is the diffusion coefficient. Adapted from ref.”® (b) Transient degradation history for surface-degrading synthetic polymers in the
ocean includes abiotic photolysis, thermolysis, and hydrolysis, and biotic activities. The significant non-dependent variable
includes water depth, distance x from the exposed surface, and time. The symbols MP and SA denote microplastic and surface
area, respectively. k(T), f(a), and h(p) are rate functions that depend on temperature, reaction conversion, and pressure in that
order.

Moreover, a recent investigation of polymer hydrophilicity and other structural descriptors confirms the
concept of surface erosion (rather than bulk erosion) of the synthetic polymers within the scope of this
study.610 Weathering and abrasive wear also proceed along the surface for this class of polymers.
Moreover, to support the effect of surface area, many studies have shown that small (less than a
millimetre) plastic fragments decay relatively faster in the ocean compared to the larger pieces.11-13

A systematic method of estimating the essential physicochemical factors is discussed in detail in
Technical Report 1 (TR-RES-62365)%, with a particular focus on their role in the kinetics of synthetic
polymer degradation. In brief, Figure 4 illustrates how some of the essential parameters vary with depth.
The location-specific data (plotted in Figure 4) were sourced from open databases, such as the National
Oceanic and Atmospheric Administration (NOAA) and the Open Access to Ocean Data. Subsequently,
we fit the data into regression models to obtain the depth-profile relations.
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Figure 4. Variation of temperature (statistical mean from 2005 — 2012),'4*° solar intensity, 7 and suspended sands in offshore
water column. T, is the temperature (°C) at a distance z from the surface, y, denotes a constant (e.g., 3.07462 for Northwest
region, and 1.86693 for Bass Strait region); e is the natural log; A represents a constant (e.g., 26.14008 for North-west region,
and 19.69527 for Bass Strait region); r corresponds to the decay factor (e.g., 0.00307 for North-west region, and 0.002 for Bass
Strait region). I, is the light intensity at a distance z from the surface; |, denotes light intensity at the surface depending on the
type of water and location, e.g., 1000 W/m?; e represents the natural log; K is the light attenuation coefficient, amounting to 0.023
m™ and 0.056 m™ for oceanic and coastal waters, respectively. For suspended sands, abrasion rate Em, = kssg - p - SA, where

ksse = (EC, v,)/p; see Technical Report 1.

The rate of degradation of a synthetic polymer, rs, can be described by the differential mass loss per
unit time, proportional to the surface area SA (unit, m2) and the rate constant ks (unit, kg/s-m?) in
Equation 1.5718 Equation 1 demonstrates that the degradation rate of synthetic polymers depends on
both the intrinsic properties of the material, the environmental conditions (e.g., in the ocean), and the
extrinsic properties such as the size and shape of the material.” The term ks denotes the surface
degradation rate constant (kg/s-m?).

dm 1)
- -SA
Qi ke-S

= -

Accordingly, one can define the specific surface degradation rate (kss, Or Vx in Figure 3; unit, m/s) as the
speed at which the degradation front moves along the material’s thickness, obtained by dividing ks by
the density (o, kg/ms3).

dm 2
Tt = kss p SA

The specific surface degradation rate (kss) is identical to the burning regression rate of solid-fuel in fire
science and propellant literature.1%2° It represents the perpendicular depth of plastic degraded per unit
time (see dxp/dt in Figure 3) and is different from the conventional chemical reaction rate k at which
reactants convert into products. Chamas et al. assembled the differential equations and the algebraic
solutions in terms of mass as a function of time (m; and the total degradation time (ty) for a plate,
shrinking sphere, and shrinking cylinder, respectively,” noting that the surface area functions may also
be translated in diameter (or radius) instead of mass in the differential equations. However, the best
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representation for subsea pipeline polymer coatings will assume a different formula suitable for an
annular cylinder, and the limits of integration can account for multiple layers of coatings. Considering
an annular cylinder (Figure 5a) having a large aspect ratio (i.e., radius r « height h) and degrading from
the external surface, the solution to the differential equation for the shrinking external radius (r2) can be
formulated as in Equations 3-5, where r1 is a constant value (e.g., the external radius of the steel
component of a pipe being protected by the synthetic polymer coating—this also equals to the internal

radius of the synthetic polymer coating layer).

dm 1 1
T = kgs p SA = 2kss (mph)z (m + mphr{)2

2

1 1
me = [(m0 + mphr?)z — ke (mph)2 t] — mphr?

1 1
1 |{/mg 2 1 (/W 2
=g Gar 7)) = |G ) -
7 ks [(nph”l “l o |\en T1E) T

Coating 1, kss,, Mo, 1, 72 (b)

(@)

Steel pipe, r;

Coating n, ks, Mo, P+ Tnt1
Coating 2, kg, mo,, pz , 3

Coating 1, ks, mo,, p1, T2
Steel pipe,

®3)

(4)

(5)

Figure 5. (a) Geometric representation (annular cylinder) of surface erosion of a single-layer synthetic polymer coating and (b)
multi-layer coating system (b). The specific surface degradation rate (kss) is defined as the volume of material lost by removal of

a layer of thickness in a specified time.

The ordinary differential equation (ODE) in Equation 3 can be modified to account for the different
exposure conditions on the time domain. For instance, if a synthetic polymer experienced a relatively
harsh condition (e.g., the relatively higher temperature during service period) before being subjected to
an ambient marine environment (e.g., post-decommissioning), the piecewise ODE Equation 6 can
capture the timelines provided that the kss values are properly adjusted for the period 1 (t1, service life)

and period 2 (decommissioning period), respectively.

(depicted in Figure 5b) requires an accurate arrangement of the piecewise time function.

Furthermore, a multilayer coating system

Equation 6 illustrates how to compute the total mass loss of a system having infinite layers of synthetic
polymer coatings. It is evident in Equation 6 that the service-life period will only influence the mass-
loss of the topmost synthetic polymer layer (i.e., t1 << tq of the topmost layer). However, as discussed
earlier, the kss of the inner layers must also be corrected for any bulk alterations (e.g., high-temperature
exposures) during the service life of the coatings. The term t; ~can be calculated from Equation 5.

These mathematical expressions do not account for material inhomogeneity and lateral changes in
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surface area due to gaps (e.g., from air bubbles during injection moulding), crevasse, pitting and cracks
within the cross-section of the synthetic polymers. These features will increase the surface area and
hence the degradation rate and can also contribute to surface ablations and abrasive erosion.” Another
assumption is that the degradation is unidirectional. This is valid until disbonding occurs as the
adhesion between the coatings and the steel pipe begins to fail, then surface degradation (mass-loss)
will also occur from the internal radius of the coating.

1 1
ftll = 2kssntl (T[pntlh)z (mn + T[pntlhrnz)z ’ t=< ty
, , 1 ot
fdn = ftl + stsn (Hpnh)Z (mn + npnhrn)z ) tl <t< tdn
dm )
_— = .
dt . (6)
o 1 1
faz = fan + -+ 2kgs, (mpoh)2 (M, + mpyhrs)z Loy, <t <tg,
1 1
fa1 = fao + 2kg, (mp )2 (Mg + mp hri)z tg, <t <ty

1.7. Method for correcting the specific surface degradation rate (kss) for depth:

So far, the specific surface degradation rate (kss, in Equation 3 — 6) is an experimentally measured value
under ambient laboratory conditions or in marine-surface environments. Appropriate correction factors
are necessary for subsea scenarios. These correction factors (or functions) can take identical forms to
those being used for the chemical reaction rate constant k. Although kss and k are different, an
appropriate arrangement of their expression (Equations 7-9) shows that the method of correcting them
(e.g., for temperature, pressure, and photo-solar intensity) should be the same. If the extent of mass
conversion a, sometimes referred to as fractional mass loss in solid degradation kinetics, is defined in
terms of initial mass m;, instantaneous mass m,, and final mass mg:

m; —mg

a = mii — mf (7)

Then, Equation 2 is equal by definition to the rate of the extent of mass conversion according to:

dm da da
_E:kSSpSA def (mi—mf)a =m0% (8)

Therefore,

dx my 1 da 1 da
==t — =V, ©)

ko= — = L = .
ST dt p SA dt °SA dt

Equation 9 resembles the classical form of regression rate—fractional mass loss relationship—2° noting

that the surface area is a function of x as earlier discussed. Furthermore, the rate of the extent of mass

conversion can be parameterised in terms of essential variables: the temperature T, the extent of

conversion a, the pressure P, etc.,?! as follows:

7 of 22

Curtin University is a trademark of Curtin University of Technology.
CRICOS Provider Code 00301J.
Copyright © Curtin University 2020.



AN INVESTIGATION INTO THE DEGRADATION OF NON-METALLIC RES-62365
COMPONENTS OF OIL AND GAS INFRASTRUCTURE IN THE OCEAN

da
= k(T) h(P) - f(a) (10)

Implying that constants (such as k, h, etc.) measured for Z—f at a particular condition can be corrected

for other conditions with proper factors (or functions). These functions can also be translated directly
into the specific surface degradation rate constant kss based on the straightforward relation of kss with

in Equation 9.
dt

Therefore, we define the depth-corrected specific surface degradation rate k¢, as:

V, (P, P I
e R (R ) 1 TS
R\Ty, T I,

where:

e the temperature correction relies on the modified Arrhenius function (MAF), known to be accurate
at low temperatures (below 30 °C), where T and Ts,r denote the temperature at the required depth,
and the marine surface (or experimental) temperature in Kelvin, respectively. The value of T, at a
specific water depth of interest, can be calculated from the exponential depth decay in Figure 4.
We set the constant 6 to a value of 1.06 as determined by the International Water Association.22
To avoid the errors due to Arrhenius extrapolation, we limit our work to data collected from
experiments conducted at near-ambient temperature.

e the pressure correction stems from the effect of hydrostatic pressure on the hydrolysis and microbial
reactions.232> The terms V,, R, Psur, and P represent the activation volume, gas constant (J/K-mol),
marine surface (or experimental) pressure (MPa), and the pressure at the required water depth
(MPa), in that order, while T and Ts,, remain as defined above. The activation volume has been
defined as the excess of the partial molar volume of the transition state over the partial molar volume
of the initial species.?®27 The V, < 0 will increase the reaction rate, while Va = 0 and V4 > 0 will have
a neutral effect and decrease the reaction rate, respectively. We employed a V. value of —40
cm3/mol that is an average of typical hydrolysis and enzymatic set of reactions.?28-31

o the light intensity correction takes on the form of hyperbolic tangent function that mimics the physical
aspects of subsea light attenuation. By setting the characteristic light intensity Ix to 130 W/m?2, the
light-dependent rate increases linearly at low light intensities. However, as light intensity increases
further, the rate levels out as it becomes limited by other factors. Another physical aspect of setting
Ik to 130 W/m?Z is that it constrains the rate of photoreactions to remain constant up to 50 m depth
(i.e., the UV cut-off depth), and then decreases rapidly down to 200 m (i.e., the euphotic zone, see
Figure 4), before levelling near zero at lower depths (i.e., the dysphotic zone). Moreover, the
symbol “I” denotes the depth-specific solar total irradiance, expressed in exponential depth decay
function in Figure 4. Also, this model (i.e., the (1 + tanh-function)/2) assumes that only 50 % of the
functional groups is directly influenced by solar radiation (see Technical Report 1: TR-RES-62365,*
that describes the mechanism of degradation of the selected synthetic polymers in marine
conditions).

Noting that kgg; adds in the mass-loss due to sand abrasion (refer to Technical Report 1), Equation 11
provides the correction based on the identified essential depth-controlled parameters. For instance,
the appropriate temperature, hydrostatic pressure, and solar intensity at a particular depth can be
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estimated from the appropriate equations, respectively, and inserted into Equation 11 to obtain the
depth-corrected surface degradation rate constants k¢. The term y represents a multiplying factor that
accounts for the bulk transient (irreversible) thermal treatment due to service conditions. We have
discussed in Technical Report 1 (TR-RES-62365)* that in the presence of oxygen, moderate thermal
pre-treatment enhances the rates of oxidative degradation significantly, e.g., by increasing the polymer
hydrophilicity due to incorporation of oxygen-containing functional groups.” The value of y is unity
during the service period and changes accordingly for different synthetic polymers during the
decommissioning phase.

1.8. Method for calculating the evolution and degradation of microplastics

In addition to the produced CO:2 (carbonate), and dissolved organic carbon (DOC, e.g., carboxylic acids,
ketones, esters, etc) and nitrogen (DON), microplastics (MP in Figure 3, defined as polymer debris less
than 5mm in size) will be generated due to shearing (i.e., abrasive wear) and chemical degradation
pathways, which are coupled under realistic conditions. As photo- and thermo-chemical degradation
(weathering) proceeds in time, the mechanical properties of the plastic deteriorates from the surface,
allowing for a faster rate of abrasive wear.3235  Similarly, chemical degradation unzips the synthetic
polymer into low molecular weight fragments, contributing to the fragmentation of the plastics along the
surface cracks and fissures.35-38

While there has been an attempt to detect the onset of microplastic generation in marine systems,3°
and the role of water in fragmentation of plastics,* there exists no literature information on the mass
balance of plastics’ degradation into chemical products and microplastics. In other words, there is no
information on the number of microplastics generated per unit mass of the parent plastic’s degradation
in the ocean. Gerritse et al., while investigating the fragmentation of plastics in a microcosm experiment,
reported that microplastic generation was responsible for portions of the detected gravimetric weight
loss.®* More data are required to estimate the amount of microplastics generated from plastic
degradation in the ocean. It can be assumed that the fraction of microplastics in the initial degradation
products can be estimated based on the ratio of total degradation rate to rate of abrasion (i.e., kggg/kss)-
This kind of approximation will be influenced by the type of plastic, discontinuities in the form of voids
and cracks in the structure of the plastics, and the environmental degradation factors.

Microplastics are not readily degradable in marine systems. As shown in Equation 12, the rate of
formation of microplastics is calculated from the ratio of abrasion rate to the total surface degradation
at a specific condition. This is an assumption that excludes fragmentation due to photo-chemical
degradation. Moreover, the rate of degradation of the microplastics (expressed in the second term in
the RHS of Equations 12) relies on the first-order reaction kinetic fitting of photochemical dissolution of
buoyant microplastics.414?

dmp dm
- - 0 —+k 12
i (0] i + k,m, (12)
Where ¢ represents the ratio of abrasion rate to overall surface degradation rate (i.e., kssg/kss) ky
denotes the corrected degradation rates of microplastics, and m, corresponds to the mass of

microplastics. ‘;—T is computed in the form of piecewise differential function (e.g., Equation 6). Once
formed, the residence time of microplastics in the water column is a crucial factor;*® however, research
has shown that the marine debris are likely to oscillate within the water column due to buoyancy and
settling.** Therefore, to correct the degradation rate of the microplastics k,, we adapted Equation 11,
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excluding the abrasion correction factor, and taking the depth as the average of the total water column.
The following section lists the experimental values for microplastics degradation rates and the correction
methodology.

2. Summary of ambient degradation rate and properties in the literature

Before proceeding to depth-corrected rate constants, we present the ambient rate data, an important
input of the model, in Table 1. Based on the chemical backbones of the synthetic polymers mentioned
in Section 1.3 (see Figure 2), the samples can be grouped as high-density polyethylene (HDPE),
polypropylene (PP), polyamide 11 (PA), polyurethane (PU), polyurethane foam (PUF), and epoxy
thermoset (EP). Here, the term “ambient” refers to experimental data acquired under simulated marine
conditions at the surface of the marine environment. The data requires appropriate kinetic corrections
to represent subsea environments. The essential factors (i.e., solar radiation, temperatures, hydrostatic
pressure, and marine sands) for such corrections in the subsea environment are discussed in Technical
Report 1. Tables 2 and 3 assemble the hardness properties and degradation rates of the microplastics,
respectively. As discussed in the Technical Report 1, the hardness property is an input parameter to
estimate the abrasion component of the total degradation rates.

Table 1. Relevant specific surface degradation rate compiled in the literature, considering experiments
simulated in marine conditions and field tests in river/ocean surface. The averaged values are available
in the built-in data library in Supplementary Python Code.

Ambient surface degradation rates constant

(umlyear) Source

HDPE 1.0-10.0[4.3] doi.org/10.1021/acssuschemeng.9b06635
(no filler nor acceleration)

HDPE 0.06 doi.org/10.1038/s41598-020-67927-1

HDPE 18.8 doi.org/10.1016/).ibiod.2009.03.003

HDPE 3.8 doi.org/10.1016/j.jhazmat.2019.04.078

PP 4.0 doi.org/10.1021/acssuschemeng.9b06635

PP 8.0 doi.org/10.1021/acssuschemeng.9b06635

PP 4.76 doi.org/10.1016/).ibiod.2009.03.003

PP 0.0 doi.org/10.1038/s41598-020-67927-1

PA 13.9 doi:10.1016/j.chemosphere.2006.09.038

PA 94.1 doi:10.1016/j.ibiod.2007.02.002

PA 134.8 doi.org/10.1016/j.polymdegradstab.2013.05
.007

PU 59.6 doi.org/10.1016/j.ibiod.2010.11.012

PUF 1670.5 doi.org/10.1016/).ibiod.2010.11.012
(estimate)

EP 6.3 doi.org/10.1016/).ibiod.2010.11.012
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Table 2. Experimental erosion efficiency of the plastics, and density and hardness data. The values are
available in the built-in data library in Supplementary Python Code.

Erosion efficiency | Source Density Hardness
(au) (9/cm?) (Pa)

HDPE 0.0065 doi.org/10.1007/s10853-007-2405-0 0.97 7.80E+07
PP 0.007 doi.org/10.1007/s10853-007-2405-0 0.92 4.90E+07
PA 0.0024 doi.org/10.1016/j.polymertesting.2005.10.009 | 1.13 1.08E+08
PU 0.0001 doi.org/10.1016/j.polymertesting.2005.10.009 | 1.12 1.47E+08
PUF 0.0001 doi.org/10.1016/j.polymertesting.2005.10.009 | 0.03 1.47E+08
EP /CF 0.035 doi.org/10.1016/j.polymertesting.2005.10.009 | 1.42 3.99E+08

Table 3. Experimental values for microplastic degradation rates. The first order rate constant k
calculated from initial mass and final mass after 54 days experiments from the cited source: In(C/Co) =
kt. The values are available in the built-in data library in Supplementary Python Code.

Microplastic degradation rate constant (y!) | Source

HDPE 0.021 doi.org/10.1016/j.jhazmat.2019.121065
PP 0.1 doi.org/10.1016/j.jhazmat.2019.121065
PA 0.25 estimated

PU 0.46 doi.org/10.1016/j.jhazmat.2019.121065
EP 0.2 estimated

3. Result of corrected degradation rate and long-term exposure modelling

3.1. Effect of depth and associated physicochemical parameters on degradation rate

As shown earlier in Figure 4, the essential physicochemical parameters such as temperature, pressure,
solar irradiance, and sand sediments vary with depth. Due to this reason, the degradation rate of each
of the synthetic polymers associated with oil and gas infrastructure will vary as a function of depth.
Figure 6 depicts the depth-corrected degradation rate constants, illustrating how the degradation rate
changes with water depth. Generally, the degradation rate decreases with depth mainly due to
decreasing temperature, and solar irradiance. The result also shows that the degradation rate may
increase relatively because of the surface abrasion by sand sediments in the lower depths of the water
column. However, the presence of marine coverages (biofouling) could limit the sand abrasion,
especially within the mild-degradation zone. Macrofoulants such as barnacles, hydroids, bryozoans,
and small marine animals can effectively cover pipelines and infrastructure at shallow water depths.
Therefore, the tolerance thresholds in Figure 6 represent degradation rate calculated with and without
sand abrasion. In other words, the lower limit of the curve corresponds to degradation rate without the
effect of sand abrasion, while the upper limit signifies the degradation rates that includes the effect of
abrasion; and the coloured centre line is the average of the two conditions (i.e., with and without
abrasion). Accordingly, the increase in the degradation rates is due to relatively higher concentration of
buoyant sand sediments at the deepest depths.
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Figure 6a. Variations in the depth-corrected surface degradation rate of HDPE, and PP in oceanic Northwest (a), coastal Northwest (b), and coastal
Bass-strait waters. The upper and the lower limits represent rates calculated with and without abrasion due to sand sediments, respectively. The
combined current velocity at the surface of the offshore waters is taken to be 1.54 m/s. The normalised global sensitivity indices show the relative
contribution of the temperature correction factor (Teor), pressure correction factor (Pcor), light intensity correction factor (I.r) and sediment abrasion

(ksse) to the overall uncertainty of each plot.
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Figure 6b. Variations in the depth-corrected surface degradation rate of PA, and PU in oceanic Northwest (a), coastal Northwest (b), and coastal
Bass-strait waters. The upper and the lower limits represent rates calculated with and without abrasion due to sand sediments, respectively. The
combined current velocity at the surface of the offshore waters is taken to be 1.54 m/s. The normalised global sensitivity indices show the relative
contribution of the temperature correction factor (Teor), pressure correction factor (Pcor), light intensity correction factor (I.r) and sediment abrasion
(ksse) to the overall uncertainty of each plot.
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Figure 6c¢. Variations in the depth-corrected surface degradation rate of PUF and EP in oceanic Northwest (a), coastal Northwest (b), and coastal
Bass-strait waters. The upper and the lower limits represent rates calculated with and without abrasion due to sand sediments, respectively. The
combined current velocity at the surface of the offshore waters is taken to be 1.54 m/s. The normalised global sensitivity indices show the relative

contribution of the temperature correction factor (Teor), pressure correction factor (Pcor), light intensity correction factor (I.r) and sediment abrasion
(ksse) to the overall uncertainty of each plot.
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We performed sensitivity analysis to explore how the model inputs (i.e., the essential parameters)
contribute to the output uncertainties of our model. By using the global sensitivity indices for nonlinear
mathematical modelling, Figure 6 also illustrates that the relative impacts of each variable change at
different depths or stratified zones. The result of these computations confirmed that sand abrasion, as
currently estimated in the model, represents a significant source of uncertainty for some synthetic
polymers (i.e., PE, and PP and EP) especially at oceanic depths near the seabed. Therefore, further
studies are needed to investigate the influence of transport of marine sediments on abrasive wear of
synthetic polymer surfaces post-decommissioning. Such work should also evaluate the degradation
products and quantify the formation of microplastics (and nanoplastics).

3.2. Effect of synthetic polymer type on degradation rate

As shown in Figure 6, each of the synthetic polymers has a different rate of degradation and responds
differently to the effect of water depth and associated physicochemical parameter. HDPE, PP, and EP
have the lowest degradation rate, and are most likely to be impacted by sand abrasion. However, sand
abrasion has a relatively low impact on hydrolysable hard synthetic polymers such as PA and PU. As
discussed in Technical Report 1, these types of synthetic polymers (i.e., PA and PU) have relatively
high degradation rates in marine conditions due to the presence of hydrolysable chemical bonds.

3.3. Effect of basin location on degradation rate

Based on the problem statement from NERA,* the water depth in the Bass Strait generally ranges from
shore to 95m, with one subsea development reaching ~400m; and for the Northwest region, the water
depths typically range from 5 m to 1500 m. Therefore, Figure 6 presents the results for deep Northwest
(up to 1500m), shallow Northwest (below 300m), and shallow Bass Strait (bellow 300m). Accordingly,
the difference in the trend of degradation rates is principally due to the varying water temperature and
surface solar irradiance at each location. As explained in the first Technical Report, temperature plays
a vital role in reaction kinetics and enzymatic activities.*> Bass Strait and Northwest region have
different epipelagic zone characteristics, falling within the mid-latitude ocean and tropical ocean,
respectively.

3.4. Long-term exposure prediction and fate of microplastics

As discussed in Technical Report 1 (TR-RES-62365)*, apart from the marine environment, the
geometry and size of the synthetic polymer components have a strong influence on the kinetics of
degradation proceeding along the surface front. Therefore, the lifetime and fate of the plastics in water
depths can be predicted by coupling the essential physicochemical equations and geometry with the
system of ODEs listed above. Figures 7 and 8 illustrate the predicted geometry-dependent long-term
degradation profile of synthetic polymer inventories in an offshore application, using the upper limit of
the depth-corrected surface degradation rates in Figure 6. It takes approximately 400 years to
completely degrade HDPE (6 mm thickness on 1 m long, 150 mm OD pipe) into COz2, dissolved
organics, and polymer debris in near coastal conditions. However, the microplastics will persist for
another approximately 200 years. A similar HDPE material will take approximately 800 years in
oceanic-bed conditions due to low temperatures and near-zero solar radiation. The effect of service life
is shown in Figure 7 as “SL”, implying that the synthetic polymers are expected to have undergone that
much of degradation (minor) during the service life exposure. Moreover, the Python code in the
Supplementary Information can solve the coupled systems of ordinary differential equations (ODE) for
different scenarios, i.e., different types of water depths, locations, service life, and synthetic polymer
geometries. To the best of our knowledge, there are no quantitative data (i.e., mass percent of
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degradation) of the dissolved organic compounds in natural marine conditions. However, a very recent
study shows that the leachable chemical products can reach 1400 species from high-density
polyethylene, and 7000 species from polypropylene.46
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Note: It will take approximately 49 years for the 10 mm thick
PUF (in case 1 or case 2) to degrade with negligible
formation of debris, using the same method. However, such
degradation will not start until considerable amount of steel
sleeve has been corroded.

Figure 7. Degradation profiles of synthetic polymer coatings on a 1 m rigid pipe near the bed of coastal and oceanic waters,
using the upper limit of the depth-corrected surface degradation rates, e.g., in Figure 6. SL refers to service life. The polymer

debris are generated per unit meter of the flowlines.

This prediction assumes the depth corrected specific surface degradation rate kg, to be constant;
however, its value may change over a very long period. As shown in Figures 7 and 8, the total amount
of plastic debris from the PE (and PP) coating material can reach more than 1000 g per meter (estimated
by the integral area under the curve) of the flowline. This will result in thousands of particles per g of
PE (or PP) coatings, considering a particle mean diameter of about 500 microns.
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Note: Only one inner sheath is considered in this example. The
negligible amount of polymer debris from PA-12 is due to relatively
higher hardness of the material and faster rate of degradation of debris.
Recall, the debris fraction is calculated from the ration of abrasion rate
to total rate at a specific depth condition.

Figure 8. Degradation profiles of synthetic polymer coatings and inner sheath on a 1 m flexible flowline near the bed of coastal
and oceanic waters, using the upper limit of the depth-corrected surface degradation rates, e.g., in Figure 6. The polymer debris

are generated per unit meter of the flowlines. The dashed line represents the serial degradation of the second layer of the outer
sheath (i.e., PE in this case).

Calculating the half-life, i.e., the time in which the material loses 50 % of its original mass, is known to
yield a somewhat accurate result, mainly because the subsequent half-lives may be very different from
the first half-life, depending on the rate law.” Here, although the solution of the mass-loss differential
equation is non-linear, the relative ratio of the pipe’s diameter to the thickness of the coating makes the
solution appear linear. Hence, the linear extrapolation of the half-life is valid in this case. These results
should be interpreted carefully because the degradation mechanism may change after many years of
exposure. There is currently no information to account for such mechanistic changes but the use of a
unidirectional surface degradation® model should reduce the errors in describing the rates of complex
phenomena involved in synthetic polymer degradation. Table 4 summarises the degradation rates.
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Table 4. Summary information for degradation of the synthetic polymers in offshore conditions categorised a “S” shallow, and “O” oceanic conditions.

PE PP PA PU EP
Function in oil and gas Used as outer sheath Used as outer sheath Mostly used as internal Used as Used as external
infrastructure (coating), or (coating), or pressure sheath, insulation coating in rigid
inner/pressure sheath in inner/pressure sheath in | intermediate sheath, layer. flowlines, or as filling
flowline and umbilicals. flowline and umbilicals. insulation layer, or as material in umbilicals.
outer sheath.
S* O** S* O** S* O** S* O** S* O**
- Degradation | With 18 9.5 25 13 26 17 16 10 16 8.6
°m§ Rate (um/y) abrasion
= Without 1.7 1.2 1.1 0.8 22 15 16 10 1.7 1.2
S abrasion
Microplastics fractions high high high high low low low | low | low low
S* O** S* O** S* O** S* O** S* O**
@ Degradation | With 18 - 25 - 25 - 15 - 16 -
(%s Rate (um/y) abrasion
0 Without 1.6 - 1.0 - 20 - 15 - 1.6 -
Q abrasion
s]
Microplastics fractions high high high high low low low | low low low

* Shallow condition is represented as degradation occurring on the bed of offshore water at total depth of 300 m.

** Oceanic condition is represented degradation occurring on the bed of offshore water at total depth of > 1000 m.

¥ The temperature (13 °C), pressure (3 mPa), solar intensity (1 W/m2), and buoyant sand concentration (13 g/m3) at Northwest shallow bed condition (see Figure 4)
The temperature (3 °C), pressure (11 mPa), solar intensity (1.3 x 10 W/m?), and buoyant sand concentration (13 g/m?) at Northwest oceanic bed condition (see Figure 4)

8 The temperature (12 °C), pressure (3 mPa), solar intensity (1 W/m?), and buoyant sand concentration (13 g/m°) at Bass Strait bed (see Figure 4)
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3.5. Case of materials embedded below the seabed

Depending on the sedimentation rate (e.g., a maximum of 2.2 mm/y in Northwest and a range of 0.05-
1.6 mml/y in Bass strait, based on the background data provided NDRI®), the flowlines lying at the
seabed could be buried. A recent study has shown that the sedimentation rates in Northwest Australia
are around 0.1-1.0 mm based on the carbon dating of sediments from 1000 to 2000 years ago.*’ The
case of materials buried below the seabed is beyond the scope of the current study. For steel pipelines
and flexible flowlines embedded below the seabed, the degradation rate of the synthetic polymer
coatings will be influenced by the geochemistry of the mudline and the poroelastic nature (i.e., the
combined interaction of water penetration and solid deformation) of the seabed. There is currently no
information in the open literature quantifying the effects of mudline geochemistry and poroelasticity of
seabed on the degradation of synthetic polymers. However, the degradation rate of the synthetic
polymer coatings in this scenario can be assumed to be between the degradation rates on the seabed
with and without abrasion (if the sand below the seabed is relatively stable) based on the fact that (i)
like underwater buried condition, the material located on the seabed is already experiencing near-zero
solar radiation, (ii) the temperature below the seabed can be represented by the bulk temperature of
the seabed, (iii) due to the poroelastic nature of the seabed, water can diffuse to a considerable depth
(e.g., more than 20 m) below the (porous) seabed.®4° . In such a scenario, the lower limit of the
degradation rates in Figure 6 can be used. However, there may be other potential degradation
mechanisms at play.

4. Summary and implications

Decisions regarding decommissioning require an appropriate measure of the degradation and lifetime
of the environmentally persistent plastic components. The current estimates of the plastics in the
ocean!25051 do not capture these values explicitly; therefore, it is challenging to make a relative
comparison to global mass budget of marine plastics. We have described a methodological approach
of correcting synthetic polymer degradation rates for depth to estimate their respective lifetime and
formation of debris such as microplastics. Whilst we have used Australian waters as a case study, the
results are universally applicable. To the best of our knowledge, this is the first degradation model that
implicitly accounts for essential factors in water depths. While essential parameters such as
temperature and solar irradiance decrease the degradation with depth, hydrostatic pressure and marine
sands in the water column have the opposite effect. Moreover, the degradation rates of polymeric
materials buried below the seabed is expected to the relatively lower than the exposed counterparts.
Adding to the number of subsea microplastics,>? the environmental impact of the polymer debris (and
other degradation products) should be considered in decommissioning decisions.

5. Recommendations

Based on the outcomes of this study, the followings are recommended for potential future work:

o Experimental validation of the abrasion module of the degradation model. We have employed
reasonable postulations based on the principles of abrasive wear to develop an approach to
estimate the abrasion rate of synthetic polymers due to marine particles. However, most of the
wear coefficients in the literature were measured under air-borne sand conditions and high
impact velocity. Projecting such data to water-borne sands and low impact velocity may result
in some level of uncertainty. Therefore, we recommend further representative tests to measure
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the abrasion of the selected synthetic polymers and correlate this with the conditions in marine
environments.

e Long-term exposure monitoring of synthetic polymer degradation underwater. A marine
campaign is also needed to experimentally measure the rate of degradation of the plastics at
varying depths. This can be achieved by placing synthetic polymer coupons in different depths
of the ocean, followed by retrieval (after a period of one or two years) for mass-loss and surface
characterisations. Such data are currently not available but will be highly instrumental in
validating the depth-controlled kinetic model. Moreover, such a study will elucidate the effect of
coverage of macrofoulant (e.g., barnacle and other small marine animals) on synthetic polymer
degradation.

o Effect of mudline geochemistry and poroelasticity of seabed on the degradation of synthetic
polymers embedded below the seabed. As described above, polymer infrastructures
embedded below the seabed are likely to examine degradation rates different from those on
the seabed. The potential degradation mechanisms may be different and may require further
investigation.

o Dynamics of microplastics (and other degradation products) in the ocean, and environmental
and health risk modelling. This recommended study is very important as it will translate the
predicted long-term exposure and formation of microplastics into potential risk factors.
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