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Abstract

If societies around the globe are to stabilise Earth’s surface temperature and prevent it from rising
beyond levels compatible with human and non-human life, they must not only eliminate their current
greenhouse gas (GHG) emissions but also remove accumulated emissions from the atmosphere. Of
the different anthropogenic GHGs emitted, carbon dioxide (CO») has historically and is continuing to
contribute the most to the warming of the atmosphere, ocean, and land. For this reason, it is the focus
of this investigation.

This dissertation provides insights into and designs for two possible modular system solutions
for offshore wind-powered carbon dioxide removal (CDR). The first one takes CO; directly from the
air (known as direct air capture, or DAC), and the second one draws it out indirectly through the
ocean (known as direct ocean capture, or DOC). Although not studied in this work, once captured,
the CO, can be permanently sequestered via mineral trapping in mafic rocks, such as basalt
formations. This is especially convenient as basalt covers most of the upper ocean crust and offers
more than enough storage capacity to meet projected CDR needs. The feasibility of CO;
mineralisation in subseafloor basalt is currently being investigated by the Solid Carbon project, to
which this study contributes.

The prospect of storing CO, permanently in subseafloor basalt reservoirs motivated the idea
to locate the capture of CO» offshore as well, where: the constraints on area use are more relaxed than
onshore, the process can be powered by local renewable winds, and all required operating equipment
can be housed on floating offshore wind turbine (FOWT) platforms. FOWT platforms are rapidly
emerging technologies whose costs are less sensitive to water depth variations than more established
fixed-bottom turbine platforms. As such, they are better suited for remote offshore applications, such
as wind-powered DAC and wind-powered DOC. The integration of the CO, capture (whether DAC
or DOC) and wind power systems on the same floating platform can reduce operational costs, since
part of the maintenance of the two can be carried out together.

For the first proposed system solution, the FOWT-DAC platform, a dynamic analysis is
conducted to modify as necessary and ensure that adding the DAC equipment to the moored wind
platform disturbs its operation as little as possible. This is done by comparing the FOWT-DAC
system’s floating stability and its fully coupled motion responses with those of the reference FOWT
platform design. The research findings demonstrate good fit between the proposed system and the
benchmark, suggesting that the hybrid FOWT-DAC platform behaves in a similar way to the reference
system and can serve as a viable modular deployment approach.

For the second proposed system solution, the FOWT-DOC platform, four design scenarios
are examined. Each draws seawater from increasingly greater depths — 20 m (Case 0), 100 m (Case
1), 200 m (Case 2), and 300 m (Case 3) - with incrementally higher dissolved inorganic carbon (DIC)
concentrations. The energy intensity and cost of carbon capture in each case are then compared. The
key finding is that, although Case 3 is the least energy intensive, it is not the most economical. This
is explained by the rising linear costs associated with deeper withdrawal outweighing the benefits
from seawater with correspondingly increased DIC concentration, which peaks between Cases 0 and
1, and diminishes progressively thereafter. As a result, the estimated cost is lowest for Case 2, which
is almost 8% more cost-effective than Case 0.
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Direct air capture and direct ocean capture are two emerging CDR methods with high
potential to remove CO, from the atmosphere and could be coupled with offshore, permanent
sequestration in subseafloor basalt. Although DOC is currently at an earlier stage of development than
DAC, it could additionally help mitigate local ocean acidification, which together with climate
change, is one of the seven planet boundaries currently transgressed. Both DAC and DOC are
estimated to have similar costs of implementation, which are comparatively higher than those of many
other CDR techniques. This may be an established but unfair comparison as not all CDR methods
exhibit the same sequestration permanence (durability), among other key indicators. Future economic
assessments should account for these differences and show the true societal cost of carbon removal
across different residence times.
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Figure 4.8. (Top) Average system component costs per unit of CO, captured across design
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“Other” comprises the intake system, electrochemical cells, and batteries. (Bottom)
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“Three passions, simple but overwhelmingly strong, have governed my life: the longing for love, the
search for knowledge, and unbearable pity for the suffering of mankind.

1 have sought love, first, because it brings ecstasy - ecstasy so great that I would often have sacrificed
all the rest of life for a few hours of this joy. I have sought it, next, because it relieves loneliness - that
terrible loneliness in which one shivering consciousness looks over the rim of the world into the cold
unfathomable lifeless abyss. I have sought it, finally, because in the union of love I have seen, in a
mystic miniature, the prefiguring vision of the heaven that saints and poets have imagined. This is
what I sought, and though it might seem too good for human life, this is what - at last - I have found.

With equal passion I have sought knowledge. I have wished to understand the hearts of men. I have
wished to know why the stars shine. And I have tried to apprehend the Pythagorean power by which
number holds sway above the flux. A little of this, but not much, I have achieved.

Love and knowledge, so far as they were possible, led upward toward the heavens. But always pity
brought me back to earth. Echoes of cries of pain reverberate in my heart. Children in famine, victims
tortured by oppressors, helpless old people a hated burden to their sons, and the whole world of
loneliness, poverty, and pain make a mockery of what human life should be. I long to alleviate the
evil, but I cannot, and I too suffer.”

Prologue to the autobiography of Bertrand Russell, July 25%, 1956
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Chapter 1.

Introduction

“Let’s get this on the table right away, without mincing words. With regard to the climate
crisis, yes, its time to panic. We are in deep trouble. To understand why, it is necessary to
understand something about carbon budgets.”

Raymond Pierrehumbert, Halley Professor of Physics at the University of Oxford, lead author
of the Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report

This first section seeks to orient the reader to the scientific foundations that motivate this dissertation
—namely, climate change and the need for carbon dioxide removal (CDR) — and the rationale behind
the specific path chosen to contribute to that effort: offshore wind-powered CDR sequestered in deep-
sea basalt. At the same time, a sincere effort has been made to uphold the “no silver bullet” philosophy,
which cautions against the inherent human tendency to seek a single — often technological - saviour
for our problems. If | have failed to reflect this, I apologise. Lastly, in an attempt to offer some clarity
in this era of misinformation, I devoted equal consideration to precision, retaining much of the
technical terminology used in IPCC reports. I fear this may come at the expense of accessibility or
readability at times, and for that, [ also apologise.

ANTHROPOGENIC CLIMATE CHANGE AND
CARBON DIOXIDE REMOVAL

Human activities, such as energy and land use, land use change, and unsustainable patterns of
lifestyle, consumption, and production, have unequivocally induced a change in the climate system,
warming the atmosphere, ocean, and land'. Between 1850-1900 and 2013-2022, the global mean
surface air temperature (GMST) increased 1.15 [1.00 to 1.25]°C, ocean temperatures 0.93 [0.73 to
1.04]°C, and land temperatures 1.65 [1.36 to 1.90]°C, ref.!. This warming has already had major
consequences worldwide, with rises in mean sea level of 0.20 [0.15 to 0.25] m between 1901 and
2018 (high confidence'), and more frequent and more intense hot extremes (virtually certain) and
heavy precipitations (high confidence) since the 1950s, ref.!. These extremes have reduced food and
water security for millions of people across different regions in Africa, Asia, Central and South

! Following the IPCC confidence qualifiers and likelihood terminology, evidence with a medium and high
confidence level have a 50% and 80% chance of being correct, respectively, whereas very likely and virtually
certain events have a likelihood of occurrence equal to 90-100% and 99-100%, respectively. For clarity, when
used in this section, this terminology is italicised.
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America, Small Island Developing States and the Arctic, and across communities of Indigenous
Peoples, low-income households, and small-scale producers'.

It is very likely that the main drivers behind this human-induced warming are greenhouse gas
(GHG) emissions, primarily carbon dioxide (CO,)" which contributed to 0.8°C of warming between
1850-1900 and 2010-2019, ref.?. The sixth IPCC assessment cycle reaffirmed the near-linear
relationship between anthropogenic cumulative CO, emissions and global warming (high
confidence), see Figure SPM.10, ref.>. Indeed, for each 1,000 GtCO, of cumulative CO, emissions,
the GMST increases 0.45 [0.27 to 0.63]°C. More importantly, “this relationship implies that reaching
net zero anthropogenic CO; emissions is a requirement to stabilise human-induced global temperature
increase at any level, but that limiting global temperature increase to a specific level would imply
limiting cumulative CO, emissions to within a carbon budget”, ref.’.

Every increase in GMST raises the risks and severity of impacts associated with climate
change. At the 2013-2022 warming above pre-industrial levels of 1.15 [1.00 to 1.25]°C, five climate
tipping points (CTPs) had already become likely: the collapse of the Greenland and West Antarctic
ice sheets, the collapse of the Labrador-Irminger subpolar gyre, the die-off of low-latitude coral reefs,
and the abrupt thaw of boreal permafrost®. Limiting any further warming is necessary to preserve a
liveable planet'. However, with the climate policies in place by 2019, projections by the IPCC showed
that the global net median GHG emissions would remain roughly the same as in 2019 until 2100
(Figure SPM.5 in ref.!)li, At these levels, the effects of the accumulated anthropogenic GHGs on the
atmosphere — referred to as historical emissions — could lead to a GMST of 3.2 [2.2 to 3.5]°C (medium
confidence) by 2100 relative to the 1850-1900 period'.

In an effort to define legally binding temperature targets and spur countries to reduce their
GHG emissions, the 2015 Paris Agreement sought to keep the GMST well below 2°C, preferably to
1.5°C above pre-industrial levels". To attain this, it is necessary to achieve net zero CO, emissions
between the early 2050s and the early 2070s, as shown by all IPCC global modelled pathways (see
e.g. Figure 3.6 in ref.!). First and foremost, this requires profound reductions in CO, emissions,
achieved mainly through the replacement of carbon intensive energy sources and technologies by

iiIn 2019, the concentration of CO; in the atmosphere was higher than any time over the past two million years
(high confidence), with an unprecedented increase seen since 1750 which transcends natural multi-millennial
variations between glacial and interglacial periods over at least the last 800,000 years'. Methane is the second
largest contributor to the observed warming of the atmosphere, causing a 0.5°C increase between 1850-1900
and 2010-2019, ref.2. Although most of the world efforts have been focused on reducing CO», it is becoming
increasingly clear that resources devoted to methane mitigation must be stepped up?*, as only ~2% of global
climate financial resources are destined to methane abatement?> and actions to reduce CO, emissions have
fallen short.

i In 2019, the global net anthropogenic GHG emissions were 59 + 6.6 GtCO»-equivalent, 54% higher than in
1990, ref.!. Aggregated GHG emissions from different GHGs are stated in CO>-equivalents (COxe), which are
calculated based on their global warming potential (GWP) over 100 years. The GWP measures the infrared
thermal radiation GHGs would absorb over a given time frame (often taken as 100 years).

v Between 1.5-2°C, nine additional CTPs become possible: the collapse of the East Antarctic subglacial basins
and the Atlantic Meridional Overturning Circulation, the dieback of the Amazon rainforest and the southern
boreal forest, the abrupt loss of the Barents Sea ice, the loss of mountain glaciers, the greening, of the Sahel and
West African monsoon, and the northern expansion of the boreal forest*.

2
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low-carbon ones (commonly known as decarbonisation), the reduction and change of energy demand
through improvements in technological efficiency and socio-cultural and behavioural changes, and
the protection and restoration of ecosystems (high confidence)'. In addition, historical emissions must
be offset by carbon dioxide removal (CDR) methods, which aim to lower the concentration of CO,
in the atmosphere. Estimates suggest® that achieving the 1.5°C with limited or no overshoot requires
removal of 100 to 1,000 GtCO; by 2100". Beyond compensating for past emissions, CDR is essential
for counterbalancing emissions from sectors which are by nature harder to decarbonise, such as
agriculture, aviation, shipping, road transportation (i.e. heavy-duty trucks), and iron and steel
production®.

Despite the unavoidable necessity to upscale CDR (currently at around 2.1 GtCO,/year, ref.”),
if we are to meet the targets of the 2015 Paris Agreement, I find it important to emphasise the next
statement from the IPCC? that, to my mind, remains true today and underscores the order of priorities:

“Limits to our understanding of how the carbon cycle responds to net negative
emissions increase the uncertainty about the effectiveness of CDR to decline
temperatures after a peak. CDR deployed at scale is unproven, and reliance on such
technology is a major risk in the ability to limit warming to 1.5°C. CDR is needed
less in pathways with particularly strong emphasis on energy efficiency and low
demand.”, page 34, ref.’.

CDR is not a replacement for decarbonisation efforts or an excuse to continue promoting
carbon intensive practices. CDR and decarbonisation need to take place in parallel, but the former
cannot slow down or limit the pace of the latter.

Several CDR methods currently exist", each exhibiting their own sustainability, readiness
vii

levels, CO; removal potential, and permanence*” (see comparison and summary of CDR methods in
Table 1 in ref.?). Given the uncertainties around their risks, benefits, and the scale of CDR deployment

vV The required range of 100-1,000 GtCO; reflects an estimation based on the carbon budget at the time (2018-
2019), and accounts for uncertainties that consider the speed of decarbonisation. It assumed that CO» emissions
would peak around 2020, which did not happen and are still increasing every year, reaching a record high of
38.1 GtCO; in 2025, ref.?36. Consequently, the lower boundary of 100 GtCO; of cumulative removal by 2100
is no longer compatible with staying within 1.5°C with limited or no overshoot, and the true amount required is
likely higher. The integrated assessment models (IAMs) used by ref.’ to derive the required levels of CDR are
based on the Shared Socioeconomic Pathways (SSPs) framework?Y’, comprised of five main scenarios. Each
scenario has a defined qualitative narrative that translates into quantitative demographic and economic markers
employed by the IAMs. The economic marker used across all SSPs is the gross domestic product (GDP) and,
notably, in all SSPs projections of GDP to the year 2100, this indicator never ceases to grow (Figure 2 in ref.?7).
To be compatible with a GHG emission cap, such growth assumptions can only be justified insofar as a full
decoupling of emissions and GDP is achievable, which may not have been achieved as of yet?>¥2%!, [ will leave
the divisive debate between growth supporters and growth critics aside for now, but before doing so, I propose
the following (provocative) question: how would the well-known cumulative required levels of CDR by 2100
(100-1,000 GtCO3) change if the SSPs had considered a non-growing (i.e. steady) or even declining GDP? I
hope the reader will forgive this brief detour.

Vi E.g. afforestation, reforestation, and improved forest management, enhanced rock weathering, ocean
fertilisation, coastal blue carbon, increased soil carbon sequestration, bioenergy with carbon capture and
storage.

Vi Permanence may be defined as the time CO; can be locked away from the atmosphere.

3
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required, all CDR approaches should ultimately be developed to ensure a more robust system,
although some are likelier to play a larger role in the near term than others. Certainly, conventional
and more inexpensive CDR solutions but with insufficient permanence — such as afforestation,
reforestation, and forest management practices, which currently comprise 99.9% of the existing CDR
deployed’ and have permanence scales of decades to centuries — can “buy us some valuable time
while more durable forms of CDR are developed”, ref.’. However, because models of global carbon
cycling strongly agree that fossil fuel-CO, emissions can affect the climate for thousands of years!?,
solutions with equivalent permanence may be the most desirable, which explains why the approaches
above with shorter storage durations were referred to as insufficient. In comparison, CO; stored in
minerals and geologic formations can be locked in for thousands of years, making it the most
preferred option for sequestering CO,.

CLARIFICATION NOTES: CDR, CCS, CCUS, and SRM

CDR is not to be confused with carbon capture and storage (CCS) or carbon capture, utilisation and
storage (CCUS). As opposed to CDR, which captures CO from the atmosphere, CCS and CCUS
capture it from large emitters (often called point sources), such as power plants or industrial facilities,
which use fossil fuels or biomass as fuel. Consequently, CCS and CCUS only balance current
emissions and do not reduce further atmospheric CO, concentration. After the CO, is captured from
point sources, it may be stored away in reservoirs (CCS) or used in a range of applications (CCUS).

Solar radiation management (SRM) or solar geoengineering is a set of non-CDR strategies which rely
on increasing the amount of sunlight reflected back to space, thereby reducing the heat trapped by
Earth and addressing global warming. Without ignoring the challenges posed to achieve a fair and
inclusive global governance of planetary-scale SRM!!, solar geoengineering does not tackle the root
of climate change (i.e. CO emissions), only one of the effects caused by it (i.e. global warming),
effectively just “kicking the can down the road”!.

CARBON DIOXIDE SEQUESTRATION IN DEEP-SEA BASALT -
A TIMELY AND SAFE MINERALISATION

There are different mechanisms by which CO; can be retained in minerals and geologic formations,
which can be categorized as physical (structural, stratigraphic, residual, and hydrodynamic) and
geochemical trapping (solubility, and mineral)', Among these, mineral trapping is the most stable
and long-term mechanism, in which CO, reacts with rocks rich in calcium, magnesium, and iron
oxides, and forms carbonate minerals in an exothermic process known as carbonation.

Ca0 + C0O; - CaCO04 (1.1)

Vil Physical traps consist of impervious stratum, or put simply, a layer or series of layers of rock that do not
allow the CO; to pass. Structural traps are formed by tectonic forces (e.g. folding or faulting of rocks), while
stratigraphic traps occur due to changes in rock properties (e.g. porosity or permeability). Residual trapping
refers to CO; confined inside the tiny pores of a structure due to capillary forces, and hydrodynamic trapping
happens “when the residence or travel time of CO; in low permeability regional aquifers is of the order of
thousands to a million years”, ref.'”.
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Mg0O + CO, > MgCO3 (1.2)
FeO + CO, — FeCO; (1.3)

Carbonation in onshore silicates, akin to the natural weathering of silicates to carbonates in
the carbonate-silicate cycle, was first suggested by Seifritz'® as a means of CO, disposal. They noted,
nevertheless, that the slow kinetics of the reaction (i.e. the long timescale to mineralisation) might
make the process impractical. Indeed, Kelemen et al.'* estimated the carbonation rate of open
peridotite formations in Samail Ophiolite (Oman) as 10* tCO,/year, much slower than the rate at
which anthropogenic CO, emissions are added to the atmosphere (10'° tCO,/year). However, they
also modelled how drilling and injecting high-pressure, dissolved CO» at depth could speed up the
carbonation reaction kinetics, calculating an increase of six orders of magnitude in the rate of CO;
mineralised, or 10'° tCO,/year. Certainly, as gaseous CO, is hydrated, and one bicarbonate ion
(HCO3) and proton (H ™) form (see eq. 1.4), the enhanced acidic environment induces the dissolution
of minerals from the host silicates, which react with the dissolved bicarbonate and result in the
precipitation of carbonates (egs. 1.5 to 1.7). Further, the dissolution of CO, in water under unsaturated
conditions prevents it from degassing as the CO; is no longer buoyant, known as solubility trapping.
The advantages conferred by these injection conditions were later confirmed by the CarbFix pilot
project, which demonstrated that 95% of the injected and dissolved CO; in land basaltic formations
mineralised within two years'.

C0,(aq) + Hy0 S HyCO3 S HCO5 + H* (1.4)
Ca** + HCO3 - CaCO3(s) + H* (1.5)
Mg?*t + HCO; —» MgCO5(s) + H* (1.6)
Fe?* + HCO; — FeCO5(s) + H (1.7)

In nature, mafic and ultramafic rocks, such as basalt and peridotite, are the richest sources of
calcium, magnesium, and iron, and the preferred rock formations for CO, mineralisation™. Of these,
basaltic rocks are one of the most widespread rock types on Earth, covering approximately 10% of
the continental surface and most of the upper ocean crust'®. Subseafloor basalt alone is estimated to
have a capacity over 30,000 GtCO,, ref."”.

Goldberg and Slagle!” assessed the global CO, storage capacity of subseafloor basalt in deep
waters (at a minimum of 2,700 m depth), sealed by an upper sediment layer of 200 m thickness or

X The calcium, magnesium, and iron content in many sedimentary rocks is lower than in basalt rocks, and thus
their capacity and rate of mineral trapping is also lower?622%, That said, the vast majority of the current CO,
storage projects inject CO, in underground sedimentary basins, where the CO;, remains in gas, liquid or
supercritical phase for a long time (e.g. see Figure 1 in ref.%%). Although the likelihood of leakage is estimated
to be negligible®®, the requirement of long-term monitoring may not be feasible considering e.g. current levels
of political commitments. Together with the need for new site identification, these factors encourage the
assessment of alternative CO, storage methods, such as mineralisation in basalts.
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more. The impermeable sediment layer provides a first stratigraphical trap after the CO, is injected,
impeding its migration to the surface. If the buoyant CO, gas were still to permeate through and leak
into seawater, the high hydrostatic pressure would prevent it from ascending any further, what is
known as gravitational trapping. Moreover, at such water depths, deep-ocean waters take centuries to
mix with surface waters, so the CO» could be sequestered for hundreds of years'®, what is known as
deep ocean disposal®’.

The high prevalence and location away from human activities, combined with multiple
trapping mechanisms (physical and geochemical) and large storage capacity for disposal (estimates
suggest dozens of teratons of CO, ref.!”), make deep-sea basalt rock a strong candidate for safe and
permanent CO, storage. These advantages motivated the Solid Carbon team, within which this PhD
research is conducted, to investigate and advance CO, sequestration in deep-sea basalt formations.

CARBON DIOXIDE REMOVAL VIA DIRECT AIR CAPTURE
AND DIRECT OCEAN CAPTURE

Before CO; can be sequestered in geologic reservoirs such as deep-sea basalt, it needs to be captured
from the atmosphere; one way is by direct removal from ambient air, or direct air capture (DAC).
Another way is by extracting CO; dissolved in seawater, thereby enabling further indirect atmospheric
uptake by the ocean, which is known as direct ocean capture (DOC). The two processes have a
comparable annual removal potential of 5 to 40 GtCO»/year by 2050%°, among the highest identified
by Cross et al.®. Most importantly, both DAC and DOC can be coupled to geologic CO, sequestration
(such as deep-sea basalt), thus becoming direct air carbon capture and storage (DACCS), and direct
ocean carbon capture and storage (DOCCS), respectively.

The removal of CO, from ambient air and seawater are energy intensive processes and are
thus contingent upon the availability of reliable and abundant sources of energy. For example, DAC
requires 1.4-2.8 kWh per kilogram of CO, (kWh/kgCO;) sequestered, while DOC needs 5.8
kWh/kgCO,, refs.2?2, If all CDR by 2050 were to come from DAC — estimated at 6 GtCO,/year to
remain within a 2°C warming® — it would consume between 8.4-16.8 petawatt-hours (PWh) per year.
For comparison, global electricity consumption in 2024 was approximately 30 PWh?*, In Canada,
where the GHG intensity of the electricity grid is among the lowest globally (100 gCO2e/kWh in
2022, compared to 258 gCO2e/kWh in the European Union, and 390 gCO,e/kWh in the United
States?), the annual emissions associated with grid powered DAC would be 0.84-1.68 GtCOse,
equivalent to 14-28% of the 2050 CDR target. Although these are rough estimates, they underscore
the importance that if DAC and DOC are to contribute to offsetting CO, emissions, their energy
demand should be met with low-carbon sources* (e.g. see refs.?6*). To this end — and to avoid
competition for land-use and grid energy with other sustainable activities, which could be a deterrent
for CDR deployment — an offshore, off-grid renewable energy system is proposed. This approach can

* Wind and solar energy are the most mature and inexpensive renewable, low-carbon energy sources; between
2014 and 2023, the world’s wind power installed capacity (both onshore and offshore) almost tripled, while
solar power (concentrated solar and solar photovoltaics) nearly grew eightfold?%. As a result, their levelized
cost of electricity (LCOE) experienced equally notable improvements, declining 70% for onshore wind and a
remarkable 90% for solar photovoltaics?%°.
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be co-located with deep-sea basalt reservoirs, thus offering a fully autonomous, safe, and permanent
CDR solution.

Among the possible offshore energy source candidates — namely, offshore wind, floating solar,
tidal, wave, and ocean thermal energy conversion (OTEC) — generally offshore wind exhibits the
highest market readiness and remains the most cost-effective solution®’. In particular, in the Pacific
Northeast — around Cascadia Basin (Figure 1.1) where the Solid Carbon team is assessing CO-
sequestration in deep-sea basalt — the environmental conditions (slow currents and reduced
temperature gradient along the vertical water column) are not ideally suited for tidal energy or OTEC.
Despite the fact that floating solar platforms and wave energy converters are possible alternatives —
especially given the strong expertise in the latter of near institutions such as the Pacific Regional
Institute for Marine Energy Discovery (PRIMED) and the Pacific Northwest National Laboratory —
offshore wind continues to be the most economically viable option and the least likely to face
resistance or scepticism from developers and funding agencies. Some authors claim that, in the
absence of decarbonised grid electricity, DAC (and equivalently DOC) are unlikely to be economical
unless paired with high-capacity factor renewables, such as offshore wind®'. These considerations
make offshore wind energy the most compelling offshore renewable energy source. Accordingly, this
dissertation investigates the integration of offshore wind-powered DAC and, separately, offshore
wind-powered DOC.

A MULTIFACETED OPPORTUNITY FOR CANADA

Although Canada has vast offshore wind resources and is host to companies involved in several
offshore wind farms worldwide*, the offshore wind power installed capacity in the country is
currently zero (late 2025). Efforts to change this are underway in multiple sectoral areas, from

regional resource assessments and spatial planning®

, workplans for future market and grid
integration studies*, to roadmaps detailing required legislative and regulatory frameworks®, and
recommendations to establish an inclusive and sustainable supply chain®®. Thus far, such interest has
all been focused on the Canadian Atlantic coast, with Nova Scotia leading the way and offering leases
for 5 GW of offshore wind by 2030 to support the green hydrogen industry*', ref.?’. If developed, this
could provide 14,500 full time equivalent (FTE) jobs, or 3.4% of the number of FTE jobs in the
region in 2024, ref.*8. Nevertheless, as the electrification required to reach net zero CO, emissions by
2050 is anticipated to double the demand for electricity in Canada, new wind power capacity is
expected to be installed nation-wide, with some scenarios estimating 3.8 GW of additional capacity

annually®. While most of this new capacity will sit onshore, the opportunity presented by more

X E.g. Northland Power Inc. with three operating offshore wind farms in the North Sea, and partial ownership
of two more under construction in Taiwan (1,022 MW)?27,

i On 29 July 2025, four areas that will be included in the first call for bids were officially designated. These
are located at the French Bank, Middle Bank and Sable Island Bank off mainland Nova Scotia, and Sydney
Bight off Cape Breton?®®. These are the first areas ever designated for offshore wind development in Canada,
marking a significant step forward to unlock Canada’s offshore wind potential.

sl These figures are based on the UK’s offshore wind industry?®®. In 2017, the offshore wind installed capacity
of approximately 7 GW supported a total of 30,000 FTE jobs (the sum of direct, indirect, and induced
employment, or Type I impact). By 2032, the industry is forecasted to grow to 20 GW, resulting in 58,000 FTE
jobs. From this, it can be derived that, by 2032, every gigawatt of capacity installed sustains 2,900 FTE jobs.

7
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powerful and reliable winds offshore with fewer social and regulatory constraints has already been
recognized in Canadian reports*’. Therefore, if the Canadian industries and markets follow the
patterns shown in Europe, we can expect further offshore deployment in the future.

Despite that in its nascent state the Canadian offshore wind industry and markets may lack
the capacity and infrastructure to support the implementation of the solutions explored in this
dissertation — namely, offshore wind-powered DAC and DOC - this should not be viewed as a
limitation to their value. First, as David T. Ho wrote, “CDR is not a current climate solution ... and
[to] remove CO; from the atmosphere is pointless unless society has almost completely eliminated its
polluting activities”'. And second, the Solid Carbon team has demonstrated that many regions
worldwide, with a total CO, storage capacity of 4,300 Gt (lower bound estimation), possess the
desired characteristics for these solutions to be applied — namely, deep-sea reactive basalt (mineral
and gravitational trapping), sitting below an impermeable 200 m thick sediment layer (stratigraphic
trapping), and located in proximity to port infrastructures and offshore wind resource*. Therefore,
while this dissertation and the Solid Carbon project use Cascadia Basin as a case study to explore the
feasibility of offshore wind-powered CDR (via DAC and DOC) in deep-sea basalt, the relevance of
these solutions is not restricted to this location. In principle, these solutions can be exported to dozens
of regions worldwide, and Solid Carbon is playing a part in its progress.

1.1. Context

This dissertation is conducted as part of the Solid Carbon project* and is aligned with its goals. The
research directions pursued since its inception in May 2020 have been motivated by and are consistent
with broader project endeavours. To better understand these, the origins of Solid Carbon and its
project objectives are presented.

Solid Carbon was formed by a consortium of universities and industry partners led by Ocean
Networks Canada (ONC), the University of Victoria, and the University of British Columbia. The
initiative officially launched in 2019, and it was funded by the Pacific Institute for Climate Solutions.
The first phase of the project (2019-2024) culminated in a feasibility study published in April 20244,
to which the work of the author contributed. Solid Carbon built on earlier work by Goldberg et al."”
among others, who modelled the CO, storage capacity of deep-sea basalt at a site in Cascadia Basin
(estimated as 750 GtCO, approximately), on the eastern side of the northern Juan de Fuca Ridge,
offshore from Washington State and British Columbia (Figure 1.1). Subsequent findings by the USA-
funded CarbonSAFE program confirmed the viability of Cascadia Basin as a region suitable for
carbon mineralisation®. Located at a water depth of approximately 2,700 m and capped by an ocean
sedimentary layer 200-300 m thick?, Cascadia Basin offers both gravitational and stratigraphic
trapping. Further, the young basalt rock (Iess than 15 million years old'®) is highly reactive and porous,
with the potential of a fast mineralisation process. Cascadia Basin is also integrated into ONC’s cabled
observatory network NEPTUNE (Figure 1.1), featuring in-place and real-time monitoring since 2009
with hundreds of sensors on site. These provisions make the deep-sea basalt of Cascadia Basin an
ideal location for CO; sequestration and motivated the formation of the Solid Carbon team.
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Figure 1.1. Location of Cascadia Basin, offshore from Washington and British Columbia (with
permission from Ocean Networks Canada). The figure also shows ONC’s cabled observatory network
NEPTUNE.

Solid Carbon’s mission, shared with this dissertation and reflecting the advantages conferred
by deep-sea basalt, can be quoted from the project proposal document as:

“Solid Carbon aims to reverse the effects of anthropogenic global warming and
climate change by permanently removing excess CO, from the atmosphere via a
scalable Negative Emissions Technologies® solution. Solid Carbon makes use of the
world’s largest possible reservoir for CO, sequestration—ocean basalt, which reacts
with the CO; to turn it into carbonate rock.”

To pursue this mission, the Solid Carbon project proposal document identified three main
areas of activity and their focuses:

e Activity area 1: offshore CO> direct capture feasibility,
e Activity area 2: a carbon mineralisation demonstration project plan, and
e Activity area 3: advancement of social, regulatory, and investor acceptance.

This dissertation contributes to Activity Area 1, which is developed around a baseline
scenario and two alternative options. The baseline scenario is the preferred option and is characterised
by an integrated, ocean-based CO, capture platform. The two alternative options are: (1)
shore/nearshore-based capture with [CO] pipeline delivery to seafloor injection, and (2)
shore/nearshore-based capture and floating production storage offloading delivery. This research
study supports the work undertaken within the baseline scenario and complements and informs the
systems-level optimisation being carried out by other members of the Solid Carbon team, which
includes the two alternative options. For completeness, the main tasks assigned to past and present

v Negative Emissions Technologies (or NETs) are nature- and engineering-based solutions that ultimately
reduce the total amount of CO; from the atmosphere. The term NETs is often interchangeably used with CDR
methods.
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participants in Activity Area 1 are presented in Table 1.1. Included in it are the topics given to the
author, which draw on previous work by Goldberg et al.*’*3 and form the core of the research

presented in this dissertation.

Table 1.1. Main topics retrieved from the refined project proposal, modified for clarity and conciseness,
and assigned to the contributors involved in Activity Area 1 of Solid Carbon, including the author of this
dissertation. Their respective published research outcomes are referenced for the reader’s interest.

Contributor(s) Topics studied Outcomes
, e Existing terrestrial technologies for CO, DAC and their | Refs. 4"
Ryan Foxall, Haris ;
Ishaq adaptations to perform offshore.
e  Sources for process heat for the DAC process.
Haris Ishaq e Potential for by-products of the CO, capture process and any | Refs.’'™
Muhammaci Faisal excess renewable generation to be used for synergistic production
of e.g. synthetic fuels to improve the overall economics of carbon
Shehzad .
sequestration.
Muhammad Faisal e  Control strategies for the integration of wind powered-DAC. Ref.%
Shehzad
e System design options for delivering CO, into ocean basalt using | Refs.””*
Gerard Avellaneda DAC and DOC powered with offshore wind energy.
Domene (author) e  System design options for CO; transportation from a floating CO,
capture platform.
e Shore-based CO, capture with pipeline delivery to subsea | Refs.*>%
wellhead(s).
Heather Norton e Technical assessment of the full system components, their
feasibility, identification of any roadblocks to their system
integration, and the full system costs per MtCO..
Patrick Connolly e Novel (?esign concepts for production of offshore wind-powered | Refs.5%¢!
synthetic fuels.
Mehar U Nisa e CO; capture from seawater as a potentially more concentrated | Ref.®?
source.

1.2. Objectives and approach

The objectives of this dissertation were presented briefly in Table 1.1 and are further developed next.
The principal goal is to investigate and design potential system solutions for offshore wind-powered
CO; capture, either directly from the atmosphere or indirectly through the ocean (explored in Chapters
2 and 4, respectively). It is not concerned with the CO, injection process into subseafloor basalt
(which partly lies within the scope of Activity Area 2), although the CO; captured is processed and
compressed to high pressures thus reflecting typical energy expenses associated with transport pre-
conditioning. It is, however, interested in the design options for the retrieval and transport of the
captured CO; from the ocean surface to the seabed (analysed in Chapter 3).
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Chapter 2 is a fundamental part of this dissertation. It is concerned with exploring plausible
ways an offshore wind-powered CO, capture plant can be arranged. It draws inspiration from system
typologies proposed in offshore wind Power-to-X applications to argue that a decentralised
configuration is most appropriate for offshore wind-powered DAC, mostly due to its modularity and
reduced infrastructure. Additionally, it proposes to integrate the DAC system onto a floating offshore
wind turbine (FOWT) platform rather than the more prevalent (and cheaper) fixed-bottom turbines.
This preference is justified by the comparatively lower cost-depth sensitivity of FOWTs beyond the
50-60 m depth range, making them more suitable in deeper waters. This is particularly advantageous
for locations with deep bathymetries close to shore, such as the Cascadia Basin case study. These
design choices lay the foundations for subsequent chapters and are carried forward into Chapter 4
when investigating offshore wind-powered DOC. The rest of Chapter 2 seeks to examine the impact
the addition of the DAC system has on the dynamics of the FOWT platform.

Chapter 3 begins by briefly discussing the two main transport options to deliver the captured
CO:; to the injection site: pipelines and vessels. Given the expected distance between the capture and
injection locations in the Cascadia Basin case study, among other factors, a pipeline is considered as
the most suitable option, and the remainder of Chapter 3 focuses on its design. But Chapter 3 goes
beyond this, and it investigates possible modelling simplifications of CO, risers. At this point, the
reader may question how these simplifications fit within the broader structure of the dissertation. This
becomes clearer when noting that, at the time Chapter 3 was initiated, the intended scope of Chapter
4 differed from what it eventually became. Chapter 4 was conceived not to analyse DOC, but to study
the upscaling of the offshore wind-powered DAC unit system (investigated in Chapter 2) into a farm
of units. Part of the planned research for Chapter 4 was then devised as a farm layout optimisation of
the CO, riser/piping/manifold system presented in Chapter 3. To enable an accurate yet
computationally efficient farm layout optimisation in Chapter 4, Chapter 3 therefore sought to
simplify the modelling of each CO, pipe. That said, upon completing Chapter 3, the objectives of
Chapter 4 were reconsidered. The appeal of DOC as a more convenient method of CO; capture in the
offshore environment, thus better suited with the aims of Solid Carbon, compelled us to reimagine
Chapter 4. Not simply as an extension of Chapter 2 and its offshore wind-powered DAC concept, but
as an exploration of another CDR method - admittedly less established and less researched than DAC
- offering potentially simpler architectures and additional environmental benefits (i.e. local mitigation
of ocean acidification).

The italicised term above system solutions denotes the holistic and interdisciplinary nature of
this study. It is holistic in that it takes a wide stance and considers all the main functional elements
that compose the system. This approach is particularly useful given the early stage of development of
offshore, renewably-powered CDR solutions, as it prevents the premature exclusion of potentially
important system elements. It is also interdisciplinary since, by combining the offshore wind power
and CO; capture systems, it brings multiple fields together, such as wind energy, CO, capture
technologies and chemistry, and oceanography.

From this system engineering view, this dissertation lays emphasis on:

e Identifying design system solutions for the offshore wind-powered CO, capture systems,
whether via DAC or DOC,
e Exploring possible cost-reduction pathways and synergies, and
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e Screening less appropriate designs and advancing more suitable ones.

The performance of each identified design system solution is evaluated and compared in
terms of CO, capture capacity per unit time and energy intensity (i.e. the energy required per unit of
CO; captured). Chapter 4 complements and finalises the analysis by estimating the economic cost per
unit of CO» captured for the design solutions presented in Chapters 2 and 4. Owing to the novelty of
these systems and the inherent uncertainties associated with first-of-a-kind projects, access to reliable
information for accurate costs assessment is limited. Consequently, the cost estimates presented
should be regarded with appropriate caution. Nevertheless, they can still inform present and future
studies and be compared with alternative CDR methods.

1.3. Structure

This dissertation adopts a paper-based format. This means that Chapters 2 to 4 are presented, with
only noted exceptions, verbatim from their referenced journal articles, either in progress or published.
I resized and reformatted some figures to fit the dissertation’s layout and typography, and
homogenised the spelling to British English, as it is more natural to me. Since Chapters 2 to 4 are co-
authored with my supervisor, Dr. Curran Crawford, there are instances in which I use the first person
of the plural (“we”) to acknowledge his contributions. In the remaining chapters, whenever I do not
refer to the work co-authored with him, I use the first person of the singular (“I”) to reflect my
independent work.

Each chapter is a self-contained piece of research structured, in general, with an introduction,
design and methods, results and discussion, and conclusions. Since each chapter is independent of
one another, it includes contextual information (e.g. about CDR or the Solid Carbon project) which
the reader may see repeated at different times throughout the dissertation. Chapter 5 finalises by
summarising the research presented in Chapters 2 to 4, underscoring their contributions, and
recommends future avenues of investigation.

12
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Chapter 2.
Offshore Wind-Powered Direct Air

Capture

This chapter was first published in the Ocean Engineering journal as:

G. Avellaneda Domene and C. Crawford, “Dynamic analysis of a floating wind turbine platform with
on-board CO, direct air capture,” Ocean Engineering, vol. 308, p. 118205, Sep. 2024, doi:
10.1016/j.oceaneng.2024.118205. This is an open access article distributed under the terms of the
Creative Commons Attribution Non-Commercial License CC BY 4.0.

After publication, we identified notation errors in Table 2.3 which have been corrected in the present
version. We also added a new graphic description, Figure 2.4, to improve the understanding of the
ancillary system layout inside the floater’s radial columns.

Author contribution

Gerard Avellaneda Domene: conceptualisation, methodology, investigation, modelling, analysis,
writing & editing. Curran Crawford: conceptualisation, analysis, supervision, review & editing.

Abstract

Development of negative emission technologies is key in meeting climate change targets. Offshore
wind-powered CO; direct air capture (DAC) coupled with deepwater, submarine basalt reservoirs
have the potential to offer a reliable way to permanently store CO, while avoiding grid-energy and
land-use competition. This paper analyses the incorporation of a DAC system into a reference floating
offshore wind turbine (FOWT) concept, the IEA 15 MW RWT atop the UMaine VolturnUS-S semi-
submersible. The resulting FOWT-DAC platform’s total mass and its distribution is adapted as needed
to preserve floating stability, prevent any wave splashing on the DAC system, and ensure minimum
power production disturbances. The system’s fully coupled motion responses are analysed for
relevant design load conditions and compared to those from the reference design demonstrating good
agreement with the benchmark. The research findings suggest that the hybrid FOWT-DAC platform
behaves in a similar way to the reference one and can serve as a viable modular deployment approach.
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2.1. Introduction

2.1.1.  Context and background

It is widely acknowledged that to remain below or return to a 1.5°C mean global temperature rise and
also meet the targets of the Paris Agreement, negative emission technologies (NETs) are necessary to
remove historical emissions®. One such technology is direct air capture (DAC), which extracts carbon
dioxide (CO») directly from ambient air. The captured CO, can be stored later in geologic reservoirs,
such as basalt rock, thus achieving negative emissions (known as DAC with carbon storage, or
DACCS). Currently, there are 18 DAC plants in operation globally capturing ~0.01 MtCO»/year, but
only two of them store the CO, in permanent reservoirs, while the rest utilise it in industrial
applications®® which are unlikely to be true NETs.

Traditionally, sedimentary basins have been used in carbon storage applications for enhanced
oil recovery. However, this type of rock presents some challenges for large scale CO; storage, such
as limited mineral trapping, the need for identification of new reservoirs, and the considerable risk
for the CO, to migrate back to the surface®®. In contrast, basalt rock, acting as a natural, weathering
reactor, offers a thermodynamically stable and environmentally favourable CO, mineralisation
storage mechanism®-%¢, with global capacity to store many teratons of carbon, orders of magnitude
more than the global requirement'’.

Although basalt is found both onshore and offshore, the storage of CO, offshore in deep
waters benefits from additional levels of security provided by geochemical and hydrostatic trapping'”.
The low molecular concentration of CO; in ambient air means that DAC requires both a significant
power input to separate CO, from air (1.9-23.1 PJ/MtCQO.), as well as a substantial capture area to
filter high volumes of air (0.037-0.25 km?/MtCO,, assuming a volumetric flow rate of > 58,000
m?/s)!”. With the aim of capturing and sequestering of CO», while avoiding competition for grid-
energy and land-use, the Canadian Solid Carbon project is working towards the development of an
offshore wind-powered CO, DACCS system, with CO; storage in offshore basalt at Cascadia Basin,
off the west coast of British Columbia, Canada. To the best of our knowledge, such an initiative has
not been considered before, and no previous studies exist. However, possible offshore wind powered-
DACCS system configurations share many commonalities with typologies proposed in offshore wind
67-69

Power-to-X (P2X) applications®’*°. For example, a DAC plant may be placed onshore or offshore
and depending on the distance from the CO; injection site, pipes or vessels can be used to transport
the CO,. Moreover, the offshore wind farm can be located independently from the DAC plant, co-
located with it, or even physically integrated together. These solutions, represented in Figure 2.1, are
being analysed in a larger multi-disciplinary analysis and optimisation framework. This paper,
however, specifically considers one of these configurations in-depth, the so-called “offshore” modular

solution.
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Figure 2.1. Possible offshore wind powered-DACCS system configurations envisioned in Solid Carbon
(with permission from Ocean Networks Canada). The configuration developed further in this work
appears squared in red.

2.1.2.  System configuration

2.1.2.1.  Centralised and decentralised typologies

In the “offshore” configuration, the entire DAC system may be placed offshore on one or a few
floating platforms powered by nearby wind turbines, an option we refer herein as centralised.
Alternatively, the DAC units may be integrated with and powered by co-located wind turbines, a
configuration we refer to as decentralised (modular). In both configurations, the captured CO, may
later be transported via vessel or pipe to the injection site, but this lays outside the scope of this paper.
The merits and limitations of both centralised and decentralised scenarios have been discussed in
various offshore wind P2X studies®”*, with some transferable conclusions applicable to the offshore
wind-powered DAC system. For example, centralisation of DAC units onto one large or several
floating platforms may bring some cost savings resulting from reduced installation, operations and
maintenance (O&M), and decommissioning expenditures. Certainly, by having all DAC
infrastructure centralised in a smaller area, the required personnel, vessel transportation time fees and
fuel consumption would be reduced. However, a decentralised configuration could also bring
benefits:

e Increased flexibility and expandability because of an almost modular configuration®.
Further, as more modular units are produced, the greater the cost reductions as a result of
economies of scale, similar to those of historical solar developments.

e Key to the decentralised scenario is the reduced infrastructure required to house the DAC
system. CO, direct air capture has not only a considerable capture area perpendicular to
airflow (0.037-0.25 km*MtCO,)!?, but an even larger plan-view projected footprint (0.7-5.3
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km?/MtCO,)*, ref.”’. Because the decentralised configuration may be physically integrated
together with offshore wind, there is no need for additional offshore platforms to house the
DAC units. Since both systems are co-located, overlapping their respective O&M scheduling
and support infrastructure (e.g. vessels, technicians) may lead to significant operational cost
reductions.

e Potential for time-saving benefits, whereby individual unit down-time and repairs do not stop
completely the process of CO» capture.

Due to these various considerations and inspired by previous detailed offshore wind P2X
initiatives which opted for a decentralised configuration®!, we decided to co-locate and physically
integrate both DAC and offshore wind systems in a decentralised configuration (see Figure 2.3 for
physical embodiment).

2.1.2.2.  Fixed-bottom and floating support structures

Beyond water depths of 50-80 m, conventional fixed-bottom wind turbines become prohibitively
expensive, and floating offshore wind turbines (FOWTs) have emerged as an economical alternative
in deep waters. Despite FOWTs now reaching full commercial maturity, we chose FOWTs for our
offshore wind powered-DACCS system (referred to as FOWT-DAC system) partly because of the
limited availability of shallow water areas around Cascadia Basin, and partly to minimise interference
with local shipping lanes and other sea users. We believe this argument holds true for many other
offshore basalt reservoirs worldwide with potential to apply our concept’’.

Different floating platform types which were inherited from the oil and gas (O&G) industry
may be used for the FOWT-DAC system. While adjustments to accommodate the DAC system on-
board can most likely be made with little difficulty in all three traditional platform types (i.e. semi-
submersible, spar and tension-leg platform, or TLP), the semi-submersible platforms are the most
straightforward option. Indeed, unlike spars or TLPs, semi-submersibles typically have a large
waterplane area which they rely on for floating stability. This space can easily and inexpensively be
made available for use by the DAC system by simply adding a solid deck across the platform’s radial
columns. Furthermore, the deck height can be modified to prevent any wave splashing onto the on-
board equipment, and the whole platform can be fully assembled in port and towed to the site. For
these reasons and supported by the aforementioned offshore wind P2X Dolphyn Project®’, we decided
to mount our DAC system on a FOWT semi-submersible (Figure 2.3).

2.1.3.  Objectives

In this paper we introduce an offshore wind-powered DAC system assembled on-board a FOWT
platform. In previous offshore wind P2X studies which opted for a similar layout configuration®’, the
inertial properties of the added P2X system were negligible when compared to those of the floating

XV This area is taken by the DAC collectors directly, but consideration should also be given for the spacing
required between collectors to ensure an optimal operation (i.e. with sufficient aerial mixing to maintain a CO;
concentration as close to the atmospheric as possible to limit energy expense).

i E g Dolphyn Project, in which the industry partner ERM is integrating a hydrogen production on-board the
deck of the WindFloat floating wind turbine semi-submersible®’.
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platform. In contrast, and as discussed in section 2.2, the weight of the on-board DAC system may
represent 3-16% of the floating structure mass and therefore merits its own analysis if we are to ensure
the stability and safe optimal operation of the FOWT-DAC platform. To guarantee the integrity of the
DAC units, it is also necessary to model the system against possible environmental effects, with
special attention to wave splashing. Additionally, loads on structural components, such as blades,
nacelle, and moorings, are computed for different environmental conditions and compared to the
loads experienced by the reference FOWT without the DAC system.

Summarising, this work is focused on the most critical elements of design analysis of the
FOWT-DAC system. The objectives are to investigate the potential effects that the addition of the
DAC units would produce on the dynamics of the floating platform with the aim to de-risk the concept
on a deeper technical level. This paper therefore complements and informs the systems-level
optimisation undertaken by the Solid Carbon team. Future work will extend the individual platform
work to array configurations including CO riser design and integrity verification.

2.1.4. Paper outline

The paper is organised as follows: section 2.2 introduces the reference FOWT concept used, the DAC
device and ancillary system components, and shows how the integrated FOWT-DAC designs look.
Section 2.3 describes the methods followed to analyse the floating stability and wave splashing on
the deck of the FOWT-DAC system, and defines the specific environmental and design load
conditions used in this work. Section 2.4 presents and discusses the results of this paper; it begins by
analysing the floating stability and hydrodynamic database (i.e. hydrodynamic coefficients, rigid-
body natural frequencies, and wave-induced response amplitude operators), and follows by assessing
potential wave splashing. It concludes with examining the loads and displacements of different system
components. Finally, section 2.5 summarises the findings of this paper.

2.2. Design

In this section, we introduce the two main components of the FOWT-DAC system: the FOWT
platform and DAC device. The role of ancillary systems, comprised of energy storage, CO;
compressor, and CO; storage is also mentioned. The system is designed for three scenarios (low, mid,
and high) accounting for possible ranges of project variables, such as annual electricity production
and number of DAC units, and different equipment sizes, such as CO; storage capacity. This is
intended to account for project uncertainties and to enhance the usefulness of our results by providing
a broader solution space.

2.2.1.  Floating offshore wind turbine

The University of Maine (UMaine) VolturnUS-S reference FOWT design coupled with the
International Energy Agency (IEA) 15 MW reference wind turbine (RWT) is selected’>7*. At the time
of writing this, the IEA 15 MW RWT atop the UMaine VolturnUS-S is the largest published reference
design, although global efforts are already looking at turbine ratings of 22 MW. From now on, a
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shortform we use to refer to the [IEA 15 MW RWT atop the UMaine VolturnUS-S is reference design.
Table 2.1 shows selected properties from the reference design. Note that the platform includes two
types of ballast: a solid fixed of 2,540 tons placed inside the radial columns, and a seawater variable
ballast of 11,300 tons inside the lower pontoons structure. Both ballast types are evenly distributed
inside their structures to guarantee the platform’s centre of gravity lays somewhere along the tower’s
vertical axis.

Table 2.1. Reference design properties’>’*,

Parameter Units Value
RNA mass tons 991
Tower mass tons 1,263
Moorings pretension kN 6,065
Mooring line breaking strength kN 22,286
Hull steel mass tons 3,914
Ballast mass (fixed/variable) tons 2,540/11,300
Fixed ballast density kg/m? 5,000
Floater mass tons 17,839
Total system mass tons 20,711

2.2.2. Deck

The reference design does not have a deck for the DAC system; however, one can be easily
incorporated by connecting the three radial columns (as similarly suggested by refs.¢”-%%). The addition
of the deck gives us an approximate usable floor area of 4,600 m?. The weight and distribution of the
DAC equipment, given in section 2.2.5.2, determine the structural requirements of the deck, which
itself has an approximate weight of 34 tons which could be optimised in future work to integrate
further with the DAC.

2.2.3.  Direct air capture

The unit DAC adopted is representative of Climeworks’ modular technology’. Each CO, modular
collector has a nominal capacity of 500 tCOz/year, with a capture efficiency of 90% and requires
2,006 kWh of energy per ton of CO, absorbed’®””. It is assumed to have roughly the same size and
weight as a typical shipping container (12.19 m long, 2.44 m wide, and 2.90 m tall), with a mass of
4.4-25.9 tons, respectively. The mass range given reflects the uncertainty in the solid sorbent used per
collector to trap the CO,’®,

2.2.4. Ancillary system

The ancillary system includes additional equipment necessary to operate the FOWT-DAC. Firstly, to
maximise the annual CO; capture, energy storage is required to balance out wind power fluctuations.
To that end, lithium-ion batteries and hydrogen fuel cells can be used to deal with short- and longer-
term variations, respectively. Secondly, the captured CO, may be transported via vessel or pipe to the
injection site. Although this process lays outside the scope of this paper, some amount of on-board
CO; storage is assumed to accommodate either option. Thirdly, regardless of the CO, transportation
mechanism, a CO, compressor is required before storing or piping the captured CO, to reduce space
claims, and achieve the required piping pressure and CO, phase.
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2.2.5. Integrated FOWT-DAC system

2.2.5.1.  Sizing

Sizing and technical specifics are determined following the process outlined in Figure 2.2. We started
with Solid Carbon’s nominal per-array annual CO» capture goal (1 MtCO»/year), the FOWT and DAC
technology characteristics as defined above, and the deployment site capacity factor to determine the
number of Climeworks’ CO» collectors per platform. This is then used to estimate the specifics of the
ancillary system*!i, The same nominal platform may then be scaled to other per-project array sizes.

N
Climeworks DAC energy i i i
requirements - 2,006 FOWT platform Site capacity Area available

kWh/tCOl rated power factor per platform

Number FOWT
platforms

Solid Carbon's energy
demand

\

Solid Carbon's -
1 MtCO,/yr

Number CO, Ancillary

collectors/platform system specifics
Yy

Number CO,
collectors/1 MtCO,/yr

Climeworks CO,
collector capacity - 500
tCO,/yr

Figure 2.2. Process followed to determine the size of the DAC and ancillary system per platform.

The analysis is done for three scenarios (low, mid, high) and benchmarked against the
reference FOWT design. The main configuration differences between these scenarios can be seen in
Table 2.2. For example, each scenario has a different wind capacity factor, spanning 53% to 65%,
calculated by from the nominal Solid Carbon site’s average annual wind resource (section 2.3.5).
This range determines the annual energy production and limits the amount of CO; that can be captured
by one FOWT-DAC platform. The estimated additional mass from the DAC and ancillary system is
523-3,278 tons, depending on the scenario, which represents 3-16% of the reference design mass.
The mass contribution of each component varies between scenarios; however, it is worth noting that
the largest variations are seen for the sorbent mass and CO; storage.

il For further details about the ancillary system, see Appendices, section 2.6.2. Ancillary system.
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Table 2.2. Main DAC and ancillary system configuration for the low, mid, and high scenarios.

Variables/Scenarios Units Low Mid High
Wind capacity factor - 53% 58% 65%
Number of CO; collectors/platform - 63 69 78
Horizontal surface taken by the CO; collectors m? 1,881 2,058 2,307
Annual captured CO»/platform tCOy/year 31,620 34,603 38,779
CO; collector mass (without sorbent)/platform tons 247 270 302
Sorbent mass per CO; collector tons 0.5 11.4 22.2
Sorbent mass/platform tons 32 786 1,724
CO; storage capacity (days’ worth of production)/platform days 1 4 7
CO; storage!/platform tons 137 405 1,076
Battery capacity/platform kWh 5,898 6,454 7,233
Battery banks mass/platform tons 91 122 152
H; electrolyzer units and storage mass*"i tons 2 2 2
CO; compressor power kW 412 451 506
CO; compressor mass tons 14.6 17.1 21.2
Total DAC and ancillary services mass tons 523 1,603 3,278
Fraction of added mass with respect to reference design - 3% 8% 16%
Total FOWT-DAC and ancillary system mass tons 20,511 20,611 20,711

2.25.2. DAC layout

Adding a deck which connects the three radial FOWT columns, DAC units are placed so that the
overall horizontal position of the centre of gravity is preserved — located along the tower vertical axis.
The same strategy is applied to the ancillary system (mainly batteries, CO and H» storage, and CO»
compressors), although distributed inside the radial columns. The rationale is to counteract part of the
DAC equipment placed on deck and to keep the system’s vertical centre of gravity (z.) as close as
possible to the original reference design. To determine the available space inside a radial column,
each hollow column was assumed to have a wall thickness of 0.05 m, as stated in ref.”*. The volume
occupied by the fixed ballast per column, assumed to have a cylindrical-like shape, was taken as 169
m?, ref.”*. Finally, to balance the addition of the DAC and ancillary system and preserve the overall
hydrostatic similarity with the reference design, a corresponding amount of variable ballast was
removed for each scenario.

The layout of the DAC and ancillary system units on the floater deck and radial columns for
the different scenarios (low, mid, and high) is shown in Figure 2.3 and Figure 2.4 (note this may be
subject to further refinement in the future). Recall that each DAC unit has the same dimensions as a
shipping container, 12.19 m long, 2.44 m wide, and 2.90 m tall. To optimise the limited onboard
space, most CO; collectors are placed in rows of five to six units (depending on the scenario) and two
stories high. The smaller rows of one and three DAC units are only one story high. For each scenario
(low, mid, and high), the innermost DAC row (i.e. closest to the tower) is 20 m away from the tower’s
vertical centreline. The distance between DAC rows is equal to 2.44 m, which is also the distance left
between DAC units along the same row.

ill [ncludes mass of storage tanks. See Appendices, section 2.6.2. Ancillary system, for further details about
the CO, and H; tanks.
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Figure 2.3. Left: FOWT-DAC platform with installed deck connecting the three radial columns. Right:
top DAC layout view for the a) low, b) mid, and c) high scenarios. Note that the rows with five and six

CO: collectors are two stories high.
a) b) )
TOP VIEW
4 FRONT VIEW

)

35m

11.9m
182 m

d)

Fixed
ballast

960

Figure 2.4. Ancillary system layout per radial column (in yellow) for the a) low, b) mid, and c) high
scenarios, and d) shape and colour legend of each ancillary system unit.

21



965

970

975

980

985

2.2.6. Inertial properties

Each scenario ensured that the FOWT-DAC platform’s z; was as close as possible to the reference
design. To estimate the system’s z;, we determined the location of each component and
subcomponent’s z;, assuming for those elements where we could not find data that their z; was at
their geometric centre. For example, from ref.”?, we know the reference design floater’s z;=-14.94 m
and that it is comprised of three radial columns, a central one, and three pontoons and three struts,
connecting the radial columns with the central at the base and at the top, respectively. Moreover, each
radial column includes 847 tons of fixed ballast, and each pontoon has over 3,766 tons of seawater
ballast. Because the inner weight of these columns changes with respect to the reference design and
between scenarios, the columns’ z; and thus floater’s z; also do, Table 2.3.

Table 2.3. Inertial and hydrostatic properties of the reference, low, mid, and high case scenarios. The
percentage differences with respect to the reference design are written in parentheses next to the result
where relevant.

Parameter Units  Reference Low Mid High

DAC mass tons - 278 1,056 2,026
Ancillary system mass  tons - 245 546 1,252

Draft m 20 19.57 19.79 20

DAC zg m - 18.34 18.12 17.90
Radial columns zc m -15.69 -14.26 -14.48 -14.69
Pontoons zg m -17.93 -17.57 -18.03 -18.63
Floater zg m -14.94 -16.45 -17.03 -17.61

Total zg m -2.66 -2.74 -2.74 -2.61

KG m 18.77 18.26 18.48 18.82
Platform zs m -13.63 -13.19 -13.41 -13.63
Moment of inertia I,  kgm? 1.250E+10 1.265E+10 (1.2%) 1.333E+10 (6.2%) 1.479E+10 (15%)
Moment of inertia I, ~ kg'm?> 1.250E+10 1.241E+10 (0.7%) 1.287E+10 (2.9%) 1.566E+10 (20%)

Moment of inertia I,,  kgm? 2367E+10  2.364E+10(0.1%)  2.399E+10 (1.3%) 2.754E+10 (14%)

Aside from impacting the global location of the system’s z;, the addition of the DAC and
ancillary system also affects its rigid body mass distribution. To account for this, we computed the
tensor of inertia for the different scenarios. Firstly, to simplify the calculation of the DAC and
ancillary system equipment, we assumed each had either a cylindrical or cubic shape. Secondly, to
add the individual contribution from each component to the global tensor of inertia, we applied the
parallel axis theorem, which was also used to account for the removed ballast. The resulting global
moments of inertias about the centre of gravity (Iyy, Iy, I;;) are given in Table 2.3. Note that the
asymmetry between Iy, and I,,, is a result of the DAC geometry and mass distribution on the deck,
with the DAC units having higher moments of inertia about its transversal axis. The change in
displaced volume due to the addition of the DAC and ancillary system masses also changes the
platform draft. This is accounted by adjusting the vertical location of the mooring fairleads along the
floater. In the results section, the effect of these inertial and hydrostatic changes on the FOWT-DAC
rigid-body natural frequencies and wave-induced response amplitude operators (RAOs) are
discussed.
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2.3. Methods

To verify that the inertial and hydrostatic changes presented in Table 2.3 have no negative effect on
the FOWT-DAC platforms’, this work assesses their floating stability. The approach followed is
discussed in subsection 2.3.1. In addition, the method used to study the possible wave splashing on
the FOWT-DAC floaters’ deck, where the DAC system is located, is explained in subsection 2.3.4.
The environmental conditions at the project site and the modelling framework employed throughout
the paper are presented in subsections 2.3.5 and 2.3.6, respectively. The design load conditions
employed to assess the system structural loads and displacements are also given in subsection 2.3.5.

2.3.1.  Floating initial intact stability

To maintain the integrity and ensure the successful operation of our FOWT-DAC system in the ocean
environment, the platform’s floating stability must be demonstrated. Since the platform operates
without a crew on site, and most FOWTs are limited to work at maximum roll and pitch angles of
10°, ref.”, the scope was limited to initial intact stability®®. That is, it is assumed the structure has not
suffered any significant damage, and the stability is studied under small displacements from its
equilibrium position.

2.3.2.  Static stability

As a first inexpensive test, we started by studying the stability in the absence of time-varying
environmental forces (static analysis). For self-stabilized structures such as our FOWT-DAC semi-
submersible, this is checked without including the restoring effects from the moorings”*°, a condition
known as freely floating.

2.3.2.1. Linearized hydrostatic restoring force
For a freely floating body subjected to small displacements ({;) — small enough that the body’s

submerged volume can be considered constant (V) — the total hydrostatic force (moment) can be
written as a linear restoring force (moment) with {;, equation (2.1), ref8!,

6

F; = (pVo — m)g6i3 — (myg, — pVo¥s,)98ia + (mxg, — pVoxp,)g6is — Z ¢ij$; 2.1
j=1

where i =1, 2, ..., 6 refers to the six rigid-body degrees of freedom (DOF): surge, sway, heave, roll,
pitch, yaw, respectively. The first three F; values refer to forces arising from translational motions,
and the last three to moments resulting from rotational motions. Seawater density, taken as 1,025
kg/m?, is represented as p, the body’s total mass as m, gravity’s acceleration as g, Kronecker’s delta

function as 6;;, the coordinates of the centre of gravity and buoyancy at the undisplaced position as

js
(X6y> V6o Z6,) @and (Xp,, ¥B,, Zp,)> Tespectively, and ¢;; are the coefficients of the hydrostatic stiffness

matrix.
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In stable equilibrium, for {; = 0, the sum of the forces and moments acting on the body are
zero, and the zero-order terms with {; in (2.1) must vanish. This implies that the centre of gravity and
the centre of buoyancy must lie along the same vertical line,

Xp = Xg (2.2)

0 0

YBy, = Y, (2.3)

For equilibrium of the vertical force (i = 3), Archimedes principle states that the mass of the
body must equal the mass of the displaced fluid,

m = pV, 2.4

Now, let {5 =0 be a pure small angular displacement in pitch (i,j = 5). After
applying expressions (2.2)-(2.4) to it, equation (2.1) becomes,

FS = —C559 (25)
where the linearized hydrostatic stiffness coefficient in pitch-pitch cgg is

— pgly | (222 2.6
Cs5 = pgVo Vo + zp, — Zg, (2.6)
with S;; as the waterplane moment. The term inside square brackets in (2.6) is the well-known
metacentric height, denoted as GM, which allows rewriting (2.5) into its more familiar form in naval
architecture,

Fs = —pgV,GMO 2.7

This linearized approach developed in (2.1) to (2.7), valid for small displacements, is
consistent with assumptions made in potential flow theory (PFT) and linear (Airy) water-wave theory,
which most radiation/diffraction solvers (e.g. WAMIT, NEMOH, or HAMS) employ to model ocean
waves and wave-structure interactions and to compute c;;. Further, note that the operational regime
of FOWTs is typically restricted to maximum roll and pitch rotations of 10°, ref.”. This helps to
maintain structural integrity, keeping proper clearance between the rotor blades and other system
elements, and ensuring optimal levels of power production. Consequently, one may surmise that the
(linearized) small angle modelling approximation used by these solvers may suffice to accurately
represent the hydrostatic force (moment) in the range of working conditions for our FOWT-DAC.
However, this depends on whether the change from its (equilibrium) submerged volume is negligible
within this range of angles. One way to verify this is to compare the restoring moment computed
using the undisplaced volume (equation (2.7)) with the one calculated using the instantaneous wetted
surface, Sy (equation (2.8))3!. The latter method involves making use of some higher fidelity software,
like DSA Ocean’s ProteusDS™ #2, which sums the hydrostatic pressure over Sg.

Fi=—pglfs, (rxm)zdS, i=4,56 (2.8)

In equation 2.8, 7 is the position vector from the body’s centre of flotation to the surface
element dS, n is the normal vector to dS pointing outside the body, and z is the vertical coordinate to
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the surface element dS. The centre of flotation is the body’s point of rotation when subjected to only
horizontal moments®!.

The comparison for the hydrostatic restoring moment in pitch for the reference design is
presented in Figure 2.5. To quantify their similarity, the normalized root mean square error (NRMSE)
was calculated using the mean of the values given from equation 2.8. Both curves are notably similar
(NRMSE = 0.016%), with slight differences towards larger angles, which is expected in the small
angle approximation. This demonstrates that, with a negligible margin of error, we can apply the
linearized hydrostatic stiffness coefficients to determine the hydrostatic force (moments) of the
reference design for its operational conditions.

NRMSE = 0.016%

Pitch (deg)

Constant wetted surface ~ <=ceee-- Instantaneous wetted surface (ProteusDS)

Figure 2.5. Pitch hydrostatic restoring moment as the reference design platform pitches for the range of
operational angles. The blue curve is obtained with equation 2.7, while the orange curve is computed with
equation 2.8 using ProteusDS™,

2.3.2.2.  Stability criterion

A common way to assess the stability of a floating body is through a curve of stability®, in which the
hydrostatic restoring moment (also known as righting moment) is plotted and compared with the
environmental heeling moment for a range of angles. If the environmental forces can be assumed to
be steady (i.e. static stability), the criteria determining the body’s stability under a heeling force are
simply derived by comparing the righting and heeling moments. Moreover, as mentioned before and
following ref.”, we use 10° as the serviceability limit for our FOWT cases.

As advised in ref.*’, the platform’s stability must be checked along its least stable or critical
heeling axis, along which the platform yields the minimum righting moment. In the dynamic case,
the righting moment is a function of the mass moment of inertia, the added mass and the radiation
damping moments of inertia. Because the platform has surge-sway plane symmetry, the added mass
(radiation damping) matrix, which in general is a 6x6 symmetric matrix, only has 12 non-zero,
independent coefficients. The crossed terms between (surge, heave, pitch) and (sway, roll, yaw)
disappear, and the remaining non-zero crossed terms are then coupled motions in different DOFs.
Ultimately, these complex couplings are the mechanisms behind the existence of the critical heeling
axis for our platform.
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We determined the critical heeling axis by simulating the FOWT platform in OpenFAST and
checking its motion with co-directional wind and waves at different orientations (0° to 120° with
respect to the X axis as defined in Figure 2.3, in 15° intervals). We ran simulations of 600 s with six
wave seeds for every orientation. Note that due to the platform geometry, the 0°, 120° and 240° cases
are identical. For the reference design, it was found that the platform experiences greater heeling
angles (i.e. exhibits minimum righting moment) when the external forces are directed along the 45°
line. The same was found for the low, mid, and high case scenarios.

Because the rotor’s thrust is the largest contributor to the platform’s heeling motion, and it is
maximum at the rated wind speed (U,.4¢.q) When the blades are fully engaged, we computed the wind
heeling moment (M,,) at rated conditions for different heeling angles (6), equation (2.9):

1
My, = EpairCtArotorUEatedrflot cos 6 (29)

where pgir = 1.225 kg/m3 is the density of air, C, = 0.769 is the rotor’s thrust coefficient at rated
conditions*™, Ao = TMR? is the swept area of the rotor (R = 120 m), and Tfio¢ 18 the moment arm

(calculated from the rotor hub height to the centre of flotation, at mean sea water level).

2.3.3. Dynamic stability

Environmental forces are dynamic in nature, with wind and waves fluctuating over time. In addition,
the dynamic movement of massive bodies presents unique phenomena which cannot be accounted in
a static analysis but that still play an important role in the stability of a floating body, such as the
rotational momentum of a FOWT pitching back and forth. To account for these effects, the last part
of the stability analysis runs a set of dynamic simulations using OpenFAST. Note that, in contrast to
the method followed in the static analysis, in this section the heeling effect from the waves is
accounted, as well as the restoring effect from the mooring lines. This was decided to better reflect
the reality of moored FOWTs in operating conditions, which is, after all, what we are concerned with.

2.3.4. Wave splashing — air gap

In the absence of waves, the still water air gap (freeboard) ay(x, y) is defined as the distance between
the still water level (SWL) and the under-deck of the platform at horizontal position (x,y) when the
floater is in normal trim and in the absence of environmental conditions, Figure 2.6 a).

xix Withdrawn from the National Renewable Energy Laboratory GitHub site for the IEA 15 MW RWT:
https://github.com/NREL/turbine-models/blob/master/Offshore/IEA _15SMW_240 RWT.csv
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Figure 2.6. Air gap definition in a) still waters, and b) irregular seas. Reproduced from ref.%.

An insufficient air gap may lead to an undesired wave impact on the deck’s equipment (i.e.
DAC system) for which it may not be designed for**. Conversely, an excessive air gap may reduce
the platform’s stability, hinder global performance, reduce payload capacity, and increase capital
costs. In the presence of wind and waves, the instantaneous air gap, a(x,y,t), depends on the free
surface elevation, 1(x, y, t), and the vertical motion of the floater, §(x, y, t), at the same horizontal
position (x,y), Figure 2.6 b).

a(x)y' t) = aO(x'y) - [U(x'y’ t) - S(x;y' t)] (210)

Note that to avoid all deck wave impacts, a(x, y, t) must be always positive. In linear theory,
the free surface elevation is approximated as an Airy wave, which is sufficient to explain low
steepness waves and small body motions around its mean position. When looking at the air gap
between SWL and the floating body, however, the non-linear, asymmetric wave effects become too
important to be ignored. Indeed, steep moderate sea states are more likely to cause wave splashing
than non-steep extreme sea states. To model these wave non-linearities, higher-order wave methods
are normally employed. In the absence of these, alternatively, it is common practice to use a correction
factor () accounting for non-linear incident and diffracted wave asymmetry and run-up effects®,
equation (2.11).

a(x'}’» t) = aO(x'y) - [ml(x'}" t) - 5(95'3’: t)] (211)

When assessing the air gap, DNV GL recommends looking at the steep wave part of the 100-
year return period (RP) significant wave height-peak period (H-T},) contour®. Given that existing
site metocean data does not extend that far in the past, a typical way to determine these extreme sea
states based on comparatively short-term data is through IFORM, or Inverse First Order Reliability
Method®.

The Appendices section 2.6.3 shows the derivation of the 100-year RP contour through
IFORM (subsection 2.6.3.1) and the resulting steep extreme sea state obtained from the wave
steepness criterion curve®® (subsection 2.6.3.2). To complete the set of metocean conditions for the

** Given that we are not aware of previous DAC systems specifically designed to operate offshore, here it is
assumed that all wave impacts on the platform must be avoided.
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wave splashing analysis (given in Table 2.5), a wind regime reflecting the same probability of
occurrence was calculated®, yielding a mean wind speed of 47.5 m/s.

2.3.5. Environmental conditions

2.3.5.1.  Site description

Cascadia Basin, off Vancouver Island (British Columbia, Canada), has been highly studied and
characterised as a site for CO, storage in deep ocean basalt®”-3¢, It has also been selected by Solid
Carbon as a test site for a demonstration project in 2025. For these reasons, here we also chose
Cascadia Basin (-125.59° longitude and 48° latitude, 200 m water depth) to study our FOWT-DAC
platform stability and performance.

2.3.5.2. Metocean data analysis

Wave data (significant wave height, peak period, and wave direction) generated by the Wave Watch
IIT global wave model was facilitated by the Pacific Regional Institute of Marine Energy Discovery
and obtained from the Marine Energy Resource Atlas Canada®’. Two horizontal wind speed
components at 10 m height were produced by fifth generation ECMWF reanalysis ERAS and
downloaded from the Copernicus program Climate Data Store’. Both datasets covered the period
from January 1st, 2004, to December 31st, 2016.

To convert the mean wind speed from 10 m to the reference design rotor hub height (at 150
m), we used the power law with a shear exponent of 0.14, ref.’!. To reduce the burden of
environmental variables to deal with, following ref.°?, we defined the wind-wave misalignment as the
difference between the wind and wave directions. Then, we binned the data to produce conditional
probabilities of mean wind speed, significant wave height, peak period, and wind-wave misalignment
(see binning conditions in Table 2.4).

Table 2.4. Metocean data binning conditions.

Parameter Units Range Bin width
Mean wind speed m/s 4-24 2
Significant wave height m 0.5-10.5 0.5
Peak period s 3.5-23.5 1
Wind-wave misalignment - -180° to 180° 10

Finally, following ref.”’, the conditional probabilities allowed us to define normal, severe, and
extreme sea states, which are commonly used in the definition of design load conditions (DLCs).

2.3.5.3. Design load conditions

The selection of an appropriate set of DLCs depends on the purpose and magnitudes of interest. On
one hand, we want to assess the floating stability of the FOWT-DAC platform; for that, we take DLCs
1.3, 6.1 and 6.2 as previously done by ref.””. In DLCs 1.3, the turbine is running and operating in
normal power conditions, while in DLC 6.1 and 6.2, it is parked and experiencing extreme 50-year
wind and wave events. Further, in DLCs 1.3, 6.1 and 6.2, extreme turbulence conditions produce
errors in the yaw controller which causes deviations from optimum operating conditions. To represent
this situation, initial yaw misalignments with respect to the wind direction are set and the RNA yaw
DOF is disabled in OpenFAST.
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On the other hand, we are interested in studying maximum dynamic values of components of
typical concern in FOWT design — these are tower bending moment, blade tip displacement, fairlead
tension, platform excursions — and ensuring their values do not diverge dangerously from the
reference design. Looking at ref.’?, we can see that, in addition to the DLCs listed above, DLCs 1.4,
1.6, and 2.3 resulted in extremes for our magnitudes of interest. DLC 1.4 represents normal power
production transient events in the life of the turbine; DLC 1.6 is used to simulate normal operational
conditions with normal wind turbulence (NTM) but under severe sea states (SSS). In DLC 2.3, the
turbine is also operating but an extreme gust causes a temporary power loss.

Our analysis (Table 2.5) includes all the aforementioned DLCs in addition to the sea state
determined for the wave splashing analysis in section 2.3.4.

Table 2.5. Design load case matrix.

DLC Wind condition ~ WSPD (m/s) Wave condition ~ Hg (m) T, (s) Settings
4 2.14 5.93
6 2.16 5.95
8 2.14 5.93
10 2.11 5.89
12 2.13 5.92
1.3 ET™M 14 NSS 2.36 6.23 RNA +/-10°
16 2.72 6.69
18 3.42 7.50
20 4.10 8.21
22 4.79 8.87
24 5.79 9.76
ECD+/-R-2.0 8 NSS 2.14 5.93
14 ECD+/-R 10 2.11 5.89 Rotor azimuth: 0°, 30°, 60°, 90°
ECD+/-R+2.0 12 2.13 5.92
4 3.47 7.55
6 3.70 7.80
8 3.92 8.03
10 422 8.33
12 4.58 8.68
1.6 NTM 14 SSS 4.86 8.94
16 5.20 9.25
18 5.68 9.66
20 6.18 10.08
22 6.74 10.53
24 8.59 11.88
8 2.14 593
2.3 EOG ig NSS g:; ggg Rotor parked and pitched after gust
24 5.79 9.76
6.1 EWM 50 yr 47.5 ESS,50 11.83 13.95 RNA Yaw +/- 8°
6.2 EWM 50 yr 47.5 ESS,50 11.83 13.95 RNA Yaw +/- 180°
Airgap EWM 50 yr 47.5 Steep ESS,100 6.49 791

2.3.6. Modelling

To model the FOWT-DAC platform, we first compute the radiation/diffraction hydrodynamic
coefficients of the floating structure for each of the scenarios (low, mid, and high) using the
opensource potential flow solver HAMS®*. These are then inputted to OpenFAST and are run for the
DLC matrix (Table 2.5). To quantify impacts arising from the DAC and ancillary systems, the results
of the FOWT-DAC platform for each scenario are benchmarked against the reference design.

Note that to reduce the complexity of the FOWT-DAC platform modelling, we neglect
aerodynamic drag effects from the DAC system itself. Although non-intuitive, this simplification is

29



1185

1190

1195

1200

1205

appropriate since the drag from the rotor and tower were calculated as more than four orders of
magnitude greater than the drag from the DAC contactors. In addition, the definition of the UMaine
VolturnUS-S in the OpenFAST reference files from the IEA Github repository™ does not model the
pontoons as filled members. Basically, the seawater ballast is not accounted as a dynamic mass within
the pontoons’ compartments and it only contributes to the system’s inertial properties through its mass
distribution (i.e. centre of gravity and moment of inertia).

2.4. Results & discussion

The first two subsections compare the hydrostatics (static and dynamic stability) and hydrodynamics
(coefficients, rigid-body natural frequencies, and wave-induced RAOs) from each scenario with the
reference design. These comparisons help determine if the proposed FOWT-DAC platform designs
(i.e. low, mid, and high case scenarios) preserve hydrostatic and hydrodynamic similarity to the
reference design. If so, this implies that the changes we made to adapt the reference design and turn
it into different FOWT-DAC platforms was sufficient to ensure the systems’ response is kept within
the boundaries of the validated reference design performance. The third subsection assesses the wave
splashing on the FOWT-DAC platform’s deck. Finally, the last two subsections compare the loads
experienced by different components of the FOWT platform and the turbine’s power performance for
each design scenario.

2.4.1. Floating stability

This section presents the results of the static and dynamic stability assessment. Recall that the former
does not include, among other phenomena, the restoring effects from the moorings. However, these
still serve as a first computationally inexpensive verification of the platform’s stability.

2.4.1.1.  Static stability

The static stability of the FOWT-DAC platform for the reference design, low, mid, and high scenarios
is verified here. The righting and wind heeling (pitch) moments for each case are computed using
equations 2.7 and 2.9, respectively, and plotted in a curve of stability in Figure 2.7.

i hitps://github.com/IEAWind Task37/IEA-15-240-RWT
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Figure 2.7. Righting moment for the low (blue line), mid (grey line), and high scenarios (yellow line), and
benchmarked with the reference design (orange line). The wind heeling moment is shown in a dash-
dotted grey line.

As one may observe, the righting moment for the four cases is very similar, with the low and
mid scenarios showing a higher restoring capacity. This can be understood by looking at the
expression for the hydrostatic stiffness coefficient in pitch (equation (2.6)) and realizing that the ratio
between the second moment of area (S;1) and V} is larger for the low and mid scenarios given their
lower submerged volume in comparison to the reference design. In addition, Figure 2.7 shows that
the wind heeling moment crosses the righting moment between 8-8.4°. This means that, under the
worst wind conditions causing the maximum rotor thrust (rated wind speed), the reference design and
the FOWT-DAC cases manage to remain below 10°, which is the platform serviceability limit we set
for FOWTs”.

2.4.1.2. Dynamic stability

Next, the dynamic stability of the FOWT-DAC platform along its critical heeling axis is examined
here for the reference design, low, mid, and high scenarios, and for DLCs 1.3, 6.1 and 6.2, ref.”®. The
average of the extreme platform pitch angle is plotted for these DLCs in Figure 2.8. All the
simulations show that the maximum pitch angle stays below the 10° operational limit, which means
that the reference and the proposed FOWT-DAC designs meet the stability criterion. With the rotor
shutdown and the blades pitched out in DLCs 6.1 and 6.2, the platform heeled significantly much less
than in DLC 1.3. Notably, the maximum pitch angle for the reference design is consistently the largest,
and progressively decreases from the low, to the mid and high cases across DLCs. Given the minor
hydrostatic differences between scenarios, we suspect this trend is partly a result of the variations in
the pitch moment of inertia. Indeed, as shown in Table 2.3, the reference design exhibits the lowest
pitch rotational resistance, and increases from there to the low, mid, and high scenarios.
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Figure 2.8. Average maximum pitch platform angles for DLCs 1.3, 6.1 and 6.2 for the low, mid, and high
scenarios, and benchmarked with the reference design.

2.4.2. Hydrodynamics

2.4.2.1. Hydrodynamic coefficients

Figure 2.9 shows the added mass coefficients in surge-surge (A11). As expected, because the geometry
and draft in the reference design and high case scenario are the same, A1; also look identical in both.
Because the FOWT-DAC platform in the low scenario is not as submerged as in the other cases, its
added mass is consistently the lowest across frequencies. Responses for the radiation damping and
excitation force coefficients in different DOFs were also analysed and found to be almost identical
between scenarios (see Appendices, Wave splashing).

15 x108
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Figure 2.9. Added mass coefficient in surge-surge versus frequency evaluated by HAMS for the low, mid,
and high scenarios, and benchmarked with the reference design.

2.4.2.2. Rigid-body natural frequencies
We conduct free decay tests for each rigid-body DOF to compute the rigid-body natural frequencies.

Under still environmental conditions, an initial displacement from the platform’s equilibrium position
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is set per DOF, and the natural frequency is calculated by taking the maximum frequency out of the
power spectral density over the decay. Table 2.6 shows the results of these simulations; the values
for the three translational DOFs are the same across scenarios and with respect to the reference design,
however, slight differences in the three rotational DOFs result from changes in the moments of inertia
(Table 2.3).

Table 2.6. Rigid-body natural frequencies (Hz) for the low, mid, and high scenarios and compared with
the reference design (Ref.).

DOF Ref i Low Mid High
Surge 0.007 0.007 0.007 0.007
Sway 0.007 0.007 0.007 0.007
Heave 0.048 0.048 0.048 0.048
Roll 0.035 0.037 0.037 0.037
Pitch 0.035 0.037 0.037 0.037
Yaw 0.012 0.010 0.012 0.010

2.4.2.3. Wave-induced response amplitude operators

To conclude the hydrodynamic study of the FOWT-DAC platform cases and assess whether these
maintain hydrodynamic similarity with the reference design, we present the wave-induced RAOs for
the main rigid-body DOFs. Each case was simulated in still air with all structural DOFs disabled
except for the six rigid-body ones. Following Ramachandran et al.’>, we ran six seeds of 8,000 s for
a two-meter-high white-noise wave spectrum (i.e. with equal wave frequency probability) with
periods ranging 0.64-15.9 s. Then, for each DOF, we computed the RAO as the ratio of the cross-
spectral density of the platform response and the auto-spectral density of the surface elevation.

The results for the surge, heave, and pitch RAOs are shown in Figure 2.10. Because of the
zero-degree wave heading and the platform symmetry about the x-axis, the responses in the other
DOFs are significantly lower and are therefore not included here. Overall, the peaks shown occur at
or very close to the corresponding rigid-body natural frequencies, with notable differences in the pitch
RAO consistent with the values seen in Table 2.6. In heave, the RAO tends to unity when the
wavelengths are much larger than the body dimensions (at low wave frequencies). This causes the
system to produce no diffracted waves and thus follow the incoming ones (i.e. output response equal
to input signal).

Given that the FOWT system is nonlinear and we used white noise as input waves, the signal
amplitude values do not provide a reliable insight about the platform’s expected motions. Having said
that, one may see that globally all scenarios closely resemble each other and the reference design.
This, together with the similarities already presented from the hydrodynamic coefficients and the
natural frequencies in the two previous sections, lead us to state that the proposed FOWT-DAC
platform designs demonstrate a high degree of hydrodynamic similarity with the reference design.

il Bstimated values following the same procedure as for the low, mid, and high scenarios. Our calculations
differ slightly from the values reported in ref.’?, possibly because of different computational methods used.
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Figure 2.10. Wave-induced RAOs in surge, heave, and pitch for the reference design, low, mid, and high
1280  case scenarios.
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2.4.3. Wave splashing — air gap

To prevent damage to the FOWT-DAC platform deck equipment, we assumed all wave splashing on
the deck had to be avoided. To ensure that is the case even in the most adverse situations, we studied
the air gap following the method explained in section 2.3.4 and assessed it using equation (2.11),

1285  where the sea surface elevation and the platform heave must be determined at each platform’s point
of concern. We checked the air gap at eight different points on the platform, Figure 2.11.

Figure 2.11. Points of study for the air gap assessment.

Given the platform symmetry about the x axis and the wave alignment along the same axis,
1290  the chosen points only cover half of the platform. The air gap DLC (Table 2.5) is run for six wind
seeds, each with six different wave seeds (i.e. 36 simulations in total) for 4,600 s. To be conservative,
we take the maximum wave elevation and the minimum heave displacement, shown in Table 2.7.
The air gap is positive and larger than 1.5 m (as recommended by ref.%¢) at all points of study for all
cases, which implies that when subjected to Cascadia Basin conditions, the proposed FOWT-DAC
1295  platform designs would not experience any dangerous water splashing on the deck equipment.

Table 2.7. Air gap (in meters) at the different platform points of study for the reference design, and low,
mid, and high case scenarios.

Point Reference (m) Low (m) Mid (m) High (m)
P1 5.8 6.2 4.9 4.5
P2 5.8 59 5.7 3.9
P3 5.8 4.8 4.7 4.7
P4 5.7 5.8 5.1 4.9
P5 5.8 5.5 5.0 4.7
P6 5.6 4.9 5.0 4.7
P7 5.6 4.9 5.0 4.7
P8 5.6 4.9 5.0 4.7

2.4.4. System loads

In this section, we check the displacements and loads of different FOWT components (nacelle, blades,
1300  tower, floater) for DLCs in Table 2.5.
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244.1. DLC14

This DLC specifies a transient load with an extreme coherent gust with wind direction change and
normal sea states. The gust starts at 300 s, has a duration of 10 s and peaks at 310 s. Simulations of
360 s are run close to rated wind speed (ECD+/-r), below rated wind speed (ECD+/-r-2), and above
rated wind speed (ECD+/-r+2), where +/-r indicates positive and negative wind speeds, respectively.
Following refs.”>%7, rotor azimuths of 0°, 30°, 60°, and 90° are considered to account for load
differences due to the relative orientation between the wind direction and the blades. The
characteristic magnitude (displacement/load) is estimated as the mean of these distinct azimuth
positions. A total of 144 simulations, with six seeds per rotor azimuth and wind speed configuration,
are analysed. These conditions are selected to capture extreme blade tip flapwise deflections (Figure
2.12).
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Figure 2.12. Maximum blade tip flapwise deflection per ECD type and scenario (reference design, low,
mid, and high case).

244.2. DLC1.6

The response of the system under normal turbulence conditions and severe sea states is analysed in
DLC 1.6. Because severe sea states are defined for a joint wind-wave probability distribution of 50-
year return period, simulations with longer times (4,600 s) are required. All operational wind speeds
(4-24 m/s) are considered, each with six seeds, amounting to a total of 66 simulations. The highest
values for the platform surge (Figure 2.13) and fairlead tension (Figure 2.14) are observed in this
DLC.
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and d) high case scenarios.
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Figure 2.14. DLC 1.6 peak fairlead tension (line 1) for the reference design, and low, mid, and high case
scenarios.

2443. DLC223

In DLC 2.3, a fault due to a wind gust occurs while the turbine is operating in normal sea states. To
1330  prevent damage to the rotor, the blades are completely pitched (90°) immediately after the event, with

a 0.2 s delay. Simulations of 600 s are run close to rated wind speed (EOGr), below rated wind speed

(EOGr-2), above rated wind speed (EOGr+2), and at the cut-out wind speed (EOGo). The highest

absolute value for the tower base pitching (fore-aft) moment is observed in this DLC (Figure 2.15).
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Figure 2.15. DLC 2.3 maximum tower base pitching moment for the reference design, and low, mid, and
high case scenarios.

2.4.4.4. DLCs 6.1 and 6.2

In DLCs 6.1 and 6.2, 50-year return period wind and waves conditions are applied, and the turbine is
forced to shut down or idle to preserve the rotor’s integrity. As noted in ref.”’, given that the EWM
wind model cannot be used for simulations longer than 600 s, a normal turbulent model with a
turbulence intensity equal to 11% is used instead. The extreme wind and waves are simulated during
4,600 s for different nacelle yaw orientations (-8°, 0°, and 8° in DLC 6.1, and -180°, 0°, and 180° in
DLC 6.2) and with the RNA yaw DOF disabled to represent errors in the yaw controller. Maximum
platform heave displacements, calculated as the average of the extreme values, occur in these DLCs
(Figure 2.16).

Min E=Z=3 Max = © =Mean

Platform heave (m)
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Figure 2.16. DLC 6.1 and 6.2: platform heave minimum, maximum, and mean for the reference design,
and low, mid, and high case scenarios.
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2.4.4.5. Discussion

As could be seen from figures 4.6 to 4.10, the dynamic displacements and loads observed per DLC
for the FOWT reference design (without the DAC) show overall strong agreement with those from
each FOWT-DAC scenario (low, mid, and high case). In DLC 1.4, the maximum blade tip deflections
(flapwise) between the reference design and the low, mid, and high case scenarios differ a maximum
of 11%. While the maximums seen for the ECD+/-r-2 and ECD+/-r+2 cases do not exceed the 23 m
value shown in the design report of the IEA 15 MW RWT’3, the same is not true for the ECD+/-r
cases, with a maximum deflection of 26 m experienced. Nevertheless, because the maximum blade
tip deflections (flapwise) for the reference design is also larger than 23 m, the results for the low, mid,
and high case scenarios are then considered adequate, and the differences with ref.’”> deemed as
acceptable given that different metocean conditions were used here.

In all scenarios of DLC 1.6, the surge displacement is limited to below 25 m (Figure 2.13);
this may be a useful constraint in future work when designing a flexible pipeline to extract and
transport the captured CO; from the FOWT-DAC. The FOWT-DAC low case experiences a higher
positive surge excursion than the rest, also causing a stronger fairlead tension response of line 1
(Figure 2.14). Although subtle, this could be explained by the change in the system mass
(displacement volume) of that case with respect to the reference design and the other FOWT-DAC
scenarios (see Table 2.2). Further, in DLC 1.6 it was shown that the peak fairlead tension stayed
below the mooring line breaking strength (Table 2.1).

In all cases in DLC 2.3, the reference design shows a bigger tower base pitching moment.
Certainly, the reference design is not only heavier than the low and mid cases (Table 2.1 and Table
2.3), but its comparatively smaller pitch moment of inertia means that less force is required per unit
of angular acceleration. This explains why the tower base fore-aft moment in the high case scenario,
which has the same mass as the reference design but a 20% larger pitch moment of inertia (Table
2.3), is smaller than the reference’s. The differences between the reference design and the FOWT-
DAC cases (low, mid, and high) are 10% at most.

DLCs 6.1 and 6.2 depict the minimum, maximum and mean heave displacements. Despite that the
air gap was studied in section 2.4.3, in DLCs 6.1 and 6.2 we checked the minimum, maximum and
mean heave displacements of the floating platform (Figure 2.16) to show that no significant
differences arise as a result of the DAC system.

2.4.5. Power performance

Lastly, we investigated the wind turbine’s power performance for all the scenarios using steady wind
speeds covering the whole operational range and in the absence of ocean waves. The results, omitted
from the main body but provided in the Appendices (section 2.6.4.2), show that the power produced
in each case (low, mid, and high) is comparatively the same as that generated by the reference design.
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2.5. Conclusions

This paper introduced a concept for a co-located and integrated design of an offshore wind-powered
CO; direct air capture system as part of the Solid Carbon project. The DAC and ancillary system
dimensions and power requirements were sized for the IEA 15 MW RWT atop the UMaine
VolturnUS-S floating offshore wind turbine semi-submersible. While the CO, DAC collectors were
placed outside and on top of the designed deck, the ancillary system was distributed inside the floater
radial columns. Three design scenarios (low, mid, and high) were defined to represent project,
equipment, and deployment site uncertainties. This was done such that hydrostatic and hydrodynamic
similarity were kept between the scenarios and the reference design. Mainly, the total system mass
and its distribution were adjusted so that the centre of gravity remained as close to the reference’s as
possible. The principal contributions from this research are summarised below:

e The hydrostatic and hydrodynamic properties of the scenarios (hydrodynamic coefficients,
rigid-body natural frequencies, and wave-induced response amplitude operators) were
studied and compared with the reference design (i.e. the FOWT without the DAC system)
showing minimal variances.

o The floating intact initial stability was assessed for pure pitch rotations. For the static analysis
under maximum heeling moment, the righting moment of the unmoored platforms was large
enough to stay below the 10° operational limit. For the dynamic analysis, the scenarios were
successfully run using DLCs 1.3, 6.1, and 6.2, with maximum pitch angles well below the
10° criterion.

e The distance between the mean water level and the semi-submersible deck, also known as air
gap, was computed showing no wave splashing occurring to the onboard DAC units.

e A dynamic analysis using DLCs 1.4, 1.6, 2.3, 6.1 and 6.2 was carried out to investigate and
compare the FOWT-DAC system responses with that of the reference design. The
displacements and loads seen per DLC for the FOWT reference design (without the DAC)
showed strong agreement with those from the FOWT-DAC scenarios.

e Finally, the FOWT power curve for all design scenarios was computed proving again minimal
differences with the reference turbine.

Solid Carbon aims to capture and store CO; into offshore basalt, however, our scope here was limited
to the wind-powered CO, DAC process alone. Future work will continue by studying how the addition
of a piping system to the FOWT-DAC platform to transport the captured CO- to the basalt injection
site may affect the system dynamics.
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2.6. Appendices

2.6.1. Direct air capture

Carbon Engineering and Climeworks are two well-known DAC developer companies, and
representative of the two most common DAC techniques. Carbon Engineering uses an aqueous
solvent-based DAC system and requires high temperatures (~900 °C), while Climeworks uses a solid
sorbent-based DAC system and works with low temperatures, between 80-130 °C 7>%, In an offshore
context and without the use of a fossil-fueled boiler, Carbon Engineering’s high-temperature
requirements are difficult to provide; electric resistive heaters could be an alternative, but their
electricity demand is significantly higher than that of e.g. heat pumps. By comparison, Climeworks’
DAC low-temperature heat needs can be met with heat pumps (< 100 °C). Climeworks’ DAC
technology has a focus on modularity, while Carbon Engineering is better suited for large industrial
purposes. That is why in this work we adopted a generic DAC technology representative of
Climeworks’ low temperature solid sorbent approach.

2.6.2.  Ancillary system

This section expands on the procedure followed to size and determine the ancillary system, comprised
of energy storage, a CO, compressor, and CO» storage.

2.6.2.1. Energy storage

The energy storage system is to provide electrical power to the CO, capture and ancillary system
processes at times when the wind turbines are not producing enough power. These low-power periods
are split into two different timescales; a short-term hourly based, which uses electric lithium-ion
batteries, and a long-term monthly/seasonally based, which assumes the use of H fuel cells.

To size the battery system, we assume the wind turbine is not producing any power at all for
a continuous period, which may be two hours in the best case, or four hours in the worst case. Note
these cases are independent of the low, mid, and high configuration scenarios we have used
throughout this work. Considering our DAC and ancillary units’ mean hourly energy requirements
for the low, mid, and high scenarios, and choosing Tesla’s lithium-ion Megapack battery (which
conveniently comes in two- and four-hour duration modules)”®, we determined the number of
Megapacks needed, Table 2.8.

Table 2.8. Electric storage system sizing for the low, mid, and high case scenarios.

Units Low Mid High
FOWT-DAC power load kW 2,949 3,172 3,617
FOWT-DAC energy load kWh 5,898 6,343 7,233
# 2-h Megapacks - 3 3 4
# 4-h Megapacks - 4 5 5
Total 2-h Megapacks mass tons 91 91 91
Total 4-h Megapacks mass tons 122 152 152
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Each Megapack module is 7.26 m long, 1.65 m wide, 2.51 m tall, and weighs 30.4 tons. The
two-hour module has a power/energy nameplate rating of 1,295 kW/2,570 kWh, respectively, and a
round-trip efficiency of 92%. The four-hour module has a power/energy nameplate rating of 775
kW/3,101 kWh, respectively, and a round-trip efficiency of 93.5%, ref.”.

Because of their low energy density, limited cycle life and cost, lithium-ion batteries are not
suitable for long-term storage in grid-scale projects. That is why we opted for a hydrogen-based
energy storage system. In short, at times of excess wind power, this is used to run an electrolyzer and
store the resulting H,. Then, at times of deficit power, the H» is fed into a fuel cell and converted back
into electricity. Although typical roundtrip efficiencies are at present notably low (32-35%, ref.!%%),
there is room for improvement both in water electrolysis and H» fuel cells.

In offshore applications such as ours, water electrolysis is preceded with a desalination
process to turn seawater into fresh and purified water™i, There are different types of desalination
techniques, of which reverse osmosis (RO) is the most popular one, accounting for approximately
70% of all global volume in 2020. In RO, high-pressurised seawater is forced through semi-permeable
membranes, capturing dissolved salts and other impurities.

The electrolyzer technology selection depends on the application of use®®. For an offshore
wind-powered H, system, refs.®®!%! chose a Proton Exchange Membrane (PEM) electrolyzer type
from Siemens Energy used in conjunction with RO. Here, we also opted for the same technology,
with the newest model currently available being the Silyzer 300 PEM %%, A Silyzer 300 half 12-
module array has a production of 165 kgH»/h at a rated power of 8.7 MW, which is enough to meet
our estimated hydrogen demands of 106-128 kgH,/h. Each half 12-module array weighs
approximately 2.1 tons, which includes the water storage tanks. The FOWT-DAC hourly hydrogen
required was calculated, as a first rough approximation, as the cumulative below-the-monthly mean
energy production over an average year for the 2004 to 2016 period.

Once produced, hydrogen must be stored onboard until the time it is needed to be reconverted
back to electricity. Hydrogen can be stored in various forms, with cryogenic (liquified) and
compressed (gaseous) being the most mature ways. Because of the high cost and complexity of
transforming and keeping liquid hydrogen in cryogenic conditions (below 20°K, ref.!%%), and the
simplicity and technology readiness of compressed gas storage, the latter is preferred here. For
compressed gas storage applications, hydrogen is kept between -40°C to 30°C, and at pressures
between 350 to 700 bar. Due to these high pressures, specially designed tanks known as pressure
vessels are used. Because our concern revolves around minimising the platform impact from the DAC
and ancillary system, we select type IV tanks based on their lightness in comparison with the other
types!®4. Table 2.9 gives the unit specifications.

Table 2.9. Type IV HT700-103 hydrogen tank unit specifications'®,

Magnitude Units Value
Weight kg 66
Dimensions cm 165

xidil Total dissolved units in water should not exceed 0.5 ppm in electrolysis applications?”°.
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Max storage kgH> 4

External diameter cm 35
Nominal operating pressure bar 700
Volume water equivalent L 103
Recharges - 45,000

2.6.2.2. CO:2 compressor

To reduce the storing space needs of the onboard CO, and ensure appropriate pressure and
temperature conditions for a successful injection into basalt, we use a CO, compressor. The power of
a compressor is the product of the head developed (H) and the volumetric flow rate (Q),

0 y-1
p =20 (p_2> Y 2.12)
Yy —1]\n1
Where 7 is the compressor (adiabatic) efficiency (equation (2.13)),y = % is the heat capacity ratio,

and p; and p, are the CO, pressures entering and leaving the compressor, respectively.
P -1
()" -1
n=|——m—- (2.13)

PN
(p—l) -1

The adiabatic efficiency depends on y, p; and p,, as well as on the polytropic path coefficient, n,

@]
Ty

P,
(%)
With T; and T, being the CO; temperatures entering and leaving the compressor. Assuming p;= 101

kPa, T; = 25°C, and p, = 7,380 kPa, T, = 2°C, the compressor power can be determined, Table 2.10.
Further, thanks to ref.!°, one can use the compressor power as a proxy to its transportation weight.

n=|1- (2.14)
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Table 2.10. CO:2 compression specifics.

Units Low Mid High
Polytropic path coefficient - 1.0 1.0 1.0
Heat capacity ratio - 1.3 1.3 1.3
CO, flow rate tCO2/h 3.6 3.9 4.4
Compressor power kW 412 443 506
Compressor mass tons 15 17 21

2.6.2.3. CO: storage

Now that the captured CO- has been compressed, we can determine the storing space it takes. To do
1500 that, we assume that the onboard capacity in the low, mid, and high scenarios is enough to store one-
, four- and seven-days’ worth of production, respectively. This is done to account for the fact that the
CO; may be transported by vessel to the injection site, and thus it may be necessary to temporarily
store some of it onboard until the vessel retrieves it. Then, knowing the CO, conditions of storage (T,
= 2°C, p, = 7,380 kPa), we can determine its density (pco,= 0.9467 kg/m?) and hence its volume

1505  (Table 2.11).

Table 2.11. CO2 mass and volume storage for the low, mid, and high case scenarios. This excludes the
mass/volume of the storage tanks.

Units Low Mid High
Mass tons 87 373 744
Volume m3 92 394 786

Fluid storage tanks, such as those used for CO,, are built in different shapes, and exhibit
1510  varied levels of protection and insulation. To have an idea of common industrial CO; storage tanks,
we took Chart Industries Inc. bulk solutions as a reference'®’. Table 2.12 presents the specifications

of different Chart Industries Inc. tank models that meet our needs.

Table 2.12. COz storage tanks dimensions.

Model Net capacity (m?) Mass (tons) Length (m) Width (m) Height (m)
HS-6000SC 21.8 10.0 9.8 2.2 2.4
HS-9000SC 34.0 14.7 8.8 32 32
HS-11000SC 41.5 17.6 104 32 32
HS-13000SC 494 20.6 11.9 32 3.2
HS-15000SC 57.0 23.7 134 32 32
1515 Finally, a possible tank selection to store the CO> of the low, mid, and high case scenarios is

given in Table 2.13. This also indicates the total CO, storage mass (content plus container) and the
total volume the tanks occupy. Recall that all ancillary system equipment is placed inside the floater
radial columns; only the CO; collectors (DAC units) are put on the deck.
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Table 2.13. Final CO: storage tanks selection.

Model # units Total mass (tons) Total volume (m?)
HS-6000SC 5 137 258
HS-13000SC 8 398 972
HS-15000SC 14 1,076 1,740

2.6.3. Wave splashing

2.6.3.1. Inverse First Order Reliability Method (IFORM)

IFORM was first defined by Winterstein et al.®> as a method to define extreme environmental
contours. Basically, [FORM’s premise is that the environmental variables under consideration (e.g.
H; and T,) are correlated in an undetermined way. [IFORM models this correlation as the product of
an independent probability distribution of Hg and a conditional one of T,,, where the former usually
is taken to be a Weibull distribution, fy_(hs), and the latter a lognormal distribution, pr| Hs(tp |hs),
equations (2.15) and (2.16). The lowercase variables hg and t,, denote the g-quantiles of the

continuous distributions.

k thy — e\* 1 hy — &\*
fir, () :I( - ) exp [—( - ) ] (2.15)
2
1 (ln(tplhs) _'qu|Hs)
fru,(tplhs) = exp (2.16)
TplH (tplhs) manle 20'72~le5

By extrapolating the marginal distribution of H, one can determine extreme Hg values for
certain return periods, Tg, and input those values into the inverse cumulative distribution function
(CDF) of pr| Hs (tp |hs) to find the corresponding extreme Tj, value.

Next, we outline the steps we made using IFORM to determine extreme steep sea states to be

used later for the air gap analysis. More information on IFORM can be found in refs.®>108-110,

In the first step, a joint H-T,, probability distribution, fHSTp (hs, tp), is defined as the product
of fy,(hs) and fr, (tplhs), equation (2.17).

fHSTp (hs' tp) = fHS (hs)pr|Hs (tp |hs) (2.17)

The fHS (hg) distribution parameters ¢ = 0.93,4 = 1.39,k = 1.87 are the location, scale, and
shape parameters, and are found by fitting the short-term Hy data into Fy_(hs), which is the CDF of
fu,(hs). The terms KT, | and 0T, |Hq in equation (2.16) are the mean and standard deviation of T,

given Hg in the lognormal distribution and can also be computed for each Hg using the site
environmental data. Further, ur |y and or |y, can be parametrized as a function of hg, ref.!%
plfis plfis

equations (2.18) and (2.19), where their coefficients a;, b;,i = 0,1, 2 can be curve fitted using e.g.
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the least-squares method''?. After computing an extreme value of H for a given T, Hr,H, and o7,

can be extrapolated beyond the environmental dataset.

U1, 0, = Qo T ashg’ (2.18)
O-TleS = bo + b1 eXp(—bzhs) (219)

With the desired return period, in our case T = 100 years based on ref.34, we can calculate
the failure probability, pr,, the reliability, 17, = 1 — pr,, and the reliability index, g = ®~1(r), also
known as the standard normal U-space radius, equations (2.20)-(2.22),

tS
PTr = 365.24 - Ty (2.20)
27
Uy, = B cos (—) (2.21)
J
2mi
Uy, = B sin (T), i=12..,j—1,j (2.22)

where t is the time interval for the recorded environmental data (t; = 1 h), and @~ is the inverse
CDF of the standard normal distribution. The radius § allows us to produce points Uy, Uy, in the U-

space which can then be transformed back to the H,-T,, space through Rosenblatt’s transformation''':

Hg = Fgl(@(U,)) (2.23)
T, = FT‘plle(cb(Uz)) (2.24)

2.6.3.2.  Steepness criterion curve

Equations (2.23) and (2.24) provide H,-T,, pairs of extreme sea states with a return period Ty = 100
years. However, as required by ref.®, only those extreme sea states crossing the wave steepness
criterion curve®® (equations (2.25)-(2.27)) can be used in the air gap assessment. The 100-year H,-Tp,
contour together with the steepness criterion curve and the resulting air gap design sea state (Hg =
6.49 m, T, = 7.91 s) after applying equations (2.25)-(2.27) can be seen in Figure 2.17.

TZ
H; = g_fr for T, <8s (2.25)
T? ;51 2T
= _gojr (g_ 3_;) for 8s<T,<15s (2.26)
TZ
= ;TZ for T,>15s (2.27)
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Figure 2.17. IFORM resulting H,-T,, contour together with the steepness criterion curve and the air gap
design sea state, H; = 6.49 m, T, = 7.91 s.
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1560 2.6.4. Results

2.6.4.1. Hydrodynamic coefficients
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Figure 2.18. Added mass coefficients in top) heave-heave, middle) pitch-pitch, and bottom) yaw-yaw.
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1565 Figure 2.19. Radiation damping coefficients in top) surge-surge, and bottom) heave-heave versus
frequency evaluated by HAMS for the low, mid, and high scenarios, and benchmarked with the reference
design.
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Figure 2.20. Radiation damping coefficients in top) pitch-pitch, and bottom) yaw-yaw versus frequency
1570  evaluated by HAMS for the low, mid, and high scenarios, and benchmarked with the reference design.
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evaluated by HAMS for the low, mid, and high scenarios, and benchmarked with the reference design.
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2.6.4.2. Power curve

16

14

12

10

Power (MW)

3 5 7 9 11 13 15 17 19 21 23 25
Wind speed (m/s)
Low — Mid High

— - — Reference

1575

Figure 2.22. Wind turbine power curve for the reference design, and the low, mid, and high case
scenarios.
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Chapter 3.
Design of a carbon dioxide

transportation system

This chapter was first published in the Ocean Engineering journal as:

G. Avellaneda Domene and C. Crawford, “Internal flow effect of a flexible riser system for a floating
offshore wind turbine with on-board carbon dioxide capture,” Ocean Engineering, vol. 316, p.
119821, Jan. 2025, doi: 10.1016/j.oceaneng.2024.119821. This is an open access article distributed
under the terms of the Creative Commons Attribution Non-Commercial License CC BY 4.0.

After publication, we identified two sentences (one in the abstract and one in the conclusions) that
were not entirely correct. These have been corrected in the present version and documented for
transparency in an erratum appended to the dissertation.

Author contribution

Gerard Avellaneda Domene: conceptualisation, methodology, investigation, modelling, analysis,
writing & editing. Curran Crawford: conceptualisation, analysis, supervision, review & editing.

Abstract

This paper designs a flexible riser for transporting carbon dioxide (CO>) off a floating offshore wind
turbine (FOWT)-powered CO; capture platform and analyses the internal flow-induced effects caused
by the CO; on the flexible riser. Internal effects on flexible risers due to the pressurised and internal
dynamic flow are a well-studied problem in offshore oil and gas (O&G) applications, which typically
requires the use of tools capable of representing their pressurised contents and flows. However,
because the flow rates and pressure conditions expected from individual FOWT-CO; capture
platforms are much lower than those used in O&G installations, we studied the importance of internal
flow effects on riser dynamics. To determine their relevance, we designed and modelled the flexible
riser in OrcaFlex™ with different design pressure and flow conditions under normal and extreme
environmental events. The results indicate that the riser’s effective tension and curvature are not
significantly affected by internal flow, but differences were observed in the von Mises stress arising
from the shear stress. As such, as long as the shear term is properly accounted for, these results enable
future work to utilise simplified models for the flexible riser system, similar to models for dynamic
power cables employed in FOWT farms. This simplification allows us to design and analyse the
whole FOWT-CO; system alternatively with lower fidelity and open-source offshore wind turbine
simulation tools, like OpenFAST, without overlooking relevant riser-dynamics phenomena.
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3.1. Introduction

To limit the mean global temperature rise caused by the prolonged combustion of fossil fuels since
the Industrial Revolution, the Intergovernmental Panel on Climate Change concluded that national
mitigation portfolios need to include some level of negative emission technologies (NETs)!!2. Among
these, direct air capture with carbon storage (DACCS) has the potential to permanently sequester
many gigatons of carbon dioxide (CO»), which is several times greater than what is needed to restrict
the temperature rise under 2°C, ref.!”. Due to its energy (1.9-23.1 GJ/tCO,)!'” and plan-view projected
footprint requirements (0.7-5.3 km?/MtCO,)”°, some authors have suggested placing DACCS
offshore’” >3 where competition for grid-energy and land-use can be avoided. Far from shore,
DACCS’ energy demand can be satisfied by local wind resources, and the CO; captured can be
injected into reactive rocks (such as basalt), where it can mineralise and permanently adhere to®.

In previous research’’, we studied the integration of a direct air capture (DAC) system into a
floating offshore wind turbine (FOWT) platform. We assessed the impact the addition of the DAC
and ancillary systems had on the platform’s dynamics, without reporting any substantial negative
effect when compared to the baseline FOWT platform without DAC. We focused on the dynamics of
the hybrid FOWT-DAC platform and left the transportation of the captured CO; to a permanent
storage site as future modelling task. For this there are two different CO, transportation means: vessel
and pipeline. The economics of CO, vessel and pipeline transportation have been investigated in
several publications!!6~!!® with a general trend favouring pipelines over vessels when transport
distances are less than 200 km. Further, because the operational versus capital expenditures ratio is
higher for ships than for pipelines, long duration projects may be benefitted by employing pipelines
instead of ships''®. Also, in open seas, weather conditions limit a vessel’s availability, and so a more
continuous injection can be achieved when employing pipelines.

3.1.1.  Objectives

In this paper, we take a design of a FOWT platform with on-board CO; capture proposed by the
authors®” and model a system to transport the CO; to a geological reservoir. It is assumed that the
FOWT-CO; system is placed in the Cascadia Basin region (off the West coast of Canada), where
previous studies have assessed the metocean climate for wind-powered CO, capture*?, and monitored
the basalt resource for CO» storage purposes®’®. Because of the relative co-location (<200 km)
between the CO, capture and sequestration sites, as well as their exposure to open seas, the
transmission of CO; from the FOWT platform is completed with pipelines. The transport may be split
into two distinct but connected segments: in the first, the CO; is retrieved from the platform and
travels along the vertical water column using a riser, terminating at the onset of the second segment;
from there a pipeline is employed to cover the largest distance to the injection site. In the present
work we are only concerned with the first segment using a riser from the sea surface to the seabed.

In the oil and gas (O&G) industry, production risers have been employed to convey fluids
(usually hydrocarbons) from the seabed to platforms and vessels at the sea surface. Several types of
risers have been used depending on the project characteristics, with the most well-known being the
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top-tensioned, free standing, flexible, and steel catenary riser. Because of their flexibility and higher
tolerance to motions, lower weight and ease of installation, flexible risers are suitable for a wide range
of water depths, seabed conditions and platform motions. Further, their compliant structure allows
floating platforms with large motions to be permanently connected to subsea installations.
Consequently, they have become the preferred industry option and in 2010 approximately 85% of all
installations used flexible risers'?’. For these reasons, we also chose a flexible riser for our FOWT-
CO; capture system.

Global structural analysis of flexible risers in O&G applications typically requires the use of
tools capable of representing the riser’s pressurised contents and flows'?!"12, This is because as
hydrocarbons’ mass flows and pressures increase (up to 6,000 tons/h and 70 MPa, p.497, ref.!*), so
does their inertia effect on the pipe’s dynamics. However, it is not clear whether such modelling
capabilities are relevant for our flexible riser retrieving CO» from the FOWT-CO, capture system in
ref.’, with a reported hourly mass flow of 4 tons of CO, (tCO»/h). In other words, there is the question
of how important the pressurised internal flow effects on the riser dynamics are.

To determine their relevance, we study how the riser’s motions, forces, and stresses are
influenced by the CO; fluid pressure and flow. If they were not significantly influenced, the riser’s
modelling could be simplified to resemble that of dynamic power cables employed in FOWT farms!?%-
127 This simplification would allow us to design and analyse the whole FOWT-CO, system
alternatively with lower fidelity and open-source offshore wind turbine simulation tools, like

OpenFAST!, without overlooking relevant riser-dynamics phenomena.

In the remainder of this paper, a flexible riser coupled to the FOWT-CO; capture system from
ref.’ is designed and modelled in OrcaFlex™ at two water depths (200 m and 850 m), for normal and
extreme environmental conditions. The riser’s motion, curvature, forces, and stresses are computed
and compared between three cases with different CO; conditions: 1) no pressure and no flow, 2)
maximum pressure and no flow, and 3) maximum pressure and maximum flow.

3.1.2. The similar case of e-fuels

In addition to NETs, there is a growing interest around the production of electricity-based fuels (e-
fuels) to replace the use of fossil fuels in transportation and industry and thus contribute towards the
decarbonisation of energy systems. Offshore, the space availability, and the successful
commercialisation and cost reduction of wind energy among others have drawn engineers and
planners alike to investigate the synthesis of e-fuels at the sea™". Among the initiatives, ERM’s
Dolphyn Hydrogen Project suggested placing all e-fuel production and storage systems together with
FOWTs!?, the equivalent to the FOWT-CO, system used here. In such configuration, the e-fuel
synthesized (i.e. H,) also needs to be delivered from the FOWT platform and transported to its end-
user. To achieve that, ERM is planning on using a flexible riser from the platform to the seabed, and
an export pipeline to shore. In their full-scale commercial unit, with a 10 MW WindFloat
semisubmersible FOWT, around 150 kgHy/h are expected'?®. With this configuration it would be

¥V See summary of ongoing offshore hydrogen production projects in ref.®, Table 1.
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interesting to ask the same question posed in the previous section and determine the relevance of the
H; flow in the riser’s dynamics. This is explored further in section 3.6.

3.2. Design

In this section, we outline the relevant aspects of the FOWT-CO, capture system, discuss the flexible
riser and moorings designs used in the simulations, and present the characteristics and environmental
resources of the project site at Cascadia Basin.

3.2.1. FOWT-CO:; capture system

The FOWT-CO; capture platform used in this project was borrowed from ref.’”. Their design was
originally built upon the IEA 15 MW RWT UMaine VolturnUS semisubmersible’?, and adapted to
integrate a 1,600-ton solid sorbent-based DAC system together with some on-board CO, storage, as
well as H, production and storage for ancillary services™'. The hydrostatic and inertial properties of
the FOWT-CO; capture platform are presented in Table 3.1.

Table 3.1. Hydrostatic and inertial properties of the FOWT-CO: capture platform.

Parameter Units Value
Mass tons 20,611
Draft m -19.79
Vertical centre of gravity from SWL m -2.74
Vertical centre of buoyancy from SWL m -13.41
Roll inertia about centre of gravity kg-m? 1.333E+10
Pitch inertia about centre of gravity kg-m? 1.287E+10
Yaw inertia about centre of gravity kg-m? 2.399E+10

3.2.2. Flexible riser

Flexible risers are made of cylindrical layers of different materials with heterogeneous mechanical
properties. In most applications, these layers are non-bonded and can slip past each other when under
the influence of loads, giving flexible risers the low relative bending to axial stiffness ratio that makes
them ideal for platforms with large motions. In this section, we provide the design basis for the
flexible riser, introduce the configuration design, and briefly discuss ancillary components considered
for a shallow and deep-water scenario (200 m and 850 m).

¥ Three design FOWT-DAC scenarios are used in ref. in which the CO» capture capacity varied across them.
The middle case, used here, had an annual capture capacity of 34.6 ktCO».
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3.2.2.1.  Design basis

As often seen in CO, pipeline transport'®’, it is assumed that the fluid is in liquid state and has
undergone a dehydration process prior to injection to minimise water corrosion™¥, The CO, stream
is highly pure and contains no or minimal presence of other particle substances.

The pressure at the riser’s inlet is chosen based on a 10-35 MPa range given by Knoope et
al.'"® for offshore CO; pipeline transport. These high-pressure values were motivated by commonly
used direct injection conditions, and by a desire to avoid extra costs associated with additional
pumping stations offshore™"!, In this paper, we are interested in studying edge cases that exacerbate
the pressurised CO, flow effects on the riser’s mechanics; for this reason, we chose a pressure value
of 35 MPa (5,076 PSI), at the higher end of the range in ref !5,

With this same motivation in mind, we selected a flexible riser with the smallest inner
diameter (ID) commercially available in offshore installations'!, ID = 0.05 m (2 inches), and chose
as rapid a flow speed as possible that would not cause erosion on the inner riser walls*"ii, We
postulated that if the effects of the CO, fluid on the riser’s kinematics and dynamics were negligible
for such a small riser, then they should also be so with risers with larger diameter, assuming the mass
flow and other riser parameters were kept the same. The maximum allowable velocity in riser systems
to avoid pipe-wall thinning due to erosion (Vrgsion) is given by ref.!3? as:

Verosion = 1.22C/ Pco, 3.

where C is an empirical constant equal to C = 100 for continuous service'*?. With a CO, density
Pco, = 964 kg/ m3, the erosional velocity becomes Vg psion = 3.9 m/s. With this data, the flow rate

(Q) can be determined using equation (3.2), giving Q = 0.008 m3/s, which corresponds to a mass
flow of m = pC02 ' Q = 28 tCOz/h

ID\?
Q=m (7) Verosion (3.2)

Note that in ref.>” the FOWT-DAC platform had a mass flow of ~4 tCO,/h, whereas the mass
flow employed in this case is 28 tCOy/h. This increased mass flow is meant to account for potential
future improvements in CO- capture efficiency and technologies, hoping to widen the applicability
of our results. If the effects of the CO, fluid on the riser’s kinematics and dynamics are negligible

i Corrosion in a riser’s metal layers can increase its fatigue and reduce its operational life. However, this
should not be a concern in our case since the captured CO, has a high purity and is also dehydrated during the
compression process.

xvii I fluid flow along pipes, pumping stations may be required to compensate for the pressure drop due to wall
friction along the pipe.

il When interacting with solid structures, fluid flows can cause material removal known as erosion. In flexible
risers, erosion produces thinning of the fluid conduit (the so-called carcass), which can lead to rupture or
collapse of the riser. Erosion rates are influenced by fluid velocity, the amount and size of produced solid
particles (e.g. sand), carcass geometry and material, and presence of corrosive contaminants such as hydrates.

57



1730

1735

1740

1745

1750

1755

1760

with a mass flow of 28 tCOy/h, then they should also be so with a lower mass flow of ~4 tCOx/h,
assuming the riser configuration and everything else is kept the same.

The study conditions of the CO, flow for both shallow and deep-water scenarios are given in
Table 3.2. Note that the working pressure has the same value, independent of the water depth
scenario. Although a larger pressure drop due to friction with the pipe walls would be expected for
the deep-water scenario in comparison to the shallower case, OrcaFlex™ does not model wall friction
effects. Moreover, a rough calculation of the drop in pressure for both cases reveals that these are
lower than 3% of the working pressure (see Appendices, section 3.7.3), so it is ignored here.

At our temperature and flow conditions, the CO; injected can be considered
incompressible™, This means that the density of the fluid remains, in good approximation, constant.
As such, we do not expect to see slugs of different density forming along the riser, and the flow rate
will then be the same at all points and over time.

Table 3.2. CO: conditions at the flexible riser’s inlet.

Characteristic Units Value
Temperature °C 10
Pressure MPa 35
Density kg/m? 964
Mass flow tCOx/h 28

3.2.2.2. Configuration

With the design basis specified, this section will present the rest of the riser’s design parameters and
mechanical properties, and discuss potential layouts.

Cross section

Flexible risers are composite, multi-layered pipes composed of different materials (e.g. polymer, steel,
synthetic fibres, and foam) that confer upon them diverse mechanical and thermal properties, such as
strength, ductility, wear, creep, and thermal expansion'**. Whereas a local analysis represents these
multiple layers to capture their interactions and effects in the overall riser dynamics, this level of
fidelity is not attainable when studying the full-length of a riser. Instead, engineers simplify the
layered structure, and risers are modelled as hoses, with dimensions characterised by an inner
diameter, an outer diameter and a length. This approach is followed here and the flexible riser is
modelled in OrcaFlex™ as a high-pressure hose, which uses the riser’s inner diameter (ID) to derive

its outer diameter (OD) and some mechanical properties.
Layout

The way a riser is laid connecting the floating platform on the sea surface and the subsea base at the
seabed depends on the application (drilling or production), riser type (top tensioned, rigid, or flexible),
number of risers, metocean conditions, budget, and seabed characteristics, among others ', The most

xix A flow can be considered incompressible if the Mach number is smaller than 0.3; at T = 10°C, the speed of
sound of CO; is 802.3 m/s, and the CO- flow speed is 3.9 m/s, giving a Mach number of 0.005.
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used configurations are catenary, lazy/steep wave, and lazy/steep s; the interested reader can see a
schematic representation of these traditional layouts in ref.'**, Figure 9.1. We used a lazy wave riser
(LWR) configuration for both water depth cases; thanks to the use of buoyancy modules around the
touch down point (TDP), LWRs are less prone to line damage due to the impact and friction with the
seabed when compared to catenaries, and are cheaper to install than steep waves and lazy/steep s
layouts. Most importantly, buoyancy modules are usually made from floating materials (e.g. foam
polymers), which effectively reduce LWRs net submerged weight. For further details on the layout
decision process, the reader is directed to the Appendices, section 3.7.1.

The platform-riser’s connection point is chosen below the main column, centred at the base
of the hull, and vertically aligned with the centre of gravity of the system, thus reducing the potential
for any adverse effects on the platform’s stability. This also allows for routing the riser inside the main
column, shielding it from external impacts.

The design of the LWR is refined iteratively in OrcaFlex™ by solving the system under static
forces™*, and testing the candidate configurations with different dynamic conditions (see Table 3.2)
until a working solution is found. Briefly, the LWR’s line length and anchor radius are initially set
based on the location of the platform-riser’s connection point, water depth, and the line’s wet weight.
The values are chosen to prevent excessive line bending below the minimum bending radius (MBR)
at the hang-off point (HOP), sag bend and hog bend**, and TDP. The shape of the lazy wave is mainly
characterised by the elevation of the sag bend — enough to prevent any impact with the seabed — and
the buoyancy of the hog bend, sufficient to decouple the LWR from the platform’s motion. The
diameter and mass per unit length of the hog bend line section are derived by OrcaFlex™ from the
base line’s mass and buoyancy modules pitch™,

The final configurations for the shallow and deep-water cases are shown in Table 3.3 and
Figure 3.1. Note that the flexible riser lines for both water depth cases, shown in red, depict a slightly
more intense colour around the lazy wave; as will be discussed in section 3.3.1.1, this is because the
density of nodes in that region is greater, which is used to better characterise the line shape and
motion.

Table 3.3. Flexible riser dimensions and mechanical properties.

Riser global characteristics Units Shallow Deep
Inner diameter m 0.05 -
Outer diameter m 0.07 -
Dry mass per unit length kg/m 36.3 -
Axial stiffness MN 140 -
Bending stiffness kN-m? 0.188 -
Poisson ratio - 0.3 -

** In addition to gravity and buoyancy, the static analysis includes constant currents and internal fluid pressure.
xxi The sag bend and hog bend of a LWR are depicted in Figure 3.1.

xxii The buoyancy modules pitch is defined as the average spacing between consecutive buoyancy modules
centres. In our model, the properties of lazy wave are spread out evenly along its pitch.
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Yield strength®iii MPa 650 -
Anchor radial spacing m 330 675
Unstretched line length (shallow/deep case) m 483 1,310
Buoyancy module outer diameter m 0.32 -
Buoyancy module mass per unit length kg/m 70.0 -
Buoyancy modules length (shallow/deep case) m 80 225

Figure 3.1. FOWT-CQO: capture platform and flexible riser layout configuration (in red) for the: (top)
shallow water case, and (bottom) deep water case.

Ancillary components - bend stiffener

During the preliminary design stages of the riser in the shallow water case, it was observed that the
bending radius at the HOP was less than the riser’s MBR. This is an undesirable situation to be avoided
because of the risk of fatigue cracking, material deformation, and rupture, which can compromise the
riser’s integrity. In dynamic applications, bend stiffeners are designed to lock the motion of the line
beyond its MBR and improve stress distribution over a controlled length'?*124133 They are usually

made of a polymer material and have a tapered profile along their length, which is designed to provide

*xill The yield strength (o)) is an external input by the user. Ref.'** provides an indicative range for typical
flexible risers’ yield strengths between 650-1,350 MPa. At this stage, this is a design choice, and we decided to
start with the lower value of 650 MPa. Note that this value is very close to the yield strength of rolled carbon
steel, a typical material used in tensile armours of flexible risers, which forms one of the main structural layers
giving risers their tensile strength.
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a gradual stiffness transition at the riser’s end termination. For these reasons, we modelled a bend

stiffener for our shallow water case, whose properties and profile are given in Table 3.4 and Figure
3.2.

Table 3.4. Bend stiffener mechanical properties and configuration.

Property Units Value
ID m 0.1
Density tons/m? 7.85
Young’s modulus GPa 212
Poison ratio - 0.29
Length m 10
— =D =—O0D
0.6
0.5

Diameter (m)
S
W

Arc length (m)

Figure 3.2. Bend stiffener profile along the arc length.

3.2.3. Moorings

For the shallow-water case (200 m), the mooring configuration was taken from the reference design
for the IEA 15 MW UMaine VolturnUS platform’, which used a three-leg catenary chain. For the
deep-water case (850 m), no prior reference design was found and thus a mooring configuration was
designed. The procedure followed is shown in the Appendices, section B, and here only the final
design is provided in Table 3.5.

Table 3.5. Mooring line configuration for the deep-water case.

Line Diameter (m)  Density (kg/m)  Axial stiffness (kN) MBL (kN)  Arc length (m)
Chain 0.33 685 3,270-10° 22,286 100
Dyneema rope 0.04 9.06 2.725 10,771 600
Chain 0.33 685 3,270-10° 22,286 150

3.3. Methods

The FOWT-CO; capture platform with the riser is modelled in OrcaFlex™ v11.3. To do that, we take
existing files from Orcina for the IEA 15 MW RWT UMaine VolturnUS semisubmersible reference
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design'® and change its inertial properties to match those of the FOWT-CO, mid scenario capture
platform in ref.’’, see Table 3.1. Orcina used v.1.1.3 of the IEA 15 MW RWT. The published files for
the IEA 15 MW RWT in OrcaFlexTM were validated against results with OpenFAST in ref.”’.

In section 3.2.2.1, we justified how our CO» flow could be considered incompressible. As a
result, the flow rate is constant over any cross-sectional area and over time (i.e. uniform and steady
flow), which is modelled in OrcaFlex™ by setting a uniform flow.

3.3.1.  Riser modelling

The flexible riser is modelled as a high-pressure hose, a category used in OrcaFlex™ to describe
flexible risers with ID between 50-380 mm. Flexible risers in OrcaFlex™ are represented as lines,
which are modelled according to the lumped mass approach (originally in Walton et al.!*®). In this
method, lines are modelled as a discretized series of nodes and segments, in which all external forces,
internal reactions and mass acting on the massless segments are lumped at the nodes at their ends.

3.3.1.1. Line segmentation

The number of nodes used to segment a line is a modelling decision made by the designer and depends
on the complexity of the line’s shape and length. For this reason, segmentations are not necessarily
distributed evenly along a line’s length and refinements may change across its different sections.
Because the number of nodes is proportional to the number of differential equations that are required
to be solved to characterise a system, it is good practice to optimise the number of nodes employed
to model the different lines, this way helping to limit the computational time required. This was done
for our flexible riser and mooring lines in both shallow and deep-water scenarios. Briefly, for each
scenario, the curvature and effective tension (see section 3.3.1.3) along the line’s arc length were
computed for two nodal configurations; one with a high number of nodes evenly distributed along the
arc length (constant segment length of 1 m), and one with a lower number of nodes unevenly
distributed (segment length varying from 0.5 m to 20 m). In the latter, a higher refinement was set in
those regions where the curvature was higher (e.g. at the top, at the lazy wave in the case of the riser,
and close to the TDP). To the sides of these, the segmentation was left coarser as the lines remained
almost straight throughout the simulations. Table 3.6 shows these two nodal configurations for the
riser in the shallow water case.

Table 3.6. Shallow water case: riser nodal configurations.

Case No.  Line type Section length (m) Segment length (m) Cumulative no. segments
1 Riser 10 1 10
2 Riser 90 1 100

Finer 3 Riser 85 1 185
4 Lazy wave 80 1 265
5 Riser 125 1 390
6 Riser 93 1 483
1 Riser 10 0.5 20
2 Riser 90 20 24

Coarser 3 Riser 85 2 66
4 Lazy wave 80 1 146
5 Riser 125 1 271
6 Riser 93 20 276
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3.3.1.2. Numerical integration

To solve the equations of motion of the system**", OrcaFlex™ implements two numerical integration
techniques: a semi-implicit Euler'?’, and an implicit Generalized-a method'*®. By default, the
OrcaFlex™ files for the IEA 15 MW RWT UMaine VolturnUS semisubmersible reference design,
upon which this work is developed, used the Generalized-a method. To determine which method
would perform best for our FOWT-CO, platform, we compared both methods for the two water depth
scenarios, with a tolerance of 0.0025 and a maximum of 100 iterations. When using the semi-implicit
Euler, we found that the integration time step had to be on the order of 107 s, or three orders of
magnitude smaller than the time step for the Generalized-a method (0.01-0.025 s), to converge to the
same solution. Consequently, for the shallow water scenario, the semi-implicit Euler took over 1.5
days to run, while the Generalized-a took approximately an hour. Since both methods reached the
same solution, but the Generalized-a was much faster, the remainder of this work is carried out using
the Generalized-a method.

3.3.1.3.  Pressurised steady flow

The influence the internal CO; pressure and flow have on our flexible riser is quantified here using
its effective tension (T, ), von Mises stress (gyy), and curvature (k).

Effective tension

The effective tension (T,) is the resultant axial force acting on the flexible riser wall, including the
contents and the displaced fluid column. In the case of a flexible riser with wall tension T,,,, outer
(A,) and inner (A;) cross-sectional areas, subject to external (p,) and internal (p;) pressures,
respectively, and with an internal flow velocity (v;) with a density p;, the effective tension is

formulated as'3*;

Te =Ty — Aipi + Aopo — .DiAivi2 (3.3)

Although expression 3.3 is convenient to understand the concept of effective tension of a pipe
segment, this is often determined most simply by considering, at any point z, the equilibrium of the
segment with the riser top end, and taking its top tension (T¢,) and apparent weight'**'#*:

top
(@) = Tuap = ) (WIS + W) — piav (34)

z

x4V The dynamics of the FOWT-CO, platform depend on the action of the external (e.g. wind, waves, current)
and the internal forces (e.g. hydrostatic, fluid flow, rotor control) on the rotor, nacelle, tower, platform, and
lines. OrcaFlex™ represents this coupled aero-hydro-servo-elastic problem using the forced mass-spring-
damper equation®”!, which then solves through numerical integration, as described above.
M(p,a) + C(p,v) + K(p) = F(p,v, t)

Where M (p, a) is the system inertia load, C(p, v) is the system damping load, K (p) is the system stiffness, and
F(p,v,t) is the system external load, with p, v and a being the position, velocity and acceleration vectors,
respectively, and t the simulation time.
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where W¢" and Waf id are the apparent weights of the riser and internal fluid, respectively**".
Equation (3.4) reveals that the effective tension does not depend on the internal or external pressures,
but on the riser’s apparent weight and fluid density. Expression (3.3) is therefore rearranged to
calculate the wall tension, T,,, from which one can obtain the tensile strain, €;epsije>

E = Tw — Te + Aipi - Aopo + piAiviZ
tensile EAW EAW

(3.5)

where E is Young’s modulus, 4,, = A, — 4; is the wall cross-sectional area, and EA,, is the axial
stiffness. Note that equation (3.5) shows that the tensile strain is influenced by the internal and
external pressures; indeed, the internal pressure term (which is positive), contributes to the tensile
stretching of the pipe wall, whereas the external pressure term (which is negative) exerts a
compression stress axially.

In OrcaFlex™, the total strain experienced by the flexible riser is comprised of four different
sources; the tensile strain (€;ep5i7¢), Which we just discussed, the bending strain, the expansion strain,
and the Poisson effect axial strain (€p,;s50n)- Of relevance to our work, the Poisson effect axial strain
is caused, as its name suggests, by the radial and circumferential stresses due to the net of the internal
and external pressures,

2v(A,p — Aipy)
€poisson = OEZ - 3.6)
w

where v is the Poisson ratio (v = 0.3 for our flexible pipe'*'7, see Table 3.3). Put simply, the
stretch/compression in the radial and circumferential directions caused by the internal and external
pressures is followed by a compression/stretch axially. An undesired - and admittedly counterintuitive
- situation resulting from this can occur when a pipe buckles when subjected only to an internal
pressure (see proof by Palmer and Baldry'*®). DNV GL provides guidance on how to prevent buckling
due to the influence of hydrostatic pressures'?!, which can happen for negative effective tensions.

Comparing (3.5) and (3.6), one can see that the internal pressure can contribute to both the
pipe’s axial stretching and compression (likewise for the external pressure). However, because
equation (3.4) is factored by the Poisson ratio, the Poisson effect axial strain does not contribute as
much as the tensile strain.

The internal pressure is set at the inlet according to the value in Table 3.2, and varies along
the riser only because of the weight of the fluid column (recall that OrcaFlex™ does not model wall
friction), see Figure 3.4.

A first static estimation of the terms in (3.3) at the riser’s top end (p, = 202.8 kPa) for the
case of maximum internal pressure (p; = 35 MPa) and maximum flow (v; = 3.9 m/s) provides an
indication of the relative importance of each component; T,, = 126.2 kN, A;p; = 68.7 kN, A,p, =
0.78 kN, and p;A;v? = 0.057 kN. The force produced by the internal pressure is about half the wall

**x¥ The apparent weight of a body submerged in a fluid is defined as the difference between its true weight and
the buoyancy force exerted by the fluid on the body.
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tension; two orders of magnitude greater than the external pressure term, and three orders greater than
the force produced by the internal flow. While the internal and external pressure terms can vary along
the riser with the water depth due to the fluid column weight, the internal flow term remains constant
throughout the riser’s length for steady flows, such as ours (see next section for additional
information). Consequently, the force from the internal flow is not expected to contribute significantly
to the riser’s effective tension, which we will verify with the simulations in this work.

In summary, given that the effective tension does not depend on the internal pressure, and the
force from the flow is not expected to be significant, this means that the three design situations
considered — maximum pressure and no flow, maximum pressure and maximum flow, and no pressure
and no flow — should all have the same effective tension per each load case.

Internal flow

For pipes with constant cross-section and steady flow speeds, the force due to the internal flow is
constant and it does not depend on the curvature or on the flow direction. Similar to the internal
pressure, the steady flow causes a stretching force on the pipe walls. When the fluid flows along
curved sections of the riser, the change of fluid direction (i.e. momentum change) causes additional
forces on the riser walls which are dependent on the change of flow direction®™i, However,
experiments on a U-shaped flexible riser proved these forces to be generally negligible for steady
flows'*”, and so some standards ignore them'?!. Although likely true for our case too, this is checked
in the results sections.

von Mises stress

The von Mises effective stress (gy,) can be defined as a uniaxial tensile stress producing the same
distortion energy as the actual combined applied stresses. It is an equivalent stress widely used as a
yielding criterion (oyy < 0gy) and describes the combined axial (tensile and bending) and shear

stresses acting on a structure, which for a pipe can be expressed as:

oy =/ (Gs + 0p)? + 372 (3.7)

where g, accounts for the effective tensile stress (g, = ﬁ), 0y, is the bending stress, and 7 is the
(Pi—Po)AiAo
(Ao—ADAr
the pipe’s centre, ID < 2r < OD. Note that the effective tensile stress does not depend on the internal
and external pressures, and is constant across the riser’s cross section, but the bending and shear
stresses are not; the bending stress is maximum at the outer surface, whereas the shear stress is
maximum at the inner surface™", To account for that, OrcaFlex™ reports the maximum von Mises

shear stress (7 = ), with A, = mr? being the cross-sectional area at a radial distance 7 from

stress throughout the cross section, which we also use in the results section.

xxxvi These are the centrifugal and Coriolis forces, with the latter only applying when the riser is moving.

xvii The shear stress is related to the radial and circumferential (i.e. hoop) principal stresses through Lamé’s
equations for thick-walled pipes. Thick-walled pipes have a wall thickness comparable to its inner diameter —
in our case, the wall thickness is 0.02 m, and the inner diameter is 0.05 m, so our riser can be treated as a thick-
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Curvature

In OrcaFlex™, the curvature at any node is calculated by taking the ratio of the angle between its two
adjacent nodes and the sum of its segment lengths. The reciprocal of the curvature is the bending
radius, which is usually checked during design stages to ensure its value stays above MBR. An
empirical relation to determine MBR for flexible risers in dynamic operations was provided by ref.!¥
as:

MBR =8—12-0D (3.8)

Which for our flexible riser with OD = 0.07 m becomes MBR = 7.2 m, or a maximum curvature of
0.14 m.

3.3.2.  Site description

The wind and wave resource used to define the load cases in this section was characterised in previous
work®’, and corresponds to a location in Cascadia Basin (48.0° latitude and -125.6° longitude), off
Vancouver Island (British Columbia, Canada). Although this site is at a water depth of 200 m, and is
representative of the shallow water case, for simplicity its environmental resource is also used for the
deep-water case, at a depth of 850 m. We acknowledge the limitation of this simplification, however,
given the rapid changes in bathymetry in the area and the fact that our objective is not to provide a
final riser design for the project sites, this seems a reasonable approximation. In addition, the original
wind and wave states were derived for a null wind-wave misalignment, but here different wind
directions are employed (see Table 3.7). Again, this is deemed acceptable because we are not doing
a final design. Note that since ref.’” did not consider the effects of ocean currents, these are discussed
below as a result of their relevance in flexible riser dynamics.

3.3.2.1. Current

In general, ocean current velocity (v,) has a spatial and temporal dependence, v, = v.(x,y, z, t).
However, in most cases, the current velocity at a given location (x, y) may be considered as a steady
flow field, only dependent on the water depth, and can then be written as,

Ve (Z) = vc,tidal (Z) + vc,wind (Z) + 17c,circulation(Z) (3-9)

where the total current velocity has been expressed as a sum of the tidal, wind-induced, and circulation
currents. At our project location at Cascadia Basin, most of the current effects are wind-induced (as
opposed to tidal or circulation), so from now on whenever we talk about ocean current we are referring
to mean wind-induced current. Because of this major influence caused by the wind, it is assumed that
both wind and current have the same direction.

walled pipe. For these types of pipes, G. Lamé (1852) saw that the circumferential and radial stresses vary with
the radial distance, but that their sum remains constant at all points of the cross-section.
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Given the value at the sea surface (z = 0), the mean wind-induced current along the vertical
water column can be derived applying a power law®, similarly to what would be done in the case of
a wind profile:

do+z
Vewina(?) = Vewina(z = 0) (U5—),  for—dy <z <0 (3.10)
0
Because of fluid viscosity, the magnitude of the wind-induced current speed dissipates with
water depth, until it completely vanishes at the reference depth d,, considered dy = —50 m, ref.*.
At the surface, the mean wind-induced current is maximum and is determined as:
vc,wind(z = 0) = kUlh,lOm (3.11)

The mean wind-induced current is a function of the sea state, the wind fetch, and the
atmospheric stability, which are encapsulated in the wind-current coupling coefficient (k), and a
function of the wind speed, characterised by the one-hour sustained wind speed at 10 m height
(Uin,10m)- To err on the conservative side, we took the largest value typically assumed for k in open
ocean conditions, or k = 0.03. Figure 3.3 shows the wind-induced vertical current profile for
different current models; normal current model (NCM), and extreme current model (ECM) with
return periods of one year (1-yr RP) and 50 years (50-yr RP).

ECM (1-yr RP) = - = ECM (50-yr RP)
””’ _ Cd
’/', - -
g S
o e -
3 ;',_/'
§ Cd
<
=
0.00 0.20 0.40 0.60 0.80 1.00
Current speed (m/s)

Figure 3.3. Wind-induced vertical current profile for normal and extreme current models.

Note how the current speed progressively decreases from the sea surface at z = 0 m to the reference
depth, z = d, = —50 m, at which the current speed was set to vanish.

3.3.2.2. Load cases

In this section, the design load cases (DLCs) used to evaluate the flexible riser dynamics are
introduced (Table 3.7). These DLCs were selected to cover the most relevant operational and non-
operational conditions of the flexible riser after it has been deployed, and were meant to simulate
cases that aggravate the effects of the CO, flow dynamics.
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To achieve that, two environmental regimes were applied: normal, and extreme conditions
with a 50-year return period. These correspond to normal operational and parked conditions for the
FOWT-CO; capture system, respectively. To represent normal conditions, we chose three different
wind speeds within the power production regime of the turbine; cut-in speed, close to rated wind
speed, and cut-out speed (4, 10, and 24 m/s). Wind and current directions of 0°, 90° and 180° with
respect to the x axis (see coordinate system in Figure 3.1) were used to study the riser under different
configurations, while waves were fixed at 180° for all cases. Note that the directions considered only
needed to cover 180° because of the platform geometry. For all conditions, two seeds per wind speed
were used, and the environmental conditions were ramped for 30 s. For normal conditions,
simulations were run for 600 s, and 3,600 s for extreme conditions to account for the larger return
period of the waves.

At the riser’s inlet, two values were used for the CO; pressure in OrcaFlex™; zero pressure,
and maximum pressure (p = 35 MPa), and two values for the CO flow speed; zero speed, and
maximum speed, equal to the erosional velocity, Verosion = 3.9 m/s. Note that, in the zero-pressure
case, the pressure inside the riser can still be non-zero due to the weight of the CO, column (Figure
3.4). Also, even when the platform is parked, CO; still flows down the riser. This was done because
the FOWT-CO, capture platform in ref.’” was designed to have enough CO, storage to allow
continued injection for four days (this way maximising injection). The same wind and wave seeds are
used between the cases of no pressure and maximum pressure to ensure a fair comparison between
scenarios.

Table 3.7. Design load conditions for the flexible riser in the FOWT-CO: system.

Config. CSPD (m/s) WSPD (m/s) Hs(m) Tp(s) Winddir.(°®) COzflow  CO; pressure Time

NSS:  NSS:

Normal _ NTM: 4,10, 2.14,  5.93,

operation CM:023 oy 2.11, 5.89, 600s
5.79 9.76 0, 90, 180 0, max 0, max

Parked, . ) ESS: ESS:

soyrpp FECM:098  EWM:475 Per T 3,600 s

Our simulations do not include transient conditions, such as those experienced at the start-
up/shutdown of the turbine under extreme events or maintenance activities, and during which the CO,
flow may be interrupted or considered unsteady. Under these circumstances, the pressure and flow
inside the riser may change rapidly, which can contribute to slugging.
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Figure 3.4. Shallow water: internal pressure along the flexible riser length for (left) zero pressure case,
and (right) maximum pressure case.

3.4. Results & discussion

In the following sections, we present and discuss the time-averaged results of the different dynamic
riser magnitudes (effective tension, von Mises stress, and curvature) for the DLC in Table 3.7 with
wind/current directions of 0 deg and a wind speed of 4 m/s. The results for the other wind/current
cases (90 and 180 deg), wind speeds (10, 24, and 47.5 m/s), as well as the minimum and maximum
in time of each simulation are not given because they do not provide further insights to the discussion.

3.4.1. Effective tension

Figure 3.5 presents the time-averaged effective tension results for the shallow and deep-water cases
for DLC in Table 3.7 with wind/current directions of 0 deg and a wind speed of 4 m/s.

The effective tension shows a consistent profile across the simulated cases coinciding with
the geometry changes of the line, which have been enumerated in Figure 3.5, left. From the riser’s
top end until the beginning of the LWR’s sag bend (number 1), the effective tension decreases linearly
with the weight of the remaining hanging line. Approaching the hog bend (number 2), the effective
tension increases slightly and reaches a local peak which accounts for the hanging line on both sides
of it. After this, the additional upthrust supplied by the buoyancy modules in the lazy wave helps to
counteract the weight, and the effective tension is slightly reduced throughout (number 3). At the end
of it, another local peak marks the point where the buoyancy modules are removed, and the riser’s
effective tension decreases until the TDP (number 4). From there, the remainder of the riser rests on
the seabed, and the effective tension remains constant.

As anticipated in section 3.3.1.3, in both water depth scenarios, the effective tension for all
design cases - maximum pressure and no flow, maximum pressure and maximum flow, and no
pressure and no flow - appear identical. The force caused by the dynamic flow is then negligible in
comparison to the axial tension.
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2035 In addition, the effective tension remains positive at all points along the arc length, which
means that no buckling is produced.
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Figure 3.5. Mean riser effective tension for the (left) shallow water case, (right) deep water case. Zero
and maximum pressure and flow configurations with 0° wind and current directions, and wind speed of
4 m/s.

3.4.2. von Mises stress

Figure 3.6 presents the time-averaged maximum von Mises stress results for the shallow and deep-
water cases for DLC in Table 3.7 with wind/current directions of 0 deg and a wind speed of 4 m/s.

Unlike the effective tension (equation (3.4)), the von Mises stress depends on the internal and
external fluid pressures. As a result, Figure 3.6 shows very different values for the maximum pressure
and no pressure design cases, with a clear gap arising from the shear stress term in equation (3.5).
However, both static and dynamic flow cases are seemingly identical, which means that the internal
flow does not add a substantial stress to the riser, as anticipated in section 3.3.1.3.

For both water depth scenarios, and all design and load cases, the von Mises stress curves
show similar trends with two distinctive regions along the arc length. In the first stretch, from the
riser’s top end to the lazy wave section, the von Mises stress decreases linearly with the remaining
line hanging weight. It is worthy to note, however, that the von Mises stress decreases at a much faster
rate in the no pressure case than in the maximum pressure ones. This can be explained by the internal
and external fluid pressures in the shear stress term (equation (3.7)), which increase with the water
depth and counteract the decreasing line weight. In the second stretch, from the end of the riser’s lazy
wave section to its lower end, the von Mises stress is almost constant. In this region, the riser is mostly
sitting on the seabed, so the stress caused by the line’s own weight is minimal. Moreover, the internal
and external pressure remain unchanged together with the water depth, so their contribution to the
stress in the pressurised cases also remains constant.

Lastly, all DLCs show a von Mises stress much less than the yield strength (0, = 650 MPa).

This means that a lower yield strength could have been chosen, potentially reducing the costs
associated with the flexible riser.
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Figure 3.6. Mean riser von Mises stress for the (left) shallow water case, and (right) deep water case. Zero

and maximum pressure and flow configurations with 0° wind and current directions, and wind speed of
4 m/s.

3.4.3. Curvature

Figure 3.7 shows the time-averaged curvature results for the shallow and deep-water cases for DLC
with wind/current directions of 0 deg and a wind speed of 4 m/s.

As mentioned in 3.3.1.3, the curvature of a flexible riser depends primarily on the effective
tension and the external loads acting on it. The effective tension does not depend on the internal
pressure, and we have already shown in the previous sections that the contribution from the internal
flow is negligible. As can be readily seen, the curvature results shown in Figure 3.7 agree with these
previous findings since all design pressure and flow cases are identical.

Note that in all DLCs considered, the riser curvature stays well below the maximum curvature
of 0.14 m™! allowed (equivalent to a MBR = 7.2 m).
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Figure 3.7. Mean riser curvature for the (left) shallow water case, and (right) deep water case. Zero and

maximum pressure and flow configurations with 0° wind and current directions, and wind speed of 4
m/s.
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3.5. COsriser conclusions

In this paper, we designed and analysed a flexible riser system to transport CO, from a floating
offshore wind turbine (FOWT) powered carbon capture system published in ref.’’. Given the low
flow rate in ref.’” and typical maximum CO, flow speeds, this paper questioned the relevance of the
pressurised internal flow effects on the riser dynamics. This was investigated by simulating the system
in OrcaFlex™ at two water depth locations (200 m, and 850 m) and analysing the riser’s effective
tension, von Mises stress and curvature for a set of design load cases (DLCs); zero and maximum
pressure, zero and maximum flow, with normal and extreme environmental conditions (Table 3.7).
To exacerbate the dynamic effects of the pressurised internal flow, we chose a flexible riser with the
smallest inner diameter (ID) available on the market, ID = 0.05 m (or 2 inches).

For all DLCs, it was seen that the flow effects from the circulating CO, inside the riser were
negligible and had no effect on its dynamics. The effective tension and curvature, by definition, do
not depend on the internal pressure, and so showed no variations between design pressures. However,
through the shear term - equation (3.7) - the von Mises stress exhibited different values between the
maximum pressure and no pressure cases.

The results show that the effective tension along the riser’s arc length was always larger than
zero, so for the analysis of these cases it could be said that no buckling occurred. Similarly, the von
Mises stress met the yielding criterion, with maximum values reported much lower than the yield
strength. Finally, the riser’s maximum curvature experienced did not threaten its structural integrity,
with values reported well below the inverse of the minimum bending radius. For the shallow water
case (200 m), this was ensured during the pre-design phases using a bend stiffener at the riser’s
junction with the floating platform.

Concerning the question of whether the flexible riser for the FOWT-CO, capture system
could be successfully modelled as a dynamic power cable with lower fidelity offshore wind turbine
simulation tools, like OpenFAST, without overlooking relevant riser-dynamics phenomena; we have
seen that the behaviour of the riser’s effective tension and curvature are the same for the cases of
maximum and zero pressure, and maximum and zero flow. In that regard, the results indicate that
these main riser dynamics would not be affected were the riser modelled simply as a power cable,
without internal pressure or flow. However, it was also shown that the von Mises stress depends on
the fluid’s internal pressure, and different values were reported for the cases with maximum pressure
and no pressure. As such, this term could be easily incorporated into lower fidelity codes with mooring
lines modelling capabilities (e.g. OpenFAST!?, HAWC2'>, Bladed), this way completing the stress
characterisation of risers with similar configuration as ours.
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3.6. Extension to e-fuels risers

In section 3.1.2, we briefly introduced the potential applicability of our results to other fluids of
interest and fundamental to the green transition, such as hydrogen (H>). This is further elaborated
next.

Firstly, we assume the same riser configuration as for the CO; shallow water case (ID = 0.05
m, OD = 0.07 m) and determine the transport conditions for H,. When transported via pipeline,
hydrogen is expected to be injected as a gas™*"ii and can be done so at a pressure of 10 MPa and
temperature of 300 K '*12, which yields a density of py, = 7.6 kg/m?. Using the known mass flow

from the ERM’s Dolphyn project (my, = 150kg}fI %), the H, flow speed (vy,) was calculated by
rearranging equation (3.2),
4Qy
Vy, = nID; =2.79m/s (3.12)

Once the riser and flow configuration were known, we ran the same DLCs as for the CO»
case, Table 3.7. Results for the time-averaged effective tension, von Mises stress and curvature in the
shallow water case with wind/current directions of 0 deg and wind speed of 4 m/s are presented below
in Figure 3.8; the results for the other wind/current cases (90 and 180 deg), wind speeds (10, 24, and
47.5 m/s), as well as the minimum and maximum in time of each simulation are not given because
they do not provide further insights to the discussion.

The results for the transportation of H» via riser show similar trends to those using CO»
examined before. Note that both fluids are less dense than seawater, but that the density of the
hydrogen injected (py, = 7.6 kg/ m?3) is more than two orders of magnitude lower than that of the
CO; case (pco, = 964 kg/ m3). As a result, the H, effective tension is slightly smaller than that of
COy, as described by equation (3.2). The effective tension and the curvature plots exhibit identical
values between the different design pressure and flow cases, which means that the internal flow
effects on the riser dynamics for the H, case also appear negligible. The values for the von Mises
stress are substantially lower than those for the CO; cases, partly because of the reduction on the
effective tensile stress (due to the smaller effective tension), but mostly because of the lower internal
pressure inside the riser - shear term in equation (3.7). For the same reason, the von Mises stress
shows different values for the maximum pressure and no pressure design cases. However, both static
and dynamic flow cases are seemingly identical, which means that the internal flow does not add a
significant stress to the riser either.

In summary, the same conclusions drawn in the CO, cases also apply for the H» cases. The
results indicate that effective tension and curvature would not be affected were the riser modelled
simply as a power cable, without internal pressure or flow. The shear term in the von Mises stress,

wiit Transporting hydrogen as a liquid poses many technical and efficiency problems due to the low temperature
conditions needed.
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which accounts for the effects of the internal and external pressures, however, needs to be
incorporated when modelling the riser with lower fidelity codes.
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3.7. Appendices

3.7.1.  Riser layout

Below we review some of the main layout flexible riser configurations traditionally used in O&G***
and justify our layout choice.

e Free hanging catenary: it is the simplest and cheapest to install configuration for a flexible
riser, suitable for floaters with low to moderate motions, and requiring minimal infrastructure.
Because it is freely floating, the riser is more exposed to loading due to floater motions,
especially in shallow waters. Around the TDP, the line may experience frequent impact when
lifted off and lowered down on the seabed. In deep waters, the tension at the HOP can become
greater due to the long, suspended length.

o Lazy/steep wave: in this configuration, buoyancy modules and weights are attached to a
section of the riser’s length to decouple the motion of the riser’s TDP from the floater. The
steep wave includes a subsea base to connect the riser to flowlines and a subsea bend stiffener
procuring a nearly vertical connection at the seabed, which ensures a stable configuration
even under changes in internal fluid density'>*'3*,

e Lazy/steep S: exhibits a similar line profile as lazy/steep wave, but instead of buoyancy
modules clamped to the line, they use subsea buoys or arch systems to raise the riser section
close to the TDP!%, Because of this more complex and expensive equipment, lazy/steep S
are usually only used if catenary and wave layouts are not suitable.

3.7.2. Mooring design

This section describes the procedure followed to design the mooring system for the deep-water case.
First, using the same number of mooring lines as Allen et al.”?, we opted for a semi-taut mooring
configuration rather than the preferred catenary in shallow waters. In deep waters, semi-taut layouts
are typically less expensive and have a lower seabed footprint than catenaries.

xxix A schematic representation of these traditional layouts can be seen in ref.!3, Figure 9.1.
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Second, in ref.!>3, the ratio of anchor radius versus water depth was plotted for different
floating offshore platforms. At our water depth of 850 m, the ratio was 1.7 (30° angle with the seabed),
which would give an anchor radius of 1,445 m. However, taking into consideration plans to scale up
the FOWT-CO; capture concept to a farm, we questioned whether a different ratio would be better.
Because such a farm will account for a CO, piping system (i.e. risers, export pipelines, and manifolds)
in addition to the moorings, it may be beneficial to reduce the ratio of anchor radius versus water
depth — thus decreasing the seabed footprint for the moorings - and leave a larger available area for
the CO» piping system. For this reason, we used a unit ratio (45° angle with the seabed), which reduces
the seabed footprint per mooring line by over 40%. It is worth noting that this will impose larger
vertical loads on the anchors, which may require the use of a different type of anchor with respect to
the shallow water case, but this lies outside the scope of this work.

Third, we used the mooring pretension of the shallow water case as a design constraint. This
was done to ensure the floater draft and hydrodynamics would be kept as reasonably close as possible
to the shallow water case, since this had already been validated in previous work>’.

Last, in the shallow water case, the mooring line was only composed of steel chain, whose
weight was the principal mechanism limiting the floater’s motion in the catenary configuration. In
the deep-water case, however, to keep the same floater draft, the suspended chain section had to be
limited due to the longer water column. As a result, chain was only employed at the top and bottom
regions of the mooring line, while an AmSteel®-Blue fibre rope* linked the region in between (Table
3.5). AmSteel®-Blue is a high-modulus polyethylene (HMPE) made of Dyneema® fibre providing
high strength comparable to that of steel but at a fraction of the weight, which makes it buoyant. In
contrast to steel chains, AmSteel®-Blue rely on their axial stiffness for their restoring capacity, which
allows them to better absorb and dampen the dynamic forces acting on the floater. Being lighter than
chains, they are also easier to handle and deploy, however, they are less resistant to abrasion and wear,
which is why it is important to still use chain around the hang-off, touchdown and anchor sections of
the line, where more damage of this type is expected.

3.7.3. Pressure losses

Because of its own dynamic viscosity, 4, and to frictional effects with the riser walls, the fluid inside
the riser may be slowed down. The drop in pressure along the riser can be calculated through the
Darcy-Weisbach equation:

L
Ap = peo, fo 575 (V) (3.13)

Where fj is the Darcy friction factor, L is the length of the riser across which the pressure
drop is calculated, ID is the riser’s internal diameter, and (v) is the mean flow velocity. The Darcy
friction factor fp is not a constant magnitude, rather it depends on the riser’s surface roughness, ¢,
and the Reynolds number, Re,

xl https://www.samsonrope.com/commercial-fishing/amsteel--blue.

78



https://www.samsonrope.com/commercial-fishing/amsteel--blue

2220

2225

2230

Re = pco,(Q)D/uA; (3.14)

Where (Q) is the mean flow rate (0.001 m*/s), and p is the kinematic viscosity (4 = pco,V),

equal to u = 0.00011167 Pa - s for CO, at 10°C*!i, For turbulent flows such as ours, f}, is usually
found by solving the Colebrook-White equation,

e/ID 251
) (3.15)

1
—=-2lo —+
Vip g10< 3.7 Reyfp

This is an implicit expression in fp and is commonly approached through numerical
techniques. However, several approximated explicit forms exist depending on the values of Re and

%. One such approximation was done by Swamee and Jain (1976),

0.25
fD = 2

£
D , 5.74 3.16
[log (—ID7 + —Re0-9)] (3.16)

which is applicable in the following ranges:

5000 < Re < 108

£
0.000001 < -—=<0.05
ID

For flexible pipes, ref.'?! recommends using % = % = 0.004. Therefore, the Darcy friction

factor turns out to be:

0.25
fo= > =0.0055

&
D . 5.74

For our flow speed of 3.9 m/s, the pressure drop becomes 0.39 MPa for the shallow-water

scenario, and 1.06 MPa for the deep-water scenario, which represents less than 3% of the riser’s
internal pressure.

xli https://webbook.nist.gov/chemistry/fluid/.
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Chapter 4.
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Abstract

In the effort to contribute to the portfolio of solutions aimed at removing carbon dioxide (CO,) from
the atmosphere and reduce the impacts of climate change, we present a novel conceptual design for a
direct ocean capture (DOC) system integrated onto a floating offshore wind turbine (FOWT)
platform. Direct ocean capture is estimated to have an annual global capture potential of 5-40 GtCO,
and could additionally help mitigate local ocean acidification. To date, improvements in DOC
techniques have reduced carbon capture seawater volumetric requirements from 19 to 13 m*/kgCO»;
while more efficient methods may still yield further savings, this paper explores a solution which
could offer up to 15% additional gains from a systems approach. By taking advantage of the dissolved
inorganic carbon (DIC) gradient in the ocean column, with progressively higher DIC concentrations
within the first thousand meters, we design for four scenarios that treat seawater drawn from different
depths: 20 m (Case 0), 100 m (Case 1), 200 m (Case 2), and 300 m (Case 3, with 15% higher DIC
than Case 0). The energy intensity and levelized cost of carbon (LCC) of each case are then compared.
Case 3 is estimated to require the least energy per unit of carbon captured, 3.4 kWh/kgCO, versus a
maximum of 4.0 kWh/kgCO in Case 0. However, because the change in DIC between consecutive
depths peaks between Cases 0 and 1, and diminishes progressively thereafter, the rising linear costs
associated with deeper water withdrawal eventually outweigh these returns. As a result, the estimated
LCC is lowest for Case 2 ($1,108/tCO;), which is almost 8% more cost-effective than Case 0
($1,203/tCO>). In conclusion, in an offshore DOC scenario, the gains from withdrawing deeper
oceanwater with higher DIC concentration are expected to diminish with depth. Our findings suggest
that the most cost-effective configuration intakes seawater from depths between 100 m to 200 m.
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4.1. Introduction

Direct ocean capture (DOC) refers to techniques which remove carbon dioxide (CO,) directly from
ocean water by changing the pH of the treated water. Due to the chemical equilibrium at the air-sea
interface, the withdrawal of CO, from the ocean enables further removal of CO, from the air, thereby
ultimately reducing the atmospheric concentration and contributing to climate change mitigation
efforts. In addition, DOC can help restore the natural chemistry of the ocean’s surface®, which has
experienced declining values of carbonate ion concentration and pH by 25% as a result of the
increased uptake and accumulation of anthropogenic CO since the Industrial Revolution!**!5, Such
chemical changes, commonly referred to as ocean acidification, are known to negatively affect the

156

health of marine organisms'~°, might also pose a threat to the security of some ecosystem services,

such as aquaculture and fisheries'®, and reduce the ocean’s capacity as a carbon sink.

When CO; enters the oceans, it does not remain free and uncombined for long. It quickly
dissolves into bicarbonate and carbonate ions, which together account for about 99% of all dissolved
inorganic carbon (DIC) found on the surface, and only 1% of it remains as free CO,. The rapid
conversion of CO; into other forms enables the ocean to hold 50 to 60 times as much CO; as the
atmosphere!®’. The proportion at which each of the DIC compounds is found is driven by, among
other factors, seawater pH, which is best represented by a Bjerrum plot (Figure 4.1). This plot
illustrates two possible pathways for DOC considered in the literature and increasingly by industry:
an acid route?>!3%1 and a base route?*'641¢7.168 Here we focus on the acid route**!ii in which the
pH of seawater is reduced to promote a shift to free CO,. The free CO; can then be stripped from
seawater with a gas permeable membrane and near-vacuum pressures>162-164.166.169.170) "compressed,
piped, and finally sequestered into a permanent geological reservoir such as offshore basalt!®!7:64115,
although the latter is not included in this study. Our estimates suggest that this overall multi-step
process requires 3.4 to 4.0 kWh per kgCO, captured. In this article we propose to meet such energy
requirements with an integrated floating offshore wind turbine-direct ocean carbon capture (FOW'T-
DOC) solution (section 4.3.5).

xlii Alternatively, in an attempt to reduce the energy expenditure of seawater carbon capture, one may question
the need for a pH-swing process at all and aim to remove the CO; already present in natural seawater without
previously altering its pH'®>!”2, However, note that at its naturally occurring surface composition, free aqueous
CO; only accounts for 1% of the DIC (this increases to 2-3% at 300 m water depth); if the same surface seawater
is acidified to a pH = 6, the concentration of CO; then increases almost 50 times, just like its mass flow rate.
This 50-fold factor compensates for the additional expenses incurred during pH-swing techniques, which are
less than 30% of the total seawater capture energy penalty??. Rivero et al. reached similar conclusions when
employing a hollow fibre membrane contactor to directly strip CO, from seawater.

xliii [y the base route, the pH of seawater is increased to promote the conversion of DIC to carbonate ion (CO3?),
which then may combine with available calcium ion (Ca*") to form calcium carbonate (CaCOs) and precipitate.
The carbon contained in CaCOs is thus locked in a stable and solid mineral form, therefore achieving negative
emissions.
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Prior to this research, Patterson et al.!”! conceptualised a stand-alone offshore floating
platform powering both DOC and seawater hydrogen (H») electrolysis. They considered a floating
photovoltaic (FPV) solar farm*™ of 120 MW where the CO» captured (5.7 ktCO,/year) through
bipolar membrane electrodialysis (BPMED) was utilised to synthesise methanol (15.3 kt/year). The
fuel was then retrieved and transported to its final users via tanker ship. Accounting for the carbon
emissions of methanol combustion, they estimated that 3.6 ktC/year could be avoided with their FPV
methanol facility. More recently, Yoshida et al.'”> combined both direct air capture (DAC) and DOC
into a single 10 MW FOWT semisubmersible platform, with a total CO, capture capacity of 36
tCO»/day. Their DOC system also featured a BPMED cell acidifying an electrolyte solution to pH =
6, with properties similar to sampled surface seawater from 5 m deep in the North Pacific!”?. BPMEDs
have been investigated with increasing levels of CO, capture and energy efficiency?>?16%1%4; for
example, Eisaman et al.'®? achieved 59% capture efficiency at 5.5 GJ/tCO,, while Digdaya et a
reached 78.91% capture efficiency at 3.4 GJ/tCO,.

1'22

A different approach was followed by Willauer et al.'®*, who developed an electrolytic cation

exchange module (E-CEM) that simultaneously synthesised H, from seawater. The E-CEM’s polarity
was operated in a reversible manner, thus reducing mineral deposition resulting from calcium and
magnesium precipitation on the electrodes’ surface and thereby improving electrical efficiency. Most
recently, to reduce the cost and lifetime challenges associated with membranes employed in BPMED,
Kim et al.'® operated a membrane-free system made up of a pair of bismuth (Bi) and silver (Ag)
electrodes with a chlorine-mediated charge balance. They achieved an 87% capture efficiency at a
record low energy consumption of 2.7 GJ/ACO, and estimated cost of $56/tCO,. Our FOWT-DOC
solution is based upon this novel, membrane-free approach.

The estimates quoted from refs.?>1621 only accounted for the energy and the costs associated

with the electrochemical DOC system, and ignored penalties incurred during seawater intake,
pretreatment, gas separation, and cooling. When these additional expenses are considered, the total
energy and CO» capture cost are expected to increase to 20 GJ/tCO» and $1,800-$2,000/tCO,***. The
main factors behind the total system requirements are oceanwater intake (or transport) and
pretreatment (filtration processes that remove algae, organic and sand particles, and other smaller
impurities in order to guarantee the correct operation of all systems)*!". The pumping work required

Xliv EPV farms show advantages over their land-based counterparts, such as minimal shading and increased PV
panel efficiency due to reduced surface temperatures?’>. Despite their rapid growth, with over 1 GW deployed
since 2017, FPV farms are still at a lower stage of development than offshore wind farms (OWFs)?7. This is
partly because of the novelty and immaturity of the floating structures used in FPV, whereas OWFs started from
a much advantageous position thanks to inherited technology from oil and gas?7>27,

v To produce fresh-drinking water, desalination plants must pump and pretreat seawater through different
systems. Because of the shared infrastructures with DOC applications, many authors in the past have analysed
potential DOC removal capacities when coupled with desalination plants®>?*!1%4 For example, Eisaman et al.?®
extrapolated the global desalination capacity of 2015 (75 million m?/day) to 2050 (800 million m?/day) to
estimate an approximated DOC capacity of 50 MtCO,/year. As the authors point out, however, despite the
economic savings, limiting DOC to coexist with desalination plants also limits the carbon removal capacity of
DOC, effectively amounting to only “1% of the estimated 6 GtCO:/vear (likely range of 2—12 GtCO:/year) of
negative emissions required by 2050 to prevent warming beyond 2°C”, ref.?,
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for intake and pretreatment, which ensures system pressures are kept within operational limits,
depends on the volume of water needed per unit of carbon captured, herein called carbon capture
seawater intensity. In previous works?>!6216¢ the carbon capture seawater intensity kept decreasing
from 19 to 13 m*/kgCO, (assuming oceanwater with surface-like DIC levels of 2.017 mM), thanks to
more efficient capture techniques, increasing from 59% to 87%. While there may be capacity for
further technical improvements, in this paper we explore a solution that can readily offer up to 15%
additional gains; DOC using deeper oceanwater, which has naturally higher DIC concentrations.

The amount of DIC is not constant through the water column, rather it is at its minimum near
the ocean surface where photosynthesis and the activity of calcifying organisms is higher and
increases with depth as respiration exceeds photosynthesis and organic matter decomposes, until it
reaches an approximate constant value at around 1,000 m depth!”>!7*, Because the exchange between
atmospheric CO, and water at those depths is in the order of 1,000 years'>, if DOC is to become a
viable tool in the fight against climate change, it must rely on shorter timescales, ideally less than a
decade. For instance, the air-sea CO; ventilation timescale with the mixed layer can be in the order
of one or two years (see Figure 1 in Jones et al.'”®), although this strongly depends on: (1) depth of
the mixed layer, which can vary from 20 m to 500 m depending on season and latitude!’®; (2)
stratification, where density differences impede vertical water (and CO») mixing - see Supplementary
Figure S3 by Franco et al.!”’; (3) forced mixing e.g. enhanced by wind speed™}; and (4) carbonate
chemistry. Considering that the ocean mixed layer has sequestered most of the historical
anthropogenic CO,, this encourages the deployment of DOC using oceanwater from this region'”.

To reflect this, our FOWT-DOC platform study draws oceanwater from four different water
depths within or in the vicinity of the mixed layer: 20 m, 100 m, 200 m, and 300 m. The first depth is
approximately equal to the floater draft, which means that oceanwater intake in this case is facilitated
by a sea chest (section 4.3.4.1). In the other three cases, a vertical pipe (with different lengths
depending on the water depth drawing scenario) is attached to the floater hull instead (section 4.3.4.2).
Each increment in pipe length gives access to oceanwater with a larger DIC content per unit volume
(up to 15% more at 300 m), but at a greater capital and operational cost. The investigation of such
trade-offs is the main contribution of this work, in which we analyse whether the additional CO;
captured per depth increment justifies the increased associated expenditures.

Measurement, reporting, and verification (MRV) are of paramount importance in any carbon
dioxide removal (CDR) method, without which the effectiveness and impact of a CDR solution
cannot be transparently assessed, and without which its integrity should be questioned. For example,
we consider metered sequestration of CO; as opposed to ocean alkalinity enhancement (a base route),
which adds alkaline materials to the ocean to shift the equilibrium toward absorbing more CO; from
the atmosphere, but does not directly meter the carbon sequestered. Our proposed DOC solutions still
include some MRV unknowns, which arise from uncertainties around air-sea CO; ventilation times
(anticipated to being more significant as the depth of the water intake scenario increases), and that

M The timescale of the air-sea CO, mixing is shorter in areas with high winds, favouring the location of DOC
activities in these sites which, additionally, are better suited for offshore wind power.
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can only be solved by in-situ characterisations (which lies beyond the scope of this research). These
limitations are factored in the discussion of the trade-offs from each seawater intake case.

4.2. Direct ocean capture

When CO: in the lower atmosphere comes into contact with the upper ocean, it does not remain free
and uncombined for long. It quickly dissolves forming carbonic acid (H>COs), which further
dissociates into bicarbonate (HCO5) and carbonate (COs>), shown below,

C0,(aq) + H,0 S H,CO3 S HCO3 + HY S C0%2™ + 2HY 4.1

The sum of the dissolved carbonate species is defined as the dissolved inorganic carbon
(DIC), where the total concentration of HyCO3 and COxq) is denoted as [CO,],

DIC = [CO3] + [HCO3] + [CO37] (4.2)

[CO3] = [COzaq)] + [H2CO5] 4.3)

The proportion of each DIC compound is represented in Figure 4.1 by a Bjerrum plot*i,
The energy consumed and the carbon captured by the DOC system depends partly on the amount of
DIC, which is not evenly distributed through the water column. Similarly, thermodynamic parameters
(such as oceanwater pH and temperature, density, oxygen and nitrogen concentration, and salinity)
and water composition (such as the quantity of suspended solids and dissolved chemicals) also vary
with water depth and, to a certain extent, influence the pretreatment and DOC system performance
too*iil, In the context of direct ocean capture, these considerations strongly encourage the exploration
of different water drawing depths and their trade-offs.

XNl Equations (4.32) to (4.34) in the Appendices, section 4.6.1, were used to plot the Bjerrum diagram.
xMii Section 4.6.2 in the Appendices provides a brief overview of the relevant thermodynamic magnitudes.
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Molar fraction of DIC

Figure 4.1. Bjerrum plot showing the three main species in the ocean carbonate system; carbon dioxide
(CO2" = CO23aqtH2C03), bicarbonate ion (HCO3"), and carbonate ion (CO3%).

4.2.1. Asymmetric chloride-mediated electrochemical pH swing

Our chosen DOC system is based on the membrane-free concept designed by Kim et al.'®, illustrated
in Figure 4.2 and briefly explained next. The system is comprised of two reversible electrochemical
cells operating cyclically: in the first cell, seawater is acidified to a pH = 6 by the release of protons
from the bismuth electrode, while the silver electrode releases chloride ions to preserve charge
balance. Before entering the second cell, the acidified stream —now with a higher CO," concentration
—is degassed under vacuum in a hollow fibre membrane??!62-164169.170_ A fier stripping 87% of the DIC
in the form of CO," (known as DIC removal efficiency, np,c), the effluent stream is sent to the second
cell where the bismuth and silver electrodes are regenerated with protons and chloride ions,
respectively. The stream is then discharged into the ocean with an increased pH of 10-11, which will
be restored to its surface value after capturing more CO> from the atmosphere. The system is operated
in tandem until the first cell is depleted of protons, which marks the end of the cycle. The oceanwater
flow to each cell and electric current between electrodes are then reversed, and the process starts
again.

CO,
=,
Bi AgCl
BiOCI Ag
H* CI
=) <4 H* CI
H* I r— —k
=3 It W Cl
C cCr Qa —
r— <5 " Cl
- —>
i
Ocean water
" Return to ocean
—_— £
3e -

3e

Figure 4.2. Asymmetric chloride mediated pH-swing direct ocean capture system concept by Kim et al.'®,
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At typical ocean surface average values (pH = 8.1, DIC =2.017 mmol/L), the carbon capture
seawater intensity is 12.9 m*kgCO,, and the total energy consumed by the electrochemical cells
themselves, including Ohmic losses, is 174 kJ/mol CO, (1.1 kWh/kgCO,)'®, equation (3.4).
However, these magnitudes depend on seawater DIC and ionic conductivity, among other factors,
both of which vary with water depth. Certainly, the higher the DIC per unit volume of seawater, the
larger the CO, captured per unit of energy spent. Further, the higher the seawater ionic conductivity,
the lower the resistance hydrogen and chloride ions encounter in the electrolyte (i.e. the lower the
Ohmic losses). These two effects are encapsulated in the following expressions:

€cells = €echem 1 €ohmic 4.4)
+ +
€echem = E (Vacidlglcid + Valkallclillkal) 4.5)
2
e _ 2rFicen0cen
Ohmic — ~ 1 g
e nFE/lowMCOZ (4.6)

Equation (4.5) describes the electrochemical energy (eocpem) necessary to acidify and
alkalinize the input seawater stream*™™, In (4.5), Mo, 1s the mass flow rate of CO; captured, Vg

and V,q are the voltage difference between electrodes in the first (acidifying) and second

(alkalizing) cells, respectively, and [ g:id and [ z;al are the absolute partial current carried by protons

in the first (acidifying) and second (alkalizing) cells, respectively. Equation (4.6) describes the Ohmic
losses (egnmic) ', which refers to the voltage drop that occurs when the ionic current passes through
the electrolyte (in this case, seawater).

In (4.6), 7 is the ratio of electron transfer to protons (equal to 3/2 according to the system
represented in Figure 4.2), F is the Faraday constant (96,485 C/mol), i..;; is the cell current density,
Scer 18 the distance or gap between the electrodes in each cell, ny is the Faraday efficiency (equal
to 92%'%%), Aoy is the seawater ionic conductivity, and M¢o, is the molar mass of CO» (44 g/mol).
The electric and dimensional characteristics of the acidifying and alkalizing cell used are taken from
ref.!% for their suggested prototype configuration; Vg = 0.7V, Vyka = 0.1V, icey = 76 mA/
cm?, and 8o = 1 mm.

The total energy consumed by the electrochemical cells does not account for the energy
expenses related to oceanwater intake, pretreatment, gas separation (both for nitrogen and oxygen
degassing, and for carbon dioxide stripping), and compression, which we refer to collectively as
ancillary energy services. The expressions implemented to calculate them are primarily based on
previous work by Matsumiya et al.'” and are introduced in section 4.3.5.1. The effects the different
water withdrawal depth scenarios have on the ancillary energy services are discussed in section 4.4.

Xlix The formulation of (4.5) is not explicitly given in ref.'®, so it is derived from first principles in the
Appendices, section 4.6.1.

86



2420

2425

2430

4.3. Methods

The previous section gave an overview of the fundamentals and characteristics of the DOC system,
which is integrated into and powered by a stand-alone, floating offshore wind turbine (FOWT)
platform. Once captured, the CO, is compressed on-board and retrieved via pipeline to the subseafloor
(Figure 4.3), from where it could in principle be exported to a basalt sequestration site. That final
step, however, lies beyond the scope of this study. The next section describes the process followed to
size the DOC system and presents the water intake depth scenarios studied.

SWL e N — SWL . - |
Electricity J | Electricity
b
iy 17.6m
Sea chest
Grate  Shallow =
seawater ,."b
(surface DIC)
Tendons .
CO; pipe (to CO, pipe (to
o peimane;‘lt permanent
ey storage . < storage
= - Deep scawater ¥ £e)

(higher DIC)

Figure 4.3. Depiction of the conceived FOWT-DOC system using (left) seawater from 20 m depth, at the
vicinity of the platform bottom (Case 0), and (right) seawater withdrawn from 100, 200, and 300 m water
depth (Cases 1, 2, and 3, respectively). The DOC equipment is placed at the base of the hull (with an
assumed concrete thickness of one meter), at around 16.6 m water depth.

4.3.1. Design approach

The rated power of the DOC system is designed to match the wind turbine’s, which is based on the
IEA 15 MW RWT?”, The energy available for DOC is equalled to the annual energy production from
the turbine (AEP), which is the sum over all working wind speeds (v; = 3 to 25 m/s) of the product
of the turbine’s power (Py,+(v;)), the probability of occurrence of each wind speed (p(v;)) at the
project site!, the number of hours in a calendar year (equal to 8,766 for a year with 365.25 days), and

! Determined by a Weibull distribution.
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an availability factor (assumed as A,,;,q = 82.5% as per ref.!*’), which accounts for mechanical
inefficiencies, electrical losses, and turbine downtime due to planned and unplanned maintenance.

N
AEP = 8,766 - Ayina Z p(v) Pyr(v;) (4.7)
i

At the project site (47.614°N, -125.771°W), this yields a capacity factor of 60%. Knowing
AEP and the aggregated carbon capture energy intensity of all elements in the DOC system (epo¢) —

including ancillary energy services" — the annual carbon captured and sequestered (mf,gér) can be

calculated as the quotient of both:
co, _ AEP

year —

€poc (4.8)

The scenarios considered here explore how epg. varies when drawing seawater from
different water depths. This is computed as the sum of all individual carbon capture energy intensities
(total energy intensity consumed by the electrochemical cells, seawater pumping, gas separation, and
compression):

€poc = €cells T €pumping T €degas T Ecompression (4.9)

4.3.2. Design scenarios

The FOWT-DOC platform is assumed to sit in a water depth of 350 m, and draws oceanwater from
different water depths: from the vicinity of the platform at around 20 m depth, and then subsequently
from deeper points at 100 m, 200 m, and 300 m — the different intake systems are presented in section
4.3.4. In situ and modelled oceanographic data for each depth were retrieved from the Global Ocean
Data Analysis Project (GLODAPv2.2023) and the Thermodynamic Equation Of Seawater (TEOS-
2010)'81182 for a site in Cascadia Basin (47.614°N, -125.771°W), in the Pacific Northeast, where the
Solid Carbon team is assessing the viability of CO, sequestration in deep-sea basalt. The data
collected and derived is shown in Table 4.1.

Table 4.1. Oceanographic data from different water depths (20 m, 100 m, 200 m, 300 m) at a point in the
Pacific Northeast (47.614°N, -125.771°W)!81.182,

Units Case0 Casel Case2 Case3

Water intake depth m 20 100 200 300

Water intake temperature °C 14.3 8.5 7.2 6.2

Density kg/m? 1,023 1,026 1,027 1,027
(Practical) salinity - 31.5 33.7 339 34.0
Salinity g/kg 31.66  33.87 34.12 34.17
Tonic conductivity S/m 3.84 3.55 3.45 3.37
DIC concentration mmol/L  2.02 2.24 2.31 2.33

i See section 4.3.5.2; an energy storage system is used to deal with short-term wind power fluctuations and
control the variable energy influx.
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pH - 7.86 7.50 7.38 7.37
Concentration of oxygen ~ mol/m®  0.275  0.137 0.0758 0.0725
Concentration of nitrogen  mol/m? 1.64 7.14 13.9 20.9

Despite almost equal depth increments between each case, the largest variation for any of the
oceanographic magnitudes reported is observed between Cases 0 and 1 (for DIC and pH, this is
illustrated in Figure 4.4). This layer of significant temperature, salinity and density variations is called
pycnocline. Immediately below the pycnocline, the rate of change slows considerably, hence the
minor differences between Cases 1, 2, and 3.

DIC (mmol/L)
2.00 2.05 2.10 2.15 2.20 2.25 2.30 235

—_
(=3
(=1

Water depth (m)
3]
8

[oe]
W
(=}

(9]
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(=}

- e~ pH —e—DIC

350
7.3 7.4 7.5 7.6 7.7 7.8 79

pH

Figure 4.4. Variation of pH and dissolved inorganic carbon (DIC) with water depth for the four cases
analysed '8!,

As explained in section 4.6.2 in the Appendices, in mid latitudes salinity increases with depth,
while temperature and ionic conductivity decrease. When brought to the surface where the FOWT-
DOC platform sits, the salinity of the parcel of water for Cases 1, 2, and 3, which is a conservative
property, does not change. However, since temperature and ionic conductivity are not conservative,
their values are only preserved if transported adiabatically. This opens up the possibility of two further
scenarios: adiabatic (AD) and nonadiabatic (NAD) transport, in which the seawater intake pipe
prevents or permits heat exchange with the surroundings, respectively. As a result, the seawater intake
temperature at the collection point (Table 4.1, at the lower end of the intake pipe) and at the platform
entry point (Table 4.2, at the upper end of the intake pipe) are the same when transported adiabatically.
The consequences both types of transport have on the system costs are analysed in the results section.

Table 4.1 also shows how the concentration of dissolved O; and N, vary throughout the water
intake depths considered. As expected, the concentration of O, decreases while that of N increases.
Therefore, their aggregate effect on the gas separation energy intensity (€gegqs) cannot yet be
anticipated, additionally depending on water temperature and CO, mass flow rate.

Table 4.2. Thermodynamic values at the platform entry point for the design scenarios, and for the
adiabatic (AD) and nonadiabatic (NAD) transports'3!!82,

Units Case 1 Case 2 Case 3
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- AD NAD AD NAD AD NAD
Temperature °C 8.5 143 7.2 143 6.2 14.3
Density kg/m® 1,026.3 1,0252 1,026.7 1,0254 1,026.8 1,025.4
Ionic conductivity ~ S/m 3.55 4.08 3.45 4.11 3.37 4.12

4.3.3. Floating wind turbine (FOWT) platform

In previous research, the authors designed a direct air capture (DAC) system integrated into a FOWT
platform®’. Given the spatial footprint of DAC, its necessity to operate in open environments, and
encouraged by previous initiatives in offshore wind-powered hydrogen production®’, the authors
surmised that a semisubmersible floater-type with a large, exterior platform deck area would be best
suited for the application. In comparison, the space claims of DOC may be less significant, and it
does not need to be placed out in open-air to operate. As a result, other floating platform typologies,
such as spars or tension-leg platforms (TLPs), with less waterplane area and potentially cheaper than
semisubmersibles'®*'** may be more suitable for our current DOC purposes. To decide on the best
typology, we assess the advantages and disadvantages of typical spars and TLPs (Appendices, section
4.6.4) based on the recent exhaustive review by Edwards et al.'®*. Briefly, thanks to their high-stiffness
tendons, TLPs experience less motion and accelerations than semisubmersibles and spars. To date,
we ignore what accelerations a DOC system can sustain under normal performance levels, however,
it seems reasonable to assume that minimising the accommodations required for optimal DOC
operation strengthens our business case. In this regard, TLPs become more attractive alternatives than
spars.

Amongst the FOWT TLPs reviewed'®> 1, the CT-BOS TLP'®° is preferred for its readily
available internal space, where all components of the DOC system can be accommodated, and for its
inherent stability during transport and installation (which has traditionally been a major drawback of
TLPs). The CT-BOS TLP, compatible with the IEA 15 MW RWT?, is a nearly rectangular floater
made of concrete, with a side length and a breadth of 45 m, a height of 19.6 m (with a freeboard of 2
m), and a mass of 20,000 tons. Concrete is less expensive than steel and, in general, FOWT floaters
made of concrete have a lower carbon footprint than steel ones'!, which could be further reduced if
combined with CO; sequestration in the concrete formulation (see e.g. CarbonCure'??). That said, the
final choice of concrete- or steel-built foundations requires a multi-variable approach, in which
options for site recovery (returning project sites to a similar state as before the project) and
recyclability, among many other factors, ought to be evaluated'.

Considering the CT-BOS TLP floater mass and dimensions, and assuming a uniform concrete
distribution (density of 2.5 tons/m?) with a material thickness of one meter, the useful internal volume
is estimated as 32,169 m>. In comparison, the DOC system has an approximated mass of 500 tons (or
2.5% of the CT-BOS TLP) and a volume of 2,500 m? (see description of the main components in the
next sections). Therefore, the integration of the DOC equipment onto the CT-BOS TLP is not
anticipated to have major impacts on the dynamics of the system worth pursuing any further giving
the current conceptual stage (see similar discussion for our previous FOWT-DAC concept®”).

i See Velenturf?” for a discussion on implementing a circular economy framework in offshore wind.
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4.3.4. Seawater intake system

As the name indicates, the seawater intake system enables the entry of oceanwater into the DOC
system. The seawater intake system employed in Case O is different to that for Cases 1, 2, and 3. In
Case 0, seawater is drawn directly from the vicinity of the platform bottom via a sea chest. In the
three other cases, a vertical pipe - formally known as seawater intake riser, or SWIR - is attached to
the floater hull instead.

4.3.4.1. Sea chest

Sea chests are recesses built below the water line in the hull of ships that facilitate pumping seawater
into internal pipe systems (Figure 4.5), typically for temperature control and water provision
purposes. Their entry area is protected by bolted or welded grates (15-35 mm gaps) used to block
large debris, followed by removable strainers (5-20 mm holes)'®*. Grates are made of hard stainless
steel, with grades specifically designed for the marine environment and best suited to reduce corrosion
(e.g. 316 L). Low oceanwater speeds, such as those expected in our moored FOWT-DOC platform,
make sea chests and their piping systems an ideal environment for biofouling (i.e. the undesired
accumulation of organisms on immersed structures). Biofouling in sea chests and seawater piping
systems may reduce operational flow speeds, increasing pumping needs and ultimately economic
costs. Marine Growth Preventive Systems (MGPS) are the best strategy to initially reduce their
appearance, as reactive management is costlier, more labour-intensive, and time-consuming'**. For
example, on surfaces and piping systems, the International Maritime Organisation'®> recommends the
installation of antifouling coatings, sacrificial anodic copper and chlorine-based dosing systems!i,
Regular on-site annual inspections and maintenance activities are still highly recommended.

4.3.4.2. Seawater intake riser (SWIR)

Seawater intake risers (SWIRs) are regularly installed on floating offshore oil and gas (O&G) vessels
and platforms to withdraw cold seawater from deeper layers, thereby helping to regulate the
temperature of equipment and working fluids, and improving process efficiencies'*®. Similar grates
to those employed in sea chests (15-35 mm gaps) are usually installed at the deeper end of SWIRs to
prevent the entry of large debris. To protect the SWIR inner walls from erosion, the flow speed (v,,,)

is limited by the following empirical relationship'3?:

122

oo (4.10)

At the respective seawater densities (p,,, ) for Cases 1, 2, and 3 (Table 4.1) and after applying

Vow <

a 1.25 safety factor, the resulting flow speed is v,,, = 3.0 m/s. Together with the design flow rate
(V) this determines the SWIR internal diameter (IDgyy;z),

lii When exposed to seawater, copper anodes undergo galvanic corrosion (sacrificial dissolution), releasing
copper ions that inhibit the settlement and growth of marine organisms. Chlorine-based dosing systems release
chlorine in situ via electro-chlorination which kills organisms. Note that this may affect the chemical reactions
of chlorine-mediated DOC systems, such as the present case, but a full investigation of these lay outside our
scope.
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With the required DOC system flow rates (27,700-28,350 m*/h), the internal diameter (ID)
of the SWIR then becomes IDgy;r = 1.5 — 1.6 m. Although typical IDs used in floating O&G range
from 0.50 to 0.75 m, from an engineering and economic perspective, it is preferable to employ one
single yet larger pipe than multiples ones!*®. Certainly, with their free lower end and to reduce bending
loads induced by waves and currents, certain sections of SWIRs are constructed using lightweight,
low stiffness materials. However, this also increases their deflections and raises the likelihood of
interference when multiple SWIRs are installed in close proximity. Moreover, the internal flow in
narrow pipes experiences larger frictional forces and thus larger head losses. Lastly, capital and
operational expenditures for a single, larger pipe are lower than for multiple, smaller ones. For these
reasons, we proceed with our conceptual design assuming a single SWIR with IDgy;r = 1.5 — 1.6
m, leaving for future work additional design for manufacture exercises. For stability purposes and to
prevent interference with the CT-BOS tendons, the pipe is located at the geometrical centre of the
floater base. The SWIR’s length differs between Case 1, 2, and 3, and is calculated as the pertinent
water intake depth minus the platform draft, yielding L$356 = 82.4 m, L5482 = 182.4 m, LS35S3 =
282.4m.

4.3.5. FOWT-DOC design

A detailed illustration of the DOC system processes, including the main ancillary services, is shown
in Figure 4.5. For simplicity, the sea chest is depicted as the seawater intake system but note that the
main operating blocks would still be the same with the SWIR. Grates and strainers as previously
described stop the entry of large debris into the system. One-way valves are placed before the pumps
to prevent the pressure at the suction side from decreasing excessively due to wave motion and
causing cavitation. At the discharge side, seawater is pressurised enough to overcome the drop
through the pretreatment system (Appr = 3.5 bar, as per Digdaya et al.??) and the electrochemical
cells (Apcgr1)- To increase the purity of the CO; captured, the pretreated seawater is subjected to near-
vacuum pressure (pyp = 0.08 bar) in a hollow fiber membrane (HFM) to remove most of the
dissolved nitrogen (N2) and oxygen (O:) naturally present in seawater (at the surface, their partial
pressure is pN, = 0.79 bar, pO, = 0.21 bar, respectively). The effluent seawater solution is then
sent to the DOC cells, which capture the CO, present in it following the process laid out in section
4.2.1. After capturing and stripping the CO- in gas form from seawater, it is compressed in multiple
stages up to 350 bar'™, and retrieved from the platform with a flexible riser down to the seabed. This
would follow an additional subsea export pipe to an offshore geologic carbon reservoir (e.g. basalt),
but this is not included in our analysis. In turn, the high-pH, CO»-depleted seawater is pumped back
to the ocean through the floater’s bottom.

iV This pressure is at the higher end of the range recommended for offshore CO, pipeline transport (100-350
bar)!3,
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Figure 4.5. Schematic illustration of the main DOC system processes integrated into the floating
platform. Blue arrows represent seawater flows, while the red arrow indicates captured CO: flow.

Previously, Figure 4.3 showed the FOWT-DOC system for the architectures of Case 0, and
Cases 1, 2, and 3. The latter configuration features a SWIR (coloured in orange) hanging from the
floater’s base along the water column. As seawater ascends through the SWIR, the friction between
the inner pipe surface" and the water flow produces a pressure drop (Apsy r)- Added to this are the
pressure losses across the pretreatment filters (Appr = 3.5 bar), the hollow fiber membrane
(Apypy = 0.55 bar??), and the aggregated pressure drop™ through the first and second
electrochemical cells (Apcgyr)- The sum of Apsyir, APpE, APyFM, and Apcgp; €quals the pressure
the seawater pumps must provide. The total dynamic head (TDH) or pressure (in units of distance)
required by the pumps is then modelled as,

_ Apswir + Appr + Apurm + APcELL
Powd

TDH (4.12)

4.3.5.1. Energy penalties

The ancillary processes mentioned above (pumping, vacuum gas stripping, and gas compression)
consume energy provided by the wind turbine. The energy consumed by the pumps (epymping)

depends on TDH and on the carbon capture seawater intensity>, V,,, /Mco )

VowPow9gTDH

mC02 npumpnmotor

€pumping = (4.13)

v The SWIR’s inner surface roughness is assumed 15 mm, taken as the average of the values studied by ref.?%,
Vi The pressure loss or drop due to friction along a pipe or duct is most often described via the Darcy-Weisbach
equation. This is used to model separately the pressure loss through the SWIR (Apgy,r) and across the
electrochemical cells (Apcg.L), see section 4.6.3 in the Appendices.
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Where Npymp and Nperor are the pump and motor efficiencies, respectively. As seen in ref.?2, the
energy consumed by the pumps is typically the largest ancillary energy service, even larger than the
total DOC electrochemical energy. In section 4.4, we present how this figure is reduced by employing
deeper, denser, rich-DIC seawater for DOC.

When stripping a dissolved gas (e.g. CO2, N2, Oz) through a hollow fibre membrane, the
pressure inside the membrane (the lumen side) must be lowered to near vacuum with the help of a
pump. To increase its efficiency, a heat exchanger using a fraction of the drawn seawater at
temperature T;, is placed at the vacuum side of the pump. The work done by the vacuum pump,

including the additional pressure to flow through the heat exchanger, can then be characterised as'”’:

Kgas—1
Fin,gasRTinKgas (Pvp,in > Mgas ( 1 )
(1 - Kgas)nVanotorﬁlco2 1 —0.054nyp

€degas = (4.14)

Pvpout

Where F;, 445 is the molar flow rate of the dissolved gas saturated with water vapor (mol/s), R is the
universal gas constant (Jmol'K™), kg4 is the adiabatic constant of the gas, pyp ;, = 0.08 bar is the
near-vacuum pressure employed, pyp oy 1s the ambient pressure, and 7y p is the efficiency of the
vacuum pump, which is expressed as follows'”:

Pvp,in

pVP,out

Once stripped from seawater, CO» is compressed to high-pressure before being withdrawn
from the platform. For simplicity, an idealized isothermal compression with a carbon capture energy
intensity ecompression 18 assumed:

_ RTi pCP,out
€compression = MCO In Pep i (4.16)
2 mn

4.3.5.2. Energy storage

Wind power is inherently variable throughout different time (seconds to decades) and spatial scales.
As aresult, the power produced by FOWTs is also variable. For the DOC system to operate optimally,
however, the power supplied should be continuous and stable, guaranteeing minimum power levels
and with fluctuations compatible with the electronic system. This can be achieved with a combination
of load management (LM) and energy storage systems (ESS), where the balance between both is often
cost-driven. The solutions available to cope with wind power fluctuations depend not only on cost,
but on the time span considered. Turbulence effects, within the second to minute region, are harder
to predict than hourly or daily variations, within the two-hour to 24-hour period. LM strategies can
have time responses in the order of hours, so are not appropriate to handle turbulence effects. Instead,
ESS such as batteries can provide the buffering required in a timely and controlled manner.
Chabaud'’ used a battery system to deal with wind turbulences of the IEA 15MW RWT under normal
operating conditions. They found that turbulence within ten-minute, one-hour and two-hour windows
can be tackled with battery capacities of around 60 kWh, 620 kWh, and 1700 kWh, respectively. To
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err on the conservative side, we consider a two-hour Sungrow ST battery with a capacity up to 5,015
kWh and 2,500 kW'?,

4.3.6. Cost estimation

To understand and compare the benefits and drawbacks of each design scenario studied, the levelized
cost of carbon (LCC) of the FOWT-DOC platform system is estimated. For a project lifetime of 25
years and a discount rate r, the LCC ($/tC0,) is then defined as,
Ct
25 T
LCC = Oy Y
= Co; 4.17)

25 mt—year
t=1(T + 1)t

Where C# is the total cost of the FOWT-DOC platform at year t, and mf_o;ear is the CO,

captured by the platform at year t. The sum index t in the nominator starts at 0 to denote that all
capital expenditure (CapEx) occurs before the start of operation. The total costs are comprised of
CapEx and operational expenditure (OpEx), and can be further divided into costs related to the FOWT
CT-BOS platform (Croyyr) and costs related to the DOC (Cpqc). To account for the increased costs
of operating offshore, all OpEx is multiplied by a marinization factor (f;;,4 = 2.5), which is derived
by comparing the typical annual OpEx of offshore-based floating wind turbines and land-based wind
turbines'”. The CapEx and OpEx of the FOWT CT-BOS platform over its lifetime are calculated as
the average levelized cost of electricity (LCOE) of typical FOWT TLPs*® and the amortized AEP of
the FOWT platform,
Crowr = LCOE ATt (4.18)

The total costs of the DOC system account for the costs of the oceanwater intake system
(Cowr), pretreatment system (Cpp), water pumps and electric motors (Cpymp), €lectrochemical cells
(Ceerr)> vacuum pumps and condensers (Cgegqs), CO2 compressors (Ceompression)> and CO» riser

(Criser)1Vii-
CDOC = COWI + CPF + Cpump + Ccell + Cdegas + Ccompression + Criser (4_19)

The costs from oceanwater pumping and pretreatment, and vacuum pumps and condensers
are estimated following the processes detailed by Digdaya et al.?2. All costs are expressed in USD ($)
and converted to a base year of 2024 using Producer Price Index (PPI)?°! through equation (4.20).
The main financial and technical assumptions behind the cost analysis are given in Table 4.3.

Index,g4 >

Costypz4 = Cost (
yearX
Indexyeqrx

(4.20)

Vi NOTE: the cost of the CO; riser includes the line from the floating platform to the seabed, but not the export
pipe to the injection site.
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4.3.6.1. Seawater intake system

For Case 0, two sea chests are installed at the bottom of the CT-BOS platform, and for simplicity it is
assumed that their capital cost is driven by the grates. The two grates are identical and made of marine
grade stainless steel (316 L), with a material density of 8,000 kg/m?, ref.?2, Each grate has an open
area equal to half the SWIR’s section, and its volume is computed as the product of the section, its
open area ratio (taken as 50%), and its average material thickness (taken as 100 mm). The unit cost
of stainless steel is $7,998/ton, and that includes material, labour, and construction®”’. This is
multiplied by the total weight of grates to give the CapEx. To err on the conservative side, the OpEx
of the sea chests are assumed the same as the SWIR’s for Case 1, which is explained next.

For Cases 1, 2, and 3, a single SWIR fabricated with 50% HDPE, 27% reinforced rubber, and 20%
steel is used. Such a configuration, as well as the lifetime costs per unit length are approximated from
ref.?® from their 137 m SWIR. The capital expenses (CapExgy g) are calculated as a combination of
the installation costs, and the material and fabrication costs,

CmfabSWIR”(ODSZWIR - IDSZWIR)>

CapExswir = Lswir (Cinstswm + 4

4.21)
Where Lgy g is the SWIR’s length, cinst,,,,, = $400/m is the cost of installation per unit
length**, and ¢, fabgyin = $73,630/m3 is the volumetric material and fabrication cost?*. The total

operational expenditures (OpExgsy/r), assuming four maintenance services throughout the project
lifetime, are assumed as OpExgy g = 14% CapExgy g, ref.>®.

4.3.6.2. Electrochemical cells
The CapEx of the commercial-scale, bismuth-silver electrochemical cells was estimated by Kim et

al.'% as $23/tCO,. In addition to this, we assume that the cells must be replaced every 10 years, and
that the annual OpEx is 3% of the CapEx.

4.3.6.3. Compressors

Before exporting, the CO» captured in gas form is compressed to 350 bar in several stages using
multiple compressors: Stage 1) from its capture pressure at 0.08 bar to 10 bar, Stage 2) from 10 bar
to 100 bar, Stage 3) from 100 bar to 250 bar, and Stage 4) from 250 bar to 350 bar. Each stage is better
suited to a particular compressor type (Stage 1: screw, Stages 2 and 3: reciprocating, Stage 4:
diaphragm). During and after each stage, CO is cooled with heat exchangers to maintain its
temperature away from its critical point (31°C, and 73.8 bar). The CapEx of the compressors used is
computed as a function of the power (Pompressor» In horsepower units) using empirical relations
(22.37)-(22.38) from Seider et al.*>, which use a 2006 cost index of 500.

CapExscrew = €xp (8.1238 + 0.7243 In P.ompressor) (4.22)

CapExreciprocating/diaphragm = exp(7.9661 +0.8in Pcompressor) (4'23)

The annual OpEx is defined as the sum of the annual operating costs of electricity,
maintenance, insurance, and labour, following Digdaya et al.?2.
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4.3.6.4. CO: export riser

The flexible riser retrieves the CO, captured in liquid form, which descends the water column until
reaching the interface with the exporting pipe at the seabed. The length, profile, and material
composition are assumed the same across design scenarios, but not the inner (/D,s.-) and outer
(ODyiser) diameters, respectively, as they vary slightly with flow rate (0.36 m to 0.39 m).
Consequently, the flexible riser CapEx,iser-, Which depends on ID,.5. and OD,.,,, is different for
each design scenario.

2 2
_ Cmrisern(ODriser - IDriser)
CapExriser - Lriser Cinstriser + 4 (1 + Cffabriser) (4.24)

In equation (4.24) ref.*®, Lyjsor = 801 mis the riser’s length, Cinge . = $400/m is the cost

of installation per unit length?*, = $100/m? is the volumetric material cost’®, and

Cmyiser
Cfrap.. = $6,200/m is a cost factor for fabrication®®. The annual OpEx is taken as 1% of the
fabyiser

CapEx”’.

Table 4.3. Base FOWT-DOC main financial and technical assumptions used in the cost estimation.

Finances & project specifics Units Value Ref.
EUR to USD currency exchange rate (Avg 2024) USD/EUR 1.08 207
CAD to USD currency exchange rate (Avg 2024) USD/CAD 0.73 207
Plant lifetime years 25

Marinization factor - 2.5 199
Discount rate for offshore wind - 9.2% 208
Discount rate for DOC - 6.5% =
Wind turbine rated power MW 15 7
Wind availability factor - 82.5% 180
FOWT capacity factor - 60%

FOWT TLP LCOE EUR/MWh 150 200
DOC capacity factor - 90% 2
PPI of pumps and compressors (av. 2024) - 224.896 201
CapEx - electrochemical cell USD/tCO, 230 166
CapEx - Sungrow ST battery (5,015 kWh/2,500 kW) USD/kWh 132 209

4.4. Results and discussion

Each design scenario draws oceanwater from a different depth, with corresponding naturally
occurring oceanographic values as per Table 4.1. For example, in the first 1,000 m in the Pacific
Ocean, DIC increases with depth and it progressively slows down (Figure 4.10). A similar pattern is
observed in the carbon capture seawater intensity (V,,, /Mco,) for the design scenarios considered
(Figure 4.6), illustrating diminishing returns associated with each depth increase.
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Figure 4.6. Carbon capture seawater intensity as a function of dissolved inorganic carbon (DIC) for the
design scenarios.

Since the carbon capture energy intensity of most system components - equations (4.5),
(4.13), and (4.14) - depends on Mo, , it is no surprise to see that total system energy intensity (epoccs)
follows an equivalent trend (Table 4.4): it is lowest when V,,, /1, , 1s a minimum in Case 3 (at 3.40
kWh/kgCO,), and highest when V,,, /Mo, i1s a maximum in Case 0 (at 4.02 kWh/kgCO). Further,
its rate of change between consecutive scenarios progressively decreases, with a maximum observed
between Case 0 and 1, and a minimum between Cases 2 and 3. To highlight this, the total system

energy intensity (epgccs) for Cases 1, 2, and 3 is accompanied by a percentage between parenthesis,
which indicates the energy savings of Cases 1, 2, and 3 with respect to Case 0.

The results of epoccs for Cases 1, 2, and 3 are given for the nonadiabatic transport case, which
is 1% to 2% lower than for the adiabatic transport case. Certainly, as seawater travels up through the
SWIR exchanging heat with the environment (nonadiabatic transport), it warms up. Although warmer
seawater temperatures have a detrimental effect on the energy expenditure of the gas stripping
(edegas) and compression (€compression) Systems, equations (4.14) and (4.16), respectively, this is
overall compensated by reduced Ohmic losses thanks to higher ionic conductivities, equation (4.6).
Consequently, all results reported hereafter assume nonadiabatic transport conditions, with a SWIR
with no or minimal thermal insulation.
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Table 4.4. Carbon capture energy intensities (in kWh/kgCO3) of the main DOC processes for the design
scenarios and for the nonadiabatic transport through the SWIR case. The percentage between
parenthesis indicates the energy savings of Cases 1, 2, and 3 with respect to Case 0.

Case 0 Case 1 Case 2 Case 3
Total system energy expenses, €pgc  4.02 3.54 (11%) 3.43 (14%) 3.40 (14%)
Electrochemical energy, €ocpemn 0.63 0.56 0.54 0.54
Ohmic losses, eppmic 0.39 0.40 0.40 0.41
Ancillary services 2.99 2.61 2.52 2.49
Pumping, €,umping 2.79 2.41 2.32 2.29
Vacuum stripping, €gegas 0.07 0.07 0.07 0.07
Compression, €compression 0.13 0.13 0.13 0.13

As previously anticipated, of all energy intensive processes, seawater pumping (€pyumping) 18
the largest contributor to the total system energy consumption, representing 70% of epgccs. Notably,
epumping 15 reduced with each depth iteration, from Case 0 (2.79 kWh/kgCO>) to a minimum in Case
3 (2.29 kWh/kgCO,, or 18% less). Such a difference can be explained, almost in its entirety, by the
linear dependence of the energy intensities to DIC, which increases by up to 15% between Case 0 and
Case 3. The remaining 3% difference arises from the influence of the pressure head on ep,ymping.
specifically due to the pressure drop along the electrochemical cells (Apcg.), which is maximum for
Case 0 and minimum for Case 3 (Table 4.5). The variations observed can be attributed to slower
seawater flow speeds through the electrochemical cells (as described by the Darcy-Weisbach
equation, see 4.6.3 in the Appendices), possible because of higher DICs with each depth increment.

We note some significant differences between our system energy expenses (Table 4.4) and
those published by ref.?2. For its stand-alone DOC plant, Digdaya et al.?> determined a total carbon
capture energy intensity of 5.82 kWh/kgCO,, of which 1.22 kWh/kgCO, was consumed by their
BPMED cells, and 4.6 kWh/kgCO- was due to ancillary services (oceanwater intake, pretreatment,
pumping, vacuum stripping, and cooling). Leaving aside the discrepancies arising from the increased
DIC of'the input seawater in Cases 1, 2, and 3, our total system energy expenses are 4.02 kWh/kgCO,
the total energy consumed by the cells (electrochemical energy plus Ohmic losses) is 1.02
kWh/kgCO,, and the ancillary services require 2.99 kWh/kgCO, (all with respect to Case 0). The
differences in the total energy consumed by the electrochemical cells can be explained because of the
more energy efficient method published by Kim et al.'®, upon which our system is based. The
discrepancies in the ancillary services arise from the total pressure head considered, 5.9 bar in our
case (Table 4.5), and 9.6 bar in Digdaya et al.>, where the 3.7 bar gap results mostly from the
difference between our initial negative elevation (Zgjepgtion = —13.8 m) and their initial positive
intake head of 50 m, a direct result of our proposed offshore FOWT integrated system layout.

99



2750

2755

2760

2765

2770

Table 4.5. Pressure heads (in bar) across system components for the design scenarios. The percentage
between parenthesis indicates the difference with respect to Case 0.

Case 0 Case 1 Case 2 Case 3
Across SWIR (Apswir) 0.00 0.05 0.11 0.17
Across pretreatment (Appr) 3.52 3.52 3.52 3.52
Across HFM (Apyrym) 1.10 1.10 1.10 1.10
Across cells (Apcgrr) 1.36 1.12 (18%) 1.06 (22%) 1.05 (23%)
TOTAL 5.98 5.79 5.79 5.84

Of all pressure heads identified in Table 4.5, the pressure that must be overcome across the
pretreatment system (Appr) is responsible for the largest share, up to 59% (or 3.52 bar) of the total.
This pressure, assumed for a BPMED DOC application by Digdaya et al.??, assumes three types of
water purification levels: disc filters (0.22 bars), cartridge filters (0.3 bar), and ultrafiltration
membranes (3 bar). The pressure of each filtering system is associated with its pore size, from 5-50
micrometres in disc (DFs) and cartridge (CFs) filters™, to 0.01-0.1 micrometres in ultrafiltration
(UF) membranes. DFs and CFs block the entry of suspended solids with characteristic dimensions as
small as 5 micrometres, which in certain environments (e.g. subsurface intakes) can provide high
quality feedwaters, enough to make UF membranes redundant®'°. This would considerably reduce the
pressure head through the pretreatment system from 3.52 bar to 0.52 bar, and save 35% of the total
system energy expenses, down to 2.3-2.7 kWh/kgCO,. Nevertheless, in open ocean intakes such as
ours, UF membranes are still recommended to reduce fouling and scaling of HFMs'™, thereby
extending their lifetime and reducing their maintenance costs.

We saw above how greater DICs can lead to slower flow speeds; however, this can also be
achieved by increasing the gap between the cell’s electrode (8..;). This would in turn exacerbate the
resistance experienced by ions passing from one electrode to the other (or Ohmic losses), resulting in
overall increased energy expenses and lowered carbon captured. As Figure 4.7 shows, of the range
of cell gaps modelled, §..;; = 1 mm yields the lowest energy expenses and the highest annual carbon
captured, which coincides with the findings previously published by Kim et al.!*®. Most importantly,
Figure 4.7 illustrates how each design scenario captures increasing amounts of CO, annually, from
16.9 ktCOx/year in Case 0 to a peak of 19.5 ktCO»/year (18% higher) in Case 3 for a cell gap 6o =
1 mm.

Vil Enough to meet inlet quality requirements of seawater pumps, such as Andritz’s ASP700-860A 16 S single-
stage, axial split case pump, according to Micha Thormann, Technical Sales and Project Manager at Andritz.
ix Membrane fouling, such as in hollow fibre membranes, takes place when matter present in seawater adheres
to the surface of the membrane (i.e. adsorption). Membrane fouling can be of organic or inorganic origin, the
latter more popularly known as scaling.
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Figure 4.7. (Left) Total system energy expenses, and (right) annual CO:z captured with different gaps
between cell’s electrodes (8..;) per each design scenario.

To best assess the profitability and thus complete the analysis of each design configuration,
the discounted individual and total costs of the main components of the FOWT-DOC system, together
with the levelized cost of carbon (LCC), are given in Table 4.6. Observe that the total costs increase
from Case 0 (at $258.6 million) to Case 3 (at $285.7 million), with an average of $273.5 million. The
largest cost centre is the FOWT platform, representing on average 46% of the total costs, followed
by the CO; flexible riser (24%), and the seawater pumping and pretreatment system (21%). The
average cost per unit of carbon captured of each component across design scenarios is presented in
Figure 4.8 (top).

The variation of costs between scenarios is dominated by the costs of the CO; flexible riser -
with a minimum change of $6.5 million between Case 0 and 1, and a maximum of $8.3 million
between Case 0 and 3 - and by the costs of the seawater intake system, with a peak difference of $8.6
million between Case 0 and 3. On one hand, because the same CO, export riser length is assumed for
every scenario, according to equation (4.24) the differences displayed can only arise from its linear
mass; indeed, as the carbon captured increases with each deeper water intake case, so does the flow
rate that is exported through the riser. As a result, since the CO, flow speed through the riser is
considered the same between cases™, the higher flow rate must be accommodated by widening the
riser’s inner and outer diameters, thus increasing its linear mass. On the other hand, the cost of the
seawater intake system for Cases 1, 2, and 3 is linear with the SWIR’s length, which is equal to the
water intake depth minus the platform draft. As the increment in depth is the same between
consecutive scenarios, the additional cost per case is also constant. Consequently, because the extra
carbon captured diminishes with each depth iteration (which stems from the DIC vertical profile, as
shown in Figure 4.6), the additional costs of capturing CO, from deeper points eventually outweigh
the gains. This can most clearly be observed with the LCC in Table 4.6, which reaches a minimum

' The CO, flow speed along the riser is set to 3 m/s, determined as the maximum flow speed allowed before
pipe erosion occurs, and determined using equation (4.16) with p¢, instead of p,,,.
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in Case 2 ($1,108/tCO»), only to resurge in Case 3 ($1,124/tCO,) despite capturing the largest amount
of CO, annually. Notably, Case 0 is the least profitable of all, with the largest LCC ($1,203/tCO-) up
to 8% more expensive per unit of CO, captured than the most profitable configuration, or Case 2.

Between Case 0 and 1, the LCC and the annual carbon captured improve 8% and 12%
respectively, whereas between Case 1 and 2, the gains are less than 0.2% and 3%, respectively. As
these two design scenarios yield similarly close benefits, it is important to consider other decisive
parameters. Recall that, to reduce the number of variables and thus facilitate comparison across
scenarios, the same project site water depth (350 m) was chosen between cases (section 4.3.2).
However, since Case 1 draws seawater from 100 m depth, and Case 2 from 200 m depth, the water
depth at which the FOWT-DOC system would sit in each configuration would not necessarily be the
same. Assuming a margin of 50 m with the seabed to minimise turbidity, Case 1 could sit at 150 m
and Case 2 at 250 m — provided a similar DIC distribution as in Figure 4.6. Since offshore projects
operating in deeper waters are generally more expensive?!!, this would favour Case 1 over 2. Further,
the small additional economic savings provided by Case 2 relative to Case 1 (at $3/tCO,), or even
with respect to Case 0 (at $94/tCO,), may be offset by longer air-sea CO; ventilation times associated
with bringing up deeper seawater. These longer times complicate MRV activities and ultimately
undermine the true effectiveness and impact of this CDR approach. In this sense, Case 0 is therefore
more likely to succeed.

Note that because we do not know if or how the DIC removal efficiency published by Kim
et al.' (np;c = 87%) depends on the input DIC, we assumed 1p;¢ constant for all cases. This is a
limitation of our study with a major consequence explained next. Given that the ocean’s surface
uptake capacity of atmospheric CO» depends in part on the CO, concentration gradient through the
air-sea interface, any DOC approach seeking to draw the most CO, must also reduce the DIC the
most. However, when assuming 7p;. constant across the design scenarios, the discharged, depleted-
DIC stream will have different DIC values. For example, in Case 0, the DIC in the effluent stream is
reduced from an initial value of 2.02 mmol/L to a final value of (1-p;c)-2.02 = 0.26 mmol/L; while
in Case 3 (with the largest naturally occurring DIC), the DIC in the discharged stream is reduced from
an initial value of 2.33 mmol/L to a final value of (1-np;c)-2.33 = 0.30 mmol/L. Although Case 3
removes more DIC from seawater than Case 0, the end point DIC of the former (at 0.30 mmol/L) is
slightly larger than for the latter (at 0.26 mmol/L). Consequently, the amount of CO; that the ocean
may draw from the atmosphere may be lower in Case 3 than in Case 0 and mediated by mixing times.
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Table 4.6. Discounted individual and total costs (in million dollars, $M) for the main FOWT-DOC system
components, and levelized cost of carbon (in $/tCO2) for each design scenario, with a gap between cell’s
electrodes of §.,;; =1 mm.

System component Case0 Casel Case2 Case3 Avg

FOWT platform 123.4 1234 1234 1234 123.4(46%)
CO riser 58.7 65.2 64.1 67.0 64.6 (24%)
Oceanwater pumping and pretreatment 54.5 55.2 55.3 553 551 (21%)
Vacuum pump and condenser 12.1 12.1 12.1 12.1 12.1 (5%)
CO; compressor 7.1 7.4 7.4 7.4 7.3 (3%)
Seawater intake system 0.3 2.6 5.8 8.9 4.4 (2%)
Electrochemical cells 0.9 1.0 1.0 1.0 0.9 (0.4%)
Wind battery system 0.7 0.7 0.7 0.7 0.7 (0.4%)
TOTAL discounted costs ($M) 258.6 270.6 279.0 285.7 273.5
Levelized cost of carbon ($/tCO») 1,203 1,111 1,108 1,124 1,136

To account for uncertainties in the cost estimates of the CO; riser and seawater intake system
- whose differences across design scenarios outweigh the cost changes experienced by the rest - and
to assess the sensitivity of the observed LCC trend (with Case 0 being the least cost-effective and
Case 2 the most), Figure 4.8 (bottom) shows how the LCC varies with percentage changes in the
combined costs of these components. As expected, as the combined costs rise (at 115% and 130% of
the base cost) but the carbon captured remains the same, the shallower scenarios become more cost-
effective, with Case 1 having the lowest LCC. Conversely, the differences between Case 3, and Cases
1 and 2 are narrowed as the combined costs decrease, at 70% and 85% of the base cost. Most
importantly, however, Case 0 is still the least profitable of all cases examined.

Since the cost of the FOWT platform represents the greatest cost share (46% of the total), it
can be helpful to present how the estimated LCC figures in Table 4.6 could decrease with forecasted
savings in the floating offshore wind industry. By 2035, the average LCOE for FOWT platforms is
estimated to be $63.9/MWh, or over $100/MWh less expensive than the LCOE considered in this
study (see Figure 7 in ref.?'?)™. Using this predicted LCOE and the wind energy conditions in Table
4.3, the potentially reduced FOWT platform costs can be estimated with equation (4.18). Summing
over all system costs using equation (4.19), the LCC of our FOWT-DOC system could then be as low
as $786/tCO,in Case 1, equation (4.17).

Similarly, given that the cost of the CO, export riser is almost a quarter of all costs, future
research should assess potential alternatives. In the context of CO, storage in offshore basalt, CO,
transportation studies ought to consider the operational lifetime of injection wells — dependent, among
others, on the reservoir capacity and the rate of injection — and thus a flexible transport system (such
as CO; shipping) would be preferred. Although, in general, transport via ships is favoured over

i Tn ref.212, these cost projections are assumed as developers and supply chains continue to mature and gain
experience, and cumulative deployment increases, leading to improved efficiencies.
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pipelines at low CO, volumes and high distances (see e.g. Figure 9 in ref.!'”), there is not a clear
threshold!!'¢-118213 "and the decision for each project may rely upon individual circumstances, such as
the existence of built infrastructure or the local availability of vessels.
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Figure 4.8. (Top) Average system component costs per unit of CO:z captured across design scenarios. The
abbreviated field “Comp.” stands for compressor, and the field “Other” comprises the intake system,
electrochemical cells, and batteries. (Bottom) Sensitivity of the levelized cost of carbon (LCC, in $/tCO3)
with £15% and +30% percentage changes in the combined cost of the CO: riser and seawater intake
system for each design scenario. The minimum LCC at every percentage variation across design
scenarios is highlighted in red.

The previous cost methodology can be repurposed to determine the costs of a FOWT platform
powering a base route DOC. Unlike the acid route, however, the base route configuration does not
need vacuum pumps and condensers (to pre-strip dissolved gases), nor CO, compression and
transportation system, as the treated alkaline seawater is released back to the ocean. Ignoring these
pressures, energies, and components, but assuming the same expenses for the rest of the system as in
the FOWT-DOC (acid route), the total pressure head required by the pumps and the total system
energy expenses are reduced 20%, down to 4.6-4.9 bar and 2.7-3.3 kWh/tCO,, respectively. In turn,
the LCC of the FOWT-DOC (base route) system is reduced to an average of $653/tCO, (over all four
design scenarios), or $480/tCO, (40%) cheaper than the FOWT-DOC (acid route), Table 4.6. These
savings are comparable to those reported by Eisaman et al.?* for two stand-alone DOC plants, one
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based on the acid route and the other on the base route, which further underscores the need for
additional research on base-route DOC.

Last but not least, one may logically be tempted to look at the cost of other CDR methods
(see e.g. Table 1 in ref.®) and react either with an air of disapproval or sheer wonder as to why we
bother suggesting such expensive distractions. The answer lies in the possibility of coupling this fully
autonomous, modular, off-grid solution to the largest and most permanent CO, reservoir, which is
offshore basalt. As shown by Prado et al.’, when duration is accounted, “over the long term, almost
any form of permanent removal will emerge as being economically preferable to a short-term
solution.” This is not to suggest that cheaper CDR methods with shorter permanence are to be
disregarded, as they can still “buy us time to deploy more durable CDR”, ref.’, however, it puts into
perspective their often-overlooked lifetime, all-in costs. This calls for a reconsideration of the
quantitative methods employed to determine the true cost of carbon removal, methods which ought
to reflect the social costs of carbon emissions and climate mitigation®?!* and, ideally, be
complemented by comprehensive life-cycle assessments (LCAs).

4.4.1. Comparison with FOWT-DAC

This paper presented a conceptual design of a FOWT-DOC system and estimated the associated costs
and LCC ($1,108/tCO, to $1,203/tCO,, depending on the design scenario). Next, this section conducts
a similar but more simplified analysis of a FOWT-direct air carbon capture (FOWT-DAC) system.

To this end, the model presented by the authors in Chapter 2 is employed®’, which assumed
a floating semisubmersible rather than a TLP. On average, the LCOE of FOWT semisubmersible
platforms is €35/MWh more expensive than TLPs at €185/ MWh!®, In contrast, DAC is less energy
intensive than DOC, with total (heat and electricity) requirements comprised between 0.97-2.8
kWh/kgCO, depending on whether solid or liquid sorbents are used (see Figure 8 in ref.?!). We assume
a total energy demand of 2.1 kWh/kgCO,, which corresponds to the value used in previous work>’
and includes compression expenses. At this energy intensity, one 15 MW wind turbine with a 60%
capacity factor can generate 78.9 GWh of electricity and capture 33.8 ktCO; on a regular year of
8,766 hours (assuming a 90% DAC plant capacity factor). The LCC of the FOWT semisubmersible
can then be determined by multiplying its LCOE with the discounted annual power generated and
dividing it by the discounted captured CO,, giving $370/tCO, (assuming a euro-to-dollar currency
exchange rate of $1.08/€)i. The combined CapEx and OpEx of DAC vary widely, between €80/tCO,
to €1,133/tCO,, with an average of €606/tCO,*">. Applying a 2.5 marinization factor to the OpEx
(which are in turn taken as 5% of all CapEx), we obtain an LCC for DAC between $93/tCO; to
$1,314/1CO,, with an average of $703/tCO,. Adding the LCC of the FOWT semisubmersible and the
DAC, and the LCC for compression and transportation of CO, (on average $30/tCO, and $268/tCO-,
respectively, assuming the same costs from our previous FOWT-DOC analysis), we get a total LCC
for the FOWT-DAC system in the range of $7574tCO, to $1,991/tCO,, with an average of
$1,371/tCO; (Table 4.7).

il The annual energy production and captured CO, are discounted over the plant lifetime of 25 years at 9.2%
and 6.5% discount rates, respectively.
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Both average cost estimates for the FOWT-DAC ($1,229/tCO,;) and FOWT-DOC
($1,136/tCO) platforms remain well above the ambitious desired $100/tCO target set by the US
government?'®. Nevertheless, this widely cited benchmark is not only unlikely to be achieved at
present’! but also unfairly ignores the much higher true global social cost of carbon, with an estimated
median cost of $417/tCO,, ref.>'4.

The energy intensity of FOWT-DAC is plotted and compared with that of FOWT-DOC in
Figure 4.9. For reference, the figure also shows the minimum thermodynamic energy required to
separate CO, from ambient air, and the minimum electrochemical energy to separate CO, dissolved
in seawater. The former is determined with the enthalpy of mixing following Keith et al.?!” at an
ambient temperature of 25°C and a CO, concentration of 425.5 ppm, which was the monthly average
concentration at Mauna Loa in August 202528, The latter is taken as the base electrochemical energy
of the acid route laid by Kim et al.'®, followed in this work.

For the case of CO, capture from air, the difference observed between the minimum
thermodynamic energy (0.1 kWh/kgCO») and the range given by ref.?! (0.97-2.8 kWh/kgCQ,) is
dominated by the thermal regeneration step, with typical required temperatures between 70-200°C
for solid sorbents, and up to 900°C for liquid solvents’*2!°. Solid and liquid sorbent-based DAC are
commercially mature technologies and make up all but one of all DAC facilities deployed currently?2.
However, emerging technologies such as electro-swing adsorption’?! and membrane-based
separation®?? feature more efficient solutions with the potential to reduce DAC’s energy demand.

For the case of CO; capture from seawater, the difference observed between the minimum
electrochemical energy for separation itself (0.20 kWh/kgCO, by Kim et al.'®®) and the range
estimated from our design cases (3.4-4.0 kWh/kgCO») is mainly attributed to ancillary services, with
water pumping representing 70% of the total DOC energy requirements, as previously shown in Table
4.4. Although our design choices — both lowering the pressure head and increasing the input DIC —
enabled a significant reduction in the pumping needs with respect to other published values (e.g. 4.6
kWh/kgCO; as estimated by ref.??), further improvements are necessary. Future efforts could look at
harnessing wave power to provide high-pressure seawater, thus reducing the electricity demand of
the pumping system, as has been suggested in some desalination applications. For example, Mi et
al.?® designed an oscillating surge wave energy converter capable of delivering seawater at 5-9 bar
of pressure for reverse osmosis, which would almost or completely replace the work done by electric
pumps in typical DOC configurations.
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Table 4.7. Summary of magnitudes used in the estimation of the levelized cost of carbon (LCC) for the
FOWT-DAC configuration, presented for a range of possible values (low, mid, and high).

Units Low Mid High Ref
EUR to USD exchange rate USD/EUR - 1.08 - 207
Marinization factor - - 2.5 - 199
Discount rate for offshore wind - - 9.2% - 208
Discount rate for DAC - - 6.5% - 2
LCOE FOWT semisubmersible EUR/MWh - 185 - 183
Turbine rated power MW - 15 - -
Hours on a regular year hours - 8,766 - -
Wind turbine capacity factor - - 60% - -
Energy intensity of DAC kWh/tCO, - 2,100 - -
DAC capacity factor - - 90% - -
LCC of FOWT semisubmersible USD/tCO, - 370 - -
LCC of CO; compression USD/tCO;, 29 30 33 -
LCC of CO; export riser USD/tCO, 265 268 273 -
OpEx of DAC (5% CapEx) EUR/CO, 4 29 54 -
OpEx of DAC (after marinization factor)  EUR/tCO, 10 72 136 -
Cost of DAC EURACO; 80 606 1,133 215
Cost of DAC (after marinization factor) USD/tCO; 93 703 1,314 -
LCC of FOWT-DAC USD/tCO; 757 1,229 1,991 -
4,500
4,000
S 3.500 +
£
IE: 3.000
E‘ 2,500
5 2,000 +
-:g] 1,500
:%. 1,000
500
. 4 121.5KWh/tCO, + 202kWhiACO,
FOWT-DAC FOWT-DOC

2945
Figure 4.9. Carbon capture energy intensity for the FOWT-DAC and FOWT-DOC systems studied. The

minimum thermodynamic energy required for CO: direct air capture and minimum electrochemical
energy for CO: direct ocean capture are included for reference in red.
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4.5. Conclusions

Direct ocean carbon capture (DOC) refers to the processes that remove dissolved inorganic carbon
(DIC) from oceanwater. Direct ocean capture is a type of carbon dioxide removal (CDR) technique
with an annual potential of 5-40 GtCO, which, in addition to contributing to slowing climate change,
can help to reduce local ocean acidification®. The IPCC suggests that the largest threat to CDR
technologies is land competition with other sustainable activities®**, which provides a strong
motivation to place CDR in low energy demand areas, such as the ocean. Another reason comes from
the fact that vast and permanent carbon reservoirs are located beneath the seabed, e.g. basalt!®17:64115,
Offshore, DOC can be powered by and integrated with floating wind turbines (FOWTs).

The distribution of DIC through the vertical oceanwater column is not uniform, generally
accumulating with depth through the first 1,000 m due to the various ocean carbon pumps®*. The
higher the level of DIC in oceanwater processed, the higher the carbon captured per unit of energy
spent by the DOC system. This encouraged us to study an offshore FOWT-DOC system with the
ability to treat DIC-enriched water located below the ocean surface. We designed four scenarios
drawing seawater from different water depths: Case 0 drew seawater from the vicinity of the platform
(at around 20 m) using a sea chest, while Cases 1, 2, and 3 featured a vertical intake pipe that drew
seawater from 100 m, 200 m, and 300 m, respectively. We then assessed the carbon capture energy
intensity, carbon captured, and levelized cost of carbon (LCC) of all scenarios. Case 3 consistently
yielded the lowest energy requirements (3.4 kWh/kgCO,) and the highest carbon captured across
cases (20.8 ktCO»/year), up to 15% higher than Case 0 (4.0 kWh/kgCO> and 17.6 ktCO,/year); the
difference is attributed to the increased naturally present DIC at 300 m when compared to 20 m in
Case 0. Interestingly, because the change in DIC between consecutive scenarios peaks between Cases
0 and 1, progressively diminishing thereafter, the rising, linear costs associated with deeper water
withdrawal eventually outweigh the returns on a cost basis. As a result, the estimated LCC is lowest
for Case 2 ($1,108/tCOy), almost 8% more cost-effective than Case 0 ($1,203/tCO,). In conclusion,
in an offshore DOC scenario, the gains from withdrawing deeper oceanwater with higher DIC
concentration are expected to diminish with depth. Our findings suggest that the most cost-effective
configuration intakes seawater from depths between 100 m to 200 m. However, these benefits may
be outweighed by longer air-sea CO» ventilation times (associated with bringing up deeper seawater),
which challenges the effectiveness of this CDR approach. In this sense, Case 0 is more likely to
succeed but further research is warranted to explore local mixing-depth and carbon re-absorption
considerations in concert with MRV and market valuations.

The cost methodology was repurposed to determine the costs of a FOWT platform powering
a base route DOC. Due to a combination of lowered pressure needs and equipment, the LCC of the
FOWT-DOC (base route) system was reduced to an average of $653/tCO,, or $480/tCO, (40%)
cheaper than the FOWT-DOC (acid route). These savings were comparable to those reported by
Eisaman et al.** for two stand-alone DOC plants, which further underscores the need for additional
research on base-route DOC.

The global installed capacity of offshore wind is forecasted to continue expanding, from 228
GW in 2030 to 1,000 GW by 2050?%. This industry growth is to be accompanied with corresponding
savings in the levelized cost of energy (LCOE) of FOWT platforms - by 2035, the average LCOE
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could be $100/MWh cheaper than the one considered in this study. Consequently, the LCC of our
FOWT-DOC system could decrease to $786/tCO- on that basis alone.
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4.6. Appendices

4.6.1. Base electrochemical energy

This section lays out the procedure followed to derive the expression used to estimate the base
electrochemical energy of the DOC concept by Kim et al.'*®. Most of the steps followed can also be
seen in the Supplementary Information from Digdaya et al.?.

Let G+ be the generation rate of protons (H™, in mol/s) due to the electrical current:
_ IH+
Gy+ = F (4.25)

where I+ is the absolute partial current carried by H* (in A), n is the number of participating
electrons per generation of one H* (3/2=1.5 in our case) and F is the Faraday constant. The number

of H* that is added (in mol/L) in the acidified stream is given by the rate of generated H* divided by
the rate of the oceanwater flow (V,,,, in L/s) in the acidified compartment of the cell,

GH+
H+ = -
[H* Jaadea 7. (4.26)
Which can be rewritten as follows using (4.25):
I+
+ —_H
[H ]added nFVoW (4.27)

The electric current applied between the electrodes can then be estimated based on the
number of H* added,

Iy+ = nFV, [H  qadea (4.28)

Without loss of generality, the energy consumed per unit of CO> captured can be calculated
as,
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€echem = P/Mco, (4.29)

Where P is the power consumed by the electrodes and 1, is the mass flow rate of CO; captured
(kg/s). Because P is nothing but the product of the voltage difference between electrodes
(Vacidiﬁcation = 0.7V, Varkaiinization = 0.1V) and the electric current applied g+ =

nFV,, [H 1 gadea), We can express the total energy consumed for the two steps (acidification and
alkalinization) as,

VacidificatinnIHJr + Valkalim'zatinnIHJr

€echem = (4.30)

Meo, Mceo,

y +7acidification g +7alkalinization
VacidificationnFVuw [H ]added ValkalinizatiunnFVow[H ]added

€echem =

Thcoz mCOz

Where the ratio T:ﬂ is given by the efficiency of the CO, capture process. A key quantity in the
€Oy

equation above is the number of H* added to oceanwater, [H ] ,44e4. This is related to the change in

ionic concentrations of HCO3, CO%~, OH™ and H* from the initial values, and can be determined

as,
[H*]addea = A[HCO3 ] + A2[CO57] + A[OH™] — A[H*] 4.31)
With,
C0,] = Ly DIC
[CO) = kT KoK, (4.32)
o Ki[H*] DIC
HCOs] = ek I T KoK, (4.33)
L Ky K,
[CO§ 1= [H*]2 + K, [H*] + K, K, bic (4.34)
— KOW
[OH™] = (4.35)

Where K; and K, are the first and second dissociations constants for carbonic acid, respectively, and
K, is the ion-product constant of liquid water. Note that DIC is lowered due to the reaction, which
removes 87% of it. As a result, the DIC value used in (4.32) and (4.33) is different in the acidification
and alkalinization steps,

DICinitial =22 mM, DICfinal = (1 - 087) - 2.2mM (436)

According to Kim et al.'®®, in the first reaction (i.e. acidification), the pH is lowered from the
inlet value to pH = 6. Assuming surface oceanwater at a typical value of pH=8.1, expression (4.30)
would be explicitly written as:
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+yacidification
[H ]added

( HC03 pH=8.1 [HCOB’_]pH=6) +2- ([CO?%_]sz&l - [CO?%_]pH:6)
+ ([0H lpu=g1 — [OH lpy=¢) — ([H 1pr=s1 — [H 1pr=¢)

While for the second reaction (i.e. alkalinization), the pH is raised from the acidified pH =6
topH=11,

[H¥]alkalinization — (THCO3 | py—e — [HCO3 lpu=11) + 2 ([CO3 Tpn=6 — [COZ Tpy=11) +
([0H 1pu=6 — [O0H 1pu=11) = ([H*1pn=6 — [H* 1pp=11)-

When the initial pH is set to the one used by Kim et al.!%

electrochemical energy of 750 kWh/tCO,.

, we correctly get the base

4.6.2. Fundamentals of chemical oceanography

4.6.2.1. Dissolved inorganic carbon and pH

In the sunlit surface region of the ocean, phytoplankton uses CO, during photosynthesis as part of the
so-called biological pump'’. Phytoplankton, which is at the base of the ocean food chain, is then
consumed by larger marine organisms, to which the carbon captured by the phytoplankton is fixed.
Upon their death, these larger organisms begin to sink and decompose due to the action of bacteria
and microbes on their way down to the seabed (i.e. microbial respiration), which consumes oxygen
and releases CO; back into the water, thus increasing the amount of DIC with water depth (Figure
4.10). This gradient of DIC is enhanced because of the larger solubility of CO; at colder temperatures,
typical of deeper waters (e.g. in polar waters at 0 °C, the solubility of CO, is more than twice the
solubility of equatorial waters at 25 °C, ref.??”). The re-emission of CO» during microbial respiration
also shifts the carbonate speciation to lower pHs (acidification), which explains the decrease in pH
with water depth (Figure 4.10).

Note that the geographical characteristics of the gradient of DIC, larger in higher latitudes,
conveniently pairs with areas identified for offshore wind-powered CDR with sequestration into deep-
sea basalt by Norton et al.*>, most of which are located near the poles. This can provide unique cost-

saving opportunities for offshore wind-powered DOCCS into deep-sea basalt.
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Figure 4.10. Variation with sea water depth of (left) dissolved inorganic carbon by ocean, and (right) pH
in the North Pacific along 152°W, modified from refs.?>>?%8,

4.6.2.2. Oxygen and nitrogen

The concentration of oxygen peaks at the surface because: 1) the air-sea exchange, and 2)
photosynthesis, in which primary producers use sunlight to synthesize oxygen. As the depth increases,
the exchange with the atmosphere and the light that penetrates the water lessens, and so the amount
of oxygen introduced from the former and produced by photosynthesis diminishes too. Organic matter
decays and respiration by micro- and macro-marine organisms cause oxygen levels to decrease
further. In the North Pacific Ocean, these effects exhibit a minimum oxygen layer between 500 and
1,000 m (Figure 4.11). Below this layer, as the water temperature decreases and pressure increases,
the partial pressure and the amount of oxygen dissolved also increase (Henry’s law). This is enhanced
by deep, nutrient- and oxygen-rich waters forming in polar regions and circulating globally
throughout ocean basins. These patterns explain the increase in oxygen concentration at depths greater
than 1,500 m shown in Figure 4.11.

As atmospheric nitrogen enters and dissolves into the ocean surface, it is fixed into ammonium
by bacteria, making it more bioavailable to some phytoplankton. Most ammonium, however, is further
converted through nitrification into other nitrogenous species, such as nitrate, which is a major
nutrient utilised by primary producers. As a result, most surface nitrate is consumed during
photosynthesis and is progressively regenerated with the water depth as the organisms that have
absorbed it decay (Figure 4.11).

4.6.2.3.  Salinity and ionic conductivity

Salinity in oceanwater varies due to freshwater addition and removal primarily through the
processes of evaporation, precipitation, river run-off, and ice melt; evaporation increases surface
ocean salinity, while precipitation, river run-off, and ice melt reduce it. When precipitation dominates
over evaporation, it causes surface waters to exhibit lower salinity than deeper waters (Figure 4.11).
Surface waters tend to show an almost constant salinity due to the constant mixing they are subjected
to from wind, waves, and currents. The bottom of the mixed layer is in contact with the halocline, a
region which is characterised by rapid changes in salinity.
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Oceanwater contains a myriad of dissolved salts or ionic compounds (e.g. chloride, sodium,
magnesium, sulfate, calcium, etc.) which are responsible for its salinity. The mobility of these ions is
enhanced by seawater temperature, and to a lesser extent by pressure. Both the concentration (i.e.
salinity) and mobility (i.e. temperature and pressure) of dissolved salts determine the ionic
conductivity of seawater’?’. High-salinity, warm oceanwater with high ionic conductivity thus
improves the energy efficiency of electrochemical procedures such as DOC?’. In mid-latitudes,
however, the increase in salinity with depth is greatly diminished by its corresponding temperature
drop, overall causing ionic conductivity to decrease with depth.

With some generality, note that the largest variations of DIC, oxygen and nitrogen
concentration, and salinity occur between the surface and the first thousand meters (Figure 4.11).
This should be remembered as our water intake depths (20 m, 100 m, 200 m, 300 m) are within this
region.
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Figure 4.11. Dissolved oxygen (top) and nitrogen (middle) profiles, and salinity (bottom) for the Pacific
Ocean (1984) between Japan and USA (40-50°N) adapted from Schlitzer?!.
4.6.3.  Pressure losses

3110  The pressure loss (Ap) experienced by a flow through a channel (either a circular pipe such as the
SWIR, or a rectangular duct such as the electrochemical cells) is often characterised by the Darcy-

Weisbach equation:

L 2
Ap =pfp Z—Dh<v) (4.37)
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Where p is the fluid density, f;, is the Darcy friction factor, L is the channel length, (v) is the mean
flow velocity, and Dy, is the hydraulic diameter of the channel. The Darcy friction factor depends on
the channel’s surface roughness (&), and the Reynolds number (Re), and it is most popularly expressed
via the implicit Colebrook-White formulation:
2.51 )
_|_
Re/fp

1 21 £
T E\37D,

For Reynolds values between 5000 < Re < 108, and relative surface roughness values

between 1076 < = < 0.05, the Colebrook-White formulation is solved through the Swamee-Jain

(4.38)

Dp
approximation:
B g/D, 5.74\1 %
fb =025 [log( 37 © Re0-9)] (4.39)
4.6.4. Floating wind turbine platform

Advantages

Disadvantages

Inherently stable.
Simpler and more inexpensive moorings.
Wide range of seabed conditions.

Larger motions and accelerations.

Large seabed footprint.

Since CoG tends to be below CoB, spars may be
more sensitive to the addition of mass close to the

Potentially less dynamically sensitive to the
integration of DOC system on-board.

Spar water line.
Traditionally limited installation and tow-out
from ports with sufficient depth (partly addressed
by new concepts, e.g. ref.2*?).
Reduced heave and pitch motion and | The seabed must have sufficient geotechnical
acceleration. strength to hold the anchors securely.
Reduced wear and tear on the turbines due to | Inherently unstable during installation and tow-
reduced motions. out (addressed by new concepts, e.g. ref.!?).
Reduced seabed footprint. Complex and costly installation due to high
TLP Low sensitivity to waves. tensioned tendons and required levels of

positioning accuracy.

Not suitable for locations with large tidal ranges.
Large stresses.

High risk in case of line or anchor failure.
Tendons are sensitive to high-frequency wave
loads.

CoG: centre of gravity, CoB: centre of buoyancy.
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4.6.5.

Detailed costs

OTAL FOWT platform costs

Units

Case 0
124,347,076

Case 1
126,631,990

[TLP floater USD 123,370,801 - - - Ref. 183
Seawater intake system + battery UsSD 976,275 3,261,189 6,415,568 9,569,948 Refs, 202203209
Units Case 0 Case 1 Case 2 Case 3 Notes
TOTAL DOC costs 134,225,018 | 144,007,263 149,226,472 | 152,754,820 e COSES i boldiare
discounted costs
Ex+OpEx+Cell:
Electrochemical cells USD 884,644 1,002,490 1,036,481 1,046,008 CapEx+OpEx-+Cells
replacement
CapEx UsD 388,118 405,343 459,340 araoia | 52 tcoz'fe";’l‘;al capture,
Discounted annual OpEx
Lifetime levelized OpEx UsSD 142,026 148,330 168,089 173,788 | (6.5% discount rate), 25-year
plant lifetime
Annual OpEx USD 11,644 12,160 13,780 14,247 3% CapEx
Cells replacement UsSD 316,907 330,972 375,061 387,779 Every 10 years
CapEx+OpEx+Replacement
Vacuum pump and condenser USD 12,057,350 12,057,350 12,057,350 12,057,350 +total (labor, property taxes,
and insurance)
+conti + >
CapEx USsD 4,623,679 4,623,679 4,623,679 4623679 | EPC Commfjsicy owners
Engineering, procurement, construction USD 3.556.676 3.556.676 3.556.676 3,556,676 Total _equ_ipment direct +
EPC) indirect costs
1 +
otal equipment direct cost UsD 3,147,501 3,147,501 3,147,501 3,147,501 | “vater condenser * vacuum
pump + chiller
Water condenser purchase cost USD 143,917 143,917 143,917 143,917
Vacuum pump UsSD 2,430,409 2,430,409 2,430,409 2,430,409 Supp. Table 6, ref.
Vacuum pump chiller USD 573,175 573,175 573,175 573,175
13% Total i irect
otal equipment indirect cost UsD 409,175 409,175 409,175 400,175 | 1370 Tom ez‘;‘;fmem diree
Contingency cost USD 889,169 889,169 889,169 889,169 25% EPC, ref.??
Owner's cost UsSD 177,834 177,834 177,834 177,834 5% EPC, ref.”?
Discounting annual OpEx
Lifetime levelized OpEx USD 1,759,651 1,759,651 1,759,651 1,759,651 (6.5% discount rate), 25-year
plant lifetime
Annual OpEx USD 144,259 144,259 144,259 144,259 3.12% CapEXx, ref.??
Replacement vacuum pump USD 1,984,485 1,984,485 1,984,485 1,984,485 Every 10 years
Discounted annual labor,
[Total levelized labor, property taxes and USD 3.689.535 3.689.535 3.689.535 3.689.535 propert).l taxes and insurance
nsurance (6.5% discount rate), 25-year
plant lifetime
[Total annual labor, property taxes and USD 302474 302,474 302.474 302.474
nsurance
Annual labor cost USD 210,000 210,000 210,000 210,000 Ref.??
IAnnual property taxes and insurance USD 92,474 92,474 92,474 92,474 2% CapEx, ref.?
Oceanwater pumping and pretreatment UsSDh 54,513,335 55,167,040 55,277,278 55,266,627 CapEx+OpEx
(CapEx for occanwater intake, pretreatment | y;qpy | 36704 684 | 37385957 | 37,500,350 | 37,506,351 Supp. Eq. (59), ref. 2
pnd pumping
Combined oceanwater intake & | yygpy | 95195138 | 25582641 | 25.662.249 | 25,666,613 Supp. Eq. (49), ref. 2
pretreatment cost
[Total pump and electric motor cost USD 361,993 361,812 361,589 361,389 Supp. Eq. (58), ref. 2
[Total centrifugal pump purchase cost (2006) USD 444,752 444,477 444,047 443,636 Supp. Eq. (50), ref.
Pump flow rate GPM 21,226 21,660 21,744 21,749
Pump head ft 195 187 185 185
Pump size factor 296,774 296,515 296,108 295,720 Supp. Eq. (52), ref. 22
Pump base cost (2006) USD 18,531 18,520 18,502 18,485 Supp. Eq. (53), ref. 22
Centrifugal pump purchase cost (2006) USD 74,125 74,079 74,008 73,939 Supp. Eq. (50), ref.
Number of pumps 6 6 6 6
T2(>(;316)pump s electric motor purchase cost | ;g 360,050 359,923 359,855 359,821
Pump's electric motor power kW 1,393 1,365 1,357 1,353 Supp. Eq. (55), ref. 22
Pump's motor base cost (2006) UsSD 42,863 42,848 42,840 42,836 Supp. Eq. (54), ref. 22
Pump's motor purchase cost (2006) USD 60,008 59,987 59,976 59,970 Supp. Eq. (53), ref. 2
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Lifetime levelized OpEx (with marinization

USD 17,718,651 17,781,083 17,776,928 17,760,276
factor)
fotal annual -OpEx  (with marinization | ;) 1,452,601 1,457,720 1,457,379 1,456,014
factor)
IAnnual electricity OpEx USD 221,761 217,317 215,924 215,313 Supp. Eq. (60), ref. 2
Annual maintenance OpEx USD 95,087 97,029 97,407 97,428 Supp. Eq. (61), ref. 22
Annual insurance OpEx USD 183,973 186,930 187,502 187,532 Supp. Eq. (62), ref. 22
Annual labor OpEx USD 77,529 79,112 79,420 79,437 Supp. Eq. (63), ref. 2
ICO: compressor UsSh 7,058,573 7,368,764 7,409,254 7,415,387 CapEx+OpEx
[Total CapEx compressors USD 803,253 933,692 938,546 939,906
umber of screw compressors (stage 1) 3 3 3 3
Number of reciprocating compressors 3 3 3 3
stage 2)
Number of reciprocating compressors ] 5 2 2
stage 3)
umber of diaphragm compressors (stage
1 1 1 1
)
B hi t -
a5¢ PUrehase COSt - SCIEW COMPIESSOr | ygp 95,177 95,177 95,177 95,177 Eq. (22.38), ref. 2
stage 1) (2006)
pase  purchase  cost - reciprocating | ;g 162,233 162,233 162,233 162,233 Eq. (22.37), ref. 2
compressor (stage 2) (2006)
Base purchase cost - reciprocating
D 252,584 252,584 252,584 252,584 Eq. (22. £, 204
compressor (stage 3) (2006) us 32,58 52,58 32,58 32,58 q. (22.37), re
Base purchase cost - diaphragm compressor
D 2 2 2 2 Eq. (22. £, 204
stage 4) (2006) Us 765,69 765,69 765,69 765,69 q. (22.38), re
Lifetime levelized OpEx (with marinization USD 6255320 6.435.072 6,470,708 6.475.480
factor)
[Total annual OpEx (with marinization USD 512.820 527.557 530.478 530,869
factor)
Annual electricity OpEx for compressors USD 9,988 11,319 11,702 11,810 Supp. Eq. (60), ref. 22
Annual maintenance & labor OpEx USD 190,174 194,059 194,814 194,855 Supp. Egs. (61),(63), ref. 2
Annual insurance OpEx USD 4,016 4,668 4,693 4,700 Supp. Eq. (62), ref. 2
ICO:, riser UsSbh 56,254,185 62,338,726 64,125,932 64,478,219 CapEx+OpEx
[Total CapEx riser UsD 50,138,369 55,561,413 57,154,319 57,468,306 Refs. 3204200
Lifetime levelized OpEx (with marinization USD 6.115.816 6.777.313 6.971,613 7.009.913
factor)
[Total annual OpEx UsSD 501,384 555,614 571,543 574,683 1% CapEx, ref. ¥
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Chapter 5.

Conclusions and future work

“Climate change is not so much an emergency as a festering injustice. Your ancestors did not
end slavery by declaring an emergency and dreaming up artificial boundaries on “tolerable”
slave numbers. They called it out for what it was: a spectacularly profitable industry, the
basis of much prosperity at the time, founded on a fundamental injustice. It time to do the
same on climate change.”

Myles Allen, Professor of Geosystem Science, Leader of ECI Climate Research Programme,
University of Oxford, Lead Author of the IPCC WGTI Third Assessment.

This final chapter summarises the study presented in Chapters 2 to 4, underscoring the contributions
of this dissertation. It ends the dissertation with a discussion of potential avenues of research arising
from it.

5.1. Summary and contributions

Climate change is one of the nine systems and processes identified in the Planetary Boundaries (PB)

framework ™ by Rockstrom et al 233234

, which quantifies the “safe operating space for humanity”, ref.
235 The PB framework recognises these boundaries as key functions regulating the stability,
resilience, and life-support functions of the Earth system, which are three crucial aspects impacting
human development. As of 2025, the safe limits of the control variables describing the climate change
system — namely, the atmospheric concentration of CO» and the total anthropogenic radiative forcing
at the top of the atmosphere — have long been transgressed®>. The atmospheric CO, concentration is
currently at 423 ppm, exceeding the PB proposed of 350 ppm (equivalent to a global warming of
1.5°C above pre-industrial levels). The increase in atmospheric CO, concentration - accompanied by
a warming of the atmosphere, ocean, and land - has already intensified weather extremes and

threatened the provision of shelter, food and water for the most vulnerable parts of the population'.

A key factor driving the surge in CO; concentration is the human-induced release of CO;
emitted through the extraction, processing and combustion of fossil fuels. Since these activities are

i The nine PBs selected are climate change, introduction of novel entities, stratospheric ozone depletion,
atmospheric aerosol loading, ocean acidification, biogeochemical flows, freshwater change, land system
change, and change in biosphere integrity. For more information, see Rockstrom et al.?**,
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closely linked to major sectors of the economy, such as energy production, transportation, and
agriculture, preventing CO, concentration from escalating any further requires profound changes of

Ixiv

our economic system™".

In addition to curtailing current CO, emissions, historical emissions must be offset by carbon
dioxide removal (CDR) methods, resulting in the overall lowering of the concentration of CO; in the
atmosphere. Estimates suggest® that staying below 1.5°C of global warming with limited or no
overshoot requires upscaling CDR so that 100 to 1,000 GtCO- can be removed by 2100. The Solid
Carbon project aims to contribute to that effort by delivering scalable CDR methods and
demonstrating the feasibility of CO, sequestration in ocean basalt*¥. Of the three Activity Areas that
compose Solid Carbon, Activity Area 1, within which this dissertation is conducted, focuses on
investigating design options for renewably powered CO, direct air carbon capture and sequestration
(DACCS) and direct ocean carbon capture and sequestration (DOCCS) in subseafloor basalt.

Being located offshore, basalt can be paired with offshore renewable energy sources.
Currently, offshore wind turbines are the most competitive technology for generating power in the
ocean environment, with multi-billion-dollar, fully developed industries and markets in China and
Europe. For this reason, different offshore wind-powered CO, DAC (Chapter 2 and 3) and DOC
(Chapter 4) designs are proposed and analysed. In particular, we opted for floating offshore wind
turbines (FOWTs), which, albeit less developed and more expensive than fixed-bottom turbines, open
up the possibility of harnessing winds offshore regardless of the water depth, which is of special
interest for those countries with low availability of shallow waters, such as the west coast of Canada.

GOAL AND APPROACH

The goal of the present dissertation was to provide a first set of partial, conceptual solutions to the
problem of CDR with offshore sequestration. I used the terms first set to highlight, on one hand, the
fact that the concepts put forward — namely, the FOWT-DAC (Chapter 2) and FOWT-DOC (Chapter
4) platforms — may not represent final iterations of the design process, and that further research
yielding incrementally refined solutions can be expected in this front. I also used the term partial to
denote that we addressed only the “capture” element of the CDR package and did not explore the
injection and sequestration into the reservoir. Foremost, this work is a conceptual study and as such
is meant to be exploratory, enabling us to sift amongst the myriad possible solutions in the design
space and to guide future endeavours.

The research began by exploring configuration typologies for a FOWT-powered DAC system
(Chapter 2). Drawing from similar archetypes in offshore wind-powered hydrogen synthesis, we

Xiv While some high-income countries and regions such as the United States, the European Union, the United
Kingdom, Japan, and Korea claim to have reduced their total and per capita CO, emissions mainly through
rapid growth in clean energy investment and electrification, improved energy efficiency, and reducing coal
usage?’®, no country is achieving so at a fast-enough rate to be in compliance within their “fair-shares of the
global carbon budget for a 50% chance of limiting global warming to 1.5°C”, ref.?6!

xv Basalt reacts with the injected CO; to turn it into carbonate rock, providing a permanent way of disposing of
it. Ocean basalt has the capacity to store dozens of teratons of CO,, multiple times larger than what estimates
on CDR needs indicate.
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chose a decentralised configuration, in which all system equipment is co-located and integrated
together with the FOWT platform. We surmised a decentralised approach could remove the need for
additional infrastructure to house the DAC equipment, such as extra floating platforms, thus reducing
capital and operational costs. Further, given the novelty of a combined FOWT-DAC system, the focus
of research was kept on early identification of synergies and cost-reduction pathways of single
platforms, rather than arrays of them. However, because CDR must ultimately be scaled up, we
stressed the importance of replicable and modular design solutions, which we believed strengthened
the case for our decentralised configuration.

These two design philosophies — decentralised and modular configurations — guided the
design decision-making process throughout the dissertation, as also reflected in the FOWT-DOC
platform (Chapter 4). The design process followed then the next structure:

1) Estimate the CO, capture energy intensity (in units of energy per units of CO; captured) of
the removal method (DAC or DOC) with its corresponding ancillary services (e.g. air fans,
pumping water, etc.),

2) Estimate space available in/on the floating platform to house the CO, capture and ancillary
services, and

3) Determine the CO, capture capacity per floating platform.

Step 3 assumed all energy available from the wind turbine was dedicated to power CO»
capture and ancillary services - that is, no power was exported to the grid or to other non-related
activities. Further, to ensure an even comparison between the FOWT-DAC and FOWT-DOC
platforms, the same wind turbine rated power and capacity factors were chosen. However, we opted
for different platform substructures in each case — a semisubmersible for the FOWT-DAC and a TLP
for the FOWT-DOC — to better accommodate their specific dimensional needs and reduce costs where
possible.

CONTRIBUTIONS

The principal outcome of this dissertation is the conceptual design and analysis of two integrated
floating offshore wind-powered DAC and DOC platforms.

e Chapter 2 designed for the first time a FOWT-DAC platform and highlighted its potential to
serve as a viable modular deployment approach. This was accomplished by demonstrating
the dynamic (hydrostatic, hydrodynamic, stresses and displacements) and power performance
similarities of the FOWT-DAC platform with respect to the FOWT platform reference design
(without DAC).

e Chapter 3 extended the scope of Chapter 2 by adding a pipe to transport the CO; captured by
the FOWT-DAC platform to the seabed. It then analysed the influence the CO- internal flow
(effective tension, von Mises stress and curvature) had on the dynamics of the flexible pipe.
The effective tension and curvature were not affected by the internal flow, but the von Mises
stress was due to its dependence on the internal pressure through the shear stress term.

e Chapter 4 turned the attention from DAC to DOC; a more novel CDR concept better suited
for the offshore environment. Following the same decentralised and modular philosophy as
in Chapter 2, Chapter 4 designed an integrated FOWT-DOC platform and suggested four
different scenarios, each drawing seawater from increasingly greater depths with higher DIC
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concentrations and correspondingly lower energy intensities. The key finding was showing
that the least energy intensive scenario was not the most economical. This was explained by
the rising linear costs associated with deeper withdrawal outweighing the benefits from lower
energy intensities, whose rate of change was slower than the costs’.

In addition, the two designs proposed were compared in terms of energy intensity, CO, capture
capacity, and cost (Chapter 4). Below are the main findings:

e The carbon capture energy intensity of DAC was, on average, 1.8 times that of DOC
(including all ancillary services), where the main DOC energy cost centre was water
pumping. Because the power available for CO, capture from each FOWT platform was
assumed the same, this difference led the FOWT-DAC platform to capture, on average, twice
as much CO; than the FOWT-DOC platform on an annual basis.

e In contrast, the average costs of the FOWT-DAC ($1,229tC0O,) and FOWT-DOC
($1,136/tCO) platforms did not exhibit such startling differences; in fact, FOWT-DAC was
almost $100/tCO, more expensive. This is explained by (1) more intensive capital and
operational DAC costs due to sorbent materials and the provision of heat for regeneration,
and (2) the choice of floating substructure, as the FOWT-DAC semisubmersible platform’s
LCOE was €35/MWh more expensive than the FOWT-DOC TLP platform’s LCOE.

e However, given the cost range of FOWT-DAC ($757/tCO; to $1,991/tCO,), it cannot be
concluded on a cost basis alone that FOWT-DOC is preferable to FOWT-DAC in a
hypothetical FOWT-powered carbon removal project. In such a case, it will be necessary to
additionally consider technical simplicity and technological readiness, industry experience,
environmental impacts, societal acceptance and justice, to name but a few considerations.

A PERSPECTIVE FOR CANADA

In Chapter 1, we highlighted the potential role of the solutions presented in this dissertation to develop
the offshore wind sector in Canada; this section provides further insight using the cost data derived
in Chapter 4.

According to Bushman and Merchant®*®, Canada will need around 500 Mt of CO, removal
per year by 2050 to address historical and residual emissions. The share of removal each CDR method
will contribute to is uncertain, bounded pessimistically by industry size and optimistically by
technical potential.

For simplicity, let us suppose three CO, removal scenarios, in which the FOWT-DAC and
FOWT-DOC solutions explored in this dissertation capture each 1% (5 MtCO»/year), 10% (50
MtCOy/year), and 30% (150 MtCO,/year) of Canada’s CDR needs by 2050. Given the CO; unit
capture of each solution (i.e. 29 FOWT-DAC units per MtCO,/year, and 51 FOWT-DOC platforms
per MtCO,/year of removal, on average), we can then estimate the total amount of platform units and
the corresponding installed capacity (Table 5.1). Due to the lower CO, unit capture of each FOWT-
DOC platform, a greater number of units is required.
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Table 5.1. FOWT-DAC and FOWT-DOC unit deployment for three CO: removal scenarios by 2050.

Magnitude/Scenario 1% 10% 30%
CO; removal (MtCO,/year) 5 50 150
# 15-MW FOWT-DAC platforms (wind capacity, in GW) 145 (2.2) 1,450 (22) 4,350 (65)
# 15-MW FOWT-DOC platforms (wind capacity, in GW) 251 (3.8) 2,510 (38) 7,530 (113)

To do this, we took into consideration how cumulative learning through increased
deployment reduces the otherwise linear CapEx per unit (or CapE x in equation (5.1)) when scaling
up wind power production from X, to X. This learning applied to CapEx is expected through
experimentation, design optimisation, R&D, and unit-scale economies, and is assumed to have a
learning rate (LR) of 8%, as per ref.?*”. The same authors define CapEx as the sum of the development
expenditure, turbine supply cost, platform and moorings supply cost, and other project expenses
(insurance, project management, and contingencies)*’.
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Figure 5.1. (Left) Future projected CapEx for the FOWT platforms (semisubmersible and TLP) used in
the FOWT-DAC and FOWT-DOC solutions. (Right) Future projected cost of CO: removal via FOWT-
DAC and FOWT as a function of the annual CO: removal.

The learning rate LR is accounted in equation (5.1) through the experience parameter E,
defined in equation (5.2), and its non-linear effects on the CapEx due to learning via cumulative
deployment can be visualised in Figure 5.1.

-E

X
CapExy = CapEx, ()T) (5.1
0

LR=1-27F (5.2)
The costs of our FOWT semisubmersible and TLP platforms were initially estimated in

section 4.4 using equation (4.18) with LCOE values given by Sykes et al.!33. In other words, we did
not determine the CapEx as the sum of its constituents; for this reason, we now estimate CapEx, as
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78.5% of the LCOE!”, which excludes OpEx and decommissioning expenditures (in compliance with
the definition of CapEx used above, ref. 7).

Table 5.1 also shows the corresponding installed floating offshore wind capacity (in GW) of
the different CO, removal scenarios by 2050 required to power CO; capture via DAC or DOC. The
minimum installed power is 2.2 GW (1% scenario) and the maximum is 113 GW (30% scenario). To
provide a sense of the scale of the effort, consider the projections of the global installed floating
offshore wind capacity by 2050 by DNV?*®, approximately 220 GW. Since Canada’s present offshore
wind capacity is zero, one may deem the required levels of deployment compatible with the 30%
scenario as overly ambitious, or even unrealistic. That said, in 2023 Canada added more than 1.7 GW
of onshore wind power?’. If such annual growth were replicated offshore, Canada could comfortably
achieve 34 GW of new installed wind power by 2050, assuming construction began by 2030. That
would certainly be compatible with the wind power deployment required in the 1% CO; removal
scenario requirement for both FOWT-DAC and FOWT-DOC. It would also achieve almost 90% of
the estimated capacity when using DOC in the 10% CO, removal scenario.

Finally, the average cost of CO, removal via FOWT-DAC and FOWT-DOC shown in Figure
5.1 can be compared with the estimated impacts of inaction on the Canadian economy. According to
a report by the Canadian Climate Institute’®, by mid-century the loss in real GDP™! due to climate
change with respect to a stable-climate reference case™ ! could be between $77.9 to $101.2 billion,
or 4% to 5% of the real GDP in 2024, ref.?*!. By the end of the century, this could amount to $391 to
$865 billion, or 18% to 40% of the real GDP in 2024.

5.2. Recommendations for future work

It is not always the case that, as one is finalising their contributions to a project, they are informed
that it will be extended for a few more years. This situation places one in a privileged position
(accompanied by a sense of responsibility) given the possibility that one’s suggestions might shape
future research considerations. This is my attempt to describe these recommendations.

FOWT-DAC PLATFORM

In Chapter 2, our FOWT-DAC platform was based on Climeworks’ modular DAC unit as designed
for and implemented at the Orca plant (Iceland) in 2021. At that time, Climeworks’ capture system
required 200-300 kWhe/tCO, for the fans and control systems, and 1,500-2,000 kWhg/tCO, for
regeneration®¥. In 2024, Climeworks revealed upgrades to their DAC technology resulting from their
integration of Svante’s structured adsorbent beds (SABs), composed of low-cost and durable

xvi The real GDP is the nominal GDP adjusted for inflation/deflation. For a given year t, it is calculated here as:
Nominal GDP¢
1+D¢
xvii Tn their report, the Canadian Climate Institute defines the stable-climate reference case as “the economic

structure that existed in Canada in 2015240,

real GDP,(in ¢-1 prices)= , where D, is the percentage annual GDP deflator.
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substrates onto which amines are immobilised. This configuration increases the amine surface contact
area with CO,, leading to a doubling CO» capture capacity per module and a halving of energy
consumption. In addition, the immobilisation of the amines on the structured beds helps reducing
sorbent degradation over time, thereby increasing material lifetime and lowering the CO, adsorption
capacity loss>*. Overall, these advances led Climeworks to claim a cutting of costs of 50 percent, en-
route to achieve $250-350/tCO;, by 2030**. These are substantial advances that merit a reassessment
of the costs of our FOWT-DAC platform system, especially considering that Climeworks” DAC
technology is one of the two most advanced solutions currently on the market. That said, it is still
unclear how the performance and durability of Climeworks’ DAC technology would be affected by
exposure to more humid and salty air, and by the platform’s floating motion, typical of offshore
environments.

One of the key performance indicators Climeworks sought to refine was the cyclic loss of
CO; adsorption capacity - caused by sorbent degradation™¥i - achieving a remarkably lower than 10%
loss within one year’®. Despite the improvements, it is imperative that future economic assessments
account for the effects of such capacity losses on total costs. Indeed, one modelling study suggests
that cost differences could exceed $600/tCO, when comparing an ideal scenario without degradation
to one in which 50% of the working capacity remains after one year (Figure 3 in ref.?*¢).

CO; TRANSPORT

As part of the cost assessment of the FOWT-DOC system presented in Chapter 4, we evaluated the
costs of the CO, exporting riser, with similar characteristics to the riser designed in Chapter 3. Our
analysis revealed that the CO, riser accounted for almost one quarter of the total system costs, second
only to the FOWT platform itself. This finding motivates the exploration of alternative CO, transport
methods.

The CO; riser enables the transfer of CO, from the FOWT-CO; capture platform (either
through DAC or DOC) at the sea surface down to the seabed. Although not included in our cost
estimates, the seabed section of the riser was designed to connect via a manifold to a rigid subsea
pipeline, which would then export the CO; to the sequestration site. Alternatively, the captured CO;
could be transported directly from the floating platform to the sequestration site by marine chemical
carriers. This configuration was not adopted initially as some studies suggest it could be more
expensive at our expected transport distances (<200 km, see e.g. Figure 9 in ref.!'”). That said, there
is not a clearly defined distance threshold for when pipeline transport becomes more economical than
shipping!'®!18213 The optimal decision for each project is site-specific and depends among others on:
(1) the existence of built-in piping infrastructure or the availability of chemical carriers, (2) metocean
conditions, which constrain vessel operation times, and (3) GHG emissions associated with their
operation.

Ixviii Amine-functionalised sorbents, such as Climeworks’, degrade over time when exposed to air, humidity, and
heat during the adsorption and desorption stages. Depending on the cause, the rate of degradation may be more

or less aggressive, for example, decreasing linearly or exponentially over time*°,
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With regards to point (1), Norton et al.*? completed a geospatial analysis investigating global
sites for offshore wind-powered CO; capture and sequestration into basalt. Listing the criteria to
determine candidate locations, they examined the distance between potential sites and major port
infrastructures. Future efforts could go one step further by mapping existing subsea pipe networks
and characterising existing fleets of chemical carriers.

Concerning (2), vessel downtimes resulting from limited weather windows reduce the
frequency of CO; retrieval from the FOWT-CO, capture platforms. In such cases, rather than slowing
down the capture of CO», it may be preferable to compensate for vessel downtimes by increasing the
on-board CO; storage.

Of interest to point (3), in their 2023 strategy®*’, the International Maritime Organization
aimed to progressively reduce GHG emissions from international shipping - to at least 20% by 2030
and 70% by 2040 when compared to 2008 - and eliminate them completely by 2050. While this is not
aimed specifically to chemical carriers, it is plausible to assume that, in broad terms, chemical carriers
will not be carbon neutral at least until then.

In the context of CO; storage in offshore basalt formations, the design decision should also
consider (4) the operational lifetime of the injection wells, which depends, among others, on the
reservoir capacity and the rate of injection. This last factor will favour the transport mode flexible
enough to accommodate one or multiple site reallocations at the least cost possible.

All the aforementioned considerations should be accounted for in future designs and techno-
economic assessments.

FOWT-DOC PLATFORM

In Chapter 4, our FOWT-DOC platform drew oceanwater from four water depths with progressively
larger DIC values (Case 0 to 3). The DOC system was based on the electrochemical cell designed by

Kim et al.'®®

, with an estimated 1np;c = 87% DIC removal efficiency. Since the dependence of 1p;¢
on the input DIC was unknown, we assumed 1p; to be constant across all DICs (i.e. for Cases 0 to
3). Consequently, the discharged, DIC-depleted stream had different DIC values, with Case 3 (having
the highest natural DIC) still retaining the largest DIC value. Because the ocean’s surface uptake
capacity of atmospheric CO; depends, in part, on the CO, concentration gradient through the air-sea
interface, the amount of CO, absorbed by the ocean may be lower in Case 3 than in Case 0. Under
these conditions, Case 0 would be, in principle, more effective at removing atmospheric CO; and thus
preferrable as a CDR approach. Nevertheless, these conclusions remain contingent on the assumed
independence between the DIC removal efficiency and the oceanwater DIC. This assumption should

be investigated in future studies.

Chapter 4 relied on the natural DIC distribution through the water column, with Cases 1-3
drawing oceanwater from deeper waters (up to 300 m) due to the richer DIC content. However, for
these design solutions to be considered viable CDR approaches, it would be necessary to demonstrate
that they enhance the ocean’s naturally occurring uptake of atmospheric COa, and that they do so
within a reasonable timeframe. The author is not aware of conversations defining what constitutes a
reasonable timeframe, although the added technical and economic challenges with long-term
monitoring — particularly offshore — are readily apparent. These difficulties are often highlighted by
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critics of CO» sequestration in sedimentary basins, where permanent monitoring may be required to
provide adequate guarantees. As a result, some advocate instead for the use of basaltic formations,
where CO, mineralisation can render long-term monitoring unnecessary.

Of all pressure heads identified, the drop in pressure across the pretreatment system was
responsible for the largest share, up to 59% (or 3.52 bar) of the total. The pretreatment train consisted
of three main filter types: disc filters, cartridge filters, and ultrafiltration membranes (UFs), each
employing increasingly finer pore sizes to yield cleaner seawater, but requiring greater
transmembrane pressures (TMPs). Of these, the TMP across the UF membranes (equal to 3.0 bar,
after refs.?221%), with pore sizes of 0.01-0.1 micrometres, represented over 50% of the total pressure
head and 35% of the total energy consumption.

Before such considerable expenses, two questions naturally arise. The first one concerns
whether UF membranes are strictly necessary for the operation of DOC systems such as the one under
consideration, ref.'®. The short answer is no; nevertheless, they are highly desirable because they (1)
prevent particulate deposition on the electrodes, thereby reducing the reaction’s overpotential and
associated energy costs, and (2) mitigate fouling of the hollow fiber membranes, extending their
lifetime and lowering their maintenance costs. The second question relates to the magnitude of the
TMP across the UF membranes. Note that refs.?>?!° assumed an unusually large TMP, significantly
greater than values quoted by other authors, which typically lie in the range of 0.2-1 bar, refs.*3>%,
The reason for this discrepancy is not obvious to us and warrants further work; however, there are
some apparent and unwanted outcomes that may arise from running such high TMPs that can already
be identified. As formulated by Darcy’s law, the flux through a porous media — that is, the permeate
- is driven by TMP. Since the rate of membrane fouling generally increases with flux, it can be

20 This is an undesirable

concluded that high TMPs lead to faster membrane fouling rates
consequence as membrane fouling increases energy consumption and needs more frequent cleaning,

ultimately resulting in higher operational and maintenance costs.

As previously noted, the most energy-intensive process of the FOWT-DOC system is the
supply of high-pressure seawater by the pumping system (up to 6 bar), which requires over 2.5 kWh
per kilogram of CO» captured, and represents 70% of the total electricity consumed. An alternative
approach is to generate pressurised seawater directly harnessing wave power. For example, Mi et
al.?® designed an oscillating surge wave energy converter capable of delivering seawater at 5-9 bar
of pressure for reverse osmosis, which would almost or completely offset the work currently
performed by electric pumps.

COST ASSESSMENT

Chapter 4 evaluated the levelized cost of carbon (LCC) of the FOWT-DAC and FOWT-DOC
platforms, which indicated how economically efficient the systems were in capturing CO- over their
lifetime. Owing to the emerging and early stage of development of FOWT platforms, and DAC and
DOC technologies, respectively, as well as the limited availability of reliable information to
accurately assess the project costs, the LCC estimates presented should be interpreted with
appropriate caution. For instance, the LCC approach used ignored typical cost reductions observed
with cumulative deployment due to “innovation, learning by doing, learning by using, and economies
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of scale”, ref.3!. Incorporating these expected savings could yield a truer (and more competitive) LCC,
as done by ref.?*!,

Last but not least, when comparing our LCC estimates with the costs of other CDR methods
(see e.g. Table 1 in ref.®), it is essential that the #rue cost of carbon removal be considered. This cost
should reflect the social costs of carbon emissions and climate mitigation®?!'* and, ideally, be
complemented by comprehensive life-cycle assessments (LCAs). When factoring in the former, one
should expect CDR techniques with longer permanence to be preferred, thus underscoring the
importance of the types of solutions advocated by Solid Carbon.

When considering the latter, refs.>>?> reviewed previous CDR LCA studies and made,

among others not discussed here, two recommendations: (1) to include multiple environmental impact
categories (thus avoiding e.g. the so-called “carbon-tunnel vision” only concerned with CO;
emissions); and (2) to clearly define the assessment methodology, scope, goal, and system boundaries.

Concerning (1), Terlouw et al.>** highlighted that some CDR LCA studies failed to include
multiple environmental impacts other than GWP, such as human toxicity, freshwater toxicity and
eutrophication, and resource depletion. Further, by design LCAs ignore any social justice index™¥,
which should ideally accompany studies aiming to inform about the impacts of global adoption and
upscaling of a technology. Finally, with regards to (2), Butnar et al.>>* emphasised the importance to
quantify indirect system-wide environmental impacts and benefits caused by the upscaling of CDR,
unaccounted in 18 out of the 19 studies they reviewed.

xix For instance, LCAs indicate that electric engine vehicles have a lower GWP than internal combustion engine
vehicles; however, they fail to capture how lithium mining in the Global South may at present be replicating
exploitative colonial patterns of extractivism?’’-?’8, This is not to suggest that fossil fuel production relies on
more just practices, as it has historically involved equally unjust dynamics. Rather, it highlights the necessity
to complement LCAs (and techno-economic assessments) with additional tools.
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Erratum

CHAPTER 3: Abstract
Where it says:

“The results indicate that the riser’s effective tension and curvature are not significantly
affected by internal flow effects, but differences were observed in the von Mises stress arising
from the shear stress, which is a purely hydrostatic term”

It should say:

“The results indicate that the riser’s effective tension and curvature are not significantly
affected by the internal flow, but differences were observed in the von Mises stress arising
from the shear stress.”

Explanation:

The shear stress is not a purely hydrostatic term, but a purely shear term. What I meant but
failed to convey was that the shear stress only depends on the internal and external pressures.
However, this can be confusing considering that there is such a thing as a “hydrostatic stress”
(see e.g. Sparks'¥) and it is different from a shear stress. A hydrostatic stress is normally
understood as an isotropic stress with equally compressive stresses in all directions and that
produces no distortion on the body.

CHAPTER 3: CO; riser conclusions
Where it says:

“However, it was also shown that the von Mises stress depends on the fluid’s internal
pressure, and different values were reported for the cases with maximum pressure and no
pressure. Their differences arose due to the shear term, which is purely a hydrostatic stress.”

It should say:

“However, it was also shown that the von Mises stress depends on the fluid’s internal
pressure, and different values arising from the shear term were reported for the cases with
maximum pressure and no pressure.”
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