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Holds

HOLDS Description Responsibility

N/A
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Glossary
Term Definition
BLEVE Boiling Liquid Expanding Vapor Explosion
CCs Carbon Capture and Storage
CNG Compressed Natural Gas
ESD Emergency Shutdown
IGC International Gas Carrier
LNG Liquified Natural Gas
LPG Liquified Petroleum Gas
Ship Beam The beam of a ship is its width at its widest point.
Ship Draught The minimum depth of water that a boat / ship requires to avoid touching the sea bed.
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1 INTRODUCTION
1.1 Project Background

Ervia is assessing how Carbon Capture and Storage (CCS), located close to large-scale CO2 emitters can
play a role in reducing Ireland’s CO2 emissions. A technical feasibility study on the potential for large-scale
CCS in Ireland was completed by Ervia in 2020.

The general location of Poolbeg Power Station in Dublin was selected for a Central Processing Facility (CPF)
for liguefaction, storage, and export of CO2 overseas via a new marine jetty. The CPF will cater for CO2
captured at 3 emitter locations (Dublin Waste to Energy (Covanta), Poolbeg Power Station and ESB Dublin
Bay (Synergen) CCGT). A new CO: gas pipeline gathering network will transport CO2 from the emitters to the
CPF.

Ervia has appointed RPS / Bechtel to carry out a Pre-FEED study that involves a detailed assessment of the
key CPF, pipeline and storage infrastructure necessary to condition, compress, transport and store liquid CO2
at Dublin Port for subsequent loading onto ships for export. (Note: The scope of this project does not include
the carbon capture facilities at each emitter).

Export of CO2 in liquid form will be to the Northern Lights Project in Norway. This is intended to be via specialist
ships and early development work was required to examine marine aspects of the Project. RPS appointed
HR Wallingford to assist with parts of the marine scope which has included carrying out a Marine Operations
Study and Ship Technology Survey for the Project.

1.2 Scope

The scope of this report is a survey of CO:2 ship technology, and the selection of reference case technology
best suited to the scale, port conditions and operating envelope. It should be read in conjunction with the
Marine Operations Study (Reference 1).
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2 TECHNICAL CONTEXT
2.1 Carbon Capture and Storage (CCS)

Carbon Capture and Storage (CCS) is the process of capturing carbon dioxide (CO2) at the emission source,
transporting it to a suitable location, and storing it deep underground. COz: is a greenhouse gas, meaning it
collects in our atmosphere and blocks heat from escaping, thereby contributing to the ‘greenhouse effect’ and
accelerating global warming. COz is emitted from fossil fuel-related industrial processes and power generation.
CCS can directly or indirectly remove up to 100% of CO2 from these emissions.

2.2 Characteristics of CO2

CO:s: is present on the earth either in geological formations or in the atmosphere where the concentration is
typically 0.040% by volume (Reference 2). At normal atmospheric pressure and temperature, carbon dioxide
exists in gas phase with a density 1.5 times greater than that of air (see Figure 2-1). CO: is colourless,
odourless, and nontoxic. Due to its density, it can spread along the ground, collecting in low-lying areas.

10000 -
——t . < -l
/
// { | {
/
/
1000 - : : : : : //
e Liquid
é loo : / 1 q 1 1 1
© /-//A = =
5 |t Critical point
g f—
S5y >
P - Solid -
/
/v’
/// ‘I'riple point
// v .
; P apor
/ |
// j Sublimitation line
‘ /// ‘ ~—Melting line
/ ‘ —Saturation line

-100 90 80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50

Temperature (°C)

Source: Reference 0

Figure 2-1 Pressure-temperature diagram of carbon dioxide

For ship transportation, CO2 should be at or above the boundary between the liquid and gaseous phase at
pressures higher than atmospheric pressure (Reference 2). This is achieved through a liquefaction plant,
where CO: is liquified through a combination of compression and cooling. The comparison between different
pressure conditions for transport is discussed later in this report.
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For permanent storage for the Northern Lights Project, CO2 will be converted into a high pressure, liquid form
known as ‘supercritical CO2’. This occurs at 74bar (1,071 psi) and 31.1°C. In these conditions, CO:2 has
properties of both liquid and gas, meaning it can reach the small pores within the rock like a gas, but also
dissolve and act like a liquid solvent. Other injection methods for permanent storage vary depending on the
geological characteristics of the site.

2.3 Transport of CO2

After capture, CO2 must be transported to suitable storage sites. For distances under 1,000km (Reference 4),
pipelines are the most used and economical form of CO:z transport. This transport method is well practiced
and understood as there are already 58,000km of CO: pipelines in use throughout the world.

Over longer distances, more than 1,000km, as shown in Figure 2-2, ship transport is shown to be more cost
effective. Ship transport requires considerable port infrastructure, hence it is not as economical over short
distances. The transport chain for ship transport involves liquification and gas conditioning, intermediate
storage, loading, shipping and offshore unloading/injection, hence increasing the associated cost.
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Figure 2-2 Effect of transport distance on levelised transport cost for a throughput of 6MMtCOa2/yr

2.4 Storage

As shipping is a batch process, intermediate storage is required between CO: liquefication and loading. Liquid
CO:2 can be stored in cylindrical (‘bullet’ shaped) or spherical shaped tanks prior to transportation/processing
(Reference 4). Depending on the availability of land close to the CO2 terminal, the liquid CO2 can be stored

MDE1234-HRW-04-DX-RP-Z-RP0002 | ERVIA CCS Pre-FEED Study | S3 P02 | 13 June 2022
rpsgroup.com Page 3



Ship Technology Survey - Dublin

either onshore or on a floating storage unit / barge, which are common practices in hydrocarbon transport
systems (Reference 4). As CO:2 is non-toxic and non-flammable, in an emergency situation it can be released
into the air. (Reference 4).

In the case of Northern Lights Project, the CO2 will be injected into a deep saline aquifer, a rock formation with
porous spaces filled with salty water. This reservoir rock is a high-quality sandstone, and the cap is a 75m
thick layer of impermeable shale.

2.5 Shipping
2.5.1 Ship Storage Tanks

As previously mentioned, a cylindrical or spherical pressure vessel is used to store the liquid CO2 for transport.
CO:2 tanks must be compliant with the International Code of the Construction and Equipment of Ships Carrying
Liquified Gases in Bulk (IGC Code). Cylindrical pressure vessels are commonly adopted due to the relatively
lower volumetric efficiency and difficulty in manufacturing spherical containment vessels. The size and
material of the cylindrical pressure tanks vary depending on the transportation pressure and temperature that
is adopted. As pressure increases, the wall thickness of the cylindrical containment vessel increases.
Economically, a larger pressure vessel is favoured over a smaller one, however, there are recommendations
in the IGC Code to limit the steel wall thickness to 40mm (Reference 0). This limits the maximum size of the
containment vessel to approximately 5,000m? for a medium pressure condition (Reference 0). It is also
recognised that the increase in transportation pressure, decreases the size of the pressure vessel. General
liquification pressures and associated pressure vessel sizes are detailed in Table 2-1.

COg2 tanks are designed to accommodate the three containment conditions as detailed in Table 2-2, with the
main consideration being the overall size of the tank and the thickness of the tank wall.

Table 2-1 Maximum size and materials of a cylindrical pressure vessel with liquefaction pressures and
associated temperatures

Liquefaction pressure Liquefaction Maximum size Material
(bar) temperature (°C) (m?3) (ATSM)

6 -52.3 5,000 A537

15 -27.7 5,000 A517

25 -11.4 1,550 A517

35 0.5 570 A517

45 10.2 270 A517

55 18.3 150 A517

65 25.4 90 A517

Source: Reference 6

Table 2-2 Density of COz in Liquid and Gas forms at the pressure conditions considered for ship transport

Pressure range Temperature Pressure Density liquid Density gas
(°C) (CED) (kg/m?) (kg/m?)
High pressure 30 72 607 333
10 45 861 135
Medium pressure -19.5 20 1,029 53
-30 14 1,076 37
Low pressure -41 9.8 1,119 25
-55 55 1,173 15

Source: Reference 4
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Tanks that are designed to adopt a high-pressure condition, require the overall sizes to be smaller in capacity
(see Table 2-2) due to the requirement of increased wall thickness. Carbon steel is used for tanks that are
designed to withstand high pressure. These smaller tanks are more expensive for the following reasons
(Reference 2):

¢ Increased manufacturing requirement of the thicker walls
e Decrease in space utilisation within the ship, reducing the economic benefit

e High steel weight and complex piping within the ship.

2.5.2 Tank Configuration

Ships transporting CO: at the medium pressure condition are limited to tank sizes of around 5,000m? (as
detailed within Table 2-2), enabling tanks to be installed along the bottom of the hull as illustrated in Figure 2-3
CO2 Ship concept (in a 2-2-1 arrangement: 2 pairs of parallel tanks and a single tank to the front of the vessel).
It is expected that larger ships would follow a similar arrangement but utilising another set of double tanks (2-
2-2 arrangement: 3 pairs of parallel tanks) to remain within the maximum capacity for each tank, outlined in
Table 2-1. The medium pressure containment condition adopts carbon steel materials with foam insulation or
a double skin vacuum (steel grades of A612 and A516) Reference 3.
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Figure 2-3 CO2z Ship concept

High pressure containment conditions require smaller tank sizes (deployed vertically in Figure 2-4) and
therefore require greater numbers of tanks to achieve the required ship capacity. The main limitations with
high pressure tanks is the poor space utilisation within the hull and the complex piping requirements (see
Figure 2-4).

Source: Reference 2

Figure 2-4 High Pressure tank configuration (deployed vertically) 7,000m?3 — 12,000m3 140m-160m
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The low-pressure containment condition is able to adopt the largest tank size, where ships around 6,000m3 to
7,700m3 capacity would be considered to have two cylindrical tanks, as illustrated in Figure 2-5. This
containment condition is the most space efficient. Low pressure containment transports CO: in the highest
density form and therefore would generally be the smallest ship sizes.

Source: Reference 2

Figure 2-5 Low Pressure tank configuration for 6,000m3 to 7,700m?3, ship length 114m - 150m

It is possible to further expand the carrying capacity by ‘stacking’ the containment tanks, as illustrated in Figure
2-6. However, this requires complex structure designs which are unfavourable and consequently decrease
the overall space utilisation.

Source: Reference 4

Figure 2-6 Ship design suggested for a 12,310t CO2 ship
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2.5.3 Ship Sizes

The exact number of operational CO2 vessels is unknown due to some LPG vessels operating as CO2 vessels,
however, it is expected to be between 10 and 20 vessels worldwide. As mentioned previously, many CO:
ships are former LPG ships, this is due to the similarities regarding the tank structure and piping between both
cargoes. This allows for ships to be used for both operations should the market fluctuate, minimising the
associated economic risk.

The general containment size of these ships is below 10,000m3. Larvik shipping currently operate five liquid
CO:2 tankers in European, Baltic and Mediterranean waters, with containment sizes below 2,000m? (80m long)
(Reference 7). As previously mentioned, the containment condition affects the ship size, with the low pressure
transport condition being at the greatest density, so these will generally be the smallest ships.

It is expected that future containment capacities will increase to between 15,000m?® and 20,000m? in the
medium pressure range. This increase in size could be achieved without significantly increasing the overall
ship size (Reference 2).

Based on LPG carriers, Table 2-3 shows typical ship dimensions for a range of capacities.

Table 2-3 Typical LPG Ship Dimensions

Capacity Length Beam Draught
(m®) (m) (m) (m)
7,500 120 19 8.5
15,000 158 21.3 10
20,000 160 25.6 11

2.6 Cargo Loading and Unloading

2.6.1 Shore Facilities

As mentioned in Section 2.3, shipping CO:2 is more cost effective over long distances than short or medium
distances, due to the significant cost of port infrastructure. Considerable shore facilities are required to
maintain the pressure and temperature condition whilst loading and unloading. The port will require a
liquefaction plant, gas conditioning plant, temporary storage, pumps and loading arms.

The liquefication plant must compress and cool the CO2. This can be achieved through different methods,
depending on the temperature of the available cooling water, or the availability of an external refrigeration
system.

With shipping being a batch process rather than continuous, there is the requirement for intermediate storage
between liquification and loading onto the vessel. The recommendation is that the shore volume is 1.29 to
1.52 times the ship volume, allowing for flexibility of shipping arrival times and potential weather delays
(Reference 8). Due to the nature of COg, it is possible that it can be released into the air in the event of an
emergency.

2.6.2 Loading Arms

During loading, pressure builds up in the gaseous phase above the liquid phase of CO2. To avoid excessive
pressure within the tanks, CO:2 vapour (boil off gas) is removed. Conversely, during offloading, pressure drops
within the tank, and can result in solidification (freezing) of the CO. To avoid depressurisation, CO2 vapour is
added to the tanks, since liquid is being withdrawn from the ship. For this reason, all loading/offloading must

MDE1234-HRW-04-DX-RP-Z-RP0002 | ERVIA CCS Pre-FEED Study | S3 P02 | 13 June 2022
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involve two loading arms, with one to transfer the CO2 to/from the ship, and a second to return the boil off gas
of the ship’s tanks from/to the ship.

Vapour discharge Vapour filling

Liquid filling e Liquid discharge

£

Loading Discharging

Source: Reference 9

Figure 2-7 Charging and discharging of Liquid CO2 with simultaneous vapour discharging and charging,
respectively

Conventional loading arms or hoses, such as those used for cryogenic/refrigerated liquids, for example,
LNG/LPG can be deployed. These loading arms must be insulated to maintain the specified pressure and
temperature condition. Flexible cryogenic hoses have been previously used but appear to be less reliable and
more susceptible to leakage.

Source: Reference 9

Figure 2-8 Examples of Flexible Cryogenic Hoses (left) and Cryogenic Marine Loading Arms (right)

2.6.3 Cargo Handling Rates

The loading/offloading rate is critical to the ship turnaround within the transport chain. The Northern Lights
FEED report (Reference 10) suggests a current loading/unloading rate of 800m?3/hr, loading a 10,000m?3
capacity vessel in 12.5 hours.
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Some studies suggest a future loading speed of 2,500m?3hr, corresponding to 2,875t/hr in low pressure
conditions (Reference 1). This would be achieved by using multiple loading arms, and would allow loading a
10,000m?3 vessel in just 4 hours, although it is expected that this higher loading rate would be adopted for
larger CO2 carriers. As with both LNG and LPG, a high loading rate requires an adequate emergency
shutdown (ESD) system to prevent leakage of significant amounts of CO: in case of loading arm failure or
unintended disconnection (Reference 11 and Reference7).

As ship transport is a batch process, there must be a sufficient buffer storage, holding at least the volume of a
ship, to minimise time for loading and the unproductive time a ship spends in port. This could create a problem
for the larger ships as there must be enough port space to store a matching capacity of COx.

Depending on the unloading method, these handing rates can also vary. A ‘port-to-port’ transfer would use
the loading/offloading rates previously described. When transporting from ‘port-to-storage’, a degree of
processing is required, slowing the offload process. For direct injection into the permanent storage location,
CO2 can be compressed and heated on board the ship using on-board gasification infrastructure (should this
be available), lengthening the turnaround time. For offshore platform storage, some gasification of CO2 may
be performed partly on ship and partly on platform, lengthening the overall process.

For the Northern lights Project, the Liquid CO2 will be offloaded first before being processed at an onshore
CO2 treatment and storage plant (Reference 12).

2.6.4 Cargo Transfer Process

Based on that used for the transportation of other liquid gas products, a high-level outline of the cargo transfer
process (in simplified terms) is expected to be as follows, once the ship is safely moored and all relevant
checks and administration have been carried out:

e Communications check between ship and jetty to be carried out in advance of loading activities.

e Confirm estimate of liquid gas already on board (which may have been retained as a heel to help keep
the ship and the cargo maintenance systems cool)

e Manifold connection, cool down of cargo handling system, ESD test (if required) and open custody
transfer

e Vapour return open to shore (if required)
e Cargo loading or discharging pump ramp-up followed by bulk loading/discharging
e Monitoring and/or metering of cargo volume transferred from in-line gauges, as appropriate

¢ Where required, sampling of cargo being transferred from suitable sample locations and testing for
quality

e Once the required cargo volume has been loaded/discharged, pump ramp-down, close custody
transfer, purge cargo handling equipment and manifold disconnection

e Checking of cargo volumes in ship’s tanks

e Cargo documents completed.

2.7 Transportation

2.7.1 General

Ship transportation of CO2 can be conducted under low, medium, or high-pressure conditions, depending on
the ship/tank design. The associated density of liquid and gas CO: is detailed in Table 2-2.
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Existing CO: carriers operate under medium pressure conditions. This maintains the CO:2 at temperatures of
about -30°C and pressures of 20 bar. This is the best understood shipping method as these conditions have
been used for circa 30 years for the transport of LPG. At present, these conditions can be applied to capacities
up to 10,000m3. However, for greater capacities, a contemporary and more structurally complex tank
arrangement is needed to apply the tank standards outlined in Section 2.5.1.

Low pressure transport is theoretically the most cost-effective transport condition because larger, thinner
walled and less expensive tanks are required. This is because the CO:z is at a high density due to the low
pressure and low temperature conditions and therefore, the potential carrying capacity of the tanks is
increased. However, the low-pressure condition is close to the triple point of CO:z (5.2 bar, -56.6°C), meaning
complex engineering equipment onboard is required to maintain a stable temperature and mitigate the risk of
freezing (Reference 1). Additionally, the costs of liquefaction and gasification is significantly higher for the
incoming/outgoing product.

At high pressures, the need for cooling/heating is reduced, but the liquid CO: is at a low density. As discussed
in Section 2.5.1, this means the maximum tank size is reduced, resulting in a need for multiple smaller and
more expensive tanks. As a result, the tank and ship designs are different, needing many cylindrical bottle-like
tanks to meet the same carrying capacity as medium/low pressure. This ship design is more like CNG carriers
(which use high pressures), as opposed to LPG carriers previously discussed (see also Reference 1).
Additionally, increased compression and liquefaction operations are required to prepare the CO: for transport.

Although CO:z: is not flammable, these high-pressure conditions also have a risk of cold BLEVE (Boiling Liquid
Expanding Vapor Explosion) where rapid depressurisation can cause sudden catastrophic failure (Reference
4). However, this risk can be mitigated through appropriate design and operation measures.

2.7.2 CO2 Boil Off

As CO:2 ships are required to operate under the International Code of the Construction and Equipment of Ships
Carrying Liquified Gases in Bulk (IGC Code), there is allowance for gas to be vented, in exceptional
circumstances or in an emergency, to maintain the required pressure condition.

It is expected that during transit, due to wave induced motions that the sloshing of the cargo can cause boil off
gas vapour. The level of boil off can be affected by the distance travelled, level of impurities, tank pressure
and tank design. There are no exact values to predict the rate of boil off for CO2 ships, however, it is expected
to fall within similar boundaries of LNG ships, that is, between 0.05% and 0.15% per day. Reference 13
considers marine transport of liquid CO2 under medium pressure conditions and suggests that no significant
rise in temperature or pressure should be expected over a five day transit.

During loading and unloading, studies have suggested the rate of boil off can be around 8 to 10 times higher
than during transportation. This is due to vapour displacement and heat generation whilst loading or unloading.
Some factors affecting the level of boil off gas are detailed in Table 2-4.

Table 2-4 Boil off Factors

Factor Comment

Ambient temperature Lower ambient temperature results in lower heat influx and
lower boil off gas.

Thermal resistivity and thickness of insulation  High thermal resistivity and greater insulation results in
lower boil off. Thickness of material is costly.

CO: fill level in tank Lower filling level results in a greater evaporation rate.

Capacity of the pressure container Smaller tanks exhibit a lower rate of pressure build up due
to boil off gas within the vessel.

Source: Reference 6
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Ship Technology Data
Summary
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Table A 1: Ship Technology Summary Table

Parameter Value or Range Comment

Ship size (m?3) 7,500 15,000

Ship loading rate (t3/hour) 800 1,600

Number of loading arms 2 4 A single loading arm would have a
(minimum) liguid arm and a vapour return arm.

i.e. 7,500 ship size would have 2 liquid
arms and 2 vapour return arms.

Design pressure (bar g) 19 It is assumed the tanks will have a
certain amount of variation within the
medium pressure range.

Design temperature (°C) -35

Arrival pressure (bar g) 19 No significant change in pressure and
temperature expected during transit

Arrival temperature (°C) -35

Cooling rate Unknown Vessels expected to retain a heel and
arrive ready to load

Boil off gas (during transit) 0.15% Up to 10x higher during

loading/unloading.
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