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Who are we?

Our internationally recognised name is the IEA Greenhouse Gas R&D Programme
(IEAGHG). We are a Technology Collaboration Programme (TCP) and are a part of the
International Energy Agency's (IEA’s) Energy Technology Network.

Disclaimer

The IEA Greenhouse Gas R&D Programme (IEAGHG) is organised under the auspices
of the International Energy Agency (IEA) but is functionally and legally autonomous.
Views, findings and publications of the IEA Greenhouse Gas R&D Programme do not
necessarily represent the views or policies of the IEA Secretariat or its individual
member countries.




Background

©Brevik Engineering

. | | elementenergy
 Efficient carbon, capture and storage (CCS) at an industrial scale depends on CO,
capture from large point sources and transfer to secure geological storage sites. SINTEF

« As this technology option expands, onshore pipeline networks will be necessary

to deliver the volumes envisaged. BREVIK

engineering

« However, shipping could offer a more flexible and economic alternative to
pipeline networks for offshore operations:

* Lower upfront cost
« Wider geographic network

 Shipping of CO, has been carried out for decades for the food and beverage PR

industry but at relatively small scale — around 2,000 tonnes. July 2020

- Establishing large scale operations requires consideration of regulatory, technical
and economic conditions.

» |IEAGHG commissioned Element Energy to undertake an assessment of the
status, costs and challenges of CO, shipping infrastructure.

The Status and Challenges of
CO, Shipping Infrastructures

~
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Scenarios

« Ship logistics scenarios for 3 possible future North Sea Carbon
Capture and Storage (CCS) projects have been evaluated.

* These scenarios compare:
* Low P (7 barg, -50°C) and Med P (15 barg, -28°C) conditions
* Onshore with offshore unloading

« Ship operational profiles have been estimated and used as the
basis for ship cost estimates.

« Ship costs are based on new-build CO, tankers.

* These costs were combined with cost modelling of the onshore
components to estimate costs of the full shipping chain.
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TEA Modelling

High-level model overview

CO, shipping — user inputs

e Flow rate (MtCO, per annum)

*  Operational lifetime (years)

e  Starting port

* Destination (port or offshore storage site)

* Unloading option (Onshore, offshore with
FSI, direct injection)

e Initial CO, condition

¢ CO, transport condition

* Discount rate

*  Ship fuel (LNG/MDO)

*  Fuel price scenarios

Cost and performance dataset

*  Specific CAPEX and OPEX for:
* Liquefaction
*  Buffer storage
* Loading/unloading
e CO, ship
* Conditioning
* Operational data
*  Port entry/exit time
* Loading /unloading time
* Connection/disconnection time
*  Annual operation hours
*  Ship speed
*  Fuel consumption
*  Electricity and fuel prices

Infrastructure sizing and cost

calculations

Liquefaction capacity (MW,))

Transport distance

Size of storage

Ship length and draft

Total trip time

Number of trips per ship

Optimum fleet size

Utilisation of fleet

Key outputs
Detailed cost breakdown
Levelised lifetime cost per stored tCO,




Cost results

*  Two wells are assumed, with maximum injection rate of 114 t/h per well (1 Mtpa).

« Offloading to onshore and offshore storage at a rate of 600 t/h.

« Offshore unloading includes an unavailability factor, to reflect times when weather limitations prevent offloading:

> Offshore unloading has longer operational times than onshore loading which contributes to lower

volume of injected CO, per year.

One ship roundtrip time for each scenario
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Cost results

« An illustrative cost of a shore-to-offshore pipeline was added to Scenarios 1 and 2 to complete the full chain.

« The costs of onshore infrastructure were derived using a detailed factor estimation method to give the costs of the
full shipping chain.
» Low P onshore unloading has the lowest overall CAPEX for the shipping part of the chain, but the
additional cost of onward pipeline transport brings the CAPEX above unloading to an FSI.

> Direct injection has the lowest capex and OPEX costs but stores the least CO,

Capex for each scenario (MEUR) Opex for each scenario (MEUR pa)
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Cost results

« Liquefaction and the ship itself make up the majority of the costs for each Scenario.

* Onshore unloading has the lowest unit cost excluding the pipeline, but the cost of the pipeline brings the cost
of Scenario 1 to above that of Scenario 3B.

> However, in practice, the pipeline is likely to be used by multiple projects which will bring the overall
unit cost of shore-to-shore transport down.
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Cost results
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Cost results

€/tCO, Number of ships
70 - Onshore unloading, Unloading to FSI, Direct injection, - 12 » With higher
i \ unloading rate 3,000 t/h unloading rate 3,000 t/h unloading rate 3,000 t/h + 11 unloading rates,

;O increasing ship size
>0 3 above 10,000 tCO,
40 7 can reduce costs if

6 the number of ships is
30 c

. reduced.

20 3 » However, higher
10 2 unloading rates are
, (1) more challenging to
2 4 10 20 30 achieve for direct
Ship size [ktCO,] Ship size [ktCO,] Ship size [ktCO,] injection.

— Nr of ships (right axis) [l unloading [l Temp. storag (loading)
- Conditioning - Ship - Liquefaction
- Temp. storage (unloading) - Loading

»




Cost results

Unit cost [€/tCO2] Share of unit cost
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> Pipeline transport costs decrease to a much higher extent with the annual flow rate than shipping
transport cost.

» This is due to the fact that pipeline costs are dominated by CAPEX, which decrease significantly with
higher utilisation of the infrastructure, as the cost is distributed among a larger number of tCO,

» Shipping cost on the other hand are dominated by OPEX and fuel cost, which are not reduced wi

- higher utilisation.




Cost results

> Shipping is more cost effective than pipeline transport at large transport
distances and low flow rates.

Onshore unloading:
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Cost results

> Shipping is more cost effective than pipeline transport at large transport
distances and low flow rates.

Direct injection:

Flowrate: 1 Mtpa Flowrate: 2 Mtpa
Unit cost [€/tCO,] Unit cost [€/tCO,]
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Review of reqgulations

International Law

Regional (EU) Law

National
(Norwegian) Law

UNCLOS

LLMC

1013/2006
SWR

2004/35/EC
ELD

Pollution
Control Act

London
Convention

HNS
Convention

1315/2013
TEN-T

Norwegian
Maritime
Code

London
Protocol

2009/20/EC
Insurance of
Ship owners

Petroleum
Act

No hurdle identified

OSPAR

2009/31/EC
CCS Directive

Storage
Regulations

MARPOL

2003/87/EC
ETS Directive

GHG
Emissions
Trading Act

Hurdle identified

SOLAS

SSSA

> Recent

developments
and
amendments
of the LP and
EU ETS
Directive.

Ship operators
will need to

manage two
different
schemes.




Conclusions

* The transport condition of CO, affects a large number of components of the
shipping chain, including material choices, storage tank design and operation,
transport volumes and safety considerations.

* Onshore infrastructure is well-understood whereas offshore unloading is
currently unproven.

- Batch-wise injection presents challenges for offshore unloading via direct
injection but maintaining continuous flow requires the use of an intermediate FSI
which is a major cost driver.

* For representative CCS shipping chains in Europe, undiscounted unit costs of
€30-40/tCO, are projected.

 Liquefaction and ship costs make up the majority of costs of the shipping chain,
accounting for 52% and 37% of the undiscounted unit cost for shore-shore shipping,
respectively (excluding shore-to-offshore pipeline).

* Increasing the ship capacity and/or the unloading rate reduces costs only if t
- number of ships in the chain can be reduced. | 1




Conclusions

* The breakeven distance at which shipping becomes cost-competitive with
pipelines depends on the flow rate and pressurisation state of the inlet CO,
stream.

 International, regional and national legal frameworks governing shipping and
carriage of CO, are mature and present few hurdles to CO, shipping for CCS.
The London Protocol has historically presented the main barrier to CCS but
developments in October 2019 effectively removed this barrier. The ETS Directive
and MRV Regulation will start covering maritime shipping emissions from 2024
onwards.

- Contractual arrangements may be based on existing frameworks but specific
clauses will need to be included.

 Ship operators will have to manage two reporting schemes for CO, emissions
from fuel but CO, leakage from cargo and injection into the seabed are not

covered. :\
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Thank you, any questions?

Contact me at: |Jasmin.kemper@ieaghg.org

W Website:
LA

Linked({iy LinkedIn:

www.ieaghq.orqg

www.linkedin.com/groups/IEAGHG-4841998

Twitter: « https://twitter.com/IEAGHG =l [

Facebook:

www.facebook.com/pages/IEA-Greenhouse-Gas-
RD-Programme/1125416154615687?ref=hl




Appendix




Examples of LPG ships for carriage of CO,

LPG ships for CO,

Build: 1995

112 loa

6118 GT

Capacity: 7434 m3 LPG
Gas condition: 7.5 barg

Sonoma Spirit Owner: Sonoma
Build: 2003

1249 m loa

9265 DWT 8,720 GT
Capacity: 8500 m3 LPG
CO2 condition: -50°C /7 barg

orqga A\ pdad U = Ala edad o] 0

Build: 2003

1249 m loa

9265 DWT 8720 GT
Capacity: 8500 m3 LPG

CO2 condition: -50°C /7 barg

. Source: DNV GL Register of Vessels; loa = length overall (m); DWT = dead weight tonnage




Infrastructure cost modelling method

The detailed factor method
multiplies each equipment cost
with a unique installation factor
and then summarizes it to the
total installed cost

75 A rotating equipment in carbon steel with a
\ purchase cost of 20 kEUR have an
installation factor = 11
The total installed cost =20 kEUR * 11 =

o]
o

220 kKEUR

The equipment cost (2017
EUR) is based on the Aspen
In-Plant Cost Estimator — see
Appendix for full equipment
list 5

The cost is then escalated to

year 2018 using Eurostat 0
statistics before applying the 1 10 100 1000 10000
installation factor Equipment cost in kEUR

o :
20% contingency was —CS 55316 Exotic Lang factor
included

Installation factor
[
wu

A
/

[y
o

OPEX items Price Comments

OPEX.V\{as calculgted ba;ed on consumptio'n of Electricity price 0,08
electricity, manning, maintenance and cooling water. EUR/kWh
Other OPEX items are not included

Cooling water 0,02
EUR/kWh
« The OPEX cost is very dependent on the input cost Maintenance 4% of

for electricity and cooling water, which will be site CAPEX
specific. Our assumptions are based on Rotterdam

- area

Manning 877 KEUR/y 6 operators, 1
engineer




Shipping cost estimate key assumptions

Assumptions:

The ship are not first of a kind, effect of learning curve will enable construction at cost effective shipyards.
Cost of steel-structure 3 USD/kg.

Relatively high crew costs based on Norwegian tariffs.

Cost of energy 400 EUR/ton diesel, 0,08 EUR/kwh shore power. No carbon credits are included.

For offshore unloading station keeping by a mooring system, no DP.

Technical configuration:

15 barg ship has a 4 tank lay-out

7 barg ship has 2 tank lay-out

Hybrid diesel/electric propulsion with shore power supply.

Pilot charges are 300 kEuro and port fees are 300 kEuro pr year, these may be significantly higher.

Uncertainty of cost estimate

~

CAPEX cost estimate is based on a 3 level SFI (standard methodology for ship calculation) break down.
Technical uncertainty is relatively low. Commercial uncertainty is dominant. Financial cost are not included.

OPEX is based on a bottom up calculation including cost of: energy, crew, maintenance, shore
support/admin, pilot and port fees.

The methodology in not a classified cost estimate however accepted at better than + 30 % in the Norwegian
full-scale project.




Nth-of-a-kind and First-of-a-kind considerations

« Ship transport of CO, at 15 barg and -28°C is proven technology from shore to shore, although at relatively
small scale — this includes the necessary process steps before and after transport.

The major uncertainty lies in the CO, stream quality to be transported/stored:

® Transporting food-grade CO, is done today, and achieving a high quality CO, stream is technically
feasible, but could be costly if the allowed amount of impurities is very low

Large-scale ships of other gases (e.g. LNG, LPG) are proven technologies, including offshore to shore
transport.

A first of a kind (FOAK) installation is developed and used for a specific purpose and usually has excess
handling capacity, excess control systems, and duplicates of equipment to ensure that the system works
according to design

The Norwegian CCS project FEED study costs for transport are high likely due to a FOAK approach and that
there are considerable safety margins in place to make sure that it operates as intended

For Nth of a kind (NOAK) installations, as the number of operating hours and installations increases, the need
for extra margins is reduced and thereby costs are also reduced

As some of the technologies used in the shipping transport chain are proven technologies, the cost for these
technologies may not be reduced as much as for new technologies

The cost estimates in this study have been developed based on cost factors without additional safety
margins (oversizing of equipment, redundancy requirement) that is likely to be installed in a FOAK CCS chain.

Increased capacity and redundancy will be reduced due to the learning effect when several CCS chains are in

- oieration.




Higher utilisation of the pipeline

€/1CO,
Scenarios
1 = Onshore, Low P
34N 2 = Onshore, Med P
%\8\3 30 X 29 3A= O‘ffsho‘re., FS-I
§§ ?&g :%%% | 3B = Direct injection
' ' HE Pipeline
Conditioning
10 10 10 | Storage
Unloading
Ship
M Loading
[ Storage
I Liquefaction

1.8 5 Mtpa 10 Mtpa
Mtp

a
Flow rate pipeline-to-storage




Effect of discount rate on the overall cost of shipping scenarios

Levelised cost (EUR/t) at given discount

rate
Scenario CAPEX OPEX (€m/y) 0% 4% 7.5% 10%
(€m)
Shipping chain only
1 214 36 26 29 32 35
2 278 36 28 32 37 40
3A 408 46 41 47 53 59
3B 238 32 32 36 41 45
With shore-to-offshore pipeline
1 436 39 34 40 47 52
2 500 39 37 44 51 57

;
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