Carbon Capture Storage / Utilisation (CCUS) Technology & Market from a
Maritime Point of View

George Dimopoulos, PhD.
9 November 2021

Content

Land-based development,
supply chains and
infrastructure will
determine feasibility of
CCS in the maritime

2

DNV ©

22 APRIL 2021

• CCUS Market Assessment
• Marinization of CCS

Carbon Capture Utilisation and Storage is an integrated,
cross-sector value chain
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CCUS Market Assessment

Cost of CCS – typically in total 50-150 USD/tonne CO2
Capture

Transport

Storage
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Levelised cost of CO2 capture by sector and initial
CO2 concentration, 2019 (IEA, 2020).

Costs versus distance for onshore and offshore
pipelines and ship transport, incl. costs for
liquefaction/compression, intermediate storage, fuel
costs, loading/unloading (IPCC, 2018).

Potential for development of a
new shipping segment:
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CO2 carriers

Indicative CO2 storage cost curve for the United States
(onshore and offshore) (IEA, 2020).

CCUS Market Assessment

CCS and CCU – Scaling Network Infrastructure
• A future CO2 gigaton scale network
infrastructure requires:
• A CO2 network across geographies and nations
• Large-scale CCS clusters

• A co-location of CCS and CCU hubs could be
an attractive commercial future option
• Ship transport will act as an enabler:
• Transport for offshore storage
• Transport for CO2 use in end-products
Source: ENERGY-X (2019)
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CCUS Market Assessment

CCS - drivers
• There are three fundamental reasons why CCS may be a
prerequisite to stay ‘well below 2°C;
1. without using CCS, it may be impossible to get
emissions to net-zero fast enough,
2. there are currently no competitive alternatives to CCS for
certain hard-to-mitigate sectors, and
3. CCS may be the cheapest and best way for some sectors
and sources.

• For CCS to be commercially viable, this implies that the
cost of emitting CO2 must be higher than the cost of CCS,
and also that the cost of renewable alternatives must be
more expensive or non-applicable.

• Large scale investments and subsidisation both in EU
(ACT) and US (Clean Coal) ongoing.
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Source: IEA (2020)

CCUS Market Assessment

CCS– Status
Clusters of CCS operations currently
in operation

21

CO2 capture projects in
operation worldwide

40

Mtpa of total capturing
capacity*

*the full capturing capacity is not necessarily utilized in each project; in
2019 25 Mt of CO2 was permanently stored worldwide
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Mtpa: Million tonnes per annum

Source: Global CCS Institute, 2019.

CCUS Market Assessment

CCS Projects – Planned and projected
• A number of CCS projects are planned for future operation, at different stages of development
• While projects currently in operation have been focused on EOR, future projects have shifted towards
more dedicated storage for planned activities.

Status of current CCS projects (number of projects)
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EOR: Enhanced oil recovery

CCUS Market Assessment

CCS Outlook

§ DNV ETO (2020) estimates 175 Mtpa in 2030, which is within
the range for projects assumed realized within 2030.
§ On the contrary, IEA Sustainable Development Scenario (SDS)
estimates 800 Mtpa is needed in 2030 to achieve climate and
sustainability goals.
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Sources: IEA, 2020; DNV, ETO 2020, IPCC 2018

CCUS Market Assessment

CO2 – Utilisation
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CCUS Market Assessment

CCU status
• Globally more than 230 Mtpa (million tonnes per annum) of
CO2 is used for various purposes:
• The fertilizer industry is the greatest consumer globally where
around 130 Mtpa.
• The oil and gas industry, 70– 80 Mtpa of CO2 for EOR
(Enhanced Oil Recovery (EOR)
• Other commercial applications (e.g. food and beverage
production)
• Most commercial applications today involve direct use of CO2,
while new pathways involve transforming CO2 into carbon-tovalue products
• There are currently large marked entry barriers, and the degree
of realization and success depends on key factors:
• scalability
• climate benefits
• competitiveness (compared to their conventionally produced
counterparts and other low-carbon alternatives)
11

DNV ©

9 NOVEMBER 2021

Sources: IEA (2019); IEA (2020)

CCUS Market Assessment

CCU market outlook
• Estimated market potential for carbon-to-value
products varies:

• Global estimates the potential for CO2
use range from less than 1 GtCO2 per
year to 7 GtCO2 per year by 2030.
• The potential marked range between
trillion to billion dollars marked by
2030.

• The higher estimates are considered optimistic.
Source: Global CO2 Initiative/University of Michigan (2016)
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• CCUS Market Assessment
- CCS
- CCU
Land-based development,
supply chains and
infrastructure will
determine feasibility of
CCS in the maritime
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• Marinization of CCS
- From land to ship
- Maritime CCS studies and concepts

Marinization of CCS

Maritime CCS – one part of maritime decarbonization
Deep sea shipping contributes to around
80% of ship emissions.
Several measures are discussed.
…one of them, Maritime CCS

Source: Japan Ship Technology Research Association (2020)
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A maritime CCS system – general view
CC
H2

CO2

Carbon Capture
Technology
Options
Maturity

Suitability
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Treatment
Feedstocks
Heat & Electricity

Safety

Storage
Space & Weight

Supply chain

Capture options
CC
H2

CO2

Energy Conversion System
H2 as main fuel
Fuel
CO2 captured before
reforming
technologies Conversion technology
Pre-combustion
capture
technologies
Oxyfuel
technologies
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Pure O2 as oxidizer
CO2 / H2O exhaust –
easy separation
Combustion temperatures

Postcombustion
capture
technologies

Marinization of CCS

Candidate CCS technologies in maritime
Post – combustion technologies
Precombustion
technologies

Oxyfuel
technologies

Liquid
absorption

Adsorption

Membrane
separation

Technologies / relevant to ships
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Combinations
and variants

• Electro-separation
• Cryogenic separation
• Variants

Marinization of CCS

A maritime CCS system – (more) pragmatic view

CC
H2

CO2
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Carbon capture system:

Treatment system:

Post-combustion CO2 separation

CO2 by-product is treated and

Clean gas leaves to air

- converted to storage conditions or

CO2 is captured into an agent or as
pure stream

- disposed to the environment*
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*Regulatory perspective ???

Storage:
- Solid (adsorption)
- Gas (compressed, e.g. for small
routes)
- Liquefied (typical CO2 transport
conditions)

CCS is easier to apply on LNG and LPG fueled systems

Onboard adaptability
What technology to select and why is not a simple question
Technology
maturity
Use of
conventional
ship
equipment

Operating
constraints

Technology
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Space availability
and onboard
position
Integrability

Maintenanc
e and
lifecycle

Supply chain
features

Storage
system specs

Health and
safety

Compactness

Operating
conditions
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Performanc
e at ship
conditions

CO2 product
features

CAPEX / OPEX

Consumables,
chemicals,
water,…

Design for
trade & tight
integration

Cost per CO2
captured

CO2 product form

Loading/
unloading
systems

Fuel flexibility

Back-pressure
effects

Ship

Process
safety

Value
chain

Financial
benefits: carbon
tax avoidance,…

The key attributes that affect CCS applications on ships
Space, volume and
weight

Fuel type

CAPEX for CCS
Cryogenic
equipment onboard

C tanks for CO2
storage

Process safety
features
CO2 as product –
Revenue stream

Electricity and heat
requirements
CO2 price / tax
avoidance
Full compliance
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Feedstock / energy
OPEX

Complexity & Crew

The temporary CO2 storage onboard
• CO2 ship transport (~8 ships) as a semi-refrigerated liquid
under pressure (7 to 12 bar) as for other gases (propane,
butane, etc)
• Opposite to pipelines, where CO2 at ambient temperature
and at pressures around 100 bar (supercritical fluid).
• Pure CO2 “triple point” at 5.12 bara and -56.60C. For
temperatures below the triple point, CO2 exists only in gas
or solid states.
• CO2 is a high density, low viscosity, and colourless liquid
with density of about 1.17 t/m3 at -520C (approximately
twice the density of LPG)

Pipelines

S hi p

pi ng

• CO2 is non-flammable, non-explosive and non-toxic, but
asphyxiation risk requires precautions
• Impurities such as water, sulphur dioxide, etc. in the
liquefied CO2 may affect the triple point and can cause a
corrosive environment
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~ -50oC / 7 bar

The temporary CO2 storage onboard
• USA to Asia round trip
• 7400 tons CO2 per round-trip
• 3700 tons CO2 per leg
• 90% capture efficiency
• Tank size of 3000cbm to cover one leg
• Pressure > 7 bar
• Size:
• Diameter = 6m
• Length = 26.5m

Type C Tanks:

on deck solutions but
below deck bi-lobe designs are not excluded.

CO2 offloading / de-bunkering.
22
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Capture plant location
• Aft and close to funnels

• Minimise distance to CO2 cryogenic
processing and storage

• Stability considerations

• Ship motions may affect the
performance and operability of CCS.
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Potential
CC
location

Growth of solutions and interest

2010: 1st DNV R&D project on CCS
(maritime)

2019: 2nd DNV R&D project on CCS
2020: 3rd JIP project
2020-2021: Work together with CCS system
vendors and shipping companies (x3)
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Examples of CCS technologies/projects
Compact Carbon Capture (3C) – combining centrifugal
forces with liquid chemical absorption

The 3C technology is using G-forces to
distribute the solvents, allowing it to be very
light weight and compact without loosing
capacity. They are currently working on studies
on Waste to Energy Plants, Offshore gas
turbines and Maritime applications.

http://compactcarbon.no/products/
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Mitsubishi Shipbuilding to Test World's First Marinebased CO2 Capture System
"CC-Ocean"

Ionada’s membrane technology Carbon
Capture

The Mitsubishi’s partnership with NK to test a
small-scale liquid absorption system (CC
Ocean) onboard a K-Line vessel. This
demonstration experiment conducted at sea is
the first of its kind in the world.

Ionada’s Membrane Decarbonization system
combines proven chemical absorption
processes with porous ceramic tube
membranes to remove carbon dioxide from
flue gas without creating a throwaway sludge
product.

https://www.mhi.com/news/20083101.html

https://ionada.com/solutions/

Examples of CCS technologies/projects

https://www.mhi.com/news/20083101.html
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Marinization of CCS

On-board CCS pilot overview (Green Shipping Programme)

Objective and scope:
•
•
•

To develop a case study for an onboard CCS system retrofit of
Altera’s E-Shuttle tankers
The system should be scalable for other liquid CO2 ships in the
CCS value chain
The pilot will investigate the (technical and economical)
applicability of such a system
DNV ©
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Northern Lights – AIP and GASA of 7.500 m3 CO2
carrier
Objective:
• Introducing a medium-pressure, low-temperature
containment system into standard designs to develop a
cost-efficient alternative of transporting CO2

DNV Involvement:
• Pre-class evaluation of innovative type C containment
tanks for liquefied CO2.
• Strength evaluation and material selection based on
cargo characteristics such as high density- and pressure.
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Source: Equinor

Technology Qualification Low-Pressure CO2 ship
transport
Objective:
• Execute a full Technology Qualification process of a lowpressure CO2 solution for ship transport to enable larger
ships for larger volume of CO2 and achieving a safe and
cost-effective transportation chain.

Phase 1
(completed Oct 2020)

Concept definition and functional
requirements.
Qualification activities and qualification
plan

DNV Involvement:
• Project Owner and Project manager

Phase 2
(Funding secured Q2 2021, expected to start 3rd
quarter 2021)

• Project tasks DNV:
• Risk assessments
• Definition of Qualification basis and qualification plan
• Large scale testing at Spade Adams
• Approval in principle cargo tanks and cargo handling
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Execution of the qualification activities

Stella Maris – Feasibility study for Large Scale
Maritime Concept for Transport and Injection of CO2
Objective:
Phase 1: Demonstrate the technical and commercial
feasibility of a “Large Scale Maritime Concept for Transport
and Injection of CO2 for Permanent Storage in Subsea
Reservoirs”
Phase 2: Evaluate relevant concept solutions and identify
the optimal concept for shuttle tanker and Floating offshore
injection of CO2
DNV Involvement:
• Risk assessments
• Regulatory framework for shuttle tanker and Floating
offshore injection unit.
• Independent review and support in cargo containment,
material selection, tank arrangement and cargo handling
30
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Harvesting knowledge from our work

DNV Maritime CCS project, 2009 – 2012: Liquid amine capture,
liquefaction and storage for a VLCC. Modelling with COSSMOS
and HAZID conducted. The solution was found technically feasible
but techno-economically inefficient for designs of 90% capture with
conventional solvents. Other options explored: adsorption and
membranes.

DecarbonICE project: Concept for cryogenic capture
and underground storage in liquefied form
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Marinization of CCS

MARITIME CCS

MemCCSea project – Ongoing
Onboard CO2 capture with membranes for flexible
operational and cost-effective post-combustion CO2
capture in maritime and off-shore applications
http://memccsea.certh.gr/

DNV

DNV

DNV
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Marinization of CCS

Demonstration of ship-based carbon
capture on LNG fuelled ships (EU project)
*Ship-based carbon capture

Emissions reduction by at
least 70%
Cost effectiveness across
the CCUS value chain
Impact on ship
infrastructure
Offloading strategies
Regulatory gap analysis
Safety analyses
Basis for future Class
approval
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Marinization of CCS

Maritime CCS key aspects

H2

CO2

Offshore and onshore
underground storage
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Cleaner fuels

Carbon capture systems Handling and temporary
storage

Port load/offload
infrastructure

Integration with onshore
CO2 producers/consumers

Services for Maritime CCS
• Rules

Ship

• Notations
Carbon-less NBs
Capture-ready

Technology

• Approval /AiP

Value chain
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• Energy efficiency, environmental performance and effects
on EEOI/EEDI/EEXI
• Safety, risk and reliability studies
• NBs/retrofits: Comparative assessment of
decarbonization options, operational measures and
CCS/CCU technologies
• Technology qualification, model-based studies

§ Participate in applied
research CCS/CCU
projects

• Technology marinization, business expansion to maritime
CCS from other sectors

§ Build competence
networking with tech
leaders

• Value chain aspects, techno-economic trade-based
performance appraisal, CO2 logistic chains

§ Moderate in industry
collaborative networks

• Business development
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§ Advise regulatory and
governmental bodies on
carbon circular economy
policy making

Technology performance verification

Se
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1. Consumptions
2. Agent use
3. Power/heat needs
4. Emissions
…

Ship operation data
Case tailored

Simulation of each operating
point in COSSMOS

+ Voyage time
per speed
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Voyage performance

We as DNV are here to help the maritime industry address future
challenges from the position of lead technology experts!

Thank you!

Chara Georgopoulou Ph.D
Senior Engineer,
Maritime R&D and Advisory Unit
chara.georgopoulou@dnv.com

www.dnv.com
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