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EXECUTIVE SUMMARY 
The 7th edition of the IEAGHG CCS Cost Network Workshop was hosted at the University of 
Groningen, Netherlands, on 12-13 April 2023. The purpose of the workshop was to share and 
discuss the most current information on the costs of carbon capture and storage (CCS) in various 
applications, as well as the outlook for future CCS costs and deployment. For the first time, this 
workshop also included a session on the direct capture of CO2 from the atmosphere. The 
workshop also sought to identify other key issues or topics related to CCS costs that merit further 
discussion and study.  

The workshop was structured into five technical and three breakout sessions: 

• The first session, chaired by NETL’s Timothy Fout, addressed the cost of CCS industrial
applications with a focus on cement production.

• In the second session, chaired by UKCCSRC’s Jon Gibbins, the cost of CCS in power plant
applications was addressed, with a focus on recent Front End Engineering Design (FEED)
studies.

• Howard Herzog (MIT) chaired the third session on direct air capture (DAC), which
included discussions on the cost of DAC and DAC case studies focusing on sorbent and
solvent systems.

• The fourth session on offshore CO2 transport and storage was chaired by Sean McCoy
(University of Calgary). In this session, the costs relating to offshore storage and lessons
from the Aramis project were explored.

• Finally, the fifth session chaired by Machteld van den Broek (University of Groningen),
addressed the outlook for CCS deployment and costs as reflected in large-scale energy-
economic and integrated assessment models used for scenario and policy analysis.

During the breakout sessions, high capture efficiencies, blue/green hydrogen, and the outlook for 
onshore transport and storage costs were explored. The sessions were moderated by Jeffrey 
Hoffman (US DOE), Niall Mac Dowell (Imperial College London), and Candice Paton (Enhance 
Energy, Canada) respectively, providing in-depth discussions and insights into these critical 
topics.  

Key takeaways from the workshop were: 

• The cost of the full CCS value-chain is significantly influenced by geographical location, 
and the costs for heat and/or electricity. It was emphasised that within Europe, CCS 
projects lacking funding support struggle to present a positive business case. Additionally, 
the development of CO2 infrastructure was identified as crucial for harnessing the full 
potential of CCS in the cement industry.

• The FEED for Mustang Station outlines a technically feasible design with a capital cost of 
USD 725 million. The cost per tonne of CO2 at USD 3/MMBTU varies, ranging from USD 85 
at 4% IRR with an 85% load factor to USD 166 at 10% IRR with a 52% load factor. 
Significant opportunities for improving performance and reducing costs include steam 
extraction from existing turbines, increasing absorber packing for more than 97% CO2 

removal, and expanding exchanger areas to lower natural gas usage.
• The detailed public FEED sets the groundwork for potential natural gas combined cycle 

(NGCC) or combined heat and power demonstrations (CHP), with ideal site 
characteristics including the availability of cooling water, steam extraction capability, low 
reliance on renewables, and a high load factor.

v
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• Achieving over 1 Gtonne of carbon dioxide removal capacity requires early, significant
CDR purchases, fair pricing, and long-term offtake agreements. It also necessitates
government subsidies, clear policy frameworks, site development with adequate storage
and renewable energy, advanced, cost-effective technology, supply chain optimisation
and low-cost financing with sufficient third-party funding.

• To optimise storage and transport costs in CCS, hubs are essential due to the uneven
distribution of sources and variable injectivity. A comprehensive evaluation of total
transport and storage costs at hubs requires analysing various cost elements, including
onshore and offshore pipelines, and shipping. Facilities required at loading and unloading
locations will significantly impact total shipping cost.

• Further regional analyses are required to better understand where CCS might be most
effective. While the IEA study suggests CCS viability is predominantly in emerging
economies, a more detailed country-level analysis is necessary to fully evaluate the
potential of CCS.

• To accelerate the advancement of CCUS, governments and industries should focus on four
high-level priorities: creating favourable conditions for investment, targeting the
development of industrial clusters with shared CO2 infrastructure, identifying, and
developing CO2 storage solutions, and boosting innovation in key technologies.

• It is technically possible for both coal-fired and natural gas combined cycle power plants
to reach net zero emissions with CCS, achieving about 400 ppm CO2 in the exhaust gas.
Solvent intercooling is crucial for high CO2 capture efficiency, particularly in NGCC plants.
When operating at high-capacity factors, both pulverised coal (PC) and NGCC plants can
attain zero-emissions using CCS at competitive costs. However, at lower capacity factors,
combining CCS with DAC could be more effective for full decarbonization, provided DAC
costs align with current claims.

• For blue/green hydrogen, arguments about “the best” technology is currently a
distraction. All possibilities should be welcomed that enable low-carbon production,
moving away from “colours” and focus on carbon intensity (CI) scores. Further, building
confidence across the value chain is key.

• In North America, the cost of transport and storage in CCUS projects ranges from
USD 10/tonne to USD 100/tonne of CO2 stored. Key challenges for onshore projects
include liability management and perceived risks, which lead to uncertainties and can
drive up costs. Opportunities for cost reduction lie in adopting more appropriate risk
based MMV practices, transitioning midstream pipeline systems from 'one-to-one' to
'many-to-many' systems, implementing focused government regulations for open access
and transparent tariffs, and coordinating infrastructure development. Improved policies
and frameworks for risk discovery.

The 7th IEAGHG CCS Cost Network Workshop successfully convened global CCS experts to discuss 
the costs and costing methodologies relating to CCS. Key insights included the significant 
influence of geographic location and energy costs on CCS project viability, and the need of 
government support and clear policy frameworks for CCS advancement. The workshop 
highlighted the potential of CCS in heavy industries, e.g., cement, and the crucial role of CO2 
infrastructure development. It underscored the importance of regional analyses for CCS 
effectiveness, the need for investment-friendly environments, and the significance of shared CO2 
infrastructure in industrial clusters. The discussions also emphasised the technical feasibility of 
using CCS to achieve net zero emissions in coal and natural gas power plants, the need for holistic 
approaches in decarbonisation technologies, and the challenges inherent in establishing costs for 
both onshore and offshore transport and storage.  

More information on costs may be found in IEAGHG reports and in previous workshop 
proceedings, all of which may be accessed on IEAGHG’s website.  
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WORKSHOP AGENDA

12 APRIL 2023 (DAY 1)

Session 1: Industrial Capture Chair: Timothy Fout

Session 2: FEED studies Chair: Jon Gibbins

Session 3: Direct Air Capture Chair: Howard Herzog

Session 4: Offshore CO2 Transport and Storage Chair: Sean McCoy

(Sponsor: GCCSI)

13 APRIL 2023 (DAY 2)
Session 5: Outlook/Scenarios for CCS Chair: Machteld van den Broek

Breakout 1: High capture efficiencies Moderator: Jeffrey Hoffmann

Breakout 2: Blue /green hydrogen Moderator: Niall Mac Dowell

Breakout 3: Onshore transport and storage costs Moderators: Sean McCoy & Candice
Paton

Closing Plenary Chair: Howard Herzog
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INTRODUCTION
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SESSION SUMMARIES
Session 1: Cost of CCS in Industry
Chair: Timothy Fout, USDOE/NETL

Presentations:
Jan Theulen, Heidelberg Materials, Norway;
Simon Roussanaly, SINTEF Energy Research,
Norway

Deep decarbonisation of cement production

CO2 capture costs in industry

General discussion

5



Proceedings of the CCS Cost Network 2023 Workshop

Session 2: Power Plant FEED Studies
Chair: Jon Gibbons, University of Sheffield

Presentations:
Bill Elliott, Bechtel Corporation, US;
Jorge Martorell, Univ. of Texas at Austin, US

The cost of carbon capture plants
Lessons learned from two FEED studies
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General discussion

Session 3: Direct Air Capture
Chair: Howard Herzog, MIT

Presentations:
Jan Wurzbacher, Climeworks, Switzerland
Tim Fout, USDOE/NETL, US
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Cost of DAC

DAC case studies

Cost drivers and metrics

General discussion

Spacing

Weather conditions:

Siting:
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20% electricity 80% heat; hence, the focus is 
on affordable low-carbon heat for site 
selection (e.g., geothermal). 

• Infrastructure: Existing industrial pipelines
are not optimal for CO2 distribution. The
presenters could not recall a study looking
into existing pipeline risks when adapted to
CO2 transport and acknowledged the issue is
understudied. Additionally, the DAC capture
rate must be matched with post-processing
and infrastructure capacities (such as
pipeline injection rate capacities) to avoid
operational and profitability problems.

Session 4: Offshore CO2 Transport 
and Storage Costs 
Chair: Sean McCoy, University of  Calgary 

Presentations: 
Johannes Kalunka, ExxonMobil, US 
Boudewijn Reniers, TotalEnergies. France; and 
Sander Nijman, Shell, US 

This session addressed the cost of CO2 

transport and storage (T&S) in offshore 
formations. Recent cost estimates for projects 
such as Northern Lights in the Netherlands 
are far greater than those of a decade ago. 
Thus, the aim of this session was to 
understand current estimates of offshore CO2 
storage costs, the drivers of cost, and whether 
we can expect these costs to fall in the future. 
Two presentations were followed by a 
general discussion. Key points are 
summarised below. 

Offshore storage in Southeast Asia 
Johannes Kalunka first presented optimised 
storage costs in Southeast Asia based on 
source-sink mapping. For that region, he 
identified 11 GtCO2 of storage resources in 
depleted fields, 42 GtCO2 in “field-scale” 
saline formations, and 275 GtCO2 in “basin-
wide” saline formations. These resources 
have an injectivity that varies from 0.1 to 1.5 
Mt/y per well. He then reviewed how 
ExxonMobil combined the resource data with 
publicly available cost estimates for 
compression and dehydration, onshore and 
offshore pipelines, liquefaction, and shipping, 
to estimate total T&S cost for CO2 sources in 
Singapore. Those costs ranged from $50-
$75/tCO2 for the first gigaton of CO2 and from 

$75-$150/tCO2 for the next six gigatons. The 
cost curve slopes steeply upwards for 
additional amounts (up to around 9 GtCO2 
total). 

For most cases, offshore transport is the 
costliest component of the chain in Southeast 
Asia. The cost of subsurface storage is 
typically small, particularly for small total 
quantities of CO2. However, there are trade-
offs between the cost of offshore transport 
and storage as the cumulative amounts of 
CO2 increase, mainly due to the need for 
larger, more costly storage sites involving 
shorter transport distances. Kalunka 
concluded that hubs have an important role 
to play in the region and cautioned that more 
detailed evaluation of options for given 
sources are needed for project development. 

The Dutch Aramis Project 
Next, Nijman and Reniers reviewed the 
development of the Aramis Project in the 
Netherlands and the key drivers of their value 
chain design. The project, now in the design 
phase, is expected to advance to a FEED study 
later in 2023. The goal of Aramis is to 
construct open-access infrastructure with a 
maximum storage capacity of 22 MtCO2/y in 
depleted gas reservoirs around 200 km 
offshore from Rotterdam. The project 
envisions a new terminal at Rotterdam 
harbor where CO2 shipped there by a various 
modes (barge, ship, onshore pipeline) is 
collected and then transported by pipeline to 
existing offshore platforms and injected into 
depleted gas reservoirs. 

The project developers (Shell, TotalEnergies, 
EBN, and Gasunie) face the challenges of 
managing uncertainties in costs, volumes and 
subsidies; generating commercial returns; 
and delivering an affordable system tariff for 
users. This is particularly challenging because 

9
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General discussion

Session 5: Outlook and Scenarios for
CCS
Chair: Machteld van den Broek, University of
Groningen

Presentations:
Harmen Sytze de Boer, PBL, The Netherlands
Mathilde Fajardy, IEA, France

CCS cost impacts using the IMAGE model

increased
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CCUS in IEA scenarios
General discussion
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BREAKOUT SESSIONS

Breakout 1: High Capture Efficiencies
Moderator:
Jeff Hoffmann, Department of Energy, US

Presentations:
Jeff Hoffmann, USDOE (for EPRI U.Texas)
Mathieu Lucquiaud, Univ. of Sheffield, UK

High efficiency capture costs

Zero carbon hydrogen with CCS

General discussion

12



Proceedings of the CCS Cost Network 2023 Workshop

Breakout 2: Blue/Green Hydrogen
Moderator:
Niall Mac Dowell, Imperial College London,
UK

General discussion

Question 1. Are there synergies between “blue”
and “green” hydrogen?

Question 2. Can we scale up the hydrogen
supply chain?

13
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The potential for hydrogen scale-up also 
depends on whether projections of as much 
as a ten-fold decrease in electrolyser cost are 
realistic. In the case of solar and wind, the 
seemingly optimistic projections of 20 years 
ago were actually realised. However, other 
technologies have experienced much smaller 
cost reductions. The consensus was that the 
cost of electrolysers will fall, but to not much 
less than 1000 USD/kW. Another problem is 
that there are few substitutes for the critical 
minerals required for electrolysers. 

Question 3. At what point can we justify using
“additional” low carbon or renewable power to
produce hydrogen as opposed to using it to
displace high carbon (e.g., coal based) power?

In addition to the difficulty of justifying 
whether hydrogen is really produced from 
“additional” green power, justification of a 
large role for hydrogen also depends on its 
proper use in end-use sectors. Hydrogen can 
be used in the power sector, industry, and the 
built environment, but some end use 
technologies in these sectors still need years 
of development to reach maturity. Thus, it is 
unclear whether hydrogen will have a big role 
in the power sector as challenges still remain 
to be resolved.  

As an intermediary phase, one idea (although 
expensive) is that gas turbines have two types 
of burners. For example, Japan plans to have 
50% of its power based on hydrogen. Most 
industries will focus first on replacing 
existing hydrogen supplies with green 
hydrogen instead of creating new uses for 
hydrogen. In the residential sector, the 
efficiency of supply chains for alternatives to 
hydrogen are often better. The (perceived) 
safety of hydrogen may also be an issue 
impeding scale up. 

Breakout 3: Onshore CO2 Transport
and Storage Costs
Moderators:
Sean McCoy, University of Calgary, Canada
Candice Paton, Enhance Energy, Canada

The goal of this breakout session was to 
explore factors driving costs for onshore CO2 
transport and storage (T&S), particularly in 

North America, and to compare them to 
offshore project costs in Europe. The ensuing 
discussion covered a broader range of topics 
including the regulatory environment, 
approach to business models, and liability 
regimes that strongly impact T&S costs. 

A view from Canada
The session opened with a presentation from 
Candice Paton, who reviewed the legal and 
regulatory environment in Alberta, Canada 
and Enhance Energy’s CCUS project in the 
central part of the province. Since coming 
online in 2020, the project has stored close to 
4 million tons of CO2 from two industrial 
sources—a refinery and a fertiliser 
production facility—in a mature hydrocarbon 
reservoir, where the CO2 is utilised for 
enhanced oil recovery (EOR) before being 
permanently sequestered. A foundational 
project to reduce barriers to entry for future 
CCUS participants, it was supported by both 
the provincial and federal governments to 
include a large-diameter dedicated pipeline 
(the Alberta Carbon Trunk Line) for CO2 
transportation and the associated capture 
facilities at each of the industrial sources.  

Alberta is one of few jurisdictions that has a 
clearly defined pore space allocation process 
for saline aquifer storage. Alberta has created 
regulatory pathways for CO2 storage through 
CO2-EOR and in saline aquifers. In 2021, a 
process was launched in the province to 
solicit project proposals for large-scale CCS 
hubs across the province. In late-2022 and 
2023, evaluation permits were provided to 25 
proponents to begin the technical, regulatory 
and stakeholder work required to determine 
suitability of future projects. The province 
intends to ensure that emitters can access 
CO2 storage through development of open 
access storage hubs. Details are available on 
the Government of Alberta website. 

14
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Views from other jurisdictions

Significant cost drivers for onshore T&S

Business models and regulation
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Key messages from the session

CLOSING PLENARY
Moderator:
Howard Herzog, MIT, US

Photo credits: M. van der Broek
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TECHNICAL PRESENTATIONS
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Session 1: Industrial Capture
1.1. Heidelberg Materials view on costs of CCS value chain

   Jan Theulen (Heidelberg Material



Heidelberg Materials view on 
costs of CCS-value chain

12.4.2023
April 2023 | Jan Theulen
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We are constructing as we speak the largest CCS-facility for cement worldwide
Capture  Brevik Norway

19



On track….
Capture Brevik Norway

3
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Devnya, Bulgaria 
Capacity: 800 kt CO2 p.a.

Brevik CCS experience has spread out over Heidelberg Materials Group
Expansion of CCUS

4

Our mature CCUS projects Brevik, Norway
Capacity: 400 kt CO2 p.a.

CCS
2024

Slite, Sweden 
Capacity: 1.8 mt CO2 p.a.

CCS
2030

Eastern Europe
Two large scale CCS 
projects

CCS
~2030

CCUS
2028

Edmonton, Canada
Capacity: 800 kt CO2 p.a.

CCS
2026

Mitchell, US
Capacity: 2 mt CO2 p.a. CCS

Padeswood, UK 
Capacity: 800 kt CO2 p.a.

CCS
2028

Safi, Morocco
Capacity: 50 t CO2 p.a.

Hanover, Germany
LEILAC 1: finalised
LEILAC 2: engineering

CC
2024 Mergelstetten, Germany

Oxyfuel demo

CC
2024

We target to cumulatively capture 10 Mt CO2 by 2030!

CCU
2019

Antoing, Belgium 
Capacity: 800 kt CO2 p.a.

CCUS
2028

21



Sofar CCS-clusters in Western Europe all focus on coastal emitters
ACTUAL

05.04.2023

22



However, the emitters are not only at the coast !
EMISSIONS

05.04.2023
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Therefore, we need pipeline infrastructure development to the hinterland
and we do see very serious initiatives in NL, Belgium, Germany

TRANSPORT

05.04.2023
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Value-chain has major influence on overall costs of CCS
TRANSPORT  AND STORAGE

8

200 km 1.000 km 110 km

40 km
onshore

30 km
offshore

Compression 
to storage

>100 €/t CO2

Compression 
to storage 

< 30 €/t CO2

25



Public numbers for full scale capture in the cement industry  - Capex (FOAK)
CAPTURE

9

1) Supplerende kvalitetssikring av Langskip – fangst og lagring av CO2, 11. februar 2022

2) https://www.globalcement.com/news/item/15219-eu-awards-euro228m-towards-ccus-upgrade-at-lafarge-poland-s-kujawy-cement-plant

3) https://www.total-croatia-news.com/business/66790-croatian-nexe

5) https://www.globalcement.com/news/item/15201-devnya-cement-and-petroceltic-s-anrav-carbon-capture-project-wins-eu-funding

4) https://www.padeswoodccs.co.uk/en

No public info on what is 
included into the scope:

Dismantling / infra costs

Upgrade power supply

DeNox and DeSox units

Additional AF-feeding units

Operating hours/year

Overall number

3000-4000 tpd clinker line

Capex ~ 400 M€

Higher capex 
lower opex

26



Capex – accuracy in different design stages + inflation
CCUS

10

-50% to
+100%

-30% to
+50%

-20% to
+30%

-15% to
+20%

-3% to
+15%

27



OPEX
CCUS

11

Heat Power Oxygen Other 

Amine 0.7 MW/t CO2 0.2 MW/t CO2 n.a. 10-15 €/t CO2

Cryocap - 0.4 MW/t CO2 n.a. 10-15 €/t CO2

2nd gen oxyfuel - 0.15 MW/t CO2 0.35 t O2/t CO2 10-15 €/t CO2

OxyCal + Amine - 0.2 MW/t CO2 0.3 t O2/t CO2 10-15 €/t CO2

Heat

Waste heat Capex dominated

CHP Cost of fuel
RDF based CHP RDF-price + Capex
Heat pump Capex dominated

Oxygen

ASU at site Capex + Power price

Supply market Logistics – power price
By-product green H2 Power price

28



OPEX – dominated by cost heat and power (depending on capture technology)
CCUS

12

2017 – comparison €/MWh in EU countries

Variation from 58 to 140 €/MWh
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Costs of CCS value-chain in Europe for cement industry; operational 2026 - 2030
CCUS

13

When EU ETS prices equals to 
CCS costs per ton CO2

project still NOT profitable 
without funding support

((at least 3 years before savings arrive, 
considerable Capex needs to be spent)

Cost range 
CCS

30



CCS cost of full value-chain dominated by:

Geographical location

Costs for heat and/or electricity

Within Europe the CCS-projects without 
funding support do not have a positive 
business case

CO2-infrastructure development key for using 
full potential of CCS for cement industry

Key take aways
CCUS

14
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1.2. Techno economic analysis of solvent based CO2 capture from cement
  Simon Roussanaly (SINTEF)
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Techno-economic analysis 
of solvent-based CO2
capture from cement

Adriana Reyes-Lúaa, Pauline Oeuvrayb, Luca Riboldia, 
Johannes Burgerb, Cristina a, Chao Fua, Viola Becattinib, 
Rahul Anantharamana, Marco Mazzottib, Simon Roussanalya

a SINTEF Energy Research
b ETH Zurich
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ACCSESS 
Providing access to cost-efficient, replicable, safe, and flexible CCUS
Horizon2020 Innovation Action

Duration: May 2021- April 2025

Coordinator:  SINTEF Energy

Budget: 18.4 MEUR, EU funding 15.0 MEUR

Main objectives

• Capture: Demonstrate CO2 capture and use in industry;
integrate capture technologies industry

• Chains: Develop and improve CCUS chains from continental
Europe and the Baltic area to the North Sea

• Society: Engage and inform stakeholders about CCUS and
explain its societal benefits at large and for sustainable cities

2
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Pioneering chains

• Four reference industrial plants in
ACCSESS
• Cement plant in Germany
• Cement plant in Poland
• Pulp mill in Sweden
• Waste-to-energy plant in Switzerland

3
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Key characteristics

4

Location Northern GE Southwest PL
Clinker capacity (t/d) 2500 12000
CO2 captured  (Mt/y) 0.62 1.58
Flue gas flow rate (Nm3/h) 304205 632000
Pressure (bara) 0.98 1.01
Temperature (°C) 125 Up to 163
Gas composition , wet basis (%mol)
CO2 15.1 17.8
N2 59.6 53.7
O2 12.1 10.6
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5

Port

CO2 emitter Capture and 
conditioning

Multi-modal 
transport

Permanent 
storage

System boundaries of the presentation
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CO2 capture and conditioning PFD

6

Purged gas 
with impurities

Liquid to buffer 
storage

CO2 compression train

NH3 refrigerant cycle

Tliq

Captured CO2
Pre-cooler, liquefier, and purge flash 

Recirculation flash 
and compressor

15/21 bar

1.9 bar
28 °C

Fu et al. 2019

Deng et al. 2019
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• Simulations
• Industrial flue gas
• 90% capture rate
• AMP/PZ solvent
• 15 barg liquid CO2

• First of a kind (FOAK) evaluation

• Steam from biogas/biomass

• CO emissions from utilities

• Cost basis 2019

7

Design basis/Main assumptions

FOAK TEA assessment has 
been based on Roussanaly et 

al. 2021 Toward improved 
guideline for cost evaluation 

of CCS
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• Increased CAPEX
• Oversized design, additional spare and redundant equipment
• Higher process contingencies
• Higher system contingencies
• Stricter material selection and design standards
• Higher escalation cost during planning and construction
• Higher discount rate to reflect risk premium

• Increased OPEX
• More training required for technicians, plant operators and plant engineers
• Slower ramp-up to design operation
• Higher fixed cost due to the higher CAPEX

8

FOAK assessment
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Workflow
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• Cost
• CAPEX ~ 180 M€
• NPV of non-energy OPEX ~ 90 M€
• NPV of energy OPEX ~ 242 M€

• CO2 avoidance cost for the capture and conditioning
sections ~ 118 €/t (+/- 40%)

• Main contributors:
• CAPEX ~ 32%
• Steam ~ 36%
10

Cost results for the German case
CO2 capture and 
conditioning only
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• Cost
• CAPEX ~ 750 M€
• NPV of non-energy OPEX ~ 155 M€/y
• NPV of energy OPEX ~ 600 M€/y

• CO2 avoidance cost for the capture and conditioning
sections ~ 108 €/t (+/- 40%)

• Main contributors:
• CAPEX ~ 30%
• Steam ~ 37%
11

Cost results for the Polish case
CO2 capture and 
conditioning only
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• Absorber section ~ 38-40%
• DCC and absorber ~ 22%

• Desorber section ~ 25-30%
• Desorber ~ 3%
• Lean-Rich HX ~ 5%

• Conditioning ~32%

12

TDC breakdown
CO2 capture and 
conditioning only
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• Inclusion of emissions associated with CO2
capture and conditioning (German case)
• "Energy-only" related emissions lead to

an avoidance cost increase of ~10%
• Emissions from a full LCA evaluation lead

to an avoidance cost increase of ~20%

• Emissions impact here is "low" as biogas
is used to produce the steam required by
the capture

13

Impact of associated CO2 emissions
CO2 capture and 
conditioning only
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• Cost of FOAK of CO2 capture and conditioning 80-120 €/tCO2 (4 pioneering cases) 
and between 100 and 280 €/tCO once transport to harbour is included (very case 
specific)

• Possibility to reduce costs in CO with advanced/novel technologies and heat integration
• Possibility to reduce CO transport cost with advanced technologies and clustering options
• Possibility to reduce CCS chain cost by considering different storage locations and utilization

options
• Cost will be reduced as more and more projects are deployed (from FOAK to NOAK chains)

• The CCTS chains considered can already now avoid 75% to 89% of the industrial 
emissions. Further improvements possible:

• Higher capture rates
• Decarbonization of the grid mix 
• Decarbonization of CO2 transport

14

Toward improved CCUS chains
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• The work offers novel learnings:
• The cost of rolling-out pioneering CCS chains from inland European emitters
• The economic burden to be early movers (cost of FOAK vs NOAK)
• The importance to develop economically feasible inland CO2 transport solutions and inland CO2

storage options

• The work also inspires important reflections for upcoming projects:
• How to enable implementation of Pioneering CCS chains (despite the potential high costs)?
• What opportunities are there to reduce the cost in the near-term?
• What opportunities are there to increase the emissions avoidance?

15

Lessons learned and reflections
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16

Comparison of CAPEX with public numbers
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Session 2: FEED Studies
2.1. The cost of carbon capture plants; say it ain’t so, Joe

  Bill Elliot (Bechtel)
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The Cost of Carbon 
Capture Plants; 
say it ain’t so, Joe
Bill Elliott
Bechtel Corporation
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The Chemical Engineering Plant Cost Index (CEPCI)
• Composite index from four sub-indexes:

Equipment
Construction Labor

Buildings
Engineering & Supervision

Graph: The University of Manchester, Department of Chemical Engineering; 
Data: The Chemical Engineering Plant Cost Index. Chemical Engineering, http://www.chemengonline.com
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The Chemical Engineering 
Plant Cost Index

2021 vs 2022

The Chemical Engineering Plant Cost Index. Chemical Engineering, http://www.chemengonline.com
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Data: The Chemical Engineering Plant Cost Index. Chemical Engineering, http://www.chemengonline.com
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Data: The Chemical Engineering Plant Cost Index. Chemical Engineering, http://www.chemengonline.com
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The Chemical Engineering Plant Cost Index

2022 vs 2023

The Chemical Engineering Plant Cost Index. Chemical Engineering, http://www.chemengonline.com
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NNGCCC Plantss - Capture Rate tonnesCO2/day versus Capital Cost

Panda Sherman 
(TX, USA)

Mustang Station 
(TX, USA)

Elk Hills Power Plant 
(CA, USA)

FEED for Southern Company 
Plant Daniel (MI, USA)
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SSolidd Fuell Plantss -- Capture Rate tonnesCO2/day versus Capital Cost

Project Tundra, North 
Dakota

Prairie State 
Generating Company 

(IL, USA)

San Juan Generating 
Station (NM, USA)
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Sherman, TX NGCC Post Combustion Capture Plant

Cost Sensitivities and Uncertainty Levels Tornado Diagram
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Sherman, TX NGCC Post Combustion Capture Plant

Cost for PCC Areas as Percent of Contractor’s Cost
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Sherman, TX NGCC Post Combustion Capture Plant

Cost as Percentage of Contractor’s Cost

Stack Modification
7%

Flue Gas Conveyance 
and Conditioning

23%

CO2 Absorption
34%

Solvent Regeneration
17%

CO2 Compression and 
Conditioning 

19%

$/Tonnee CO2

Annualized capital cost 83.10

Annual O&M cost 31.40

Total cost per tonne CO2 114.50

Totall Costt perr Tonnee CO2 Capturedd 
(50000 hrss perr yearr basis)
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Effect of Loan Life on Capture Cost
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• Based on 5,000 hrs of Operation per year
(420MW NGCC Power Plant)

• Interest rate = 6%
• Return on Equity = 12%
• Capacity Factor = 0.57 (645,000 per year CO2

captured)

$83.10/tonne CO2
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Effect of Capacity Factor on Capture Cost

Data: The Chemical Engineering Plant Cost Index. Chemical Engineering, http://www.chemengonline.com
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• Based on 5,000 hrs of Operation per year 

(420MW NGCC Power Plant)
• Annualized Capital Cost 53.6M
• Loan Life = 15 years
• Interest rate = 6%
• Return on Equity = 12%

$83.10/tonne CO2
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Panda Energy Sherman Power Plant
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2.2. Lessons learned: Mustang FEED and comparison to Panda FEED
  Jorge Martorell (Univ. of Texas at Austin)
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Lessons Learned:
Mustang FEED and comparison to 

Panda FEED
Jorge L. Martorell, Gary T. Rochelle, Michael Baldea

McKetta Department of Chemical Engineering
The University of Texas at Austin

7th IEAGHG CCS Cost Network Workshop
April 12-13, 2023
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Part 1:
• Summary of Mustang FEED and lessons learned

G T Rochelle et al. “Front-End Engineering Design for Piperazine with the Advanced Stripper”. US Dept. of 
Energy Tech. Rep. DE-FE0031844. (2022) (in process) DOI: (TBD)
URL: https://netl.doe.gov/project-information?p=FE0031844

• Mustang rating model optimization
A Suresh Babu et al. “Maximum Operating Profit of PZAS at Off-Design Conditions by a Rigorous Rating 
Model for a 460 MW NGCC”. Proceedings of GHGT-16. (2022) DOI: https://dx.doi.org/10.2139/ssrn.4283094

Part 2:
• FEED comparison: Mustang and Panda

Bechtel National, Inc. “Front-End Engineering Design (FEED) Study for a Carbon Capture Plant Retrofit to a 
Natural Gas-Fired Gas Turbine Combined Cycle Power Plant”. US Dept. of Energy Tech. Rep. DE-
FE0031848. (2021) DOI: https://doi.org/10.2172/1836563

J L Martorell et al. “Lessons Learned: Comparing Two Detailed Capital Cost Estimates for Carbon Capture 
by Amine Scrubbing”. Ind. & Eng. Chem. Res. (2023) DOI: https://doi.org/10.1021/acs.iecr.2c04311

Contents 2
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Part 1:
Cost Details from Mustang FEED
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• Project structure and objectives

• PZAS: a superior 2nd generation process

• Mustang Station: low energy cost, abundant space, EOR pipeline

• Design decisions and opportunities for improvement

• Project costs: capital, annual, business case

• Profit optimization rating model

Mustang FEED Outline 4
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The objective: Accurate installed cost of Piperazine with the 

Advanced Stripper (PZAS™) on NGCC at GSEC Mustang Station

Complementary benefits:

• Develop commercial project at Mustang Station

• Qualify PZAS for use on NGCC and cogeneration (CHP)

• Provide commercial cost detail

• Optimize PZAS & other 2nd generation processes

• Guide R&D of capture technology

Objectives 5
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Funding: $5.6MM

• $4.2MM US Department of Energy

• $1.4MM ExxonMobil, Total, Chevron, Honeywell UOP

Performance Period: October 2019 – June 2022

Participants:

• Golden Spread Electric Cooperative (GSEC) – Host

• University of Texas at Austin (UT) – Modeling/Technology

• Trimeric – Process Engineering

• AECOM – EPC (Engineering, Procurement, Construction)

Comprehensive public report submitted July 2022 (to be released shortly)

Project Overview 6
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PZAS Overview 7

Figure shows 
1 of 2 parallel

trains

72



Host Site: Mustang Station
Denver City, TX, USA

460 MW NGCC
2 Gas Turbines / 1 Steam Turbine

Located in Southwest Power Pool
(Greatest wind penetration of U.S. 
Independent System Operators)
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Proposal, May 2019 FEED report, July 2022
Space Excellent Spread out, still good
CO2 disposal Existing pipeline to EOR Existing pipeline to storage
Cooling Available cooling tower No water, air cooling required
Steam supply Extraction from turbine Gas-fired boiler
Fuel cost $2/MMBTU (~6 €/MWh) $8/MMBTU (~25 €/MWh)
CO2 rate 126 tonne/hr 190 tonne/hr
Electricity Wholesale LMP = $20/MWh Retail? = $100/MWh

Load factor >52%, higher with good CO2
value and low fuel cost

<52%, lower with high fuel 
cost & more renewables

Financing <4% with non-profit 10% IRR with private capital
Capital cost $270MM $725MM

Changing perspective on the Mustang site 9
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Site layout 11

Each train treats flue from 1 GT and 1 (new) boiler

• Turndown to match NGCC operation

• Sequenced, isolated construction & maintenance

• Reasonable absorber size (12 x 14 m)

• Off-site fabrication of strippers
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CO2 removal: 90% at median ambient temperature

Air cooling: absorber intercooling, water wash, compressor

• Water wash has 24-hour water balance in summer

Steam: one package boiler for each train (flue gas treated)

Designed for moderate energy requirement:

• 3.0 GJ/tCO with 5 plate-and-frame exchangers per train

• 2.5 GJ/tCO achievable with 10 exchangers per train

Compression: one 3-stage reciprocating compressor per train

Other design decisions 12
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Project costs and business case
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Total overnight cost 14
$ Millions

Total direct cost 384
Total indirect cost 93
Engineering 37
Insurance, taxes, bonds, and permits 19
Contingency 105
Contractor overhead and profit 60
Project total cost 698
Owner’s cost 27
Total overnight cost 72579



Lessons Learned 15

Direct Cost $ Millions % Potential savings

Total 384.0 100.0
Air cooling 90.0 23.0 Water cooling
Absorber 37.0 10.0 Carbon steel
CO2 compression 24.2 6.0
Ductwork, dampers, fans 21.6 5.6 Shorten ductwork
Solvent reclaiming 19.6 5.1 Revisit
Stripper, CO2 conditioning 17.4 4.5
Steam generation 14.1 3.7 Steam extraction
Solvent heat exchangers 9.5 2.5 More exchangers80



Annual Variable Operating Cost Assumptions $MM
Total 52% load factor 21.5
Natural gas
–15% increase in total fuel rate
+[more exchangers to reduce heat duty]
+[steam extraction]

354 MMBTU/hr
(annual avg)
at $3/MMBTU

9.5

CO2 tariff for transport & storage $5/tonne 4.3

Electricity
–7% decrease in NGCC net output
+[replace air cooling with water cooling]

33 MW @ 
$25/MWh 3.8

Piperazine solvent 2.0

Other (caustic, water, TEG, N2, waste) 1.981



Annual Fixed Operating Cost $MM

Total annual fixed operating costs 32.6

Property tax & insurance (year 1 @ 2.5%)
+[negotiate for local tax break] 18.2

Maintenance labor & materials 9.9

Operating labor 3.3

Administrative & support labor 1.2
82



$ Millions
Income from 45Q @ $85/tonne +64.0

Fixed annual costs -32.6

Variable annual costs -21.5

Net cash flow +9.9

Net cash flow at base case conditions 18

Load factor: 52%, Fuel: $3/MMBTU ($10/MWh), Electricity: $25/MWh
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Economic performance of Mustang project 19
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Cost vs capacity of DOE FEED studies 20
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FEED defines technically feasible design for Mustang Station
• Capital cost: $725MM
• $/tonne at $3/MMBTU ($10/MWh) depends on load & financing:

• $85/tCO at 4% IRR, 85% LF
• $166/tCO at 10% IRR, 52% LF

Major opportunities for enhanced performance and reduced cost
• Steam extraction from existing turbine
• More absorber packing to get >97% removal, near C-neutral
• Additional exchanger area to reduce natural gas consumption
Detailed public FEED provides basis for NGCC or CHP demo
Ideal site: cooling water, steam extraction, low renewables, high LF

Takeaways 21
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Optimization of Mustang FEED 
rating model
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FEED design model was used to create a rating model[1]:
• Fix equipment, vary operating conditions s.t. equipment constraints
• Maximize hourly operating profit:= $ × $ × $ ×

Mustang rating model 23

[1] A Suresh Babu, et al. Proceedings of GHGT-16 (2022) https://dx.doi.org/10.2139/ssrn.4283094

Rating model gives optimum operating conditions for given load and 
ambient conditions
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Mustang rating model results 24

Key assumptions: 95% Load,
NG at $3/MMBTU, Electricity at 7000 
BTU/MWh, CO2 value $80/tonne

Case A: 4°C ambient
Case C: 18 °C ambient
Case E: 41 °C ambient
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• Maximum profit at 93% – 96% removal

• Capture plant more profitable in winter

• Low lean loading results in low reboiler duty (2.2 – 2.4 GJ/tCO ) and
improved profit

• Solvent precipitation avoided even at low loading and ambient T

• At low gas price, value of carbon credit exceeds cost of gas.
Therefore, burning gas in boilers drives profitability at high
lean loading (low CO2 flow)!

Conclusions 25
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Part 2:
Comparing Mustang FEED and 

Panda FEED
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[1] G T Rochelle, et al. "Front-End Engineering Design for Piperazine with the Advanced Stripper Final Report" (2022) https://netl.doe.gov/project-information?p=FE0031844
[2] W Elliott, et al. "Front-End Engineering Design Study for a Carbon Capture Plant Retrofit to a Natural Gas-Fired Gas Turbine Combined Cycle Power Plant" (2021)
https://doi.org/10.2172/1836563
[3] J L Martorell, et al. Ind. & Eng. Chem. Res. (2023) 62,110:4433-4443 https://doi.org/10.1021/acs.iecr.2c04311

“Mustang FEED”[1]

Cost estimate for PZAS, second-generation amine scrubbing process
“Panda FEED”[2]

Cost estimate for a generic design using low-cost solvent (MEA)

Objective of this comparison[3]

Both use amine scrubbing CO2 capture at NGCCs in Texas
Results and cost estimates were published in extensive detail
Validate cost estimates, draw insights to reduce capital cost

FEED comparison 27
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Panda handles 19% less flue gas, captures 31% less CO2

Mustang Panda

NGCC flue gas flow 
[t/hr] 2880 3700

Flue gas feed to 
capture unit [t/hr]

3160
(NGCC + boiler)

2530

Captured CO2 stream 
[t/hr] 200 130

Design Capture [%] 90 85
93



Mustang Panda
Solvent 5 m PZ (~30 wt%) 35 wt% MEA
Steam Package boilers Steam extraction

Cooling Air cooling Cooling water from 
existing site capacity

Cost 
Estimate

Bottom-up cost estimate:
• Vendor quotes for major equipment
• Piping, ductwork, I&E, civil, etc. estimated from

detailed site layouts
-20% to +30% +/- 20%

Design decisions 29
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Capital Cost 30
Cost ($ Millions) Mustang Panda

Total cost $724 $477
Direct cost, as reported $385 ( ) $450 ( )
Detailed eng. & commissioning $37 ( )

$59
Indirect field costs $93 ( )
Contingency $104 (Excluded) $34 ( )
Owner’s cost $27 (Excluded) $5 ( )
Contractor’s ovhd & profit $60 ( ) (Included)

Adjusted direct field cost $574+ + + $411
95



Cost adjustment and scaling 31

Cost
($ Millions)

Mustang
Adjusted

Panda 
Adjusted

Mustang 
Scaled

TOTAL $574 $411 $489

1. Reported costs adjusted to same set of inclusions
2. Cost of each process sub-area scaled with flue gas or CO2 flow:= × ( )( . )
Scaling intended to represent estimated cost for:
• Same PZAS process configuration
• Same Mustang site constraints (ductwork, boilers, air cooling, etc.)
• Capacity of the Panda FEED
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Mustang 
FEED
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Panda 
FEED
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Air Cooling – Mustang 34

Legend
Cooling Bays (4)

Absorbers (2)
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Site Arrangement – Mustang 35

30 m
 APPROXIMATE

To Stripper #1

To Stripper #2

Trains use separate ductwork
180 m (per train)

   Legend
Flue Gas Ductwork

HRSG (2)

Blower

Absorber (2)

Stripper (2) (not shown)

Boiler with blower (2)
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Site Arrangement – Panda 36

Common duct to absorbers
Carbon steel: 170 m

Stainless steel: 220 m
Total: 395 m

30 m
APPROX.

Legend
Flue Gas Steel Rack

HRSGs (2)

Blower

Absorbers (2)

Stripper (1)

Foggers (3)
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Site Arrangements 37

30 m
APPROX.

To Stripper #1

To Stripper #2
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1: Mustang 
FEED

2B: Mustang 
Alternate

3S: Panda 
Scaled

Cross-section Rectangular Round Round
Cross-section area m2 175 175 175
Packed height m 10.6 10.6 10.6
Total cost (reported) $MM 18.5 20.9 16.2
Cost of scope $MM 19.7 18.2 14.9

Scope includes single absorber with engineered procurements 
and steel. Excludes foundation, instrumentation, piping, pumps.

Absorber comparison 38
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• Estimates for both FEEDs were similar, adjusting for capacity
• Ancillary equipment costs had higher impact than expected
• Ancillaries at Mustang offset cost advantage of 2nd gen process

• Site-specific factors such as availability of cooling water or
extracted steam have significant impact on cost

• Simple models excluding costs like ductwork, utilities leave out
significant costs which can change the optimal design

Key factors in capture plant cost 39
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Mustang FEED:
• FEED is technically feasible, CAPEX=$725MM, $/tCO = $85 to

$166 depending on IRR and LF
• Major opportunities for enhanced performance and reduced cost
FEED Rating Model:
• >90% capture feasible and maximizes profit in all cases considered
• Reboiler duty lower than design (2.2 – 2.4 GJ/tCO )
• C credit leads to perverse incentive for boilers if gas price is low
FEEDs Cost Comparison:
• Estimates for both FEEDs were similar, adjusting for capacity
• Site-specific factors have significant impact on cost, possibly more

than choice of technology

Conclusions 40
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Thank you!
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Session 3: Direct Air Capture
3.1. Scaling and cost projections of carbon dioxide removal (CDR) 
via direct air capture (DAC).
Jan Wurzbacher (Climeworks) 
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Scaling and Cost Projections 
of Carbon Dioxide Removal 
(CDR) via Direct Air Capture 
(DAC)

12 April 2023

Dr. Jan Wurzbacher, Founder & Co-CEO

7th IEAGHG CCS Cost Network Workshop
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Climeworks’ journey to impact at scale

2

First large-scale 
DAC+S1 plant “Orca” 

(~3 kt CDR/year)

20172009 2021
World’s first 

commercial DAC plant

2050
Total CDR 
capacity: 
Gigaton+

Total CDR 
capacity: 
Megaton+

2030
Launch of 

“Mammoth” plant
(~28 kt CDR/year)

2024

Switzerland 
Hinwil

Iceland 
Hellisheiði

Iceland 
Hellisheiði GlobalGlobal

1. DAC+S: Direct Air Capture + Storage 111



Climeworks solid sorbent-based adsorption process
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We’ve operated the world’s largest 
DAC plant for 1.5 years

4

Started operation in September 
2021

The world’s only commercial direct 
air capture & storage facility

Annual CDR capacity of ~3’000 tons 
CDR per year

Located in Iceland

Powered 100% by geothermal 
energy

CO2 permanently stored underground 
through mineralization

113



Currently in construction:
Mammoth plant

5

Mammoth, Climeworks’ newest and largest DAC+S 
plant with annual CDR capacity of ~28’000 tons 
per year (nameplate CO2 capture capacity of 36’000 
tons per year)

The construction is expected to last 18-24 months before 
operations start in 2024.

• Jun 2022: Groundbreaking in Iceland.
• Dec 2022: Construction of main hall completed.114



With capacity increase, costs will be reduced based on 4 
pillars

Reduce cost of Climeworks product and plant Secure best sites 
globally

Scale up 
plant size

Develop technology & 
product

Replicate & learn Low-cost carbon-free 
energy & storage

• Increase specific 
throughput (t CO2 per 
intake area)

• Reduce energy 
consumption 
(kWh per t CO2)

• Improve sorbent lifetime

• Reduce CAPEX through 
volume and value 
engineering

• Maximize CDR production 
efficiency 
(t CDR produced per t CO2
captured)

• Reduce specific CAPEX of 
central DAC plant

• Reduce specific operation 
& maintenance cost 

• Reduce energy 
purchasing cost

• Reduce energy grey 
emissions

• Reduce storage cost

6115



Methodology: CDR cost must refer to net CO2 removed 
from the atmosphere

7

Total cost

Tons of CDR 
produced

Cost
=

CO2 stored, calculated from CO2 captured net of any 
losses and grey emissions originating from:
• Plant construction and dismantling
• Sorbent production, transport, and disposal
• Electricity generation
• Heating and cooling 
• Water use
• Storage

Cost of CDR production / DAC+S split into key cost 
buckets:
• CAPEX
• Energy cost
• Sorbent cost
• Operation & maintenance (O&M) expenses
• Storage cost
• Overhead cost (SG&A)
• (Subsidies)

Ton CDR

All reported costs are related to net CO2 removed from the atmosphere, accounting for all 
losses and grey emissions incurred during plant construction, operation, and dismantling
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Real-world operations brought numerous learnings, data 
and a clear identification of optimization levers

CDR produced is lower than the nameplate CO2 capture capacity, as determined by 
a waterfall of losses and deviations

As for any 
industrial scale 
manufacturing, 
availability, 

performance, and 
recovery have 
direct impact on 

CDR cost

Losses / deviationsCO2 quantities

Availability Performance

CDR production efficiency

Recovery Grey 
emissions

Buffer

Storage

Certified by 3rd-party

Unavailable 
capacity (planned 

or unplanned 
downtime)

Performance 
deviation (e.g., 
due to humidity, 

temperature, 
sorbent 

degradation)

CO2 losses, e.g., 
due to 

dilution/blow-off 
effects

Grey emissions 
resulting from life 

cycle analysis 
(LCA)

Losses during 
storage process, 
e.g., transient

blow-off

Buffer for 
inventory
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What needs to happen to achieve 1 Gt+ production 
capacity

9

1 Commercial • Early sizeable CDR purchases (~10Mt in 2030, 1Gt+ in 2050)
• Willingness to pay adequate price for high-quality CDR
• Long-term CDR offtake agreements (>10 years)

2 Policy • Government subsidies (similar to DAC HUB and 45Q in the US)
• Policy frameworks differentiate between avoidance and removal  

3 Project 
development

• Sites with sufficient storage capacity
• Renewable energy available in large quantities

4 Technology • Low-cost, high-performing sorbent materials with high stability and fast kinetics
• CAPEX reduction through design for volume manufacturing of modularized products

5 Financing • Low financing costs (WACC<7%) achievable for large-scale projects
• 3rd party funding available in sufficient amounts
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DAC is central to enable a 
net-zero world

Reducing CO2 emissions must be 
the number 1 priority in the fight 
against climate change

Beyond emission reduction, CDR will 
be required at Gt-scale to reach a 
net-zero world. 

DAC can lead the way to large-scale 
CDR

Thoughts on the future of DAC

10

1

DAC can reach competitive 
cost-levels when scaling 
beyond multi-Mt scale

Current costs are not representative 
and largely not understood since they 
are at the beginning of the scale-up 
curve

DAC is already cost competitive for 
~20% of today’s emissions that have 
abatement costs > USD 1’000/t CO2

1

DAC maturation and cost 
reduction happens in the 
field

Solid technology is required that 
can withstand the forces of outdoor 
conditions and will mature over 
several learning cycles

The DAC market needs to get started 
today to enable net-zero tomorrow

32

1. Source: Goldman-Sachs 2022 carbon abatement curve 119



www.climeworks.com

Climeworks AG
Birchstrasse 155
8050 Zurich

+41 (0)44 533 29 99
contact@climeworks.com
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3.2. Direct air capture case studies
  Tim Fout (DOE/NETL):
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Direct Air 
Capture Case 

Studies
Tim Fout1, Alex Zoelle2, Sally Homsy2, Jessica 

Valentine2, Naksha Roy2, Aaron Kilstofte2, 
Mike Sturdivan2, Mark Steutermann2, Mark 

Woods2

1NETL, 2NETL Support Contractor

4/12/2023
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"This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or 
represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not 
necessarily state or reflect those of the United States Government or any agency 
thereof."
Attribution
KeyLogic Systems, Inc.’s contributions to this work were funded by the National 
Energy Technology Laboratory under the Mission Execution and Strategic Analysis 
contract (DE-FE0025912) for support services.

DISCLAIMER
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• Motivation
• Sorbent Case Study

http://netl.doe.gov/projects/files/DirectAirCaptureCaseStudiesSorbentSystem_070822.pdf
• Design Basis
• Performance Results
• Cost Results
• Sensitivity Analysis

• Solvent Case Study
• Overview

Outline
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• DAC is one of several Negative Emissions Technologies (NET) currently of
interest
• NETL can leverage previous experience in carbon capture to contribute to

this emerging field
• Evaluation of a monolith sorbent structure provides researchers with a

benchmark structure for the evaluation of their technology through TEA
assessment and the determination of performance and cost targets.

• Develop and assess a sorbent-based direct air capture (DAC) system that
uses a monolithic sorbent structure

• Evaluate and assess solvent-based DAC available in literature and DOE
project Reports

Motivation

Objectives

Justification
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DAC Sorbent System 
Design Basis
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Site Characteristics

AThe cooling water temperature is the cooling tower cooling water exit temperature. This is set to 8.5°F (4.8°C) above ambient 
wet bulb conditions in International Organization for Standardization (ISO) cases and 11°F (6.1°C) otherwise

1R. James, A. Zoelle, D. Keairns, M. Turner, M. Woods, N. Kuehn “Cost and Performance Baseline for Fossil Energy Plants Volume 1: Bituminous Coal and Natural Gas to 
Electricity," National Energy Technology Laboratory, Pittsburgh, September 24, 2019. 
2Universal Industrial Gases, Inc., Psychrometric Calculator Properties of Air, http://www.uigi.com/air.html

Parameter Value

Location Greenfield, Midwestern U.S.

Topography Level

Size (DAC), acres 52

Transportation Rail or Highway

Water 50% Municipal and 50% Ground Water

Parameter Midwest ISO
Bituminous Baseline Rev41 Direct Air Capture

Elevation, m (ft) 0 (0) 0 (0)
Barometric Pressure, MPa (psia) 0.101 (14.696) 0.101 (14.696)

Average Ambient Dry Bulb 
Temperature, °C (°F) 15 (59) 15 (59)

Average Ambient Wet Bulb 
Temperature, °C (°F) 10.8 (51.5) 10.8 (51.5)

Design Ambient Relative 
Humidity, % 60 60

Cooling Water Temperature, °C 
(°F)A 15.6 (60) 15.6 (60)

Air composition based on published psychrometric data, mass %2 Air composition, 
mole %

N2 75.055 74.983 77.243
O2 22.998 23.050 20.784
Ar 1.280 1.272 0.919
H2O 0.616 0.633 1.014
CO2 0.050 0.062 0.040 (403.9 ppmv)
Total 100.00 100.00 100.00
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Case Matrix
• Case 0B 

◦ Monolithic DAC Sorbent System with NGCC supplied power and steam
◦ 90% Post Combustion Capture on NGCC
◦ Sized to account for 100,000 tonnes CO2 / year net removed from 

atmosphere
• Case 0B-EB

◦ Monolithic DAC Sorbent System with Electric Boiler for steam
◦ Carbon footprint of electricity considered to be zero
◦ Included in report but not highlighted due to time

• Case 0 and 0-EB
◦ Fixed bed DAC Sorbent Systems
◦ High pressure drops led to high costs and very un-optimal results
◦ Included in the report appendix for reference
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DAC Case 0B Block Flow Diagram

Source: NETL
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Simplifying Assumptions

• Absorber vessel outlet air exits w/o stack or dispersion
considerations
• Assumed to be compliant with Effluent Limitation Guidelines

◦ Produced water from DAC or NGCC w/capture
• Non-type NGCC Turbine used

◦ “Rubber” turbine
• Single reciprocating compressor for CO2 compression
• Scaled NGCC w/ 90% capture for steam and electricity use

*R. James, A. Zoelle, D. Keairns, M. Turner, M. Woods, N. Kuehn “Cost and Performance Baseline for Fossil Energy Plants Volume 1: Bituminous
Coal and Natural Gas to Electricity," National Energy Technology Laboratory, Pittsburgh, September 24, 2019.
https://netl.doe.gov/projects/files/CostAndPerformanceBaselineForFossilEnergyPlantsVol1BitumCoalAndNGtoElectBBRRev4-1_092419.pdf
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DAC System Assumptions

AIncludes pressure drop across ducting and DAC vessels

Parameter Assumed Value
Adsorber Vessel Type Monolith
DAC Net Capture Rate, tonne CO2/yr 100,000
Plant Capacity Factor, % 85

CO2 Product Purity Meets pipeline specification 
without purification

DAC System Pressure Drop, psi (in. H2O) A 0.3 (7.78)
DAC System Capture Fraction 0.6
DAC Sorbent Desorption Temperature, °C (°F) 100 (212)
DAC Sorbent Regeneration Energy, GJ/tonne CO2 (Btu/lb CO2) 4.3 (1,847)
DAC Sorbent Adsorption Temperature Ambient
DAC Sorbent Adsorption Capacity, mol CO2/kg (lb CO2/lb sorbent) 1.2 (0.053)
DAC Sorbent Lifetime, years 0.5
Sorbent Cost, $/ft3 ($/lb) 4.0 (0.09)
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DAC Sorbent Configuration

• The cell diameter was used from
previous published literature that
looked at monolithic sorbent air
contacters1

• Hagen-Poiseuille equation was used
to back calculate the necessary 
parameters for a bed pressure drop 
of 625 Pascals

Case 0B 
(Monolith)

Superficial Velocity (ft/s) 8.18

Bed Depth (ft) 2

Cell Diameter (ft) 0.004791

Bed Pressure Drop (Pa) 625

System Pressure Drop, including 
Ducting (Pa)

1,935

Reynold’s Number 249

Vessel Diameter (ft) 60

Number of Vessels 20

Sorbent Loading (gmol/kg sorbent) 1.2

Sorbent Density (lb/ft3) 24

Adsorption Time (hr) 3

1. Rezaei, F., & Webley, P. (2009). Optimum structured adsorbents for gas separation processes. Chemical Engineering Science, 64(24), 5182-5191.

Steady, laminar flows
∆ps = pressure drop 
∆L = column length
V = superficial fluid velocity
μ = viscosity
gc = 32.174 ft-lb/lbf-s2
D = channel diameter
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DAC Sorbent System 
Performance Results
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Performance Results Summary
DAC Case 0B Performance Summary

Combustion Turbine Power, MWe 36
Steam Turbine Power, MWe 2
Total Gross Power, MWe 37

Auxiliary Loads
NGCC CO₂ Capture/Removal Auxiliaries, kWe 800
NGCC CO₂ Compression, kWe 1,290
DAC Air Fans, kWe 32,810
DAC CO₂ Compression, kWe 1,690
Balance of Plant, kWe 780

Total Auxiliaries, MWe 37
Net Power, MWe 0
Natural Gas Feed Flow, kg/hr (lb/hr) 6,988 (15,405)
HHV Thermal Input, kWt 101,503
LHV Thermal Input, kWt 91,617

CO2 Balance
NGCC Flue Gas CO2 Captured, tonne/yr 125,090
DAC CO2 Removed from Air (Gross), tonne/yr 113,900
NGCC Flue Gas CO2 Emitted to Air, tonne/yr 13,900
Net CO2 Removed from Air, tonne/yr 100,000
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DAC Sorbent System Cost Results
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Special Considerations On Reported Costs

• Capital Cost Estimates
◦ DAC -50/+50, Class 5 AACE Classification
◦ Concept Screening

• Not FOAK or NOAK Costs
◦ Consistent methodology applied as for commercial systems
◦ Detailed depiction of assumptions and design
◦ Capital costs and scaling parameters for the DAC system components were

developed by Black & Veatch using in-house cost estimating references
• Other Factors

◦ Site/project specific (Scale, Capacity Factor, Financing, Labor Rates,
Regulations, etc.)

• Future Cost Trends
◦ Effect of R&D
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Breakeven CO2 Selling Price
Error bars represent uncertainty range of capital cost estimates (+/- 50%)

Preferred Metric 
for DAC
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DAC Sorbent Sensitivity Analysis
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Sensitivity Analysis Summary
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Sensitivity – Capacity Factor
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Sensitivity - Capture Fraction
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Sensitivity - Sorbent Cost
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Electric Boiler Sensitivity

IMPORTANT ASSUMPTIONS
• Cost of Capture in Electric 

Boiler Sensitivity DOES 
NOT include carbon 
footprint of electricity 
used

• COC shown in NOT 
equivalent to COCnet
unless electricity is 100% 
carbon free
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DAC Solvent Study
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Simplified Block Flow Diagram

Air Contactor
2KOH + CO2 K2CO3 + H2O

Steam Slaker
CaO + H2O Ca(OH)2

NGCC CO2
Absorber

Pellet Reactor
K2CO3 + Ca(OH)2

CaCO3 + 2KOH

Pellet Calciner 
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DAC System Assumptions
Parameter Assumed Values

General Plant Characteristics
DAC Net Capture Rate, tonne CO2/yr 903,970

Plant Capacity Factor, % 85

CO2 Product Purity

95.53% CO2
1.79% O2
2.61% N2

0.05% H2O

AIncludes pressure drop across ducting and DAC vessels

• The CO2 product purity is assumed based on CE
stream data; it does not meet CO2 product
purity O2 concentration specifications (10-100
ppmv depending on end use1,2)

• A sensitivity case includes a CO2 purification unit
(CPU) to account for this

1NETL, “Quality Guidelines for Energy System Studies: CO2 Impurity Design Parameters,” DOE, January 2019.
2Internal discussion with the Team KeyLogic Subsurface team, December 2019. 

Parameter Assumed Values

Air Contactor
CO2 Capture Percentage, % 74.5

AC Pressure Drop, psi (in. H2O) A 0.013 (0.36)

Flue Gas CO2 Absorber
Absorber Pressure Drop, psi (in. H2O) 1.5 (42.8)

CO2 Capture Percentage, % 90

Pellet Reactor
Conversion of Ca(OH)2, % 100

Steam Slaker
Conversion of CaO, % 85

Oxy-Fired Calciner
Excess Oxygen, % 4.1

Temperature, °F (°C) 1652 (900)

Low Pressure ASU
O2 Product Pressure, psi (kPa) 17 (120)
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Solvent based DAC Sensitivities
Single Variable

• The sensitivity analysis did not identify any key process parameters that could have significant impact on the results, if improved
• Financial parameters like fixed charge rate have a significant impact on results, but the risk associated with this technology,

coupled with an uncertain future market, makes it difficult to identify the appropriate financial structure

Results
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• Use of an actual NGCC turbine frame size
• Adjustment of sorbent cost to a cost that is representative of SOTA DAC

• Rerun of sensitivities

• Determination of performance and cost with specific electricity/carbon
footprint profiles

• Integration of DAC study systems with specific alternate energy sources
• Nuclear
• Geothermal
• Solar

Future Work
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• Tim Fout
• Timothy.Fout@NETL.DOE.GOV
• 304-285-1341

• Sally Homsy
• Sally.Homsy@NETL.DOE.GOV
• 614-599-5292

Contacts
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Session 4: Offshore CO2 Transport and Storage
4.1. South East Asia CO2 source sink mapping to optimize transport  
cost using pipelines and ships.
Johannes Kalunka (ExxonMobil) 
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4.2. ARAMIS A large scale CO transport service enabling offshore
storage, Sander Nijman (Shell) and Boudewijn Reniers (TotalEnergies)
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A large-scale CO₂ transport service 
enabling offshore storage

Sander Nijman (Shell), Boudewijn Reniers (TotalEnergies)

7th IEA GHG Cost Network Workshop 
12-13 April

University of Groningen
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Introduction to the Aramis project
Aramis as a Project of Common Interest

Value chain

Timeline

Transport & Storage Trilemma, Project complexity
Bundling of service for launching phase
CCS related subsidy schemes
SDE++ and related Transport & Storage costs

Agenda

Open discussion  
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About the project
Aramis aims to contribute to the 
energy transition by offering a 
large-scale CO₂ transport and 
storage solution for hard-to-abate 
industries

Aramis will construct an open 
access infrastructure with a 
maximum capacity of ca 22 Mtpa

EU Project of Common Interest
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Started as private initiative
• Initial focus on stores
• Public-private cooperation

with EBN & Gasunie
joining in September 2021:
www.aramis-ccs.com

Re-applied for PCI-status 
under the 6th list
• Members State support

(FR, GE,BE, NL)
• Connected to other

European CCS initiatives
• Planning to apply for

Capex subsidy (CEF) in
2023

4
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Aramis value chain in summary
Capture

Pre- and post combustion capture

Transport
Porthos/Delta Corridor onshore 
pipeline and expansion of 
Porthos compressor station (Aramis 
owned compressors)
Shipping via coasters and barges to 
a new terminal (CO2next project)
New offshore pipeline to storage 
locations (dense phase)

Storage
Depleted gas fields
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STEP 1

2022-2024 2025-2026 End-2027 Beyond 2027

Feasibility study and 
setting-up of 

partnerships. Received 
EU PCI-status

Design of the concept 
jointly with emitters 

and other stakeholders. 
Apply for CEF subsidies.

Aim to start FEED in 
summer 2023

Go-live. First CO2
transport & storage 

(will include a start-up 
and ramp-up period)

Expansion with cross-
border CO2 transport and 

eventually scale-up to 
>20 Mtpa after 2030

depending on demand 
for storage

Timeline

2019-2021

STEP 2 STEP 3 STEP 4 STEP 5

Construction phase. 
Modular design for 

Terminal & Compression. 
First phase possibly up to 

10 Mtpa capacity
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Transport & Storage Trilemma, Project complexity

Assuming that expertise and insight into the construction, 
exploitation and maintenance of terminal, compressor stations, 
offshore pipelines, shipping and storage operation is in place 

For the T&S value chain a fee needs to be offered to the 
market taking into consideration:

• Needs to affordable by customer
• Project return and return on equity (full chain)
• Residual value after 15 yrs (duration of SDE++)
• Risk premiums and insurance (contractual conditions)
• Significant cost components
• Cost and benefit of open access, to enable additional

CCS parties using the infrastructure

Joint marketing for the launching phase in place to 
ensure minimum volume for an FID-able project

Trilemma Fee (tariff)
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Bundled Transport & Storage Service for launching phase
Aramis is quite a complex aggregation of many 
‘value chain parties’ (VCP) 
Each VCP has its own perception on:

Governance
Technical
Commercial & Business
Contracting & Procurement
Stakeholder Management, Public affairs, 
Communication and permitting
Venture set up

Bundled connecting of emitters with storage is key to success
Alignment of timing, risks, liabilities, capacity and costs of full value chain
There are too many emitters and too many VCP to do this unbundled in the development phase
Key is that bundled T&S services are offered on a non-discriminatory and transparent way with clear customer selection criteria
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Overview of the main CCS-related subsidy schemes

National: SDE++

CC
S 

?

CCS
CCU

#1

#3

#2

European: Innovation Fund (IF) and 
Connecting Europe Facility (CEF)

Budget (€bln)

7.
1 

bl
n 

re
qu

es
te

d 
fo

r C
CS

13.0

8.0
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SDE++ in support of CCS
The Netherlands has introduced a CO2 levy 
(increase over time) to ensure industry will 
decarbonize

SDE++ is a Contract for Difference and helps to pay 
for the “unprofitable top” of decarbonization.

183 decarbonization techniques are ranked based 
on “Subsidy Intensity” allowing comparison of CCS 
with solar, wind, biomass, hydrogen and 
electrification projects.

Lowest decarbonization costs (€/t abated) will 
receive the subsidy

Unprofitable top for CCS is the sum of Capture 
costs and T&S fee minus EU-ETS price

Main T&S cost variations:
- 4000 vs 8000 hours/year
- Liquid vs. Gaseous transport
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Securing (40% assumption) CEF grant funding is essential to lower the tariff

Definition of reasonable reward for risks (reflected in IRR) under discussion

The trunkline capacity is 22 Mtpa. The current Launch Phase of the Aramis 
project is 5 Mtpa to be secured by joint marketeer, with a view that a 
further 2.5 Mtpa can be secured prior to Final Investment Decision (FID)

There is potentially considerable residual value in the trunkline post SDE++ 
subsidy after 15 years, if further stores and emitters can be identified

Independent review of T&S tariff for SDE++
(Xodus contracted by Ministry in H1 2022)

Scenario Description

Pessimistic High Cost & Zero CEF funding

Possible High CAPEX & OPEX, transport CEF only 

Expectation Base Case, P50 Costs, CEF funding 

Optimistic Low Cost + CEF Transport & Stores 
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Disclaimer
EBN, Gasunie, Shell and TotalEnergies entered into a cooperation 

agreement to explore the possibility of setting up a joint venture to 
jointly develop a CO2 transport activity unlocking a large Dutch offshore 

storage area. The present documentation and related discussions are 
entirely prospective and non-binding. They create no obligations on 

EBN, Gasunie, Shell, TotalEnergies or the prospect.
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Session 5: Scenarios for CCS
5.1. Impact of CCS costs on deployment of CCS in IAMs

  Harmen Sytze de Boer (PBL)
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Impact of CCS costs on deployment of CCS in IAMs

IEAGHG CCS Cost Network Workshop 
Detlef van Vuuren (PBL & UU) Machteld van den Broek (RUG) and Harmen 
Sytze de Boer (PBL)

13 April 2021
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› Planbureau voor de Leefomgeving or PBL Netherlands
Environmental Assessment Agency

› Independent scientific research institute:
– Environment
– Nature
– Spacial planning

› Climate, air and energy department
› IMAGE team

PBL

2175



› Integrated Model to Assess the 
Global Environment

› Global model, 26 world regions, 
yearly time steps towards 2100

› Able to simulate possible futures. 
Example outputs:
– Greenhouse gas emissions
– Energy use
– Land use

› Simulation model which can help 
solving the climate change puzzle

IMAGE
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4
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› CO2 can be captured in
multiple sectors:
– Power sector
– Secondary heat
– Hydrogen
– Industry

Steel
Cement
Paper and pulp
Other industry

– Liquid biomass production
– Transformation

Cokes production
Other transformation (for example:
refineries)

– Direct air capture

› Carbon dioxide removal
– (Reforestation)
– Biomass with CCS
– Direct air capture

Carbon capture in IMAGE
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Carbon budget

6

• Linear relationship
between cumulative
CO2 emissions and
climate change (with
some uncertainty)

• Means that each
temperature goal (with
some chance of
reaching it)
corresponds with
maximum amount of
CO2 emitted

380 380
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› Costs and potentials based on
Hendriks et al. (2004)

› Transport costs based on average
distance between CO2 sources
and storage potential: 1-30
EUR/tCO2

› Storage potential:
– Empty natural gas/oil fields
– Remaining oil fields (EOR)
– Unmineable coal fields (ECBM)
– Aquifers (water containing

underground layers)
› Storage costs: -10 to 30

EUR/tCO2

Carbon storage in IMAGE

7

› Costs and potentials based on
Hendriks et al. ((2004))
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› Default
– SSP2 middle of the road scenario
– Diagnostic carbon price representing increasing ambition in climate mitigation
– Price(t) = 80 USD * 1.05(t-2040)  (USD 80 reached in 2040, USD ~1350 in 2100)

› CCS cost update
– Used ~60 USD/tCO2 for transport and storage of CO2

› DAC
– Use of direct air capture allowed

› High capture rate
– Assumed 100% capture rate throughout the model
– Default: 80-90% depending on sector

› Limited CCS 
– Maximum CCS rate of 5 GtCO2 in 2050, slightly decreasing towards 2100

Sensitivity analysis
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Energy and industry emissions
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Energy and industry emissions
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Carbon captured
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Carbon captured per source
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Primary energy mix
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Comparison other models

14

0

200

400

600

800

1000

1200

1400

1600

0

50

100

150

200

250

300

350

400

450

500

2020 2030 2040 2050 2060 2070 2080 2090 2100

Ca
rb

on
 p

ric
e 

(U
SD

/t
CO

2)

Pr
im

ar
y 

en
er

gy
 u

se
 w

ith
 C

CS
 (E

J)

Year

CGE - RD                  AIM/Hub V2.2

Partial Eq - RD        GCAM5.3_NAVIGATE

Partial Eq - RD        IMAGE 3.2

CGE - RD                 GEM-E3_v2020

Partial Eq - RD        POLES NAVIGATE

General Eq - PF       WITCH 5.0

General Eq - PF       MESSAGEix-
GLOBIOM_1.1
CGE - RD                  EPPA 6

General Eq - PF       REMIND-MAgPIE 2.1-4.2

CO2 price

187



Possible explanation? More research needed
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› Further research required to explain differences between models
› However, all models see an important role for CCS and CDR in

climate mitigation
› CDR plays an important role need to compensate GHG emissions

<2050 term with negative emissions >2050
› Uncertainties in CCS development can have a big impact on

mitigation rate
› Transparency on costs and potential for CCS is very valuable

To conclude
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5.2. CCUS in IEA scenarios
  Mathilde Fajardy (IEA)
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CCUS in IEA scenarios

7th IEAGHG CCS Cost Network Workshop

12-13 April 2023

Dr. Mathilde Fajardy, IEA
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IEA 2022. All rights reserved. Page 2

Main features of the Global Energy and Climate Model

• Large-scale simulation model

• Integrates WEM and ETP modelling frameworks

• Time frame: 1970 - 2050

• 26 demand regions: 
- 11 countries: Brazil, Canada, China, India , Indonesia , Japan , 

Korea, Mexico, South Africa, Russia, US

• Around 120 supply regions

• Includes IEA historical energy statistics and short-term energy 
market trends

• Inputs: technology cost, performance, historical technology 
developments, energy statistics and balance, policies and 
regulations, socioeconomic drivers

• More details here: IEA (2022), Global Energy and Climate Model 
documentation
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Scenario analysis in the World Energy Outlook

The World Energy Outlook (WEO) uses the latest available 
data to analyse energy, emissions and climate trends.

3 core scenarios

APS

Announced
Pledges
Scenario

What is the impact 
of announced net 

zero and other 
pledges if they are 

met in full?

NZE

Net Zero Emissions 
by 2050
Scenario

What is required for 
the energy sector 
to reach net zero 
CO2 emissions by 

2050?

STEPS

Stated 
Policies
Scenario

Where do 
existing policies 

take us?

193



IEA 2022. All rights reserved. Page 4

CCUS in clean energy transitions 

Around 1.2 Gt of CO2 is captured per year by 2030, increasing to 6.2 Gt of CO2 by 2050, with a predominant role for 
process emissions, power retrofits, hydrogen production and removals.

Global CO2 capture by operating and planned source relative to the NZE Scenario, 2050
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1. CCUS for existing infrastructure

CCUS enables the continued operation of power (particularly coal) and industrial plants – many of which have only 
recently been built. 

Cumulative emissions from existing coal power plants
at current use by age and region, 2022-2100
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1. CCUS for existing infrastructure – techno-economics

CCUS comes with sizable additional investment and efficiency penalty, but important cost reductions can be achieved with 
deployment. > 98% capture rates are achievable and only marginally impact costs and efficiency. 

Techno-economic assumptions for CCUS in power
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2. CCUS for hard-to-abate sectors

CCUS provides is a cost-competitive option in steel (20% of final energy consumption is provided with CCUS) and 
chemicals, and one of the only options for cement.

Levelised cost of materials and chemicals, 2021
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3. CCUS for low-emission hydrogen production

CCUS makes up around 30% of hydrogen production in 2050.

Hydrogen production in the NZE scenario, 2021-2050
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3. CCUS for low-emission hydrogen production – techno-economics

CCUS-based hydrogen production is a low-cost option in regions with low availability of renewables electricity. High 
capture rates (95%) and low coal and gas upstream emissions are required.
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4. CCUS for CO2 removal

By 2050, 1.8 Gt CO2 is capture from biogenic sources and from the air by 2050. Around 85% is permanently stored to 
provide removal, and the remainder is used as carbon-neutral feedstock for low-emission synthetic fuels.

Source and fate of CO2 captured from biogenic applications and from the air in the NZE, 2050
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CO2 infrastructure considerations

Regional CO2 T&S costs vary depending on distance to sinks, share of onshore/offshore, when available.
In China, 45% of existing power and industrial facilities are within 50 km of potential storage, and 64% within 100 km. 

Region USD/tCO2

Europe 30-60

US 15

China 15

Rest of 
the world

20-25

• Model T&S 
assumptions:
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Deployment needs to further accelerate to meet NZE goals

In 2022, more than 140 new projects were announced, increasing planned capture capacity by 30%. Currently planned 
capacity for 2030 represents just above a quarter of the CCUS required in the NZE Scenario.

Operational and planned CO2 capture capacity compared to NZE, 2022-2030
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Feasibility Concept APS/NZE
STEPS

Deployment needs to further accelerate to meet NZE goals

In 2022, more than 140 new projects were announced, increasing planned capture capacity by 30%. Currently planned 
capacity for 2030 represents just above a quarter of the CCUS required in the NZE Scenario.

Operational and planned CO2 capture capacity compared to NZE, 2022-2030

Project pipeline for APS/NZE calibration
Project pipeline for STEPS calibration
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Deployment needs to further accelerate to meet NZE goals

In 2022, more than 140 new projects were announced, increasing planned capture capacity by 30%. Currently planned 
capacity for 2030 represents just above a quarter of the CCUS required in the NZE Scenario.

Operational and planned CO2 capture capacity compared to NZE, 2022-2030
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Government and industry action this decade is crucial

Four high-level priorities for governments and industry would accelerate the progress of CCUS: 

Create the conditions for 
investment

1
Target the development of 
industrial clusters through 

shared 
CO2 infrastructure

2

Identify and develop CO2
storage

3

Boost innovation for key 
technologies

4
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Breakout Session 1: High capture efficiencies
B1.1. Zero emissions fossil fired power plants using conventional 
post combustion CO2 capture.
Tianyu Gao (EPRI), et al.
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7th IEAGHG CCS Cost Network Workshop

Groningen, The Netherlands

April 12-13, 2023

High Capture Efficiencies
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Background

Virtually all performance and cost information has been for 90%
capture.
Integrated Assessment Models use this cost information in
scenario modeling, and they also show an increasing dependance
on carbon removal technologies to achieve net zero.
Is higher capture efficiency a cheaper alternative to 90% efficiency
followed by carbon removal to achieve net zero?
Can carbon capture on point source achieve negative emissions?

208



© 2023 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m

Tianyu Gao and Abhoyjit Bhown, EPRI

Yang Du (formerly at EPRI)
Gary Rochelle (UT Austin)

Zero-Emissions Fossil-Fired 
Power Plants Using 
Conventional Post-
Combustion CO2 Capture 
7th IEAGHG CCS Cost Network 
Workshop
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CO2 Capture Efficiency – 90% or 99+%?

• CO2 capture processes generally have been evaluated to capture ~90% of the CO2 from

power plant flue gas

— This ~90% capture efficiency has been a long-standing benchmark, often considered to be where unit

CO2 capture cost ($/t CO2 captured) started to increase more rapidly 

• Current global climate models limit CO2 capture to 90%, and assume the remaining

~10% (~1 Gt/y for the current global power generation mix) needs to be offset by 

negative-emissions technologies, such as direct air capture

— For lowest cost for economy-wide net-zero emissions, the optimum CO2 capture efficiency for flue 

gas can be higher than 90%
210
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Zero-Emission Power Plants 

“Zero Emission” means amount of CO2 in = amount of CO2 out in exhaust flue gas

Exhaust flue gas
(CO2 conc.: 0.04%)

Coal flue gas
(CO2 conc.: 12.5%)

NGCC flue gas
(CO2 conc.: 4%) Air

(CO2 conc.: 0.04%)

~99.7% CO2 capture

~99.0% CO2 capture

Zero-emission

In simulations, the zero-emissions scenario is defined as the condition when the CO2/N2 ratio in the exhaust flue gas is the same as that 
in current atmosphere, which is 0.0005276 (412 ppmv CO2 and 78.084% N2).

Details in International Journal of Greenhouse Gas Control, 111, 103473
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Existing Pilot Tests For High CO2 Capture efficiency

Pilot plant Flue gas 
type

Max. CO2 capture 
efficiency achieved

CO2 capture 
technology Time

NCCC (US)
(1 MWe)

Coal 99.9% MEA 2018

Coal 99.1% PZ 2019

NGCC 95.8% PZ 2020

TCM 
(Norway)
(10 MWe)

NGCC
~99% MEA 2021

~98% PZ/AMP 2021
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Objective of This Study

• Obtain a cost curve from 90% to nearly 100% CO2 capture

• Potentially refine role of CCS in global climate models and role of fossil fuels in
future energy mix
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Methodology
Solvent and model: MEA model: 

– 30 wt% MEA, Developed by Carbon Capture Simulation for Industry Impact (CCSI2) in Aspen Plus

Process optimization parameters:
– Solvent flow rate
– Absorber height
– Lean loading
– Temperature of solvent
– Solvent intercooling configurations

Reference cases: 
– 650 MW (net) supercritical coal-fired power plant — Case B12A in DOE/NETL 2019 baseline report
– 646 MW (net) NGCC power plant — Case B31A in DOE/NETL 2019 baseline report

Cost methodology: 
– DOE/NETL 2019 guideline (Revision 4)
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CO2 Capture Cost vs Capture Efficiency ─ Coal-fired plants 

For coal plants to achieve zero-emission, the average cost is ~5% higher than 90% capture 

$46.1/t CO2

Zero-emission

Base case

Process configuration: Absorber with conventional solvent intercooler; Simple stripper

48.547.7
46.4

51.0 51.3
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CO2 Capture Cost vs Capture Efficiency ─ NGCC

• For NGCC to achieve zero-emissions, the average cost is ~12% higher than 90% capture
• The larger cost penalty due to the low L/G, simple intercooling not as efficient for temperature control

73.9/t CO2

Zero-emission

Base case

82.7

75.1
77.9

90.3
91.9
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CO2 Capture Cost vs Capture efficiency ─ NGCC

With pump-around intercooling, the average cost for NGCC to achieve zero-emissions is 7.6% higher than that at 90% 
capture

($73.9/t CO2)

Zero-emission

Base case

Director Contact 
Cooler/SO2 

scrubber

Water Wash

In-and-out 
Intercooling

Pumparound 
Intercooling

Water Wash

Director Contact 
Cooler/SO2 

scrubber

Lean solvent Lean solvent

Rich solvent Rich solvent

Exhaust gas Exhaust gas

Flue gas Flue gas

With simple in-and-out intercooling, the cooling capacity is limited by 
the flowrate of the solvent. In the pump-around intercooling 
configuration, as the solvent is pumped from the lower section to the 
upper section, the flowrate can be enhanced locally
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Marginal CO2 Capture Cost

• Although increasing the level of CO2 capture from 90% to that at zero-emissions has a small effect on the

average cost, the marginal cost may increase rapidly past a certain level of CO2 capture.

• It is important to determine this limiting level of CO2 capture for CCS at which the marginal cost

becomes higher than the cost of using DAC to remove CO2 from the atmosphere. (i.e., how much do we

need to rely on DAC to achieve zero-emissions for power plants?)

x = CO2 capture (%); x2 is a higher level of CO2 capture than x1

C = CO2 capture cost
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Marginal CO2 Capture Cost vs DAC Cost

95% capture Zero-emission (400 ppm CO2
in exhaust gas)

Negative-emission (100 
ppm CO2 in exhaust gas)

Type PC NGCC PC NGCC PC NGCC

Marginal cost at this capture efficiency ($/t CO2)* $75 $124 $278 $354 >$1000

• As a novel technology which has not been demonstrated at scale, the

cost estimate for DAC has a high degree of uncertainty

• At high capacity factor (CF), the marginal cost of CCS at zero emission

is comparable to the average claimed cost for DAC

• When CF is low, it may be beneficial to couple CCS with DAC to fully

decarbonize PC and NGCC plants

*Based on CF of 0.85. At CF of 0.5, the costs are 60-70% higher 219
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Summary

It is technically feasible for both coal-fired and NGCC power plants to achieve zero 

emissions using CCS (~400 ppm CO2 in exhaust gas).

Solvent intercooling is important at high CO2 capture efficiency, especially for NGCC

At high plant capacity factor (CF), PC and NGCC plants can achieve zero-emissions with 

CCS alone at competitive costs

When CF is low, it may be beneficial to couple CCS with DAC to fully decarbonize PC and 

NGCC plants (as long as DAC developers can demonstrate the cost they claim)
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Together…Shaping the Future of Energy®

221



© 2023 Electric Power Research Institute, Inc. All rights reserved.16

Discussion High Capture vs Biomass Cofiring

Cases
Zero Emission Negative Emission

90% 95% 99.7% 5% bio + 95% 10% bio + 90% 10% bio + 95%

LCOE, $/MWh 117.8 120.6 126.1 125.3 126.9 130.1

Cost of avoided, $/t 64.0 64.0 66.6 64.2 65.0 64.6

Incremental cost, $/t 64.0 119.4 67.3 83.4 74.3

Jiang, Kaiqi, et al. Environmental science & technology 54.4 (2020): 2429-2438.

While individual plants can achieve zero emissions by biomass, the aggregate amount of 
biomass may be limited to achieve net zero.
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Discussion Topics
Performance and cost improvements using other solvents? (EPRI has conducted similar
work with piperazine that shows additional cost reductions relative to MEA).
For power generation, we minimized $/t capture using cost correlations. Are there
better approaches?
Are similar results for industrial capture observed?
What type of data on high capture efficiency would be useful for integrated assessment
models in order to compare to CDR costs (BECCS, DAC, …)?
Should tax incentives like 45Q be applied to negative emissions CCS too?
What should be the new “standard” for capture, if any?  U.S. Dept of Energy is now using
95%.
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B1.2. On the cost of (truly) zero carbon hydrogen with CCS.
    Mathieu Lucquiaud (Univ. of Sheffield)
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OON THE COST OF (TRULY) ZERO CARBON HYDROGEN WITH CCS

IEAGHG Cost Network, Groningen, Netherlands
12-13 April 2023
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OOverview
• 100% post-combustion capture
• 100% capture from SMR
• Levelised Cost of Hydrogen
• CO2 intensity of hydrogen
• Zero life cycle CO2 intensity of hdyrogen

226



1100% post--ccombustion capture
• At ultra high capture levels, MUST account for atmospheric CO2 in excess air

used for combustion
• Absorber capture rate ≠ effective capture rate
• Absorber capture rate: Fuel CO2 + Feedstock CO2 + excess air CO2

• Effective capture rate: Fuel CO2 + Feedstock CO2 + excess air CO2

Application Absorber capture 
rate

Effective capture 
rate

CCGT 99.1% 100%
Coal/Energy from Waste 99.7% 100%

SMR 99.7% 100%
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1100% post--ccombustion capture
• Does it matter?

• Zero residual stack CO2 emissions is a powerful message
• Reshaping the narrative: Hydrogen with CCS is compatible with long term

climate targets on the basis of life cycle carbon intensity
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PProcess model of an SMR with 90/95/100% post--
ccombustion capture (MEA solvent)
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Class 4 estimates (-15/+35%)
Scaling from open access FEED 
studies by Bechtel 
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Gas price is 28 £/MWhth (HHV) or 8.2 £/MMBTU 

LLevel Cost of Hydrogen at point of production
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Gas price is 
28 £/MWhth (HHV)
or 8.2 £/MMBTU 
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LLevel Cost of Hydrogen over life cycle

Gas price is 28 £/MWhth (HHV) or 8.2 £/MMBTU 
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Impact of 
process design 
conditions on 
LCOH and 
cradle-to-gate 
GHG emissions

7 GE 
production 
practices

NG at 
2$/GJHHV
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LLow-cost zero carbon hydrogen with CCS

1) Minimise stack residual emissions – design for >99% capture rate
Low lean loading, additional packing

2) Implement best practice to minimise supply chain emissions
Room for improvement in upstream emissions

3) Start-up and shut down emissions (power plants)

4) Use NETs to compensate for 1), 2) and 3)

QUESTIONS?
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Breakout Session 2: Blue/green hydrogen
B2.1. Some reflections on the “hydrogen economy.”

    Niall Mac Dowell (Imperial College London)
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Some reflections on the “hydrogen economy”

Niall Mac Dowell
Imperial College London

niall@imperial.ac.uk
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H2 – old news, rebottled?

• Electrolytic H2 production first demonstrated in 1789, 
• Industrial demonstration in 1888, 
• Scaled to 100 MW in 1902, via hydroelectricity in Canada and Norway.
• Hydrocarbon reforming developed in 1868, 
• Commercially deployed in the 1910s,
• Benefited from historically low natural gas prices,
• Can potentially deliver low carbon H2 via combination with CCS.
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Hydrogen hype cycles?

• Over the course of the last century (1920 – 2021), hydrogen hype
cycles have come and gone, usually fuelled by promises of “too cheap
to meter” electricity.

• This “free power” was originally to come from nuclear power (see
Lewis Strauss, 1954), and now, potentially, renewable energy.

https://www.greencarcongress.com/2016/03/20160302-sperling.html https://theconversation.com/sun-and-wind-could-finally-make-electricity-too-cheap-to-meter-34166

248



Comparing blue and green hydrogen

Mac Dowell, et al., Joule, 2021, 5(10), 2524 - 2529
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There is more to the environment than carbon

Mac Dowell, et al., Joule, 2021, 5(10), 2524 - 2529
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Consider the opportunity cost

Mac Dowell, et al., Joule, 2021, 5(10), 2524 - 2529
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Cost of blue hydrogen…
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“Cheap” green hydrogen?

Ganzer and Mac Dowell, SEF, 2020, Freire Ordóñez, et al., Joule, 2023 (submitted)

• Capacity factors (CFs) (wind/solar PV)
• (20-year, hourly-based data)

AW:E model
CAPEX: 

• Solar/wind systems 
• PEMELs 
• Storage tanks 
• Batteries 

• Return on equity (ROE): 
Region-based 

• Plant lifetime: 20 years 
• Target: 30 t/h H2, g

Net production cost (NPC) of green H2
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Possible costs of reliable green hydrogen

0 10 20 30 40 50 60 70
0

50

100

150

200
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tio
ns

NPC (USD/kg H2)

 NPC excl. savings  NPC incl. savings
Excl. savings Incl. savings

Mean 22.18$    18.62$     
Standard Error 0.24$     0.20$    
Median 20.97$    17.28$     
Mode 36.68$    34.51$     
Standard Deviation 8.13$     6.91$    
Range 65.63$    57.97$     
Minimum 5.75$     5.07$    
Maximum 71.38$    63.04$     

Freire Ordóñez, et al., Joule, 2023 (submitted)
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Cost of intermittency

Freire Ordóñez, et al., Joule, 2023 (submitted)
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Cost of intermittency

Freire Ordóñez, et al., Joule, 2023 (submitted)
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Drivers of H2,g cost reduction

Freire Ordóñez, et al., Joule, 2023 (submitted)
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Conclusions
• Presenting the basic challenge of the net zero transition as an

“either or” choice is a fundamental mistake.
• Attainable goals should be defined and linked in a way that is

sustainable in the context of a broader national, regional, or
international political process.

• Arguments about “the best” technology are currently a
distraction. We should welcome all possibilities that enable
decarbonisation.

• Move away from “colours” and focus on CI scores.
• Building confidence across the value chain is key.258



Some questions

• Are there cost-reduction synergies between “blue” and “green”
hydrogen?

• The need to store hydrogen is likely common to both
• Will fugitive CH4 emissions and LNG costs rule out blue H2 in EU?

• Green taxonomy requires 100 kg/MWh
• Can we scale the green supply chain without breaking it?
• At what point can we justify using “additional” green/low

carbon/renewable power to produce hydrogen as opposed to
displacing, e.g., coal power?
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Breakout Session 3: Onshore transport and storage costs,
B3.1. Outlook for onshore transportation and storage costs.

    Candice Paton (Enhance Energy)
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7th IEAGHG CCS Cost Network Workshop

Outlook for Onshore
Transportation and Storage Costs

Candice Paton | Vice President, Corporate Affairs
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Carbon Utilization and Storage

Over 4.0 million tonnes CO2 
emissions permanently 

sequestered
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Enhance Energy acknowledges that we operate our Clive Sequestration project on 
Treaty 6 territory—the traditional and ancestral territory of the Cree, Dene, 

Blackfoot, Saulteaux and Nakota Sioux, and the Otipemisiwak Métis Nation. 


We acknowledge the many First Nations, Métis and Inuit who have lived in and 
cared for these lands for generations. 

Land Acknowledgement
Treaty Six
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The ACTL Project
Collaboration across the carbon management value chain

CO2 Capture CO2 Transportation CO2 Sequestration

Permanent CO2 Sequestration
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Open-access & scalable

Multi-sector, multi-geography 
service

Sequestration certainty

Low-cost service

Carbon management 
ecosystem

Pathways
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Open Alberta CCUS Knowledge Sharing:

https://open.alberta.ca/dataset?tags=CCS+knowledge+sharing+program 

CSA Alberta Emissions Offset Registry

https://alberta.csaregistries.ca/GHGR_Listing/AEOR_Listing.aspx


Alberta CCUS Tenure Program:

https://www.alberta.ca/carbon-capture-utilization-and-storage-hub-development-
process.aspx 

Knowledge Sharing
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Outlook for Onshore
Transportation and Storage Costs
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Costs
Key challenges and opportunities in onshore CCUS

• What are the significant drivers behind costs of transport and storage with
respect to:

• Regulatory processes

• Risk/liability management including MMV

• Target geologies

• Target geographies
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Business Models
Key challenges and opportunities in onshore CCUS

• What are the differences between onshore and offshore CCUS business
models?

• How are risks and long-term liabilities managed? How are these shared
across the value chain?

• Open-access and transparency: how do these principles play a role? Are
there roles for regulation of different parts of the value chain?
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Interactions
Key challenges and opportunities in onshore CCUS

• What are key considerations and mitigations to manage potential project
interactions for onshore CCUS?

• How will onshore CCUS projects interact with other energy transition
development opportunities? Where are there synergies, where might conflicts
exist?
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IEA Greenhouse Gas R&D Programme
Pure Offices, Cheltenham Office Park, Hatherley Lane, 
Cheltenham, Glos. GL51 6SH, UK

Tel:  +44  1242  802911 mail@ieaghg.org 
www.ieaghg.org
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