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Winter School 2016

Co–organised by the ‘EPSRC Centre for Doctoral Training in
CCS and Cleaner Fossil Energy’ & the

‘UK CCS Research Centre’

Held at the Halifax Hall and Inox Dine,

University of Sheffield

15th to 18th February 2016

Aim of the Winter School

The 2016 Winter School will involve researchers from the EPSRC Centre for Doctoral
Training in CCS and Cleaner Fossil Energy (www.ccscfe-cdt.ac.uk) and the UK CCS
Research Centre (www.ukccsrc.ac.uk).

The aim of the Winter School is to aid the development of interdisciplinary
knowledge and capacity to apply research in conventional power, fossil energy and
carbon capture and storage (CCS) technologies to solve problems in a range of
global settings. The Winter School also enables researchers to develop an
understanding of technical and social issues surrounding energy, the environment,
climate change, development and socioeconomics in the UK.

Researchers will build on their knowledge and understanding provided throughout
their research training to demonstrate critical thinking and multidisciplinary
engagement aimed at finding novel solutions to real world problems in conventional
power, fossil energy and carbon capture.



Learning Outcomes

On completion of the Winter School, students should be able to:

a) Knowledge and Understanding: assess the challenges of advancing fossil energy
and CCS research in a range of global contexts; the need for cross-disciplinary
understanding and stakeholder engagement when designing research solutions; the
importance of cultural, economic, social, political and environmental awareness in
enabling effective solutions to research problems.

b) Intellectual Skills: engage with a global and multidisciplinary literature; display
advanced communication skills which span national and international contexts;
develop reasoned arguments which take into account social, environmental and
policy frameworks.

c) Professional Practical Skills: better present complex arguments and research
findings in oral form to a non-specialist audience; collate data and ideas to develop
and formulate research plans; network with engineers, social and environmental
scientists to seek new solutions to national and global issues.

d) Transferable Skills: better define and deliver solutions to real world problems;
interact effectively with the public, stakeholders, specialists and non-specialists;
succinctly and clearly present complex ideas in oral form.



Attendees

Staff

 Prof Colin Snape University of Nottingham
 Dr Anup Patel University of Nottingham
 Ms Diane Vincent University of Nottingham
 Ms Ciara O’Connor UK CCS Research Centre
 Dr Fay Campbell UK CCS Research Centre
 Ms Lisa Flaherty University of Sheffield
 Mr Philip Sharman Evenlode Associates
 Dr Rosemary Whitbread Health & Safety Laboratory

Keynote Speakers

 Mr John Gale IEAGHG
 Prof Jim Watson University of Sussex
 Prof Jon Gibbins University of Sheffield
 Prof Myles Allen University of Oxford
 Mr Jeremy Carey 42 Technology
 Prof Jon Gluyas Durham University
 Mr Matthew Billson University of Sheffield

Students Centre for Doctoral Training in CCS and Cleaner Fossil Energy

 Sarah Angel-Smith University of Nottingham
 Christopher Bridge University of Nottingham
 Lawrence Coghlan Loughborough University
 Patrick Daley University of Nottingham
 Charles Dyson University of Nottingham
 Haesul Fagcang Loughborough University
 Genevieve Hodgins University of Nottingham
 Hayden Morgan University of Nottingham
 Daniel Neumann University of Birmingham
 David Nichols University of Nottingham
 Oluwaseun Olowojebutu Loughborough University
 Joseph Perkins University of Nottingham
 Jamie Pulsford University of Nottingham
 Robert Railston University of Nottingham
 Scott Russell University of Nottingham
 Liam Reddy University of Nottingham
 Robert Stirling University of Nottingham
 David Walker University of Nottingham
 Christopher Wiseall University of Nottingham



Students UK CCS Research Centre
 Toluleke Emmanuel Akinola University of Hull
 Mohammed Dahiru Aminu Cranfield University
 Diarmaid Clery University of Leeds
 Ruta Karolyte University of Edinburgh
 Anthony Orji University of Hull
 Erika Palfi University of Edinburgh
 Kazeem Rabiu Loughborough University
 Matthias Schnellmann University of Cambridge
 Thomas Spitz University of Edinburgh



Venues

Halifax Hall Hotel

A beautiful period mansion, with
a selection of conference rooms
accommodating delegate
numbers from 6 to 120. Halifax
Hall is perfectly suited for
conferences, breakfast
meetings, away days and
training days. Each room has
been sympathetically
refurbished, combining original
19th century features with state
of the art conference equipment.
The venue boasts landscaped
gardens, perfect for taking discussion groups outside, open air lunches, barbecues
and elegant drinks receptions on the lawn. With 38 boutique bedrooms, including
three suites, Halifax Hall offers conference guests the opportunity for overnight
stays and is the perfect setting to host guest speakers and VIPs.

Accommodation throughout the Winter School will be at this venue.

Inox Dine

Each room features the latest audio
visual equipment and all rooms are
flexible, allowing us to arrange them
in the format you prefer and open
them up to accommodate larger
groups of up to 150. Most rooms lead
out onto outdoor balcony areas with
spectacular views across Sheffield
city centre.



Key Contacts

Prof Colin Snape

colin.snape@nottingham.ac.uk

Dr Anup Patel

anup.patel@nottingham.ac.uk

Ms Diane Vincent

diane.vincent@nottingham.ac.uk

Ms Lisa Flaherty

l.flaherty@sheffield.ac.uk

Ms Ciara O’Connor

ciara@ukccsrc.ac.uk



Outline Programme

Monday 15th February – Halifax Hall

12:00-13:00 Arrival of delegates
Registration and check-in to rooms

13:00 Lunch at Halifax Hall and display posters

14:00 Welcome introduction

14:15 Mr John Gale – International Energy Agency Greenhouse Gas
‘Global overview of CCS’

15:00 Prof Jim Watson – University of Sussex
‘UK overview of CCS’

15:45 Break and poster session

16:45 Prof Jon Gibbins – University of Sheffield
'Conventional Power'

17:30 Break and poster session

18:00 Prof Myles Allen – University of Oxford
‘The Carbon Price Trap: why conventional mitigation policies
won’t solve the climate problem — because they penalise CCS’

19:00-21:00 Dinner at Halifax Hall



Tuesday 16th February – Inox Dine

07:00-09:00 Breakfast

09:00 Mr Jeremy Carey – 42 Technology
‘CCS economics & financing’

09:45 Prof Jon Gluyas – Durham University
‘CO2 storage’

10:30 Break

11:00 Mr Matthew Billson – University of Sheffield
‘UK Government perspective on CCS’

11:45 Lunch at Inox Dine

13:00-14:15 Individual student talks on research
15 minutes for each presentation and questions

Time Name Presentation Title

13:00 Sarah Angel-Smith The Characterisation of Diesel Deposits Using
Advanced Analytical Methods

13:15 Christopher Bridge Biomass Co-firing to Improve the Burn-out of
Unreactive Coals in Pulverised Fuel Combustion

13:30 Patrick Daley Bringing Ash Fusion Analysis into the 21st
Century

13:45 Hayden Morgan Does Oxygen Concentration, During Carbon
Dioxide Injection, Affect Microbial Activity in
Geological Storage Sites?

14:00 Break

14:45-16:00 Individual student talks on research

Time Name Presentation Title

14:45 Daniel Neumann Ultrasonic Testing - Generating a Model to Predict
Scatter in Complex Microstructures

15:00 Liam Reddy A Parametric Study of FeCrB Powder Laser
Deposition

15:15 Scott Russell Assessment of Process Options for Producing BBQ
Charcoal

15:30 Matthias Schnellmann Multi-scale, Modular Simulation of Chemical
Looping Reactors

15:45 David Walker Advanced Steam Measurement Techniques



16:00 Introduction to task for group activity and initial group meetings

16:15 Break

16:45-18:30 Group work in breakout rooms

19:00-21:00 Dinner at Halifax Hall

Wednesday 17th February – Inox Dine

07:00-09:00 Breakfast

09:00-11:00 Group work in breakout rooms

11:00 Break

11:15 Group work continued

12:00 Lunch at Inox Dine

13:00-18:00 Field trip to Drax Power Station

19:00-21:00 Dinner at Halifax Hall

Thursday 18th February – Halifax Hall

07:00-09:00 Breakfast

09:00-11:15 Group presentations – 10 minute talk using 2 slides

11:15 Break

11:30-12:00 Prize giving (best student talk, best poster, best group)
and closing remarks

12:15 Lunch at Halifax Hall



Winter School Keynote Speakers

Mr John Gale
IEAGHG
John.Gale@ieaghg.org

John Gale has been associated with the energy industry
for some 40 years. He has a degree in Pure and Applied
Chemistry. He spent 18 years with The British Coal
Corporation undertaking work on advanced coal fired
power generation options. He then spent 7 years
working as an environmental consultant with IMC Group
Ltd. He joined the IEA Greenhouse Gas R&D
Programme (IEAGHG) in 1999 and managed the Programmes activities on Non-CO2

greenhouse gases, greenhouse gas abatement in energy intensive industries and
geological storage of CO2 before becoming General Manager in 2008. He also
works directly to the Chair of the Executive committee and vice chairs on issues
relating to strategic planning, etc., He represents IEAGHG on various IEA
committees as required, such as the IEA Working Party on Fossil Fuels and
coordinates IEAGHHG,s input to IEA publications like World Energy Outlook and
Energy Technology Perspectives.

Professor Jim Watson
University of Sussex
W.J.Watson@sussex.ac.uk

Jim Watson is Professor of Energy Policy at SPRU,
University of Sussex, and joined UKERC as Research
Director in February 2013. He was previously Director of
the Sussex Energy Group at the University of Sussex
from Dec 2008 to Jan 2013. Jim trained as an engineer
at Imperial College London and has a PhD in science
and technology policy from Sussex. He has 20 years’
research experience on a range of energy, climate change and innovation policy
issues. His recent outputs include a co-edited book: New Challenges in Energy
Security: The UK in a multipolar world (Palgrave, 2013) and co-authoring UKERC’s
reports: Energy Strategies under Uncertainty and UK Energy in a Global Context
(2014). Jim is a Council Member of the British Institute for Energy Economics, and
was its chair in 2011. He is also a member of the advisory boards of several
research and policy organisations including DECC and Defra’s social science expert
panel, Carbon Connect, the Low Carbon Research Institute and the ESRC network
plus on the social science of the nexus.



Professor Jon Gibbins
University of Sheffield
jon.gibbins@ed.ac.uk

Jon Gibbins has worked on coal and biomass
gasification and combustion for over 30 years, at
Foster Wheeler, Imperial College and the University
of Edinburgh and on carbon capture and storage
(CCS) since 2002. He is currently Professor of
Power Plant Engineering and Carbon Capture at the
University of Sheffield and Director of the UK CCS
Research Centre (www.ukccsrc.ac.uk), which is
supported by Research Councils UK to lead and
coordinate a programme of underpinning research
on all aspects of CCS in support of basic science
and UK government efforts on energy and climate change. DECC and RCUK
funding also supports the UKCCSRC shared Pilot Advanced Capture Technology
facilities at Sheffield (www.pact.ac.uk).

Professor Myles Allen
University of Oxford
myles.allen@ouce.ox.ac.uk

Myles Allen is Professor of
Geosystem Science in the School of Geography and
the Environment, University of Oxford and Head of the
Climate Dynamics Group in the University's
Department of Physics. His research focuses on how
human and natural influences on climate contribute to
observed climate change and risks of extreme weather
and in quantifying their implications for long-range climate forecasts.

Myles has served on the Intergovernmental Panel on Climate Change as Lead
Author on Detection of Climate Change and Attribution of Causes for the 3rd
Assessment in 2001 and as Review Editor on Global Climate Projections for the 4th
Assessment in 2007. He proposed the use of Probabilistic Event Attribution to
quantify the contribution of human and other external influences on climate to
specific individual weather events and leads the www.climateprediction.net project,
using distributed computing to run the world’s largest ensemble climate modelling
experiments.



Mr Jeremy Carey
42 Technology
Jeremy.Carey@42technology.com

Jeremy has 15 years of technology
development and acceleration experience,
including a period of 6 years in the power industry where he
was the capture lead on the >£1bn Peterhead carbon
capture and storage project. Initially a process engineer and
then an advanced control engineer in the Oil and Gas
Industry, Jeremy later spent 3 years at a small angel funded
medical imaging device company where he developed the
company’s first commercially viable, FDA approved device
that was also used by the pharmaceutical industry for
wound angiogenesis studies. Jeremy holds a Chemical
Engineering degree from Cambridge, a Diploma in Manufacturing and Computing
from the Open University and an MBA from Cranfield. He now leads 42 Technology’s
energy campaign.

Professor Jon Gluyas
Durham University
j.g.gluyas@durham.ac.uk

Jon is Dean of Knowledge
Exchange at Durham University and holds the Dong/Ikon
Chair in Geoenergy Carbon Capture and Storage. With career
experiences in both industry and academia, he worked for 28
years within the oil industry. From 2001 to 2009 Jon co-
founded two oil companies, the latter one with $300 million of
initial equity. His technical background relates to the
redevelopment of old or abandoned fields, which combines
both geosciences and reservoir engineering. From 1999 Jon
held an honorary chair in petroleum geoscience at Durham University and from
2009 took up a full time post as Professor in Geoenergy and Carbon Capture and
Storage. This has included working for the UK's Department of Energy and Climate
Change to evaluate bids for the UK's national CCS Demonstration Programme as
well leadership of the UK's CCS Research Centre Development Board. Jon now
researches carbon capture and storage, geothermal energy and petroleum
geosciences while maintaining strong links with industry. Recent work in the field of
geothermal energy includes being involved in the drilling of the three most recently
drilled deep geothermal wells in the UK.



Mr Matthew Billson
University of Sheffield
m.billson@sheffield.ac.uk

Matthew is currently at the University of Sheffield as
co-Programme Director of their new energy innovation
team, on secondment from the Civil Service. Matthew
was previously responsible at DECC for overseeing the
Government’s £125m CCS R&D Programme, and
liaising with its Research & Development partners
(namely the Research Councils, the Technology
Strategy Board and the Energy Technologies Institute).
Matthew has spent over 10 years in the Civil Service, on a variety of roles working
closely with industry with particular interest in innovation, new technologies and
manufacturing.



Oral Presentations

Name Title Institute

Sarah Angel-Smith The Characterisation of Diesel Deposits Using
Advanced Analytical Methods

Nottingham

Christopher Bridge Biomass Co-firing to Improve the Burn-out of
Unreactive Coals in Pulverised Fuel Combustion

Nottingham

Patrick Daley Bringing Ash Fusion Analysis into the 21st
Century

Nottingham

Hayden Morgan Does Oxygen Concentration, During Carbon
Dioxide Injection, Affect Microbial Activity in
Geological Storage Sites?

Nottingham

Daniel Neumann Ultrasonic Testing - Generating a Model to
Predict Scatter in Complex Microstructures

Birmingham

Liam Reddy A Parametric Study of FeCrB Powder Laser
Deposition

Nottingham

Scott Russell Assessment of Process Options for Producing
BBQ Charcoal

Nottingham

Matthias
Schnellmann

Multi-scale, Modular Simulation of Chemical
Looping Reactors

Cambridge

David Walker Advanced Steam Measurement Techniques Nottingham



Posters

Name Title Institute

Toluleke Emmanuel
Akinola

Dynamic Modelling, System Identification
and Control of Power Plant and Carbon
Capture

Hull

Mohammed Dahiru
Aminu

Integrity of the Reservoir and Caprock in
Carbon Storage: Numerical and
Experimental Approaches

Cranfield

Diarmaid Clery The Effects of Biomass Flue Gas
Contaminants on Amines for CCS

Leeds

Patrick Daley Bringing Ash Fusion Analysis into the 21st
Century

Nottingham

Charles Dyson Small Specimen Creep Testing for High
Temperature Component Life Management

Nottingham

Haesul Fagcang Rapid Engine Modelling using Component-in-
the-Loop Methods

Loughborough

Genevieve Hodgins Characterisation of Molecular Interactions
Occurring in Combustion Processes

Nottingham

Ruta Karolyte Water Oxygen Isotope Shift by Interaction
with CO2

Edinburgh

David Nichols Modification of Biomass Ash Composition by
Aluminosilicates and Other Additives

Nottingham

Oluwaseun
Olowojebutu

Application of Kalman Filters in the Control
of SCR Systems

Loughborough

Anthony Orji Pyrolysis - Catalytic Processing of Plastic
Wastes

Hull

Erika Palfi S-EGR and its Impact on Power Plants Edinburgh

Joseph Perkins The Death of Oil Immersion Microscopy? Nottingham

Jamie Pulsford Novel High Velocity Oxy-fuel (HVOF)
Thermal Spray Process for Internal Surfaces

Nottingham

Kazeem Rabiu CO2 Trapping and Geo-electrical
Characterisation in the Context of Geological
Carbon Sequestration

Loughborough

Thomas Spitz CCS Power Stations at the Interface of CO2

Transport and Electricity Transmission
Networks: How to Deal with a Dual Set of
Requirements

Edinburgh

Robert Stirling Biomass Upgrading by Hydrothermal
Carbonisation

Nottingham

Christopher Wiseall Understanding the Physical Properties of CO2

Gas Mixtures Relevant to CCS
Nottingham



Field trip - Industrial site visit on Wednesday 17th February, 13:00-18:00

Drax Power Station http://www.drax.com/
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UK energy policy and CCS 

Jim Watson, Director, UKERC 
 

CCS and Cleaner Fossil Energy Winter School 
Sheffield, 15th February 2016 



Agenda 
1.  The UK’s low carbon transition: progress so far 
2.  Energy policy changes: winners and losers 
3.  Shifting from coal to gas? 
4.  What role can CCS play? 



The UK’s low carbon transition 

Source: Committee on Climate Change 

Keep	the	lights	on	
&	bills	down	at	
the	same	3me	



The UK’s low carbon transition: 
Falling energy demand 

Source: DECC 



The UK’s low carbon transition: 
Electricity demand is falling too 

Source: DECC 
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The UK’s low carbon transition: 
Natural gas demand also falling 

Source: DECC 



Click to add title Policy and political developments 

Source: Green Alliance 



Click to add title Political & policy developments 
Winners and losers 

I am pleased to announce that we 
will be launching a consultation in 
the spring on when to close all 
unabated coal-fired power stations. 
Our consultation will set out 
proposals to close coal by 2025 - 
and restrict its use from 2023. 

Amber Rudd MP 
Energy & Climate Change Secretary 

Nov 2015 ✗ 
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✓✓ 

✓ ✗ 

✗ 

✗ 

Political and policy developments 
Some other winners and losers 



Click to add title Switching from coal to gas?  
Electricity market and investment signals 



Switching from coal to gas?  
Electricity market and investment signals 

‘There has been no national blackout so far this 
winter, and we are not surprised. Nor do we expect the 
lights to go out next winter. It would take an 
improbable concatenation of events to put the lights 
out nationally … 
… [but] it is not acceptable for an advanced economy, 
hugely dependent on electricity, to sail so close to the 
wind.  

House of Lords Science and Technology Committee 
March 2015 



Click to add title Switching from coal to gas 
 But most of the switch has already happened 

Source: DECC 



Click to add title What role for CCS? 
‘[The UK should] take maximum advantage of 
opportunities for international collaboration, whilst 
fostering a competitive UK capability to design, 
manufacture and operate CCS systems. The ultimate 
goal should be full scale demonstration of CCS that will 
showcase UK technologies and capabilities’ 

DTI Review of the Feasibility of CCS (2003) 
 
 



What role for CCS? Plan A 
§  BP proposal for CCS plant at 

Peterhead in mid-2000s 
§  But too early for government to 

commit funding 



What role for CCS? Plan B 
§  First competition with 

government funding in 2007 
§  Focus on post-combustion 

CCS at a coal-fired plant 



Click to add title What role for CCS? Plan B 
Developing new technologies is an inherently risky 
undertaking. Taking calculated risks is perfectly 
acceptable if those risks are managed effectively; but in 
this case DECC, and its predecessor, took too long to 
get to grips with the significant technical, commercial 
and regulatory risks involved … 
The Department must learn the lessons of the failure of 
this project if further time is not to be lost, and value 
for money achieved on future projects 

Amyas Morse, Head of National Audit Office 



What role for CCS? Plan C 
§  New competition in 2012 
§  More technology neutral 

approach (coal or gas) 
§  Capital grants plus contracts 

for power generated 
§  Two projects awarded money 

for engineering design work 
§  EU funding for White Rose 



Click to add title What role for CCS? Plan C 
‘So you spend £1 billion on carbon capture and storage 
… and it would cost you ... something like £170 per 
megawatt-hour ... That compares with unabated gas 
costing £65, onshore wind perhaps costing £70 and 
nuclear costing, say, £90.’ 

David Cameron, Liaison Committee, 12th Jan 2016 



Click to add title What role for CCS? Plan C 
‘Governing is about making decisions, and it seemed to 
me that the right decision was to say that we would not 
go ahead with the £1 billion, because that is £1 billion 
that we can spend on other capital investment projects, 
including energy projects such as making progress on 
energy storage or modular reactors’ 

David Cameron, Liaison Committee, 12th Jan 2016 



Click to add title What role for CCS? Plan C 
Costs often fall with increasing deployment 

Source:  Watanabe et al, 2000 



Click to add title What role for CCS? Plan C 
Sometimes, costs rise in demo phase 

FGD capital costs in the USA (1997$) 
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Source:  Rubin et al, 2004 
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 Is CCS Here? 

Here? 

Or here? 

‘In 2011 costs for early plants were 
estimated to be £60-150/MWh, more 
recent estimates put the cost at around 
£150-200/MWh (Boundary Dam was at the 
higher end of this range)’ CCC, June 2015. 



What role for CCS? Plan D 
§  Not clear what will come next, 

apart from continued R&D 
§  Can UK ‘buy’ CCS when other 

countries have reduced costs?  
§  But many other countries’ 

demo plans also in trouble 
§  CCS is not a solar panel: much 

of system is location specific 
§  Refocus on regulated 

investment in pipelines & 
storage for power & industry?  
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Thanks  
 

http://www.ukerc.ac.uk 
@UKERCHQ   @watsonjim2 

 



The UKCCSRC is supported by the 
Engineering and Physical Sciences Research 
Council as part of the Research Councils UK 

Energy Programme  

 
 

Capturing CO2 – background and 
current status for conventional 
power generation 
 
 
Jon Gibbins 
Director, UK CCS Research Centre 
Professor of Power Plant Engineering and Carbon Capture 
University of Sheffield 
www.ukccsrc.ac.uk 
jon@ukccsrc.ac.uk 



About the UKCCSRC 
www.ukccsrc.ac.uk  
The UK Carbon Capture and Storage Research Centre (UKCCSRC) leads and 
coordinates a programme of underpinning research on all aspects of carbon 
capture and storage (CCS) in support of basic science and UK government 
efforts on energy and climate change.  

The Centre brings together over 250 of the UK’s world-class CCS academics and 
provides a national focal point for CCS research and development.  

Initial core funding for the UKCCSRC is provided by £10M from the Engineering 
and Physical Sciences Research Council (EPSRC) as part of the RCUK Energy 
Programme. This is complemented by £3M in additional funding from the 
Department of Energy and Climate Change (DECC) to help establish new open-
access national pilot-scale facilities (www.pact.ac.uk). Partner institutions have 
contributed £2.5M. 

The UKCCSRC welcomes experienced industry and overseas Associate members 
and links to all CCS stakeholders through its CCS Community Network. 
https://ukccsrc.ac.uk/membership/associate-membership 
https://ukccsrc.ac.uk/membership/ccs-community-network  

  

http://www.ukccsrc.ac.uk/
https://ukccsrc.ac.uk/membership/associate-membership
https://ukccsrc.ac.uk/membership/ccs-community-network


CCS and achieving climate targets 



IPCC WGII AR5 Summary for Policymakers - Climate Change 2014: Impacts, Adaptation, and Vulnerability 
If CCS is not available analysis shows average costs are more than twice as high for achieving mitigation 
scenarios reaching about 450 ppm CO2eq in 2100 (consistent with a likely chance to keep warming below 
2°C relative to pre-industrial level). 





CCS – a range of technology 
options and combinations  





IPCC Special Report on CCS 

Hydrocarbon fuels 

Types of Carbon Capture Technology  

and hydrocarbon 
production 



Post-combustion capture 
from coal and gas 



Lignite fuel, ~ 1MtCO2/yr being sold for EOR   -   Shell Cansolv amine capture technology, 
Additional units planned                                     -  Looking for 30% reduction in capital costs  
UKCCSRC R&D collaboration under MOU 

Saskatchewan, Canada, 2 October 2014 
SaskPower Boundary Dam Unit 3 official opening 



http://www.saskpowercarboncapture.com/projects/boundary_dam 

Boundary Dam Integrated Carbon Capture 
and Storage Demonstration Project 



http://www.powerofcoal.com/image/cache/7211-Clean_coal_information_Sheet_March_23_2012__2_.pdf 

Boundary Dam Integrated Carbon Capture 
and Storage Demonstration Project 



Boundary Dam Integrated Carbon Capture  
and Storage Demonstration Project, 
http://www.powerofcoal.com/image/cache/7211-
Clean_coal_information_Sheet_March_23_2012_
_2_.pdf 



Boundary Dam Integrated Carbon Capture  
and Storage Demonstration Project, 
http://www.powerofcoal.com/image/cache/7211-
Clean_coal_information_Sheet_March_23_2012_
_2_.pdf 



Boundary Dam Integrated Carbon Capture  
and Storage Demonstration Project, 
http://www.powerofcoal.com/image/cache/7211-
Clean_coal_information_Sheet_March_23_2012_
_2_.pdf 



http://www.saskpowercarboncapture.com/projects/boundary_dam 

Boundary Dam Integrated Carbon Capture 
and Storage Demonstration Project 



http://www.powerofcoal.com/image/cache/7211-Clean_coal_information_Sheet_March_23_2012__2_.pdf 

Boundary Dam Integrated Carbon Capture 
and Storage Demonstration Project 



Peterhead CCS Project 
Shell UK Limited and SSE 
Post-combustion capture on one of three existing GT units 
Approximately 400MW equivalent  capacity 
 and 1MtCO2/yr 

http://www.shell.co.uk/gbr/environment-society/environment-tpkg/peterhead-ccs-project.html 
https://www.pressandjournal.co.uk/fp/news/north-east/peterhead/534697/milestone-plans-for-revolutionary-peterhead-energy-project-revealed/  

Existing power plant  

Artist impression of the 
Peterhead Carbon Capture 
project (shown in blue) 

http://www.shell.co.uk/gbr/environment-society/environment-tpkg/peterhead-ccs-project.html
https://www.pressandjournal.co.uk/fp/news/north-east/peterhead/534697/milestone-plans-for-revolutionary-peterhead-energy-project-revealed/


Jeremy Carey, Technology Manager, SSE, CCS Deployment in SSE 
Peterhead and Beyond…, IPA / UKCCSC CCS Conference 1st September 2011 



Process flow diagram for CO2 capture from flue gas 
with temperature swing solvent and stripper/reboiler  

Heat in 

Heat  
out 

Heat out 

Heat out 

Based on: Paul H.M. Feron, Exploring the potential for improvement of the energy performance of coal fired power plants with 
post-combustion capture of carbon dioxide, International Journal of Greenhouse Gas Control 4(2), 2010, 152-160 



Pilot-Scale Advanced Capture 
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Factors in absorber system design 

• Lean pinch – lean loading for required flue gas exit CO2 

• Rich pinch – rich loading for flue gas inlet CO2 

• Solvent concentration – limited by viscosity, corrosion 

• Solvent flow rate – L/G ratio – column area 

• Solvent reaction rate and packing – column height 

• Heat of reaction & L/G ratio – temperatures – affects reaction 
rate and rich and lean pinch 

• Lean solvent temperature in 

• Flue gas temperature in 

• Water balance 

• Gas pressure drop 

• etc …. 



Pre-combustion capture 
with coal gasification 



Pre-combustion capture 

Extra steam 
(or water quench) 

Jon Gibbins, New Europe, New Energy. Oxford, 27 Sep 2006 

+ Sulphur 
removal CO + H2O  CO2 + H2 

Water gas shift reaction 

Based on IEA GHG www.ieagreen.co.uk 24 



http://www.power-eng.com/articles/2014/10/kemper-plant-costs-rise-an-additional-496m-due-to-startup-delays-brings-total-cost-to-6-1b.html?cmpid=enl-%E2%80%A61/4  

http://www.mississippipower.com/about-energy/plants/kemper-county-energy-facility/facts  
Plant:   582-megawatt electric power plant 
Technology:   TRIG™ Integrated Gasification Combined Cycle (IGCC) 
Location:  Kemper County, Miss., about 20 miles north of Meridian, 
Miss. 
Fuel:   Mississippi lignite, approximately 4.7 million tons used per 
year;  
            4 billion mineable tons available in Mississippi alone 
CO2 capture:   At least 65 percent 

http://www.power-eng.com/articles/2014/10/kemper-plant-costs-rise-an-additional-496m-due-to-startup-delays-brings-total-cost-to-6-1b.html?cmpid=enl-%E2%80%A61/4
http://www.mississippipower.com/about-energy/plants/kemper-county-energy-facility/facts


Oxyfuel capture from 
pulverised coal plants 



Doosan Babcock Oxycoal Burner Test Rig, 
Renfrew, Scotland – 40MWth, equivalent to a 
single burner in a full-scale wall-fired boiler 



• Oxy-Coal/Biomass Combustion Test 
Facilities 

• Air-Coal/Biomass Combustion Test 
Facilities 

• FGR (Wet and Dry) + Gas  Mixing 
Facilities 

Pilot-Scale Advanced Capture 
Technology Facilities 

B.  Pilot-scale R&D 



http://www.whiteroseccs.co.uk 

• New standalone power plant at the existing Drax Power Station site near Selby, 
• State-of-the-art coal-fired power plant with the potential to co-fire biomass. 
• 426MWe (gross) oxyfuel power and carbon capture and storage 
• 90% of all CO2 emissions captured  
• Capturing approximately 2 million tonnes of CO2 per year 
• Anchor project for Yorkshire CO2 transportation and storage network 

White Rose CCS Project 



White Rose CCS Project 
Sources: www.whiteroseccs.co.uk/  http://www.ccshumber.co.uk/  

Primary recycle 

Secondary recycle 

Typically in oxyfuel pulverised coal combustion air is replaced by a mixture of recycled CO2 and 
water vapour with added O2. Primary recycle typically 21% O2 or less, secondary recycle 30% or 
more to get air-like combustion, plus possibly direct O2 injection at the burner (not shown) 

http://www.whiteroseccs.co.uk/
http://www.ccshumber.co.uk/


Design, Development and Large-scale Demonstration of an Oxy-combustion Boiler 
Armand Levasseur, Greg Liljedahl, Bruce Wilhelm, Xinsheng Lou, Paul Chapman, Alstom Power, Windsor CT 

Thirteenth Annual Conference on Carbon Capture, Utilization & Storage, April 28-May 1, 2014  



Design, Development and Large-scale 
Demonstration of an Oxy-combustion Boiler 
Armand Levasseur, Greg Liljedahl, Bruce 
Wilhelm, Xinsheng Lou, Paul Chapman,  

Alstom Power, Windsor CT 
Thirteenth Annual Conference on Carbon 

Capture, Utilization & Storage,  
April 28-May 1, 2014  



CO2 capture going forward 



IEA GHG:  ELECTRICITY 
COSTS FOR CAPTURE PLANTS 

IEA GHG (2006), CO2 capture as a factor in power station investment decisions, Report No. 2006/8, May 2006 

Costs include compression to 110 bar but not storage and transport costs.  
These are very site-specific, but indicative aquifer storage costs of 

$10/tonne CO2 would increase electricity costs for natural gas plants by 
about 0.4 c/kWh and for coal plants by about 0.8 c/kWh. 

Natural gas plants Coal/solid fuel plants 

Consistent for comparison 
but absolute values will very  



Boundary Dam 3 
Post-com 

Kemper County 
IGCC 

Texas Clean Energy 
Project IGCC 

HECA 
IGCC 

Quintana 
IGCC 

NRG Parish 
Post-com 

Sinopec Shengli 
CFBC+ Post-com 

Lianyungang 
IGCC 

Huaneng GreenGen  
IGCC 

Emirates Aluminium 
Post-com 

Caledonia 
Clean Energy 

IGCC 

Datang Daqing 
Post-com 

White Rose 
Oxyfuel 

Peterhead 
Post-com 

ROAD 
Post-com 

Dongguan IGCC 
Taiyangzhou 

Korea-CCS 1 
Post-com 

Korea-CCS 2 
Oxy/IGCC 

GCCSI Global Status of CCS – February 2014 plus author update 
Compilation of expected project start dates, with assumed power generation project names added 

FID taken 

IGCC      ~  6 
Post-com   ~ 5 
Oxyfuel     2-3 



Maasvlakte CCS Project  
Capture: 250 MW; post-combustion 
Storage: Offshore hydrocarbons field 
Annual CO2 captured & stored: 1.1m tons 

European Energy Programme for Recovery 
EEPR Budget: € 389 m, € 180 m from EU 
EEPR Activities Start date: 1 January 2010   
End date: 31 December 2014 

http://ec.europa.eu/energy/eepr/projects/files/carbon-capture-and-storage/rotterdam_en.pdf  

http://ec.europa.eu/energy/eepr/projects/files/carbon-capture-and-storage/rotterdam_en.pdf


Deployment requirements from the IEA CCS Roadmap (2013) 
 CCS in the power and industrial sectors in the 2DS 



Recent UK developments 
• The UK Updated Energy Projections have affirmed the urgency of building new (unabated) natural 

gas generation capacity to maintain secure electricity supplies. 
• Some of this natural gas capacity is envisaged to have CCS from the mid-2020s (4GW+ by 2030), but 

CO2 emissions from new gas plants will be an issue immediately for investors, NGOs, politicians. 
• The £1bn capital funding for the UK CCS Commercialisation Programme has been withdrawn in the 

recent Spending Review - the underlying issue appears to be value for money for the specific 
projects involved; CCS is still part of UK’s longer-term emission reduction plans. 

• The Committee on Climate Change stated, in a letter to the Secretary of State for Energy and 
Climate Change, Amber Rudd, in January 2016*:  

• CCS has a crucial role to play in cost-effective decarbonisation. Our estimates and those of others, suggest the cost of 
meeting the 2050 target would be twice as high without CCS. It is also vital to meeting the longer-term global goal of 
reaching net zero (possibly negative) emissions. 

• The recent funding decision must not and does not exclude CCS permanently from playing a significant role in reducing UK 
emissions, provided an alternative approach is implemented quickly.  

• Our central scenario, which underpins the proposed fifth carbon budget, includes deployment of CCS in power and industry 
at a cost of around £2 billion in 2030:  

• Up to 7GW of capacity fitted with CCS in the power sector, generating 48 TWh in 2030. Annual costs (relative to unabated gas 
generation) increase in line with deployment to around £1.6 billion in 2030. We estimate the entire programme would 
generate at an average cost of around £110/MWh, reflecting costs decreasing from £150-170/MWh for the first plant to 
below £100/MWh with continued deployment;  

• 3MtCO2e per year of emissions savings in heavy industry in 2030, at a cost of around £200 million, in 2030. This rises to 
6MtCO2e per year, at a cost of around £500 million, in 2035 through extension to the cement and refining sectors.  

• A revised UK CCS strategy is expected in 2016, including gas CCS and industrial CCS.  This is likely to 
include work on cost reduction and a new national plan for CCS deployment linked to the gas 
power plant programme. 

* https://www.theccc.org.uk/publication/implications-of-the-paris-agreement-for-the-fifth-carbon-budget/  

https://www.theccc.org.uk/publication/implications-of-the-paris-agreement-for-the-fifth-carbon-budget/


UK expects to build gas and nuclear power plants 
Based on DECC Updated Energy Projections (UEPs), 18 Nov 2015  

GW 

https://www.gov.uk/government/publications/updated-energy-and-emissions-projections-2015 , Table H 

Department of Energy 
& Climate Change 
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Storage (zero)
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https://www.gov.uk/government/publications/updated-energy-and-emissions-projections-2015


Building CCS options for 2030 and beyond 
 
Four types of activity and approximate timeline for initial CCS deployment 

Pre-commercial activities 

Public/private cluster 
project development  

Initial cluster components 
constructed 

Start now and continue as underpinning activities 

First cluster ~ 2020-2022 

First cluster ~2022-2025 

First cluster ~2025 onwards Refinancing, operation 
and additional sources 
linked to cluster  2030: ~4GW CCS  

plus scope for industry & biomass  



ETI UK Storage Appraisal Project (UKSAP) 

Simple formula to deliver cost-effective CCS with offshore storage 
Cost-effective CCS  =  Multiple Sources   +   Large-scale Pipeline & Storage 
                                 (>5 units per cluster)                          (>10MtCO2/yr) 

Key points from ETI UK Storage Appraisal study*: 
• All of the nation’s requirements for an aggressive CCS 

programme can be accommodated in the North Sea, to 
2050 and beyond 

• With a national plan including successful aquifer 
appraisal, this programme could be serviced by as little 
as six shoreline hubs feeding less than 20  stores, and 
having a net present infrastructure cost of less than 
£5bn 

• Without a national CCS infrastructure, the cost of 
reaching UK Climate Change targets will double from a 
minimum of around £30bn per year in 2050 

• For successful commercialisation to be efficient, assets 
need to be shared and onshore and offshore networks 
developed to achieve economies of scale 

• Development of the Southern North Sea is important 
as Eastern and South East England will be the 
country’s largest emitters 

• Aquifers offer low cost storage facilities – appraisal 
work on these needs to start soon 

* http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/


http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  

Down-selected storage sites and UK electricity system map 
https://www.gov.uk/government/statistic
s/electricity-chapter-5-digest-of-united-
kingdom-energy-statistics-dukes  

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/
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http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  

Down-selected storage sites and UK electricity system map 

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/


Pipeline plans for the Southern North Sea 
http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  
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Pipeline plans for the East Irish Sea Pipeline plans for the East Irish Sea 
http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  
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Pipeline plans for the Central North Sea 

Now 
later 

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/


Costs and scale for UK offshore CO2 storage 
 – principal findings 

• The economies of scale for pipelines are very high, particularly up to 
10MtCO2/yr. It is therefore particularly valuable to cluster emitters when 
starting infrastructure.  

• Combining onshore projects and oversizing pipework is advantageous, especially 
for longer lines, but the follow-up projects which use the excess capacity must 
occur within a few years of construction. In several examples clustering and 
temporarily oversizing pipework reduced transport costs by between 30-50%. 

• Even allowing for the time value of money over long lead times and the financial 
risk, appraisal costs did not damage the prospects of saline aquifers. Phasing 
capital expenditure over time in large stores improved their outlook. 

• Fewer shoreline hubs meant less offshore infrastructure costs. 

 

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/  

http://www.eti.co.uk/ccs-a-picture-of-co2-storage-in-the-uk/


https://www.mhps.com/en/products/thermal_power_plant/gas_turbin/lineup/m501j.html  

https://www.mhps.com/en/products/thermal_power_plant/gas_turbin/lineup/m501j.html


http://www.energy.siemens.com/hq/en/fossil-
power-generation/gas-turbines/sgt5-
8000h.htm#content=Overview%20of%20features  

EON SE in 2015 filed to 
temporarily close two 
unprofitable units in 
Bavaria, now kept in 
reserve to ensure the 
country has enough 
supply to meet 
demand. Irsching-4 
was commissioned in 
2011, while Irsching-5 
started a year earlier. 

http://www.bloomberg.com/news/articles/2015-12-
23/brand-new-rwe-plant-is-latest-victim-of-merkel-s-
energy-shift  

http://www.energy.siemens.com/hq/en/fossil-power-generation/gas-turbines/sgt5-8000h.htm#content=Overview%20of%20features
http://www.energy.siemens.com/hq/en/fossil-power-generation/gas-turbines/sgt5-8000h.htm#content=Overview%20of%20features
http://www.energy.siemens.com/hq/en/fossil-power-generation/gas-turbines/sgt5-8000h.htm#content=Overview%20of%20features
http://www.bloomberg.com/news/articles/2015-12-23/brand-new-rwe-plant-is-latest-victim-of-merkel-s-energy-shift
http://www.bloomberg.com/news/articles/2015-12-23/brand-new-rwe-plant-is-latest-victim-of-merkel-s-energy-shift
http://www.bloomberg.com/news/articles/2015-12-23/brand-new-rwe-plant-is-latest-victim-of-merkel-s-energy-shift


https://powergen.gepower.com/content/dam/gepower-pgdp/global/en_US/documents/product/gas%20turbines/Fact%20Sheet/9HA.01-.02-fact-sheet-2016.pdf  

https://powergen.gepower.com/content/dam/gepower-pgdp/global/en_US/documents/product/gas turbines/Fact Sheet/9HA.01-.02-fact-sheet-2016.pdf


6 August 2008 
 

Climate Camp at 
Kingsnorth Power Station  



our actions did reach the attendees of the conference - one academic at the conference 
apparently spoke with a protester, and agreed that direct action was pushing matters in 
the right direction (he was a specialist in CCS, but held out little hope for it's 
implementation, given the probable massive costs) Score one massive point to us! 

earth: 
Climate 
Rush Bike 
Rush 
London's 
streets • 
June 1st 
2009 

http://www.ameliasmagazine.com/earth/climate-rush-bike-rush-1/2009/06/04/ 



October 11,2009 



18th October 2009  Ratcliffe Power Station 



http://reclaimthepower.org.uk/news/groundswell-2016-launches-with-double-
action-at-carrington-and-upton/  

http://reclaimthepower.org.uk/news/groundswell-2016-launches-with-double-action-at-carrington-and-upton/
http://reclaimthepower.org.uk/news/groundswell-2016-launches-with-double-action-at-carrington-and-upton/


Basic Requirements for Capture Readiness  
(in order of importance)  

• Build new plant with viable transport to a secure 
storage site 

• Leave space to install capture units and space for 
critical connections within the plant 

• Deploy a CO2 capture ready steam cycle design 

• Build plants with higher efficiency (but not a critical 
factor) 



E.ON 
Robin Irons 
Doosan-Babcock 
Gnanam Sekkappan 
Imperial 
Mathieu Lucquiaud, 
Hannah Chalmers 
Jon Gibbins 
IEA GHG 
John Davison 

CCS retrofit is easier if the plant is carbon 
capture ready (CCR) 



Chinese 
Translation  
Li Jia 
Imperial  
Liang Xi 
Cambridge  
Available from: 
www.captureready.com 
 
Funded by DECC 
CAPPCCO project 
Chinese Advanced Power Plant 
Carbon Capture Options  
Imperial and Cambridge, 2007 
to 2011, £250k budget from 
DECC 

Guangdong is becoming the first CCUS -
ready province in China 



http://www.decc.gov.uk/en/content/cms/what_we_do/uk_supply/energy_mix/ccs/ccs.aspx 



Example: PC Post-com Capture Ready Checklist 
•  Capture retrofit study with outline level plot plan 
•  Power Plant Location  
•  Space Requirements – equipment plus laydown and construction access 
•  Boiler Flue Gas System modifications  
•  DeNOx Equipment  
•  Particulate Removal  
•  Flue Gas Desulphurisation Unit 
•  Steam Turbine Generator and Auxiliaries – steam extraction 
•  Water - Steam - Condensate Cycle – thermal integration 
•  Cooling Water System - overall power plant cooling duty will increase  
•  Compressed Air System  
•  Raw Water Pre-treatment Plant  
•  Demineralisation Plant  
•  Waste Water Treatment Plant  
•  Electrical Supplies 
•  Chemical Dosing Systems and Steam Water Analysis System  
•  Plant Pipe Racks – space for additional pipework 
•  Control and Instrumentation  
•  Plant Infrastructure – including access during retrofit 



Learning between CCS phases 

2nd and 3rd generation technology projects 
•MUST be based on previous projects, just using novel 

technologies is clearly not a 2nd or 3rd generation 
•Some learning from studies already, e.g. Boundary Dam 
•But most proposed projects are still 1st generation 
•Need learning by doing from successful projects on: 

• technology (design, procure, construct, commission) 
• markets (business models, contracts, financing) 
• regulation, permitting etc. etc. 

•Plus reference plants to reduce risk and financing costs 
•Fully-developed market for supply chains has repeat units 
•Also need PEOPLE with experience from repeat projects 



The Energy Innovation Chain: where does R&D fit? 
Energy Research Partnership, reported in 2006 in  http://www.epsrc.ac.uk/newsevents/pubs/second-uk-energy-research-summit/ 
(and subsequently reproduced in various forms including , www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3619 ) 

A. UPDATING CCS KNOWLEDGE REQUIREMENTS 

B.  CCS                  
KNOWLEDGE 
GENERATION 
AND 
MANAGEMENT 

C. CCS KNOWLEDGE DELIVERY ACTIVITIES 

D.  CCS CAPACITY DEVELOPMENT AND CAPACITY DELIVERY 

Research and 
Pathways to Impact 
Delivery (RAPID) - 
a four-part approach 
for delivering industry-
relevant R&D 

http://www.epsrc.ac.uk/newsevents/pubs/second-uk-energy-research-summit/
http://www.epsrc.ac.uk/newsevents/pubs/second-uk-energy-research-summit/
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http://www.epsrc.ac.uk/newsevents/pubs/second-uk-energy-research-summit/
http://www.epsrc.ac.uk/newsevents/pubs/second-uk-energy-research-summit/
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3619
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3619
http://www.ukerc.ac.uk/support/tiki-download_file.php?fileId=3619
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From: R.K. Lester, Regionalizing Energy Technology Demonstrations, MIT Carbon Sequestration 
Forum 16, Cambridge, MA, November 12-13, 2014 



Conclusions 
Stages in all power plant clean-up technologies: 
1. ‘It’s science fiction!’ 
2. ‘It’s impossibly expensive and complex!’ 
3. ‘It’s a major investment but necessary.’ 
4. ‘It’s obviously just a routine part of any power plant.’ 
CCS is now in early stage 3 and we are working hard to get it to stage 4 as 
quickly as possible. 

CCS gives a critical option for achieving zero emissions 
• Can expect 2nd generation power plant CCS projects to appear soon that are 

based on 1st generation projects and that benefit from learning-by-doing …. 

• Started recently and still a small amount of activity 

• So needs to be developed to give tens of second and third generation 
projects to become a serious option that can help resolve future climate 
change negotiations 

• No obvious technology winners, but time will tell! 



THE END 



The carbon price trap 
How hot will it get in a world run by economists? 

MYLES ALLEN 
Environmental Change Institute, School of Geography and 
the Environment & Department of Physics 
University of Oxford 
myles.allen@ouce.ox.ac.uk 
 

mailto:myles.allen@ouce.ox.ac.uk


The mantra in Paris: a global carbon price 



Agenda 

• Carbon prices will only work if they are entirely 
predictable, dependable and both firms and 
consumers respond and invest rationally. 
– Most economists would agree with this point. 

• Carbon prices will only stop climate change when 
they become so high that it is cheaper to dispose of 
CO2 than pay to emit: so the price only works when it 
no longer acts as a price, but as a fine for non-
compliance in a mandatory CO2 disposal regime. 
– Most economists don’t agree with this, yet. 

 



How (some) economists view the world 



 

The argument for a carbon tax: an efficient way of 
identifying cost-effective mitigation options 



Carbon taxes haven’t had the best start 

• "Today, ... a useless, destructive tax which damaged 
jobs, which hurt families' cost of living, and which 
didn't actually help the environment is finally gone." 



Determining the “optimal” level of carbon tax 



Start with some science: the most important 
image of the IPCC 5th Assessment Report 

Reserves Resources 



Total human-induced warming 

CO2-induced warming 

RCP8.5 

RCP6 

RCP4.5 

RCP3PD 

The Transient Climate Response to Cumulative 
Carbon Emissions 

Observed 2000s 

2oC/TtC 



How temperatures respond to a pulse injection of 
100bn tonnes of carbon (100GtC) as CO2 

• Response of EMICs and 
ESMs to 100GtC 
injection at t=0  

 (Joos et al, 2013) 
• 5-year exponential 

adjustment to Transient 
Climate Response to 
Carbon Emissions, TCRE 
= 2oC/TtC. 



Economic impact of warming: damage functions in 
three Integrated Assessment Models 

0.0025 x T2 



6oC of cooling would probably cost more than 10% 
of global consumption 



And others are a lot more pessimistic 



But let’s put a simple IAM together to see what 
happens… 



Key assumptions in this (and many other) IAM(s) 

• Monetary value of damage scales with global 
consumption. 



Estimated costs of reducing greenhouse gas 
emissions in 2030 



What if…? 

× 



So the “optimal” level of warming in a perfectly 
rational world is… 



So what’s missing from this picture? 

“Backstop” 
measures to 
get emissions 
down to zero 



So, have you got a better idea? 

• Start with a transparent conversation about 
“tolerable” warming: 1.5oC, 2oC, 3oC or 4-5oC? 

• My vote would be for 2oC, not because I know what 
would happen at >2oC, but because I don’t know 
what would happen at >2oC. 

• Paris Agreement settled on “well below 2oC” relative 
to pre-industrial levels. 



So climate policy is really very simple  

• If we are aiming to stabilize global temperatures at 
2oC then either: 
– We plan to forbid the citizens of India in the 2080s from 

using their coal or 
– We plan to develop and deploy the technology required to 

allow the citizens of India in the 2080s to use their coal 
without dumping the CO2 in the atmosphere. 



Because some countries are unlikely to accept this 
stuff is “unburnable” 



Try telling these guys to buy Chinese solar panels…  

Nigahi coal mine 



What they were talking about in Paris 



And what they were not talking about 



Cost of mitigation scenarios likely to meet the 2oC 
goal (normalized NPV) 

IP
C

C
 W

G
3 



Why is CCS so important? 

• The Kaya Identity:  
Carbon emissions = Population x consumption per capita x        
energy intensity of consumption x carbon intensity of energy 

• Population and consumption are usually taken as 
given. But are they? 
 
 



 

Why is CCS so important? 



 

 
 
 

Underlying 
economic 
productivity of 
carbon 
> €1000/tCO2e 
 

Why is CCS so important? 



Where the Kaya Identity goes wrong 

• We will always find productive ways of using fossil 
carbon: low-energy light-bulbs just lead to more 
demand for lighting (Jevon’s paradox). 



The last time we found an apparently 
inexhaustible source of high-density energy… 



So, what happens in the economists’ “first best” 
scenario? 



What does this look like? 



What does this mean? 

• Under some pretty middle-of-the-road assumptions 
about climate impacts and response, stabilizing 
temperatures below 2oC requires either 
– Assuming future generations apply an effective carbon 

price substantially higher than indicated by the social cost 
of carbon, or 

– Reducing the cost of backstop CO2 mitigation technologies 
to <$200/tCO2. 



The dangers of relying on a carbon price or 
emission trading system 

• Short-term impact: Some substitution, proceeds are 
recycled, minimal net impact on welfare. 

• Long-term impact: investment in expensive 
mitigation options is postponed as late as possible, 
and then undertaken in a rush. 
– Particularly problematic for options with inelastic costs and 

long testing/deployment times – nuclear and esp. CCS. 

• If you choose to rely on a carbon price or cap-and-
trade, you are choosing to impose most of the 
burden of mitigation on a future generation. 



The evolution of CCS in a relatively optimistic 
carbon-price-based scenario 

Shell “Mountains” scenario 

! 



Another identity 

• S = net sequestered fraction = tonnes carbon 
sequestered per year / (tonnes extracted + leakage) 

• Cmax = cumulative emissions over all time, 
proportional to total climate change commitment 

• C = cumulative emissions to date 
• C0 = Cmax – C = remaining “atmospheric space” 
• To limit cumulative emissions to Cmax GtC, S must 

increase, on average, with cumulative emissions 
 
 



An alternative way of framing climate policy 

A 

B 

S = tonnes of carbon sequestered / (tonnes carbon extracted + leakage) 
C1 = cumulative emissions from the time the policy is adopted 



Implications 

• Cumulative emissions to date are about 0.5TtC 
• To limit cumulative emissions to 1 TtC, the 

sequestered fraction must increase in future, on 
average, by 2% for every 10GtC of carbon released 
into the atmosphere. 

• So we can meet a cumulative target either by 
increasing the rate of increase in sequestered 
fraction per year, or by reducing emissions, but only 
if dS/dt > 0. Right now, S = 0.1% and dS/dt ≈ 0 



Suppose the fossil fuel industry decides to defend 
its share of world energy supply 



But paying for all that sequestration implies a 
carbon price, passed on to consumers 



So they might consume less, making the carbon 
price lower – but without compromising policy 



This happens anyway in most ~2oC scenarios, but 
via complex (& politically explosive) policies 



But what if our estimate of the carbon budget is 
wrong? 

• No problem: anchor the sequestered fraction to 
attributable warming. 

• If emissions peak when temperatures reach 1oC, then 
to stabilize global temperatures at 2oC, the rate of 
sequestration must increase, on average, by 10% of 
the peak emission rate for every tenth of a degree of 
warming after the peak. 

• This is not a policy, this is a fact. 
• Look at http://safecarbon.org 

http://safecarbon.org


Make the sequestered fraction a function of 
temperature 



Dramatically reduced policy costs in the short 
term 



Climate mitigation with no new taxes 

• Upstream mandatory sequestration: impose a 
licensing condition on any company wishing to 
extract or import fossil fuels to demonstrate that a 
set percentage S% of their carbon content has been 
verifiably sequestered.  
– Use a certificate-based trading system to allow cheapest 

CO2 sources to be identified first. 
– Storage sites also have to buy certificates (at market value) 

to compensate for leakage. 
– S can be explicitly linked to climate response: “anti-fragile” 

policy – benefits from uncertainty. 



Upstream mandatory sequestration works 

Gorgon gas project, Western Australia 



Climate mitigation with no new taxes 

• Upstream mandatory sequestration would solve the 
fossil CO2 climate problem:  
– If CCS is expensive, by imposing a relatively predictable 

and apolitical implicit carbon price. 
– If CCS is cheap, by mandating large-scale deployment with 

minimal collateral economic damage. 

• We would still need to  
– Stop net deforestation 
– Stabilize methane emissions 
– Stabilize the global nitrogen cycle (stop net N2O emissions) 

• But these are things we need to do anyway: they are 
not “complementary” to solving the CO2 problem. 



People are starting to take this approach more 
seriously 

• “Within one year of this Act coming into force, the 
Secretary of State shall undertake a consultation on 
the measures requiring extractors and importers of 
petroleum to contribute to the development of 
carbon capture and storage.” (Amendment 35b of 
the Energy Bill, tabled by Lord Oxburgh, September, 
2015) 

• http://www.publications.parliament.uk/pa/ld201516
/ldhansrd/text/150909-0001.htm#15090934000396 



IT’S
 CUMULATIVE 

CARBON, 

STUPID 

IT’S
 CUMULATIVE 

CARBON, 

STUPID 



The UN Framework Convention on Climate Change 
process… 



Carbon capture and sequestration: the pivotal 
technology in the climate debate 

It is possible to extract energy from fossil carbon without 
dumping CO2 into the atmosphere: 



It is already happening – on a MtCO2/yr scale  
(so 1000x too small) 

 



Temporal discounting 

• Ramsey discounting formula: 
 

• ρ = “Pure rate of time preference” (we prefer rewards 
today, and like to put off losses) 

• g = growth rate of global consumption, in real $$ 
• η = “Elasticity of Marginal Utility” 

– η=0 means 1$ has same value to Mark Zuckerberg as to you 
– η=1 means 1% of MZ’s “consumption” equals 1% of yours 
– η=1.4 typical rate implied by progressive taxation systems 

 
 



The problem with technopolicy 

Kyoto and Wallace’s 
Technotrousers:  
Prins & Rayner, 2008 
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16th February 2016

2016 UKCCSRC Winter School

http://www.42technology.com/


2016 © 42 Technology LtdReport 15120-P-01

2

CCS Economics

• Economic Decisions “101”

• Sources of cost – capital / operating / fuel / cost of capital

• Sources of revenue – capital grants / CfDs / Cost of carbon / market price

Simple CCS Modelling

• A rough Cost model

• Cost vs Cost Perception

CCS Finance

• Opportunity cost

• Risk and Time Cost

UK Challenge

• Why has the UK failed where others have succeeded?

• What might be tried next?

Topics
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CCS Economics

OR

“Making rational intertemporal investment 
decisions”

Q: 
What did you take into account when choosing 
your current course?

http://www.42technology.com/


2016 © 42 Technology LtdReport 15120-P-01

4

IF 

A) the project is aligned with your strategic priorities

AND

B) the NPV {the sum over the entire project life cycle of

all incomes, revenues and subsidies

minus all costs (capital investments, operating costs, taxes)

discounted by an appropriate discount rate adjusted for

residual risk (technical, political, commercial, project…)

inflation expectation and liquidity preference}

Is bigger than all other opportunities

AND

C)  you can raise enough upfront capital

Go for it!

ELSE do something else. 

Project economic decisions should be simple…

The real question is almost 
never “should I fund 

project X” 
But “which project should I 

fund, X, Y or Z”
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Slide title

Capital Investment

• Power station £1bn / GW?

• Capture & Compression plant £1bn / GW?

• Transport & Storage £500mn / site? 

Fixed Operating Costs (Cost irrespective of load factor)

• Power Station staff& maintenance

• Capture Plant staff & maintenance 

• Transport and Storage staff & maintenance

• Monitoring, Validation and Verification

Marginal Costs (Costs incurred per operating hour)

• Fuel (~15-20% higher?) 

• Compressor Power for storage

• Other wear and tear effects

Economics – Sources of Cost

Capital Investment 
Before operation

Operating Costs incurred 
over project life
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Slide title

Economics – Sources of Revenue 

Funding 
Type

Description Plausible in UK? Benefit? Available 
elsewhere?

Market price If legislation says all 
UK generation must 
be <100g/kWhr

No Not plausible – market 
cost of blackouts is low.

No

Tax differentials e.g. carbon pricing, 
UK carbon floor price

No Tiny – carbon costs are 
easy to pass through. 

Relies on a dirtier form of 
power being price setter

Not that has driven 
market behaviour

Capacity
Payment

Paid to be ready and 
operational, 
irrespective of usage

Maybe– for long term 
projects if long term 
contracts available and 
combined with e.g. CFD

Means plant doesn’t 
need to operate baseload 
to recover capital

Fields of diesel
generators

Unit output subsidy
(clean MWhr)

e.g. CFD / ROC Not for flexible plant / short 
lived projects
Maybe if combined with 
capacity payment

Removes market price 
risk so suits low marginal 
cost plant e.g. wind / 
nuclear

Wind, nuclear

Regulated asset 
base model

Regulated monopoly 
receives agreed 
return on agreed 
value of assets

Used for existing 
transmission and 
distribution assets for 
power and gas
BUT no political will

Transport and storage 
could be paid for this way 
by a SPV RM

Power Networks, Gas 
Networks



2016 © 42 Technology LtdReport 15120-P-01

7

Slide title

100

Fraction 
of Year

£/MWhr

SRMC

Load Factor
0

Market Price – Duration Curve

marginal profit to repay 
capital, grid fees, risk, staff, 

Plant offline!

Conventional CCGT Economics
SRMC = Short Run Marginal Cost
(more or less just fuel)

LRMC = Long Run Marginal Cost
(everything)

Cost of Gas and other marginal costs
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Slide title

100Fraction 
of Year

£/MWhr

SRMC
CCGT+CCS

0

Market Price – Duration Curve

marginal profit to repay 
capital and cover risk

Additional profit for 
unabated plant…

SRMC
unabated
CCGT

The CCS OPEX Penalty
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What exactly is a CfD FiT?

Source: Energy White Paper, DECC

Answer: 
A fixed price for “clean electricity” that “hides” all other market effects
Complication: Who is the counterparty?
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100

Fraction 
of Year

£/MWhr

SRMC

0

Price – Duration Curve 
= “reference price”

LRMC = “strike price”

Market 
Contribution

CfD payment

CfD repayment

CfD Economics

Three fundamental problems
1. Levy Control Framework – no room to pay for CCS
2. Destroys the market – no incentive to turn on and off with market demand
3. Will have a very high load factor – so we burn lots of gas we don’t need to

LF set by 
maintenance 
schedules NOT 
market signals

“Dead weight loss” of 
unwanted generation 
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Some simple Modelling
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Slide title

Technical / Design Assumptions

• £1bn / GWe CCGT

• £1.25bn / GWe Capture

• £0.5bn T&S

• CCS energy penalty = 19%

Commercial Assumptions

• FOAK WACC = 15%

• NOAK WACC = 8%

• Fuel cost (current low figure) = 35p/therm (sometimes is £1/therm!)

• Cost of carbon £30/te

• Baseload = 85% LF

• Flexible = 50% LF

A dangerously simple “1 page” economic model.. 
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A dangerously simple “1 page” economic model…Cases

CFD: “contract for difference” = Fixed price for “clean” electricity generated 

Case 1 2 3 4 5 6 7

Descriptor Existing
Unabated

New
Unabated

Grant 
Retrofit

CFD 
Retrofit

FOAK 
new

NOAK 
new

NOAK
new 
flexible

Size 400 400 400 400 1200 1200 1200

New /  Existing Existing New Existing Existing New New New

Operation Flexible Flexible Baseload Baseload Baseload Baseload Flexible

Lifetime 10 25 10 10 25 25 25

Caveats:

• Intended to show relative effects not absolute costs

• Assumptions are based on personal experience but not reflective of any particular plant

• It probably has errors…. It definitely oversimplifies

• Don’t take the details too seriously!

Demo ProjectMarket FOAK vs NOAK

Future 
Market
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Set up different 
cases 

Generate 
(Sell?) 
TWhrs

Guess 
some 
CAPEX

Estimate 
some 
OPEX

Strike price = 
(CAPEX + OPEX-
Grant) / Power

Calculate the 
finance cost

Existing 400MW 

Unabated flexible

New  400MW Unabated 

flexible

400MW CCS retrofit 

CFD +£bn Grant 

baseload

400MW CCS retrofit 

pure CFD Baseload

1200MW CCS CFD 

Baseload FOAK

1200MW CFD NOAK 

Baseload

1200MW CFD NOAK 

Flexible

INPUTS and Assumptions NO CCS NO CCS 1000mn + CFD ALL + CFD ALL CFD ALL CFD Flexible
Load Factor 50% 50% 85% 85% 85% 85% 50%

Project Life years 10 25 10 10 25 25 25

Gas Price p/therm 35 35 35 35 35 35 35

Output pre CCS MWe 400 400 400 400 1200 1200 1200
Energy Penalty 0.0% 0.0% 19.0% 19.0% 19.0% 19.0% 19.0%
Output post CCS MWe 400 400 324 324 972 972 972

Efficiency pre CCS LHV 54% 54% 54% 54% 59% 59% 59%
Efficiency pre CCS HHV 49% 49% 49% 49% 53% 53% 53%
Fuel Consumption MWth 823 823 823 823 2260 2260 2260
Fuel Consumption therms / hour 28,084 28,084 28,084 28,084 77,111 77,111 77,111
Fuel Consumption £/hr 9,829 9,829 9,829 9,829 26,989 26,989 26,989

Unabated Carbon Intensity te/MWhr 0.43 0.43 0.43 0.43 0.43 0.43 0.43
Capture Rate 0% 0% 90% 90% 90% 90% 90%
Effective Carbon Intensity te/MWhr 0.43 0.43 0.04 0.04 0.04 0.04 0.04
Cost of Carbon £/te 30 30 30 30 30 30 30

Outputs

Clean Power Generated MWhr/yr 1,752,000 1,752,000 2,412,504 2,412,504 7,237,512 7,237,512 4,257,360
Clean Power Generated TWhrs/yr 1.75 1.75 2.41 2.41 7.24 7.24 4.26
Clean Power Generated TWhrs Lifetime 17.5 43.8 24.1 24.1 180.9 180.9 106.4

Capital Costs

CCGT mn 150 400 150 150 1,200 1,200 1,200
Capture 500 500 1,500 1,350 1,485
Transport and Storage mn 500 500 500 500 550
FEED 10 10 10 10 11
Grant mn (1,000) - - - -
TOTAL mn 150 400 160 1,160 3,210 3,060 3,246

bn 0.150£                           0.400£                           0.160£                          1.160£                          3.210£                          3.060£                          3.246£                          

CAPEX / GWe £bn/GWe 0.38 1.00 0.40 2.90 2.68 2.55 2.71
£bn/GW yrs 0.04 0.04 0.04 0.29 0.11 0.10 0.11

Grant Costs (To Public)

30 year Gilt Rate 2.20%
Inflation 2.00%
Real Interest Rate 0.20%
Capital Grant mn 1,000
Cost per MWhr £/MWhr 101

Finance Costs

post tax real risk adjusted WACC 4% 8% 15% 15% 15% 8% 8%
Annuity Payment £mn 19 37 32 231 497 287 304
Total Payment £mn 186 937 319 2,312 12,415 7,167 7,602
Capital + Finance Cost £/MWhr 10.60 21.40 13.24 95.83 68.61 39.61 71.43

LCOE Estimate

Fuel Cost £/MWh 25                                 25                                 30                                30                                28                                28                                28                                
Carbon Cost (£30/te) £/MWhr 13                                 13                                 1                                  1                                  1                                  1                                  1                                  
Power Station Variable Cost £/MWhr 3                                   3                                   3                                  3                                  3                                  3                                  3                                  
Capture Variable Cost (non fuel) £/MWhr 3                                  3                                  3                                  3                                  3                                  
Transport & Storage Variable Cost £/MWhr 10                                10                                10                                10                                10                                
Marginal Cost £/MWhr 40                                 40                                 48                                48                                45                                45                                45                                

Capital Principle £/MWhr 9                                   9                                   7                                  48                                18                                17                                30                                
Capital Finance £/MWhr 2.04 12.26 7 48 51 23 41
Transmission Charges £/MWhr 1 1 1 1 1 1 1
Availability Cost £/MWhr 12 22 14 97 70 41 72

Government Grant Cost £/MWhr 42 - - - -
Marginal Cost £/MWhr 40 40 48 48 45 45 45
Availability Cost £/MWhr 12 22 14 97 70 41 72
Total LCOE £/MWhr 52 63 104 144 115 86 117
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First compare the magic “Strike Price”?

So we should aim 
to do this right?

Treat scale as a relative n
o

t an
 ab

so
lu

te



2016 © 42 Technology LtdReport 15120-P-01

16How big are your Bets?

Private companies invest capital across a portfolio of projects to reduce risk

This is why CFDs / NER300 
mechanisms don’t work 

for very large FOAK 
projects

Treat scale as a relative n
o

t an
 ab

so
lu

te
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If what you want is firm (clean?) capacity the metric is different

This is why capacity 
payments won’t work for 

small short life demo 
projects

Treat scale as a relative n
o

t an
 ab

so
lu

te



2016 © 42 Technology LtdReport 15120-P-01

18

Whole lifetime project costs

This is why the levy control 
framework is a problem for 

large baseload projects

Best way to learn?

Best long term?Treat scale as a relative n
o

t an
 ab

so
lu

te
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Cost is sensitive to some inputs – e.g. gas price

If you had to agree a fixed 
price for electricity for 30 

years what gas price 
assumption would you use?
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CCS Financing

OR – you have a great NPV, a great ROI, it fits your 
strategy….

Now

http://www.42technology.com/
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Graphing a FID…..

Net 
present 
value
£bn

Time from FID
10 20 30 40

Sunk 
development 

costs

Capital 
Investment

Hurdle

Decommissioning 
Cost

Discounted Revenue less 
operating costs, interest, 

tax…

Breakeven!

Commissioning

Project NPV

C: What’s the ante?

A: Will I win the bet?

A: Does CCS fit my 
strategy?

Treat scale as a relative n
o

t an
 ab

so
lu

te
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“Opportunity Cost” – return you could have made on the best alternative

What else could you do with the money?

Which market are you aiming at?

Sell Electricity

Unabated CCGT  / OCGT (Carbon is cheap)

Interconnectors (spread market/political risk)

Low Carbon CFD

Wind (Nuclear?)

Capacity Market

Field of diesel generators

Low risk returns

Transmission / Distribution 

What is the cost of raising extra money

• Raise equity (Shares) – 10 - 15%*   

• Issue “paper” (Bonds) – 6 -10%      

• Variations of the above

*For utility company risk. 
For oil company risk this is probably 15-25%

So even if you can fund a project purely on 
increasing debt the money will always cost 
AT LEAST 8% or more

By comparison government 10 year gilts are 
very low – typically <3% - currently 1.3% 
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Importance of risk perception on FID

Net 
present 
value

Time from FID
10 20 30 40

Sunk 
development 

costs Capital 
Investment

requirement

Decommissioning 
Cost

Discounted Revenue less 
operating costs, interest, 

tax…

Breakeven!

Commissioning

Project NPV

Lower Risk 
Premium

Higher Risk 
Premium



2016 © 42 Technology LtdReport 15120-P-01

24

Slide title

Taxonomy and Mapping of Risk

Political SocialEconomic Environ LegalTechnical

Risk

Opportunity

Ability to 
influence

Risk 
Management

Lucky

Daft Brave

Subsidy 
Policy
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UK vs RoW

Or

How have others succeeded?

http://www.42technology.com/
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How do our 3 basic tests check out in the UK?

Test Outcome Reason

A: Aligned with strategic 
priorities

Fail
Priorities are:
1. cost
2. renewable targets

B: No better 
opportunities

Fail
Lower risk returns in 
networks, wind, nuclear, 
unabated fossil….

C: Raise enough capital Fail

Bets too big for any one 
company in our 
fragmented market
Competition not
collaboration.
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Who has succeeded? (a few of >20 successes…)

Project Description Location Strategic 
Goal?

Better 
Opportunity

Raise 
Capital

Boundary Dam Coal power station
Amine

Canada Carbon reduction? EOR. 
Near monopoly. 

SaskPower
government 
owned

Quest Oil Sands
Amine

Canada Public acceptance 
of oil sands?

Hypothecated CO2 
tax. 

Government 
support. 
Joint Venture. 

Uthmaniyah NGL EOR Saudi Arabia R&D on EOR  + 
MMV

Government 
support.

In Salah
(ended 2011)

Gas production
Amine

Algeria Sell CO2 rich gas Cheapest way to 
remove CO2

Oil major JV to 
share risk

Lula (Rio) Gas production S. America 
(Offshore)

Sell CO2 rich gas Cheapest way to 
remove CO2

Petrobras 
government 
owned

Sliepner Gas production
Amine

Norway (offshore) Sell CO2 rich gas Cheapest way to 
remove CO2

Statoil part state 
owned. 
EU funding. 

Snøhvit LNG
Amine

Norway (offshore) Liquify CO2 rich gas Cheapest way to 
remove CO2

Statoil part state 
owned. 
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• Government

- priorities are a) cost and b) EU renewable targets

- looking at (wrong?) metrics (£/te CO2 or £/clean MWhr) 

- doesn’t want to be part of the market

- Opposed to hypothecated carbon tax

• UK Utility / O&G companies

- priorities are to make money for shareholders

- Too risky and too big for utilities active in UK market
(who only own operate single digit GW of power in GB)

- “competitions” to discourage / forbid JV collaboration and risk sharing

- CFDs poorly designed for plants with (highly variable!) marginal costs

UK failure – not in anybody’s strategic priorities
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• Hypothecate UK carbon floor price for carbon reduction projects

• Encourage (mandate?) initial capture projects to be joint venture collaborations of all fossil 
operators (SPJV?) to share capital at risk

• Capacity payment (to fund capture plant capital and capital finance) 

• Regulated monopoly to handle T&S funded through a “regulated asset value” model –
similar to gas and electricity grids. 

• Fuel price linked “multiplier” FiT to fund opex
e.g. “Market price + 20%”
NOT a “fixed price” CfD - retain link to market price and encourage efficient dispatch
No counterparty risk 

What might actually work?



Carbon Storage & 
Monitoring  
Jon Gluyas 
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UK Policy on Carbon Capture & Storage 

u  One aspect of this is capturing and storing CO2 …. 

credit: www.gov.uk 



Carbon Capture and Storage 

credit: www.nationalgrid.com 



Carbon Storage 

Triassic  
Sherwood Sandstone, 
Ladram Bay,  
Devon, UK 

Permian  
Rotliegend Sandstone, 

Cleeton Field,  
UKCS 



Potential CO2 storage sites 

u The UK is 
fortunate and 
has access to 
any hundreds of 
potential CO2 
storage sites 
including >400 
oil and gas fields 
and ~50 large 
saline aquifers 



Monitoring Technologies 
u Marine 

•  4d seismic 
•  Electromagnetic 

surveys 
 

u Land 
•  4d seismic 
•  Insar 
• CO2 seep 

detection 

6 

(InSAR data from 
Rutqvist et al., 2010) 

(Chadwick et al., 2010) 



4-D Seismic detection costs 
u  Assumes £1M per “shot” (some estimates as high as £5M) 
u  Costs for 1 storage site – up to 150 may be developed 
u  No inflation 

Every year 
to 25 years 

Every 5 years 
25 to 100 years 

Every 10 years 
100 to 200 years 

Every 100 years 
200 to 1000 years 

Injection No injection 



CCS monitoring 

u 4d seismic surveys are not the optimal tool for 
CCS monitoring, in particular they 
•  are episodic – what happens between surveys 
•  do not measure CO2 density directly (measures 

acoustic contrast) 
u An ideal monitoring methodology would be 

•  inexpensive 
•  continuous 
•  passive 
•  directly sensitive to CO2 density 
•  last for hundreds of years 

Are there 
alternative 
technologies 
that can 
address some 
of these 
issues? 



Carbon Storage Monitoring  
using Muon Tomography  

 Jon Gluyas2, Lee Thompson1, Dave Allen3, Chris Benton4, Paula Chadwick3, 
Sam Clark2, Andy Cole1, Max Coleman5, Joel Klinger1, Darren Lincoln1, Vitaly 
Kudryavtsev1, Cathryn Mitchell4, Sam Nolan3, Lazar Staykov2, Sumanta Pal1, 

Sean Paling6, Neil Spooner1, David Woodward1 

 1Department of Physics and Astronomy, University of Sheffield, Sheffield, S3 7RH, UK 
2Department of Earth Sciences, Durham University, Durham DH1 3LE, UK 

3Department of Physics, Durham University, Durham, DH1 3LE, UK 
4Department of Electronic & Electrical Engineering, University of Bath, Bath BA2 7AY, UK 
5Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109, USA 

6Boulby Underground Science Facility, Boulby Mine, Loftus, Cleveland, TS13 4UZ, UK 
Sheffield, 16th February 2016 



Cosmic Ray Muon Tomography 

u  Inexpensive   Probably much less expensive 
    than seismic 

u  Continuous (24/7)   Yes 
u  Passive     Yes 
u  Direct response to CO2   Yes (to density) 
u  Lasts 1000+ years   No...but 

15/02/2016 10 



Cosmic Ray Muons 

u  Charged, very penetrating 
particles created by cosmic 
radiation striking the 
atmosphere 

u  Loss through ionisation when 
travelling through matter 

u  Can be deflected when 
travelling through high atomic 
number materials 

u  Last ~ 2µsec 
u  Penetrate ~ 2km+ rock 

15/02/2016 11 



Muon Tomography - Techniques 

ª  Muon Tomography    (Attenuation 
Method) 

ª  Muon Radiography 

ª  Muon Tomography 
(Scattering Method) 

Overburden 

Muon Detectors 



Muon Tomography – Track Record 



Muon Tomography – Track Record 
Examples of previous work in the field: 
u  imaging Mayan pyramids 

Muon detector under construction 



Muon Tomography – Track Record 
Examples of previous work 

in the field: 
u  imaging magma 

chambers  

ª  Image of Mount 
Asama, Japan         
(Tanaka et al) 



Cosmic ray fluxes 

u  At sea level the muon flux is 
well measured and well 
understood.  

vert
ical 

Zenith 
angle = 
750 

ª  Underground, measurements 
extend to 10km w.e.  (water 
equivalent, = 400m @ 
2.5g.cm-3) 



Muon transport through rock 

u  Muon transport through rock using calculated muon energy 
losses. 

u  Muon spectrum at surface convolved with the muon 
survival probabilities.  



Muon Flux Simulations 

u  Initial studies (2010) indicates 
that by instrumenting 1000 m2 
and taking data for 1 year 
then 0.4% mean volume 
density variations (7% pore 
volume) can be measured at 
1km depth 

ª Monitoring subsurface CO2 emplacement and 
security of storage using muon tomography   V.A. 
Kudryavtsev et al.,                                          
International Journal of Greenhouse Gas Control 11 (2012) 21–24  



Muon Tomography for CCS Monitoring 
u  Muon tomography offers a monitoring tool that is: 

•  Continuous – some methods are episodic, what 
happens between measurements? 

•  Passive 
•  Directly sensitive to CO2 density – some methods do 

not measure CO2 density directly 
•  Capable of delivering useful data for many years à cost 

effective 
u  but there are challenges … 

•  Need to instrument below/around the volume of interest 
•  Restricted borehole geometry not well-suited 
•  Elevated temperatures 
•  Instrument large areas cheaply 



CCS consortium 

u  Awarded a ~£1.5M grant from DECC and Premier Oil 
u  Other funding from STFC, University of Sheffield 
 

       Work Package Structure 
  

WP1: Muon 
detector design and 

construction 
 

 
WP2: Physical and 
chemical models of 

CO2 repositories 
 

 
WP3: Muon 

transport and 
detection modelling 

 

 
WP4: Muon 

trajectory methods 
 

 
WP5/6: Detector 

tests and borehole 
deployment 

 

 
WP7: Adoption and 

commercialistion 
 



Geological Modelling 

u  Hewett field – a candidate CO2 storage site 



Muon Transport Simulations 
u  Muon transport simulations are being developed to test the 

sensitivity of the technique 
u  Using GEANT4 (standard tracking code for particle 

physics) for muon interactions and to model the 
overburden 

ª  For example, in the above a more realistic simulation results 
from assuming that the CO2 is confined to a volume and taking 
the relative parts of the ‘CO2-injected’ and ‘No-CO2’ simulations 
accordingly 

No-CO2 CO2-injected 



CO2 plume detection 
u  Muon flux simulations have been performed in Geant4 for 

three scenarios: no-CO2, nominal-CO2 and extreme-CO2 
with narrow and  wide angle injection plumes 

ª  A statistically significant change in flux after 5% of a year is 
predicted for wide angle injection. More statistics are needed for 
narrow angle injection studies 



CO2 plume evolution 
u  Also of interest is whether 

the muon tomography 
method could be used to 
monitor the injection of the 
CO2 as the “plume” evolves 

u  Following plots are based 
on realistic values of 
20kg.s-1 injection of CO2 
and injection into a 
reservoir layer that is 170m 
in depth 

u  However, plots use an 
idealised high borehole 
packing density and 
scintillator bar packing 

Figure 8: Phantom: 256 days (representing 225 to 289 days) - 13821 voxels

Figure 9: Phantom: 324 days (representing 289 to 361 days) - 17049 voxels

Figure 10: Phantom: 400 days (representing 361 to 441 days) - 20845 voxels

4

Figure 2: Phantom: 16 days (representing 9 to 25 days) - 1193 voxels

Figure 3: Phantom: 36 days (representing 25 to 49 days) - 2469 voxels

Figure 4: Phantom: 64 days (representing 49 to 81 days) - 4161 voxels

2

Model parameters

Table 1: Experimental Boulby model parameters

Parameter Value Units

Formation thickness & well height 170 m

Overburden e!ective stress 6.72 MPa

Well radius 0.2 m

Initial pressure (brine) 10 MPa

Reference pressure 12 MPa

Temperature 40 !C

Permeability 1.875! 10"13 (190 mD) m2

Porosity 0.15 -

Density (rock) 2670 kg/m3

Young’s Modulus 14.4 GPa

Poisson’s ratio 0.2 -

Biot’s coe"cient 1 -

Density (brine) 1100 kg/m3

Bulk modulus (brine) 2.90 GPa

Viscosity (brine) 900 µPa s

Density (CO2) 720 kg/m3

Bulk modulus (CO2) 0.025 GPa

Viscosity (CO2) 60 µPa s

van Genuchten mv 0.46 -

van Genuchten nv 1/(1"mv) -

van Genuchten av 5.1020! 10"5 Pa"1

Residual Saturation (brine) 0.4438 -

Residual Saturation (CO2) 0.0 -

End-point relative permeability (brine) 1.0 -

End-point relative permeability (CO2) 0.3948 -

Relative permeability exponent m (brine) 3.2 -

Relative permeability exponent n (CO2 2.6 -

CO2 injection rate 20 kg/s

Geant4 voxelisation

Figure 1: Phantom: 4 days (representing 1 to 9 days) - 357 voxels

1

ª  In this configuration after 25 days of 
injection a 3.9σ variation in the muon 
flux is seen. More realistic assumption 
would be 3σ in ~9-12 months. 



CO2 plume evolution 

(a) 1 - 9 days (b) 9 - 25 days

1_9Pre-injection_Scenarioangle-eps-converted-to.pdf

(c) 25 - 49 days (d) 49 - 81 days

1_9Pre-injection_Scenarioangle-eps-converted-to.pdf

(e) 81 - 121 days (f) 121 - 169 days
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Figure 8: The significance S of the change in muon count in the detector
plane due to the presence of subsurface CO

2

, using the model described in
Section 3.4.2, as a function of muon ✓ and �. The caption of each figure in-
dicates time interval after first CO

2

injection. Each distribution contains 100
values of S, calculated in bins corresponding to �✓ = 7� and �� = 36�. A
linear interpolation is used between bins. The equivalent of approximately 30
days of muon data is presented. 14

(a) 169 - 225 days (b) 225 - 289 days

1_9Pre-injection_Scenarioangle-eps-converted-to.pdf

(c) 289 - 361 days (d) 361 - 441 days
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Figure 9: The significance S of the change in muon count in the detector
plane due to the presence of subsurface CO

2

, using the model described in
Section 3.4.2, as a function of muon ✓ and �. The caption of each figure in-
dicates time interval after first CO

2

injection. Each distribution contains 100
values of S, calculated in bins corresponding to �✓ = 7� and �� = 36�. A
linear interpolation is used between bins. The equivalent of approximately 30
days of muon data is presented.
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Towards a “Borehole Detector” 
u  Detecting elementary 

particles such as muons 
requires detectors 

u  These detectors rely on the 
muons interacting with 
some medium and leaving 
a trace behind 
•  Charge 
•  Light 

u  Avoid gaseous and liquid 
detectors for longevity 
reasons 

u  Use solid plastic scintillator 

ª  Main challenge is the 
geometry – position along the 
bar requires accurate (sub 
nanosecond) timing 



Borehole Detector Prototype 



Muon Experiments at Boulby 
u  The Boulby Science Lab  is 

situated ~1.5km underground 
and is proving an invaluable 
testing ground  

u  The mine also has (now 
disused) tunnels running out 
under the North Sea 



Boulby Installation Photos 

Temp = 32C 
RH = 38% 



Borehole Detector Installation at Boulby 

u  Over the summer a 
“borehole” was drilled 
into a rock side wall at 
the Boulby mine 

u  In early October 2014 
the borehole detector 
was deployed in that 
area 

u  After a period of 
commissioning we 
are now recording 
muon events 
successfully at this 
location 



u  Allows an important “proof of principle” 
experiment which will look at changes in 
overburden 

u  Aims to observe the changes in overburden 
(density) from the North Sea tides at -764m 
in the Boulby mine 

u  Cross coast boundary (~200m cliff drop, 
50-200m depth sea) 

“Muon tides” Experiment 

ª Existing site of 
seismic survey 
instrumentation 

ª 110V power supply 

ª Fibre-optic data 
connection 

ª Safe, protected 
space 



Ministerial Visit to CCS work at  Boulby 

u  The Rt Hon Michael 
Fallon MP, Energy 
Minister at the time, 
visited the Boulby 
underground site in 
June 

u  Accompanied by 
members of the CCS 
office at DECC 



Good Headlines 

15/02/2016 33 

u  British Science Festival 
September 2013 – BBC 
News 



‘Bad’ News 

15/02/2016 34 

u  25th Nov 2015 
Comprehensive 
spending review 

u  No consultation with 
DECC or industry 

u  UK squanders 
technical lead which 
could have 
spawned new 
industry while its 
own petroleum 
industry collapses 



Summary
  u  Muon tomography may prove a useful complementary tool to 

other technologies for the monitoring of carbon storage 
u  There are obvious challenges: 

•  Designing and operating effective muon detectors in the constrained 
borehole geometry 

•  Elevated temperatures in the borehole will clearly make this a difficult 
environment to work in 

u  “Proof of principle” work is taking place 
•  Plastic scintillator-based borehole detector 
•  Boulby “muon tides” detectors for overburden measurement 

u  There are other potentially interesting applications of muon 
tomography including 
•  Cargo scanners for contraband nuclear materials 
•  Nuclear waste assays 
•  Nuclear treaty verification 

 



 
UK energy market – policy & regulation 
 

 

Matthew Billson 
Programme Director, Energy2050 
m.billson@sheffield.ac.uk 
www.energy2050.ac.uk 

mailto:m.billson@sheffield.ac.uk


Intro 

Energy2050 Institute: 

• 120 academics,  250+ PhD students 
• Policy + commercial expertise 
• One of largest energy research institutes 

Matthew Billson: 

• Programme Director 
• Over 12 years in UK Government 
• Policies for clean energy generation, low 

carbon vehicles 
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CCS Policy Scoping Document (2014) 

• Three phases of CCS deployment in UK now to 2030s 

3 



CCS Phases 

• Three phases of CCS deployment in UK 

Cost 

Phase 1 
Commercialisation Programme 
• £100m Engineering & Design 
• c£1bn capital funding 
• FIT Contract for Difference 

 

Phase 2 + 3 
• FIT Contract for Difference 
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UK Energy Market 
History of State Intervention 

• Pre 1980s: Central Electricity Generating Board (CEGB) 
 

• Early 1990s: Privatisation, de-regulation, utility companies 
created 
 

• 2000s: Renewables Directive = renewable obligation certificates 
 

• ~2016: Electricity Market Reform 
 

• 2016~: ??  
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UK Energy & Electricity Mix (2014) 

Electricity 
19% 

Oil 
51% 

Gas 
30% 

Coal 
29% 

Nuclear 
19% 

Gas 
30% 

Renewables 
19% 

Oil & Other 
3% 

UK Energy consumption 
(142.8 mtoe) 

UK Electricity generation 
(359 TWh) 
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UK Challenges 

• Increasing electricity demand 
 

• Old energy infrastructure:   
• 20% of UK power stations closing by 2020 

 
• Deregulated market, no state-owned utilities 

 
• Clean energy targets:  

• 15% renewable energy by 2020  
• 40% reduction of GHG emissions by 2030 [EU target] 
• 80% reduction of GHG emissions by 2050 [UK target] 

 
• Need c£100bn (c$150bn) investment by 2020 
• Need to decarbonise Electricity Generation in the 2020s 

7 



… future UK Electricity Mix (2035) 

UK Electricity supply (400 TWh) 

• UK Government predicts in 2035 CCS will account for 15% of 
electricity supply 

• 11GW of CCS capacity  

CCS (Coal + Gas) 
15% 

Gas  
8% 

Nuclear 
38% 

Renewables 
39% 

8 



Current action – 
Electricity Market Reform 

 
• Biggest change to UK energy market since 1980s 
• Legislation: Energy Act 2013 in UK parliament 

 
• Why?  Pre-2013 market framework not attracting investment & 

finance to clean energy 
 

• Aim: 
• Increase certainty of investment return for companies   
• Use competition to force down clean energy cost 
 

• How?  
• FiT Contract-for Difference 
• Capacity Market 
• Emissions Performance Standard 9 



Current action – 
Electricity Market Reform 

 
 

• How? 
  

• FiT Contract-for Difference [for new, clean electricity] 
 

• Capacity Market [for new gas] 
 

• Emissions Performance Standard [to stop dirty coal] 

10 



FiT Contract-for Difference 

11 



• All low carbon energy, not just renewables 
• Aim is to move to “technology neutral” auctions in 2020s 

Today 
 
• Contract auction [Feb2015] 
Renewables 

 
• Govn+Developer negotiation 
New Nuclear 
CCS 
Tidal    

2020s 
 
“Clean energy” contract 
auctions  
 
i.e. technology neutral 

FiT Contract-for Difference 

12 



FiT Contract-for Difference: Prices (£/MWh) 

 £168  

 £160  

 £92  

 £115  

 £150  

 £82  

 £80  

 £45  

 £-  £20  £40  £60  £80  £100  £120  £140  £160  £180

Tidal

CCS

Nuclear

Offshore wind

Offshore wind

Onshore wind

PV Solar

Wholesale

Renewables:  
• Prices from first auction 

(2015) 
• Contracts agreed 
• 15 year term 

Nuclear:  
• Indicative price (2014) 
• Contract under negotiation 
• 35 year term? 

CCS / Tidal:  
• Price unknown 
• Contract under negotiation 
• Term? 

Wholesale price (Sept 2015)  

13 
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Summary 

• UK energy challenges 
• Old energy infrastructure & Climate targets 
• Need c£100bn investment by 2020 
• Aim to decarbonise Electricity Generation in the 2020s 

 
• Since the Labour government of late 1990s / early 2000s, growing 

state intervention & government influence on energy market 
 
• Is Conservative government philosophy of “small government” 

compatible with need to change energy mix? 
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Thank you for listening 

Matthew Billson 
Programme Director, Energy2050 
m.billson@sheffield.ac.uk 
www.energy2050.ac.uk 

mailto:m.billson@sheffield.ac.uk
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