Centre.for
|Low Carbon Futures

Workshop:

Carbon Capture & Storage

School Electronic and Electrical Engineering, University of Leeds

Date: July 23", 2010

Supported by

A collaborative research centre that focuses on the evidence base and demonstration of low
carbon innovations. A not for profit organisation registered in the UK at Companies House
29" September 2009 Company No: 7033134

Development Agency

g lol?iwuizy
SZ7 Sheffield.  THE UNIVERSITY of/ork

UNIVERSITY OF LEEDS




Synopsis

CCS is set to play a major part in the decarbonisation of the power sector in our effort to achiexked8a8ons in CQ

emissions by 2050. Infrastructure, geographical assets and the legislative and funding frameworks setup by theegagvernm
present the UK and Yorkshire and the Humber region in particular with a unique opportunity to develop and deploy a
competitive CCS capability. The Centre for Low Carbon Futures aims to establish a major RD&D programme to support the
development. Thisvorkshop brings together academia, business and other stakeholders to identify key research gaps in CCS
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communities in this development.
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Background

The Climate Change Act (2008) legally binds the UK to ame®iftion in CQ
emissions by 2050, compared to 1990 levels. Fossil fuels currently provide arou
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dependence anémissions of CQfossil fuels are set to continue to play a major
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are expected to bring the most significagrission reductions (Fig)i.

Carbon Capture and Storage (CCS) can be very eff@ttieducing atmospheric  rigure: Electricity generation mix trends
emissions and can capture up to 9096CQ from power stations. The technologie
are also transferable to heavy industry. Overall CCS in power generation and
industrial activity together can contribut® 19% reductions in glob&Q emissions
by 2050 (Fig. 3).
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The European Union has recognised the importance of CCS and has called for upj E:J
12 CCS demonstration projects to be operational by 2015, with 4 anticipated in th
UK (2 potentially in the Yorkshire and Humber regiorg stale of up to around
400MW. Competition for one project is already underway with the remaining thi
expected to be launched by the end of 2010. One of the projects will be for post
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Figure2: Expected carbon savings by sector
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Figure3: Impact of different low carbon technologies on CO2 emissfons

The UK government has also allocated funding to drive development in this areaafRgslexin June 2009 the Northern

Way, the Technology Strategy Board and the Department of Energy and Climate Change announced a £15m joint
competition on the Applied Research, Development and Pilot Demonstration of Carbon Abatement Technologies (CATS) that
will improve efficiency, reduce cost and accelerate deployment when appliedde kingle point sources of €€missions.
Furthermore in its 2010 Energy Bilie Government announced it would support additional-&dhle demonstration

projects to befunded by a levy on electricity suppliers which is expected to generate up to £9bn for up to 4 CCS projects.
Post 2020 further development of CCS is expected to be funded by EU Emissions Tradnegs8pperted by a profitable

CQ pricing scheme. The negoalition government pledged that it will continue public sector investment in CCS for the four
coakHired power stations and that it will aim to introduce a floor price for carbon and aim for full auctioning in EU Emissions
Trading Scheme (ETS) permits.

Value Chain

To support large scale deployment of CCS in the UK a comprehensive RD&D programme is required, covering both basic an
applied research. The programme will also help to underpin training and skills development in this area for the future.
Furthermore CCS has the potential to significantly impact on the regional and national economy through involvement in the
extended value chain, covering aspects such as:
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globaly the capital investment in G@apture, transport and storage equipment,utd reach almost $100bn between 2010

and 2020, increasing to over $5,000bn between 2010 and 2050. For the UK alone, the sector could be worth upwards of £3br
a year by 2030, sustaining 70,00000,000 jobs. The UK market for coellated CCS might reach billion a year by 2030

with majority of the costs associated with carbon capture (around 40%), transport (15%) and storage (25%) elements. It is
important that the UK industry is well placed to take advantage of this global opportunity.
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Table 1: Type dkechnologies/products within each component of CCS. (Source: Low Ga@xrmbon Capture and Stord"ge

Combustion CO 2 Separation & Capture CO2 Transport CO2 Storage
1  Gasification 1  Compressors/pumps 1  Compressors/pumps
1  Oxyfuel combustio 1  Pipeline and associated 1  Pipeline and associated
9 Liquid (solvent) adsorption 1 infrastructure 1 infrastructure
1  Membranes 1  Shipping and associated 1  Shipping and associated
1  Solid Adsorption 1 infrastructure 1 infrastructure
1  Cryogenics 1  Gas Dehydration 1  Gas Dehydration
1  Gas Cleaning/Scrubbing 1  Gas Cleaning technology 1  Gas Cleaning technology
1  Gas separation

Regional Context
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products. These contribute significantly to {&issions, but also create unique and favourable conditfonsetting up an

effective and cost efficient CCS capability. There are a number of large single point g§povessstations and industryi

close geographical proximity, providing the necessary economies of scale to initiate the system and thegalaye

depleting gas and oil reservoirs as well as saline aquifers in the Southern North Sea providing significant storage capacity.
Current development plans propose connecting pipelines fro
the major emitters into a single pipeline which will feed into
under-sea reservoirsYH region has also a large port complex i
Hull and the Humber, capable of supporting pipeline
construction, injection well operation and maintenance, and
shipping for Cetrading as an additional financial income
stream YH has ben recently designated a Low Carbon
Economic Area (LCEA) for Carbon Capture and Storage (CCS
part of Government plans to transform the UK into a{ow
carbon economy. Last year £165m grant from the EC was
awarded to Powerfuel Power and National Grid &vdlop a
900MW coal gasification plant with full CCS at Hatfield and to design a regenCQ transportation pipeline system, and

assess offshore storage locations. In March this year a £6.3m grant to SSE was announced for development of a 100 tonne
perday capture pilot project at Ferrybridge to stimulate CCS development in the region. It is estimated that development of
CCS could bring 55,000 jobs and £2bn investment in the region. The current developments and the urgent need to address
many of the te@nical challenges faced by CCS presents an opportunity for local Universities to engage with industry to
provide innovative and viable solutions to mitigate risks and encourage private and public investment. The region has an
excellent knowledge base withiorld-class expertise and facilities and the collaborative and additive framework of the CLCF,
creating the critical mass to address these challenges and provide input into both product and policy solutions across the
whole supply chain. This is furtheomplemented by a strong engineering base in the South Yorkshire Engineering Cluster
which combined can stimulate innovation and attract further investment.

Figue 4: Proposed CO2 pipeline network in Y&H (source: CO2sense)



Technology Background

CCS comyzes of 3 principal elements: g€aptureincluding CQ
generaton, separation and treatment, G&ansport over a pipéhe or
using shipping and GGtorage in geological reservoirs such as depleted
oil and gas fields and saliffe

In the fossil fuel power generation sector there are three ey
processes for capting CQ:

I Post-combustion capture - involves separation of G@&rom flue
gasses from coal, gas or biomass combustion. The currently  rigures: ccs Schentsource UKER).
preferred separation technique involves amine solvent scrubbing, but flue gasses need to be cooled and treated to
avoid exessive solvent degradation and damage to plantahations. A number of other G@eparation
technologies can be employed, including: other chemical solvents, physical solvents, adsorption/desorption solids,
membrane separation, and cryogenic separatigiore advanced technologies involve chemical carbonate looping,
which has already been demonstrated in fluidised bed combustion. Utilisation of the different separation
technologies depends on the properties (concentration, pressure, temperature...) @@hgenerated and cost and
efficiency of the process.

1 Pre-combustion capture - involves gasification of coal or biomass to genegtegas CO and;ldnd reaction of CO
with steam in a catalytic shift converter togatuce H and CQ, and the Hcan be ued as fuel for transport or in
Combined Cycle Gas Turbine or Integrated Gasification Steam Cycle. The system genertzsanthich is rich in
CQ and has a higher pressure, which requires a small gas separation unit than for post combustion capture.
However, it also requires an air separation unit (ASU) which can represent a significant energy and capital cost.

I  Oxy-fuel combustion ¢involves burning fuel (indilers or gas turbines) in an/@ecycled C@atmosphere. It
requires an (ASU) to generateygen rich atmosphere and recycles combustion gasses, making up the volume of
missing Nitrogen to control the combustion process and temperatures. Advanced technologies sucimasabxy
can dso be used to generate oxygemhere by the metal is then regenated (reoxidised) in a&. The system
generates a CQich flue gas which requires less treatment post combustion. It alsatlyrreduces Nemissions.

In addition to power generation G@an also be isolated from industrial processes. The diffezariion capture system are
summarised in the Fig. 5 and the technologies are reviewed in the Cleaner Fossil Power generation in the 21st Century

document produced by APG.” The ZEP website also providegamd introduction to the technologies and links to othey
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Figure6: Carbon capture systems (source: A Carbon capture and Storage Network foriréaikd Humber, Yorkshire Forwaid

Whilst CCS can Ipeto reduce C@emissions fra fossil fuel power generation by up &wound90% it can also lead to
reduced plant efficiency of 9%, Itis thereforeimportant that development of CCS is also supported by research into
increasing plant efficiency and fuel switchingfidng with low carbon renewable fuels.



Challenges and RD&D Opportunities

Post combustion capture has already been demonstratetirimmber of gas and coal fired powasants. C@separation
technology is generally well understood for most systems but integration of some of the technologies such as solid
adsorbents and membranes needs to be better engineered and costs need to hrededRrecombustion capture for the
formation of syngas is already proven at a full scale but it has not yet been incorporated in full scale power genenation. Ox
fuel combustion has been proven on a small scale and efforts are continuing to deateritat a larger scale. GQipelines

are already operational on shore and are used for enhanced QOil recovery in the US with a 3100 km pipeline from Colorado to
Texas pumping 20 Mt of CO 2 per year, but they have not previously been utilised in offsharatimsli The storage of
gases in geological formations is a well understood and tested technology and can be applied in enhanced gas and oll
recovery (EGR and EOR). Nonetheless, CCS still faces significant challenges before these technologies caentedmple
efficiently and cost effectively in new and the existing power generation and industrial infrastructure.

1. Power plant efficiency improvements ¢ CCS imposes an efficiency cost for power plants and thus research is
needed to enhance efficiency. Sargritical plants can increase efficiency operating at higher temperatures, but
further research is red into cost effective and durable construction materials and coatings to withstand the more
demanding process requirements. Similarly gas turbine teclyyoleeds to be enhanced. Combustion processes
need to be modelled and optimised to take into account integrated CCS facilities.

2. Biomass utilisation ¢ co-firing or cagasification (precombustion) with biomass, biochars and biogas can help to
further lower the carbon footprint of power generation. Further research is however required into biomass pre
processing (including, conditioning, torrefaction and pyrolysis) as well as into impact on process parameters,
slagging, corrosion and construction materieduirements, process efficiency, integration with and performance
within individual capture technologies.

3. Gas separation - new or enhanced CO 2 separation technologies are needed, including novel membranes, physical
and chemical solvents, new adsorptidesorption solids, cryogenic separation and carbonate looping for post
combustion capture and new gas separation technologies for O 2/ N 2 including membranesdomjrgstion
and oxyc fuel combustion.

4. Post combustion capture ¢ research needs to ik at process modelling and optimisation, gas separation, system
integration, and retrofitting and integrated designs.

5. Pre combustion capture - research needs to look at process modelling, integration@tdnisation, gas cleaning
and conditioning, ASUnit optimisation and integration and development of advanced chemical looping technology
with oxygen containing solids which can be regenerated in air, andgaolgration opportunities and their
economic technicatvaluation.

6. Oxy-fuel combustion capture ¢ research is needed in process modelling, heat flux modelling, process optimisation,
design materials, ash properties, ASU optimisation and development of alternative oxygen generating technologies
(such as oxygen containing solids), gas cleaning arditzmring.

7. €O, compression ¢ compression requirements, impact of impurities form different capture systems and feedstocks,
CO drying and cleamp processes need to be better assessed as they impaghgsical characteristics of s
phase transitionswater miscibility and miscibilityith oil for EOL,

8. (€O, transport ¢ gas specification needs further development, including flow modelling, construction material
requirements, corrosion assessment, valves and seals, pipeline integrity, safety arsseiskmnaent and mitigation,
seabed surveying, pipeline design and integration.

9. (€O, Storage ¢ research is needed for site assessment, accurate storage capability estimation for saline aquifers,
depleted gas field testing for injection rates, monitoring, geaehanical stability, goechemical interaction and
impact on C@physical properties and its dependence on geochemical composition.

10. €O, Use ¢ research can explore potential application areas and product specification, and conduct economic and
environmentd evaluation.

11. Environmental assessment ¢ CQ footprinting of capture systems, and the supporting infrastructure is needed
together with impact and risk assessment of pipeline development on and off shore and assessment of impact of
leakage and other risk

12. Whole system integration ¢ research needs to assess system flexibility and capacity to deal with peak production,
operation and maintenance, potential for shipping support.



There is also a need to demonstrate many of these technologies at an iralystelevant scale. So far activity in this area in
the UK has been slow compared to other leading countries in the world. However, the UK and the EU have put in place
funding, regulatory and legal frameworks to incentivise lb@gn development of CCS$he general positive Government
support for CCS, placed the @iKd after theUS inan international comparison of@S attractiveness, according to

Ernst& Yound'. International CCS survey, produced by the by Innovation Norway provides an overviebabf glo
developments in CS!

Useful References

'The UK Low Carbon Transition Plan, National Strategy for Climate and Energy, July 2009, Crown copyright

" Low Carborg Carbon Capture and Stge, November 2009, Technopolis group

" Cleaner Fossil Power Generation in th& Zentury, AGPTF, April 2009

Y http://www.zeroemissionsplatform.eu/

¥ Energy Bill 2010: http://services.parliament.uk/bills/2000/energy/documents.htm|

*'Clean coal: amiustrial strategy for the development of carbon capture and storage across the UK, DECC, March 2010

"' A study to explore the potential for CCS business clusters in the UK, DECC, 2010

" Environmental Sustainability of Electricity Generation Systems@éthon Dioxide Capture and Storage, UKERC, December 2008
*Yorkshire & Humber Carbon Capture & Storage Network: http://www.yorkshire

forward.com/sites/default/files/documents/Y orkshire%20%20Humber%20Carbon%20Capture%20%20Storage%20Network. pdf
¥ International CCS (Carbon Capture and Storage) technology survey, Innovation Norway, issue 6, February 2010
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The Centre for Low Carbon Futures

An evidence based demonstration centre focused on low carbon activities, formed byutihding Universities offull,
Leeds, Sheffield and York, and collaborating across all Yorkshire Universities. Our aim is to assist regional business
competitiveness in the field of low carbon technologies and to provide policy relevant advice in theaedibayond,
through evidence based translational research.

Our objective is to identify and promote innovations in technologies andgsses that will lead to themergence of a
competitive, resilient, low carbon economy. For business this will becomparapt in modelling, technology demonstration
and training centres that will aid the process of knovgedransfer. In this manner wean create a research and training
environment of international quality to respond to the most challenging enargy envionmental questions, that will
FILOATAGFGS GKS ( Nldyigietide applRd/research fir kebefitNabtmUR gconamyf S |-

The Centre will form a vital link in the clean technology development roadmap, focusing on specific areas of reaeareh t
integral to the evidence and demonstration stage of new techg@s, thus enabling us to wodkosely with business,
thereby providing that essential relevancy to the translatiomsearch, training, modellingnd demonstration activities. Our
funding currently comes through partnering Wi orkshire Forward and in ttigture from various research councils,
Technology Strategy Board and the EU.
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