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Welcome to the 6th Biannual Meeting of the UKCCSRC! 
 

We are now three years into the UKCCSRC grant and have got all of our research 
projects from Call 1 and Call 2 in place, set up the different PACT facilities, are running 
a busy ECR programme and have established the UKCCSRC internationally as a major 
research partner.   
 
A key target for the next years is to increase our links with the CCS deployment that is 
starting to happen globally, to learn from it and to use that to get increased impact 
from our research in the next phases of CCS deployment. 
 
The theme for this biannual is ‘CCS in Action’, and at the meeting we have people 
from active CCS projects in Canada, currently the hub of progress on CCS deployment 
as well as speakers on a wide range of topics such as novel capture technologies and CO2 shipping . 
 
We will also get updates on the 27 Call 1 and 2 projects and hear more about international engagement – don’t 
forget the current call for international research collaboration proposals with an extended range of possible 
funding options that closes on 15th May. 
 
So, best wishes for some busy days ahead! 
 

 
Professor Jon Gibbins 
Director, UK Carbon Capture and Storage Research Centre (UKCCSRC) 
  



 

Welcome to Cranfield University  
 

Welcome to Cranfield University, especially to those of you who are visiting for the 

first time. Welcome also to my colleagues in the UKCCSRC and for their support in 

arranging the Centre’s Biannual Meeting here.  

 

As a post-graduate university, with close engagement with UK and global industries, 

‘energy’ is one of Cranfield’s key research and teaching themes, with a particular 

emphasis on addressing the engineering challenges which must be overcome for the 

cost-effective scale-up and commercial exploitation of all energy technologies. 

During your visit, I hope you will be able to see some of our major energy research 

facilities which are used in support of oil/gas production, offshore renewables, 

bioenergy/waste management, combustion/CCS and power engineering. Many of these are used for CCS and 

some form part of the UKCCSRC’s PACT facilities and are available to researchers across academia and industry. 

 

Within the UKCCSRC community, we all recognise the continuing role of conventional heat and power 

technologies using fossil fuels, which still account for around 85% of global energy consumption. Alongside the 

growing deployment of renewable energy technologies, the delivery of cost effective, flexible and reliable 

conventional heat and power technologies with carbon capture, transport, and storage technologies is essential 

to ensure security of supply, while reducing the environmental impact of growing energy production and 

consumption. Similarly, CCS is essential for the continued operation of energy intensive industries which are also 

facing the challenge of reducing CO2 emissions.  

 

CCS, combined with efficiency improvements in conventional heat and power technologies, has been a 

significant focus for my own research career over the past 25 years, and has grown to be a significant part of 

Cranfield’s energy agenda over the past 20 years. While support for CCS research remains clear in the UK, it has 

diminished across other parts of Europe. More than ever, it is important to see the development of cost 

effective CCS technologies with high efficiency and flexible heat as a key UK priority. This will ensure security of 

supply and encourage wealth creation through exporting advanced, cost effective energy technologies.  

 

I would encourage all those attending this UKCCSRC Biannual Meeting to take advantage of the opportunity to 

engage with the researchers from across the UK and to explore new CCS initiatives, ensuring that the UK 

remains at the forefront of international efforts in this key technology.  

 

It is a great pleasure for me and my Cranfield colleagues to host you here and we hope that you have an 

informative and productive time over the next two days.  

 

 
 

Professor John Oakey  

Professor of Energy Technology and Head of Energy 
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AGENDA 

TUESDAY 21 APRIL 2015 

10:00-12:00 OPTIONAL TOUR OF THE CRANFIELD PACT FACILITIES  

12:00-13:00  REGISTRATION AND NETWORKING LUNCH -  ATRIUM, VINCENT BUILDING  

13:00-13:15  
Main 
Auditorium 

Welcoming remarks  
Jon Gibbins - Director, UKCCSRC 
Professor Sir Peter Gregson -  Chief Executive and Vice-Chancellor, Cranfield University 
John Oakey - Cranfield University 
 

13:15-14.15  
Main 
Auditorium 

CCS Action in Canada 
Chaired by Jon Gibbins (UKCCSRC) 
 
Max Ball (SaskPower) - Building on the success at Boundary Dam 
This presentation will include a discussion and short video tour of the Boundary Dam Integrated 
CCS Demonstration. This is the world's first commercial scale integration of coal fired power with 
full stream carbon capture, representing a landmark development for CCS. Discussion will also 
include related CCS efforts at SaskPower, including SaskPower's Carbon Capture Test Facility and 
the planning of future CCS projects. The role of research and development activities in advancing 
CCS will be addressed. 
 
Don Lawton (CMC Research Institutes) - Monitoring conformance and containment for geological 
carbon storage:  can technology meet policy and public requirements? 
The Province of Alberta, Canada identified carbon capture and storage (CCS) as a key element of its 
2008 Climate Change strategy.  The target is a reduction in CO2 emissions of 139 Mt/year by 2050.  
To encourage uptake of CCS by industry, the province has provided partial funding to two 
demonstration scale projects, namely the Quest Project by Shell and partners (CCS), and the 
Alberta Carbon Trunk Line Project (pipeline development and CO2-EOR).  Important to commercial 
scale implementation of CCS will be the requirement to prove conformance and containment of 
the CO2 plume injected during the lifetime of the CCS project.  This will be a challenge for 
monitoring programs. The Containment and Monitoring Institute (CaMI) is developing a Field 
Research Station (FRS) to calibrate various monitoring technologies for CO2 detection thresholds at 
relatively shallow depths.  The objective being assessed with the FRS is sensitivity for early 
detection of loss of containment from a deeper CO2 storage project.  In this project, two injection 
wells will be drilled to sandstone reservoir targets at depths of 300 m and 500 m.  Up to four 
observation wells will be drilled with monitoring instruments installed. Time-lapse geophysical, 
geochemical, geomechanics and geodetic surveys will be undertaken at the FRS to evaluate the 
movement and fate of the CO2 plume.  
 

14:15-15:15 
Main 
Auditorium 

EPSRC Project Updates 
Updates from projects funded by the latest rounds of EPSRC funding for CCS 
Chaired by Jon Gibbins (UKCCSRC) 
  
CO2 injection and storage - short and long-term behaviour at different spatial scales – Anna Korre 
(Imperial College London) 
 
DiSECCS project - Andy Chadwick (BGS) 
 
Fingerprinting captured CO2 using natural tracers: determining CO2 fate and proving ownership - 
Stuart Gilfillan, University of Edinburgh 
 
 



CONTAIN:  The impact of hydrocarbon depletion on the treatment of caprocks within 
performance assessment for CO2 injection schemes - Caroline Graham (British Geological Society) 
 
Development of unified experimental and theoretical approach to predict reactive transport in 
subsurface porous media - Branco Bijeljic (Imperial College London) 
 
Organic mixed matrix membrane technologies (ORGMENT) for post-combustion CO2 capture - 
Peter Budd (University of Manchester) 
  
Process Intensification for Post-combustion Carbon Capture using Rotating Packed Bed through 
Systems Engineering Techniques - Meihong Wang (University of Hull) 
  
Multi-scale Energy Systems Modelling Encompassing Renewable, Intermittent, Stored Energy 
and Carbon Capture and Storage (MESMERISE-CCS) - Niall Mac Dowell (Imperial College London) 
  
Selective Exhaust Gas Recirculation for Carbon Capture with Gas Turbines: Integration, 
Intensification, Scale-up and Optimisation - Richard March (Cardiff University) 

15:15-15:45  BREAK 

15:45-17:15 PARALLEL SESSIONS 1 
 
AQUISTORE: PERFORMANCE MONITORING FOR FULL-CHAIN CCS - LR1 
Chaired by Michelle Bentham (BGS) 
 
Anna Stork (University of Bristol) - Microseismic monitoring at the Aquistore CCS site 
The Boundary Dam project, Saskatchewan, is the world’s first commercial power plant CCS project. 
CO2 capture began at the plant in 2014 and start-up of CO2 injection at the adjacent Aquistore site 
is planned for Spring 2015. Microseismic monitoring forms an important part of a monitoring and 
verification program for such a project because the detection of seismic events can be used to 
verify geomechanical models and provide real-time early-warning of CO2 migration or leakage. The 
microseismic monitoring set-up at the Aquistore site is unrivalled in this sector with baseline data 
available since July 2012 from an array of 51 vertical component geophones. In addition, three 
broadband stations provide data since November 2013. The instruments cover ~2.5kmx2.5km, 
surrounding the injection well. 
Preliminary baseline data analysis identifies noise sources associated with activity at the power 
plant, around the wells and on nearby roads. As part of this analysis, we calibrated event 
detection, location and magnitude estimation procedures using injection well perforation shots 
and reported regional events. With near real-time passive seismic data analysis we will report and 
characterise any induced seismicity associated with CO2 injection to improve understanding of the 
geomechanical response to injection at the site and inform injection activities. 
  
Stuart Gilfillan (University of Edinburgh) - Fingerprinting captured CO2 using natural tracers at 
Aquistore 
Recent research has shown that the natural carbon and oxygen stable isotope and noble gas 
fingerprints contained in captured CO2 can be used to track the fate of CO2 once it is injected into 
the subsurface. Stable carbon isotopes have been used to determine the means of storage of CO2 
at Weyburn CO2-EOR field and stable oxygen isotopes have been used to calculate the amount of 
solubility trapping at the Pembina CO2-EOR field.  
Samples of CO2 obtained from an oxyfuel pilot CO2 capture plant at Lacq in France have a 
distinctive noble gas fingerprint which contains helium and krypton enrichments well above 
atmospheric values. Noble gas fingerprints from CO2 captured from a fertiliser plant in Brazil have 
been shown to act as an effective means of tracking CO2 injected into a Brazilian EOR field and 
similar techniques have tracked natural CO2 injected for EOR in the USA.  
Despite these distinctive fingerprints being identified, no study has yet investigated if there is a 
correlation between them and the different CO2 capture technologies used or the fossil fuel being 
burnt. In our current project we will determine if these fingerprints are distinctive enough to track 
the CO2 once it is injected underground without the need of adding expensive artificial tracers and 
if they are sufficient to distinguish ownership of CO2 injected into the same storage site. 



To do this we will determine the fingerprint of CO2 captured from the Boundary Dam Power Plant 
prior to its injection into the Aquistore saline aquifer storage site in Saskatechwan, Canada. By 
comparing this to the fingerprint of the CO2 produced from the Aquistore monitoring well, some 
100m from the injection well, we will be able to see if the fingerprint is retained after the CO2 has 
moved through the saline aquifer. This will show if this technique can be used to track the 
movement of CO2 in future engineered storage sites, particularly offshore saline aquifers which 
will be used for future UK large volume storage. 
 
Claire Birnie (University of Leeds) - Passive noise analysis from the permanent surface array at the 
Aquistore CCS site 
A study has been performed on a 3-month period of passive seismic data collected at the 
Aquistore injection site in 2012 with the aim of identification and characterisation of individual 
noise sources prior to their recreation within a synthetic dataset. Synthetic datasets are commonly 
used to aid interpretation, test hypotheses and as a benchmarking tool for evaluating the 
robustness of seismic imaging algorithms. However, noise within these datasets is often modelled 
as white and/or Gaussian. Our work is aimed at creating more realistic noise models with spatial 
and temporal variations as observed in noise present within field data. This work defines a noise 
classification scheme that systematically represents these temporal and spatial variations and 
trends. Preliminary results of the noise analysis are presented where noise signals identified at the 
Aquistore injection site are classified using the scheme defined into the noise categories: 
stationary, non-stationary and pseudo-non-stationary noise. Future studies will focus on creating a 
mathematical description of the signals focusing on non-stationary and non-linear aspects with the 
aim to build this into a synthetic seismic dataset as realistic noise. 
 
MATERIAL SCIENCE FOR CCS - LR3 
Chaired by Niall Mac Dowell (Imperial College London) 
  
Stuart Scott (University of Cambridge) - High temperature oxygen donor materials for oxy-fuel 
combustion 
Various solid materials can be used to separate oxygen from the air for use in combustion 
processes. In chemical looping combustion, a metal oxide is used to provide the oxygen to the fuel, 
thus producing a stream of CO2 which requires little further separation. In some cases, the metal 
oxide can be used to produce gas phase oxygen, which is released in the vicinity of the fuel. The 
oxygen released locally can be used to combust solid fuels more efficiently than if the fuel is only 
reacted with steam or CO2. The metal oxide could also be kept separate from the fuel and used in 
a cyclic process to produce a stream of oxygen, something which is now sometimes referred to as 
chemical looping air separation. This latter process is not new and in fact was one of the first 
commercial processes used to produce oxygen (i.e. the Brin process) before modern air separation 
techniques were developed. In all cases, the incentive to use a looping process comes from the 
fact that they operate at temperatures above which the waste heat can be recovered back into a 
power cycle. In these processes, the properties of the solid oxygen carrier to a large extent 
determine the performance limits of the process. 
  
Kyra Campbell (Imperial College London) - Understanding and addressing corrosion due to amine 
solvents in post-combustion carbon capture processes 
While absorption-desorption of gaseous CO2 in alkyl amines such as monoethanolamine (MEA) is a 
developed technology for concentration and purification of CO2, corrosion remains a significant 
obstacle to the advancement of amine-based post-combustion carbon capture. While stainless 
steel remains reasonably impervious to amine solvents in the short term, the use of cheaper steels 
(e.g. mild) for large scale plants is preferred. However, the understanding of corrosion occurring on 
the mild steel construction remains problematic. To address this, a study of the corrosion on mild 
steel has been undertaken under reasonably thermally degrading conditions for MEA and three 
popular 2nd generation amine solvents. These four amines show two categorical behaviours: 
corrosion and passivation; additionally the common additive K2CO3 also shows passivation. 
Interestingly, mixtures of amines can be developed which contain corrosive components while still 
showing a passivating effect on the metal surface. 
  



Solomon Brown (University College London) - Material considerations in CO2 pipeline design: 
practical issues and ongoing work 
Several major factors influence the selection of pipeline materials for CO2 transportation, including 
the susceptibility to corrosion and the ability to resist ductile and brittle fracture propagation. As 
part of the ongoing EC FP7 project CO2Quest, measurement of the relevant properties for the 
materials likely to be used in the construction of pipelines for CCS is being performed, and their 
sensitivity to the composition of the transported CO2 mixture examined. As part of this effort, 
fracture mechanics tests have recently been completed under both normal conditions and at low 
temperatures, indicative of those potentially reached in the case of a failure of a CO2 pipeline. In 
this work, the results of the crack resistance of industrial steels, in particular X65, X70 and X80 
grades, will be presented and experiments described which have been designed to investigate the 
materials behaviour during realistic release scenarios. Of those tested, it is found that the X70HIC 
grade steel has the lowest ductile-to-brittle-transition-temperature, hence providing the most 
protection from brittle fracture. 
  
Jiafei Zhang (Imperial College London) - Influence of amine molecular structures on CO2 absorption 
Amine scrubbing is the most dominated commercial technology adapted for CO2 capture from 
fossil fuel power plant. However, significant energy consumption and irreversible solvent 
degradation are the major unsolved challenges for the conventional amines. It is therefore 
essential to screen new solvents to overcome these drawbacks. Amines with various molecular 
structures, such as primary, secondary and tertiary amines containing linear, branched and cyclic 
chains, have thus been studied according to the selection criteria: (a) reactivity, (b) CO2 capacity, 
(c) regenerability, (d) thermophysical stability, (e) degradability, (f) toxicity, etc. The influence of 
amine molecule structures [e.g. alkanolamine vs. alkylamine; primary or secondary vs. tertiary 
amines; and linear vs. branched or cyclic substituents] on the physical and chemical properties is 
evident. We observed many interesting phenomena, for example, (i) some of the alkylamines with 
their switchable polarity can led to a liquid-liquid phase separation behaviour upon heating, (ii) 
secondary amine has a high potential to achieve rapid absorption rate, (iii) tertiary amine and 
cyclic structure typically exhibit a good chemical stability against thermal and oxidative 
degradations, (iv) a branch at α-carbon position is favoured to enhance both the absorption rate 
and CO2 capacity. These observations can help us select suitable amines or optimise solvent 
recipes for CO2 absorption. 
 
NOVEL CAPTURE TECHNOLOGIES - Main Auditorium  
Chaired by Mohamed Pourkashanian (University of Sheffield) 
  
Ben Anthony (Cranfield University) - The future of calcium looping technology 
Ca looping is one of the newest carbon capture technologies. However, in the space of two 
decades it has made impressive strides. Firstly, it has been demonstrated at the 2 MWth level, and 
has performed flawlessly. Secondly, a feed study is now underway for a 10 MWth demonstration. 
The use of the technology for applications related to both the cement and steel industry are also 
now under active exploration. It is however at the pilot and lab-scale that some of the most 
interesting developments have been made. These developments are in particular focused on 
enhanced reforming, and sorbent improvement. This presentation will look at the state of the art 
of Ca looping technology, and highlight a number of the most important developments and 
provide a road map for anticipated future developments. 
  
Jonathan Lee (Newcastle University) - Intensification of solvent based carbon capture using 
rotating packed beds 
The main factors which have impeded the commercial application of carbon capture technology 
for the treatment of power plant flow gases, has been the cost and energy demand of the 
equipment involved. It must be appreciated that the gas flows involved are very large (e.g. 
800m3/s for a five hundred MW plant). With conventional technology this involves large and costly 
equipment. Furthermore, the regeneration of the CO2 absorption medium – e.g. amine solution – 
consumes substantial quantities of steam. This presentation describes the application of process 
intensification (PI) techniques to the plant design so as to substantially reduce the size and cost of 
the equipment involved, while simultaneously reducing the parasitic energy consumption. This will 



be achieved by the application of rotating packed bed (RPB) and laminar flow heat transfer 
technology to the absorption, stripping and heat transfer stages of a post combustion carbon 
capture system based on the use of amine + water solutions. 
  
Peter Budd (University of Manchester) - Novel membranes for carbon capture 
Membrane technology offers the potential for energy-efficient and cost-effective gas separations. 
However, it is challenging to develop membrane materials that exhibit sufficient selectivity and 
flux for a given separation, and which maintain performance over time under the conditions of 
use. For post-combustion carbon capture, the challenge is to separate very large volumes of CO2 (a 
typical coal-fired power station may produce 10,000 tons of CO2 per day) at relatively low 
concentration (10-15% in N2) at low pressure. The current state-of-the-art will be outlined, and 
efforts to develop improved membrane materials will be discussed, with particular reference to 
our experience with “Polymers of Intrinsic Microporosity” (PIMs). 
PIMs are glassy polymers which possess high free volume and high internal surface area as a 
consequence of their relatively inflexible, contorted macromolecular backbones. Recent research 
has sought to tailor the permeability and selectivity of PIM-based membranes, and to improve the 
ageing behaviour. This includes: (1) bespoke monomer synthesis; (2) chemical post-modification of 
precursor polymers; (3) thermal or ultraviolet treatment; (4) the preparation of polymer blends; 
(5) the formation of mixed matrix membranes with a variety of fillers, including: (a) inorganic 
porous solids, (b) carbons (activated carbons, nanotubes, graphene), (c) metal-organic 
frameworks, (d) porous organic materials. 
 

17:15  SESSIONS CLOSE 

17:30-19:00 Networking reception and Call 1 and Call 2 poster session Bar and Lounge, Mitchell Hall 

19:00-21:30  Dinner Blenheim Room, Mitchell Hall 
Speaker: 
Matthew Billson (University of Sheffield) - In the thick of it:  working with new Ministers 
The life of a new Minister, and how to influence them 
 

 
 
 
  



WEDNESDAY 22 APRIL 2015 

08:30-09:00 ARRIVALS AND REGISTRATION - ATRIUM, VINCENT BUILDING  

09:00-09:30 
Main 
Auditorium  

John Gale (IEAGHG) - CCS in the Process Industries 
The presentation will summarise the work that the IEA Greenhouse Gas R&D Programme (IEAGHG) 
has been undertaking on assessing the potential for CCS implementation in the process industries. 
IEAGHG have undertaken techno economic studies on CCS implementation in the cement and steel 
industries. We are currently supplementing this work with techno economic analyses in the oil 
refining and pulp and paper industries. IEAGHG has recently reviewed the status of CCS 
implantation in the industrial hydrogen production sector and looked at barriers to CCS 
implementation for the bioethanol industry. 
 

09:30-10:00 
Main 
Auditorium 

Chris Franklin (NERC) - A NERC perspective of CCS 
An update on the Natural Environment Research Council (NERC) funding of CCS research under the 
RCUK Energy Programme. 
  
Sarah Tennison (Tees Valley Unlimited) - Teesside Collective: Current progress on the Industrial CCS 
project in Teesside 
An introduction to the Teesside Collective Project, our progress to date and our plans for the 
future. The presentation will also cover some of the key risks and challenges that the project faces 
and how these should be overcome. 
 

10:00-11:10 
Main 
Auditorium 

CALL 1 PROJECT UPDATES 
 
Tractable equations of state for CO2 mixtures in CCS: Algorithms for automated generation and 
optimisation, tailored to end-user - Richard Graham (University of Nottingham) 
  
Fault seal controls on CO2 storage in saline aquifers - John Williams (British Geological Society) 
  
Multi-phase flow modelling for haz ass - Solomon Brown (University College London) 
  
Mixed matrix membranes preparation for post-combustion capture - Maria Chiara Ferrari 
(University of Edinburgh) 
  
Flexibility issues in CCS networks: initial findings from the FleCCSNet project - Hamed Aghajani 
(Newcastle University) 
  
Experimental investigation with PACT facility and CFD modelling of oxy-coal combustion with 
recycling real flue gas and vent gas of compression and purification units - Sheraz Daood 
(University of Sheffield) 
  
Determination of water solubility in CO2 mixtures - Stephanie Foltran (University of Nottingham) 
  
Chemical looping for low-cost oxygen production and other applications - Paul Fennell (Imperial 
College London) 
  
CO2 storage in Palaeogene and Neogene hydrogeological systems of the North Sea: preparation 
of an IODP scientific drilling bid - Maxine Akhurst (British Geological Society) 
 
Oxyfuel and EGR processes in GT combustion - Richard Marsh (Cardiff University) 
 
UK Bio-CCS CAP - Janos Szuhanszki (University of Sheffield) 
 

11:10-11:30  BREAK  

  



11:30-12:45  PARALLEL SESSIONS 2 
 
SURFACE MONITORING IN THE MARINE SYSTEM - LR1 
Chair Clair Gough (University of Manchester) 
  
Jerry Blackford (Plymouth Marine Laboratory) - Monitoring and baseline requirements for offshore 
CCS: outcomes from the QICS project. 
Quantifying and monitoring potential ecosystem impacts of geological carbon storage (QICS) is a 
UK funded project that aimed to improve knowledge on the potential ecosystem impacts of a 
leakage from carbon dioxide geological storage and to investigate a variety of techniques and 
methods that may be suitable for monitoring for leakage. QICS developed a coupled experimental 
and modelling approach based around a unique real world release of CO2 beneath the sea-floor. 
The project mimicked, on a very small scale, a leak event and monitored chemical transformations, 
seismic perturbations and ecosystem impact and recovery. The outcomes of the QICS experiment 
have in several ways challenged pre-conceptions and revealed a wealth of complex interactions 
that could modify both impacts and monitoring strategies. This talk will present the key 
operationally relevant outcomes from the QICS project, in particular relating to biogeochemical 
transformations relating to the release and the implications these have for biogeochemical 
monitoring. Modelling of hypothetical leakage events and natural variability and what these tell us 
about the need for comprehensive baselines will also be discussed. The talk will finally touch on 
ecosystem impacts of leakage. 
  
Graham Brown (Sonardyne) - ETI CCS MMV project overview 
This presentation will very briefly describe the progress in developing a marine monitoring, 
measurement and verification system for offshore carbon capture and storage in the UK. Although 
there are existing technology components which can detect CO2 in a marine environment, there 
are no integrated, cost-effective and commercially available systems which can currently reliably 
record and report anomalies in the level of CO2 in the sea above a large store. This project is taking 
a systems engineering approach to develop and demonstrate a first in class system. A key objective 
of the system is to be cost-effective and as such, significant use is being made of cutting edge 
surface and underwater autonomous vehicles equipped with chemical and acoustic sensors. An 
overview of the proposed Concept of Operation will be given and initial results from chemical 
simulations as well as testing and evaluation of active sonars against CO2 leaks will be presented. 
  
Paul White (Southampton University) - The use of passive acoustics for monitoring CCS facilities 
A gaseous CO2 leak from marine CCS facilities generates bubbles which are acoustically active 
entities. As a bubble is formed it radiates acoustic energy, the frequency of which is indicative of 
the bubble's size. Detecting and analysing the signature of a leak allows one to identify the 
presence of a leak and further has the potential to quantify it. This paper discusses this approach, 
describes the fundamental principles, presents results from tank tests and, finally, shows field 
results from a simulated release. 
 
CO2 SHIPPING - LR3 
Chaired by Julia Race (University of Strathclyde)  
  
Peter Brownsort (SCCS) - Overview of CO2 shipping studies worldwide, plus brief focus on potential 
role and issues of shipping for CO2-EOR 
Transport of CO2 by ship may fulfil a key role in the development of carbon capture and storage, 
particularly for CO2-enhanced oil recovery (EOR) in the North Sea where a flexible transport system 
may be advantageous. This talk will give an overview of the potential for ship transport of 
CO2 based on a recent literature survey. It will cover in outline the technology required, existing 
experience, regulation, HSE aspects, and financial factors. It will also highlight areas of uncertainty. 
  
Hans Aksel Haugen (Tel-Tek) - The crucial role of ships in establishing a Nordic CCS infrastructure 
The Nordic countries Finland, Sweden, Denmark and Norway can in many ways illustrate how an 
infrastructure for CCS may be established, and how ships may represent a key to making such an 
infrastructure possible. Although promising sites have been identified, The Baltic seems to have 



rather limited geological CO2 Storage capacity. Further to the West, both the Danish and the 
Norwegian Continental shelves on the other hand, have very large potential Storage capacities, 
some of which (Sleipner/Utsira formation) have already been storing CO2 for many years. 
CO2 Sources in these countries are often quite small (0.3 - 1 mill tons per year) and scattered along 
the coasts, making pipeline transportation unfeasible.  Ship transportation has been demonstrated 
in a small scale by commercial interests already, and may represent a way to kick start the build-up 
of a CCS infrastructure, but may also be a cost efficient alternative throughout the life span of such 
infrastructure.  Ships may be combined with pipelines, and CO2 may be transported by ship to a 
land based hub from where a pipeline can transport the CO2 to an offshore Storage location. The 
feasibility of such concepts has been shown through several studies, for instance in a study of the 
Skagerrak region between Norway, Sweden and Denmark. The presentation will show examples 
from selected Projects, and also focus on cost of CO2 transportation. 
  
Daniel Loeve (TNO) - CO2 shipping, a potential breakthrough? 
Several studies showed that the North Sea has large scale CO2 storage potential. Countries around 
the North sea are progressing their research on CCS demonstration projects. After the 
demonstration projects, the next phase of full scale projects will further develop the storage 
possibilities in the North Sea. Nonetheless a major difficulty is the transport of CO2 to the offshore 
storage locations. CO2 Pipeline transportation needs a guarantee for long term CO2 supply in 
relative large quantities. In contrast to shipping which can handle many small sources and is 
flexible in source and sink location. For Enhanced Oil Recovery projects (EOR) this is especially 
convenient because of the high demand of CO2 at the start of project and declining demand over 
time. This talk will discuss the CO2 shipping value chain including one of the remaining questions in, 
which is the interface between the ship and the wellhead. What are the boundary conditions at the 
wellhead to safely inject CO2 into the subsurface? For example e.g. maximum injection rates, 
minimal temperature.  
  
CCS IN ENERGY INTENSIVE INDUSTRIES - Main Auditorium  
Chaired by Colin Snape (University of Nottingham) 
 
Sarah Tennison (Tees Valley Unlimited) - Teesside Collective: Designing an industrial CCS network in 
Teesside, outcomes from the engineering design work 
The Teesside Collective project received £1million from DECC to kick start the development of an 
industrial CCS network in Teesside. The project partners commissioned AMEC Foster Wheeler to 
undertake the initial engineering carbon capture at four industrial plants, an onshore 
transportation network, and an offshore transportation network. The presentation will cover the 
results of this initial engineering.  
  
Paul Fennell (Imperial College London) - A systematic review of current technology and cost for 
industrial carbon capture 
A systematic review of current technology and cost for industrial carbon capture is 
presented. Drawing on the literature and current research projects, the cost of CCS will be assessed 
for technologies likely to be applied in the short, medium (5 – 10 years) and long (10 + years) 
terms. A particular focus will be high temperature solid looping cycles, which are a relative 
newcomer in the field of CCS, but are being rapidly commercialised. The economics of any process 
are key to its uptake. It is important to remember this when considering CCS technologies, which 
are marginally incentivised in the EU, but will eventually be crucial to efforts to combat climate 
change. As regulation of CO2 emissions becomes more stringent, operators have renewed focus on 
the bottom line, driving renewed interest in 2nd and 3rd generation technologies. This study will 
mainly use the cost of CO2 avoided as its primary metric. A significant number of literature sources 
have yielded costs for industrial CCS which has then been re-based to 2011 USD for fair 
comparison. A key message is that it is extremely important to consider how the financing has 
been accounted for in any analysis, prior to quoting a figure. 
  
Bruce Adderley (Tata Steel) – Title and abstract TBC 
 

12:45-13:45  NETWORKING LUNCH - ATRIUM, VINCENT BUILDING 



13:45-14:45 
Main 
Auditorium  

CCS IN ACTION OR INACTION?  
 
Graeme Sweeney - DIY CCS 
 
Joan MacNaughton - CCS - the silver bullet travelling at snail's pace? 
This talk will briefly cover the history of CCS from a policy perspective, look at the global position 
now, and offer a view on the prospects for large scale deployment.  
 

14:45-15:00  WRAP UP AND CLOSING REMARKS 
 

 

NETWORKING RECEPTION AND DINNER – TUESDAY 21 APRIL 2015 
 

The Networking Reception and Dinner on Tuesday 21 April will take place in the Blenheim Room, Mitchell Hall. 

Mitchell Hall is a short walk away and is labelled in the map in the delegate pack. There is a fixed capacity for the 

dinner and therefore if you have not registered, we will unfortunately not be able to accommodate you. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BIANNUAL MEETING FEEDBACK SURVEY 
 

We want to hear from you! 

 

In order to help us make future UKCCSRC Biannual meetings better for you, 

please fill out our feedback survey online after the meeting! 

It’ll only take 5 minutes. 

 

https://www.surveymonkey.com/s/cranfieldapril15feedback  

 

As an added incentive, once the survey is completed, you’ll get exclusive 

access to the presentations from the meeting! 

https://www.surveymonkey.com/s/cranfieldapril15feedback


CHAIRS 

 

Dr Michelle Bentham 

Senior Geoscientist, British Geological Survey 

Michelle has over 13 years’ experience working Carbon Capture and Storage projects. She is a 

senior researcher and project manager and has worked on a substantial number of CCS projects 

including; GESTCO (European Potential for Geological Storage of Carbon Dioxide from Fossil 

Fuel Combustion), Tyndall Centre CO2 sequestration in the UK, CO2ReMoVe (CO2 monitoring 

and Verification), NZEC (UK-China Near Zero Emissions Coal project). Her research interests and 

experience include assessing storage potential and methodologies, monitoring and verification, 

site characterisation, site leasing, public engagement, storage management and capacity 

building in CCS. Recently she was the BGS project manager and researcher in the first project to assess the 

CO2 storage capacity of all Ireland as part of the ‘Assessment of the all Island potential for geological storage of 

Carbon Dioxide in Ireland’ (commissioned by the Sustainable Energy Authority Ireland) project, which directly 

influenced the CCS strategy in Ireland. She was BGS project manager and researcher on the Energy Technologies 

Institute UK Storage Appraisal project (UKSAP). Michelle has provided CCS training and capacity building in China and 

South Africa through EU funded projects. As well as presenting to government (DTI, DECC and at Westminster). 

Currently she is working on storage management issues with The Crown Estate and IEAGHG. She has authored and 

co-authored of a number CCS focused scientific papers and book chapters. 

 

Prof Jon Gibbins 

Director, UKCCSRC and Professor of Power Plant Engineering and Carbon Capture, University of Edinburgh 

Jon has worked on coal and biomass gasification and combustion for over 25 years, at Foster 

Wheeler, Imperial College and University of Edinburgh and on carbon capture and storage (CCS) 

since 2002. He is currently the Principal Investigator of the UK Carbon Capture and Storage 

Research Centre supported by the Engineering and Physical Sciences Research Council (EPSRC) 

as part of the Research Councils UK Energy Programme. He is also the Professor of Power Plant 

Engineering and Carbon Capture at the Institute for Materials and Processes based at the 

University of Edinburgh. He is involved in a number of other academic, industrial and 

government initiatives on CCS in the UK and overseas, including the DECC Advisory Committee 

on Carbon Abatement Technology, and has also contributed to a number of media pieces and other outreach 

activities on CCS. 

 

Dr Clair Gough 

Research Fellow, Tyndall Centre, University of Manchester 

Clair is from the Tyndall Centre for Climate Change Research at the University of Manchester. 

Her research has integrated technical and social science analyses, featuring the use of long term 

scenarios and public and stakeholder participation in the context of energy and climate change, 

with a focus on the assessment of carbon dioxide capture and storage (CCS), including the use 

of biomass energy with CCS.  Having conducted one of the first studies to investigate lay 

responses to CCS, Clair has extensive experience in CCS social scientific research, including the 

media representation of CCS, public attitudes to CCS, ethical assessment of CCS as well as more 

integrated socio-technical assessments (including Delphi, road mapping and multi-criteria 

assessments).  

 

Dr Niall Mac Dowell 

Lecturer, Imperial College London 

Dr Niall Mac Dowell is a lecturer at Imperial College London and is a Chartered Engineer with 

the Institution of Chemical Engineers. He has a Bachelor’s degree (UCD/UCLA) and a PhD 

(Imperial College) in Chemical Engineering and in 2010 he was awarded the Qatar Petroleum 

Prize for his doctoral research.  His research interests are in the area of multi-scale modelling of 

decarbonised energy systems.  He conducts consultancy work for companies involved in power 



generation and has given expert advice to DECC, the ETI, the JRC and the IEA in a number of paid consultancy roles, 

and has travelled on behalf of the Foreign Office to travel to the Far East to promote low carbon power generation. 

He has been invited to provide written evidence to members of the Select Committee on Energy and Climate Change. 

He is currently acting as the Chief Technologist on the CO2 Utilisation project ACUTEC for the JRC and also for the IEA 

GHG R&D Programme on flexible low carbon power generation. 

 

Prof Mohamed Pourkashanian 

Head, ETII - University of Sheffield and Director, PACT Facilities 

Prof M Pourkashanian is the Head of the Leeds University Energy and Technology Innovation 

Initiative and Director of the Pilot-Scale Advanced Capture Technology (PACT) national facilities. 

He holds a chair in high temperature combustion technology and has completed numerous 

major research projects on clean energy technology and has received a substantial sum of 

grants from RCUK-EPSRC, EU, NATO, and industry. He has published over 356 refereed research 

papers and has co-authored books on Coal combustion. He played a leading role in developing 

the NOx post-processing computer codes and subsequently soot/NOx models that were later 

employed in the commercial CFD software. He is a member of numerous international and 

national scientific bodies including a member of EERA Implementation Plan 2013-2015 (contribution to CCS-EII Team, 

SET-PLAN), a member of Coordinating Group of UKCCSRC, an invited member of the All Party Parliamentary 

Renewable Transport Fuels Group, member of technical working group for the Department of Energy & Climate 

Change (CCS Roadmap UK2050) and Expert-Member in EU-GCC Clean Gas Energy Network. 

 

Dr Julia Race 

Senior Lecturer, University of Srathclyde 

Julia has recently moved to the University of Strathclyde from Newcastle University to take up a 

role a Senior Lecturer in Pipeline and Subsea Engineering. She previously worked for over 20 

years in the power generation, chemical, refinery and pipeline industries. She has spent 7 years 

managing recent academic research in CCS as principal investigator on the MATTRAN research 

project and the National Grid sponsored COOLTRANS project and as a co-investigator on the 

EPSRC UK CCS Consortium project. She is a member of the co-ordination group for the UK CCS 

Research Centre and Research Area Champion for CO2 transport and is a member of the BSI 

Committee PSE/265 Carbon Capture and Storage and the ISO TC 265:WG2 ‘CO2 transportation’. She also holds an 

EPSRC Industrial CASE studentship in CCS related research. Julia’s publications in the area of CCS transport include 

two book chapters, an IEAGHG report, four peer-reviewed conference papers and one published journal paper. 

Prior to moving to the university, Dr Race worked in the pipeline industry for 7 years as an integrity consultant for PII 

Pipeline Solutions. In this role, she was responsible for providing fitness-for-purpose, remaining life and corrosion 

assessments for onshore and offshore pipelines. Dr Race has also worked as a materials engineer in the 

petrochemical and power generation industries involved with the operation, maintenance and design of chemical and 

power plant. Her other research interests include modelling external corrosion in pipelines and evaluating the effect 

of denting on pipeline integrity. 

 

Prof Colin Snape 

Director of Engineering Doctorate Centre in Efficient Fossil Energy Technologies and Faculty of Engineering, 

University of Nottingham 

Colin is an internationally recognised expert in fuel science and technology, winning the Henry 

H. Storch Award in 2006 from the American Chemical Society for lifelong achievement and 

having over 280 peer-reviewed publications and over 40 graduating PhD students.  He currently 

directs the current EngD Centre in Efficient Fossil Energy Technologies and the new Industrial 

Doctorate Centre in CCS and Cleaner Fossil Energy, both led by Nottingham.  His current 

research programme encompasses novel adsorbents for CO2 capture, oxyfuel combustion and 

long-standing interests in coal and biomass conversion.  He has led a number of EPSRC and EU 

projects on solid adsorbents for CO2 capture and he has recently been appointed as a Special Professor in the Chinese 

Academy of Sciences. 



SPEAKERS 
 

Mr Bruce Adderley 

Programme Director for Industry, University of Sheffield 

Bruce has 20 years’ experience in the steel industry, most recently being responsible for Tata 

Steel Europe's strategy with regard to both climate change mitigation and the environment. He 

is currently one of the Co-Programme Directors for the University of Sheffields Energy 2050 

team. 

 

 

 

 

Dr Hamid Aghajani 

Research Associate, Newcastle University 

Hamed is a research associate in pipeline hydraulics at the school of marine science and 

technology of Newcastle university. He has worked on CCS since March 2014. He received his 

Masters in Propulsion engineering from Amir Kabir University in Tehran, Iran in 2007 and his 

PhD from Kingston University London in 2013 on the spray formation from fire sprinklers. 

 

 

Dr Maxine Akhurst 

Geologist, British Geological Survey 

Maxine is a geologist at the British Geological Survey where she has gained wide ranging 

expertise in leading and managing geoscience research projects, 3D geological modelling, field 

geological survey and Quaternary marine geology.  Since 2008 she has led and contributed to 

site characterisation projects for the geological storage of CO2. These include two government 

and industry consortium-funded assessments of the opportunities for CCS offshore Scotland and 

the UK component of the EU SiteCar project studying the Captain Sandstone. Maxine is currently 

leading the CO2MultiStore project, to study operation of two or more sites in a single sandstone.  

She leads the UK component of the GlaciStore consortium to IODP for a scientific drilling to 

characterise storage site overburden strata. 

 

Prof Ben Anthony 

Professor of Energy Process Systems, Cranfield University 

Professor Anthony is the head of the Combustion and CCS Centre at Cranfield University, and 

previously he was a senior research scientist with Natural Resources Canada, where he headed 

the Gasification and Fluidized Bed Combustion Group. His interests include thermal energy 

processes that can offer pure CO2 streams for sequestration, and gasification technology, both in 

its high-pressure and atmospheric forms, and coal and waste combustion in FBC.  Dr. Anthony is 

the author of 197+ journal papers on various aspects of combustion and gasification, along with 

a similar number of conference papers, 15 book chapters, and he is the co-editor of the first 

book on Pressurized Fluidized Beds and books on bubbling FBC and Ca and Chemical Looping.  Professor Anthony’s 

current R&D pursuits are strongly focused on calcium looping cycles, oxy-fired CFBC technology and pressurized, 

entrained-flow gasification and lime based chemistry. He was an adjunct Professor with the Chemical Engineering 

Department at the University of Ottawa from 2005 to 2013, and is a guest Professor with Southeast University in 

Nanjing, China and a visiting Professor at Imperial College.  He is a Fellow of the Institution of Chemical Engineers, the 

Royal Society of Chemistry and the Institute of Energy and is a Chartered Scientist, and a Chartered Engineer. 

 

 

 

 

 



Mr Max Ball 

Manager, Clean Coal Technologies, SaskPower 

Max Ball, P. Eng. 

Manager, SaskPower Clean Coal Technologies 

Sr. Business Advisor to President, CCSI, SaskPower 

Max Ball currently manages technology and business development relating to SaskPower’s 

clean coal projects. Mr Ball has been a leader in development of many major projects at 

SaskPower including initiation of the Boundary Dam Integrated CCS Demonstration (ICCS Demo) 

and the SaskPower Carbon Capture Test Facility. The ICCS Demo is the world’s first commercial 

power plant integrated with full stream CCS. Mr Ball holds a Bachelor of Science in Mechanical 

Engineering from the University of Saskatchewan. He has over 30 years experience in planning, constructing and 

operating fossil fired power plants including more than 10 years specializing in application of carbon capture 

technologies. 

 

Dr Branko Bijeljic 

Senior Research Fellow, Imperial College London 

Dr. Branko Bijeljic is Senior Research Fellow at the Department of Earth Science and 

Engineering, Imperial College London. His research focuses on imaging and modeling of flow, 

transport and reaction in porous media, with application to geological carbon storage, 

contaminant transport and enhanced oil recovery. The subjects include development of novel 

methodologies to describe solute dispersion and reaction with application in tracer and miscible 

displacement in aquifers and oil reservoirs; modelling gas injection in multiphase flow in porous 

rock; modelling reactive transport in porous rock; modelling and experimental studies of fluid 

trapping in subsurface rock. He has over 60 theoretical and experimental publications on various aspects of transport 

phenomena in porous media and porous rock. He teaches at Clean Fossil Fuels UG/MSc course at Imperial College. 

 

Mr Matthew Bilson 

Programme Director, Energy2050, University of Sheffield 

Matthew spent over 11 years in the UK Civil Service in a variety of roles, including as Private 

Secretary to former Secretaries of State Alan Johnson and Alastair Darling; and a 6-month 

attachment to the British Consulate General in Boston, USA.  Most recently, he was Head of 

Strategy on Carbon Capture and Storage (CCS) at the Department of Energy and Climate Change 

(DECC). Matthew is currently at the University of Sheffield as co-Programme Director of their 

new Energy2050 innovation team, on secondment from the Civil Service.   

 

Ms Claire Birnie 

Postgraduate Research Student, Univerity of Leeds 

Claire is a PhD student in the Institute of Applied Geoscience at the University of Leeds. She 

joined the Seismic Geomechanics group in September 2014 and her research topic is on the 

characterisation and implementation of seismic noise within a synthetic reservoir full-waveform 

microseismic dataset. Claire earned a Bachelor of Science in Geophysics and Meteorology at the 

University of Edinburgh in 2014 and interned at VSFusion (a Baker Hughes-CGG venture) during 

the summer of her penultimate year. While working in the office she gained competency in VSP 

data processing, well log data handling and VSP modeling. 

 

Jerry Blackford 

Merit Scientist, Plymouth Marine Laboratory 

Jerry is a band 4 merit scientist specialising in understanding and quantifying the impacts of 

high CO2 on marine systems, in the context of Climate Change and Ocean Acidification as 

well as environmental risk assessment research for Carbon Capture and Storage.  He 

currently leads the NERC funded QICS consortium quantifying environmental impacts of 

CCS, a NERC-Defra funded project investigating the evolution of ocean acidification in shelf 



seas and is a work package leader and member of the programme executive on two framework 7 EU funded 

projects investigating CCS risks (RISCS) and CCS impacts (ECO2). He is also a PI in the both the benthic and 

modelling work packages of the NERC funded Shelf Seas Biogeochemistry program.  He regularly provides advice 

to UK government departments (e.g. Defra), international organisations (e.g. ICES, IPCC), industry and 

environmental NGOs on issues related to climate change and CCS. 

 

Dr Solomon Brown 

Research Associate, University College London 

Solomon Brown received his Ph.D. from University College London in 2011 and is currently 

a research associate and teaching fellow in the same institution. His expertise is the 

mathematical and numerical modelling of transient multiphase flows. Dr Brown has 

published on the use of CFD in various safety-related aspects of CCS and is the recipient of 

the IChemE Frank Lees Medal for his collaborative work with HSE on CO2 pipelines safety. 

He is a co-investigator on the ongoing UKCCSRC project “The Development and 

Demonstration of Best Practice Guidelines for the Safe Start-up Injection of CO2 into 

Depleted Gas Fields” and EC FP7 project “CO2QUEST - Techno-economic Assessment of CO2 Quality Effect on its 

Storage and Transport”. 

 

Dr Graham Brown  

Divisional Director Oil & Gas, Sonardyne International Ltd 

Graham Brown is Divisional Director Oil and Gas at Sonardyne, with 20 years of experience 

in designing, building and trialling subsea acoustics and instrumentation systems for the Oil 

and Gas, Defence, Maritime Security and Oceanographic market places covering all water 

depths from the shore to the bottom of the Mariana Trench.  In this project Graham is 

acting as the Technical Authority drawing together the science and engineering work of a 

consortium comprising of Fugro, Sonardyne, NOC, BGS and PML to develop a Concept of 

Operations for leak detection and provide a demonstration of a working system in the 

North Sea.  Maximising the use of autonomy offers the potential of safe, reliable and cost 

effective monitoring for CCS offshore storage. 

 

Dr Peter Brownsort 

Scientific Research Officer, Scottish Carbon Capture & Storage 

Dr Peter Brownsort has a background in environmental and industrial chemistry with over 

twenty years’ experience in industry, managing and developing process technology in the 

fine chemicals sector. More recently he spent four years researching biochar production 

processes with the UK Biochar Research Centre before joining Scottish Carbon Capture & 

Storage (SCCS) in July 2013 as Scientific Research Officer. His role includes responsibility for 

the SCCS Global CCS Map as well as varied project activities to support SCCS staff and 

partners. Recent and on-going project areas include industrial CCS (clusters, transport 

networks) and factors supporting CO2-EOR (fiscal conditions, ship transport of CO2, offshore offloading). He is 

involved in a continuing collaborative project on CO2 shipping with international partners. 

 

Prof Peter Budd 

Professor of Polymer Chemistry, University of Manchester 

Peter Budd obtained his first degree (chemistry, 1978) and PhD (1981) from the University 

of Manchester. He spent eight years as a research chemist at the BP Research Centre, 

Sunbury-on-Thames, working on polymers and structural materials, returning to 

Manchester in 1989 as a lecturer. He is now Professor of Polymer Chemistry. His research 

group is developing materials for a variety of industrial and medical applications. Current 

research includes the development of polymeric, mixed-matrix and graphene-based 



membranes for gas and liquid separations, and the development of materials that encourage bone-cell growth 

for tissue engineering.  He is a co-inventor of the type of high free volume polymer referred to as a “Polymer of 

Intrinsic Microporosity” (PIM). 

 

Dr Andy Chadwick 

Individual Merit Research Scientist, British Geological Survey 

Andy has been involved with CO2 storage since 1998 participating in many European CO2 

storage research projects and a number of UK government and industrially-funded ones. 

His main interests lie in storage site characterisation, monitoring and regulation. Current 

research directions include quantitative analysis of time-lapse seismic data to characterise 

CO2 plumes, and history-matched flow modelling to understand CO2 migration in reservoirs. 

He has advised a number of national and international regulatory bodies and is particularly 

interested in developing pragmatic integrated monitoring systems and strategies for 

industrial-scale storage sites.  

 

Dr Sheraz Daood 

Research Fellow, University of Sheffield 

Sheraz is a Research Fellow in the Energy Engineering Group at Sheffield University and 

brings 10 years of combined experience from both industry and academia to the Energy 

2050 team. He completed BS and MS degrees in Chemical Engineering gaining merit 

distinctions and won a gold medal for his academic performance. A period in industry 

followed working as a Chemical Engineer in a Gas Transmission Company. He later returned 

to academia to take up lecturing post in Chemical Engineering and competed to secure a 

PhD scholarship to study in the UK. He gained his PhD in Biomass-Coal, Oxy Combustion 

processes from the University of Leeds in 2011. A period interfacing industry with academia followed as a KTP 

Research Fellow with an SME on clean coal technology processes which involved the planning and execution of 

full scale coal-fired boiler trials successfully linking the SME with the utility boiler industry and academia. The 

project was graded “outstanding” by TSB. The successful completion and co-invention of this process translated 

into a full time industrial appointment which was later followed by a return to a full time research post at the 

University of Sheffield in Feb 2015. 

 

Dr Paul Fennell 

Reader in Clean Energy, Imperial College London 

Paul Fennell is a Reader in Clean Energy at Imperial College London. He obtained his degree 

in Chemical Engineering and PhD from the University of Cambridge. He also chairs the 

Institution of Chemical Engineers Energy Conversion subject panel, was a previous member 

of the International Energy Authority High-Temperature Solid Looping Cycles Network 

Executive, and has written reports for the Department for Energy and Climate Change 

(DECC) on future technologies for Carbon Capture and Storage (CCS) and carbon capture 

readiness. He is also the joint director of Imperial College’s Centre for Carbon Capture and 

Storage and is the Research Area Champion for Industrial CO2 Capture and Storage for the UK CO2 Capture and 

Storage Research Centre. He has published 50 + papers since 2005 and is the 2015 winner of the Institution of 

Chemical Engineers’ Ambassador Prize.  

 

Dr Maria-Chiara Ferrari 

Lecturer, University of Edinburgh 

Dr Maria-Chiara Ferrari is the Lecturer in Carbon Capture with membranes at the Institute 

for Materials and Processes at the University of Edinburgh since 2011. Maria is the PI on the 

UKCCSRC funded project “Mixed matrix membranes preparation for post-combustion 

capture” and also the first supervisor of a CASE award PhD student in collaboration with 



Johnson Matthey focused on investigation of fundamentals of interactions between fillers and polymers in 

mixed matrix membranes. MCF is a Co-I on the EPSRC Adsorption Materials and Processes for Carbon Capture 

from Gas-Fired Power Plants – AMPGas, and the EU OFFGAS (Offshore Gas Separation) project. Her research 

interests are in separation of CO2 with membranes, development of polymeric materials and mixed matrix 

membranes for gas separation using both experimental and modelling tools, and integration of hybrid 

membrane and adsorption processes. 

 

Dr Stéphanie Foltran 

Post-Doctoral Researcher, University of Nottingham 

Stéphanie completed her PhD degree in Physical Chemistry at the University of Bordeaux in 

France. The title of the PhD was "Supercritical carbon dioxide as a reagent and solvent for a 

greener synthesis of cyclic carbonates". She then came at the University of Nottingham in 

2012 for a post-doctoral position with Professor Sir Martyn Poliakoff and Professor Mike 

George. Her research aim is to develop techniques to delivering water specification levels to 

ensure safe CO2 transport. 

 

Dr Chris Franklin 

Head of Earth Sciences, NERC 

Chris is responsible for leading the delivery of NERC investment in the Earth sciences and 

Science-Based archaeology, including research programmes, Research Centre interaction, Cross-

Council programmes and other Stakeholder interaction.  His role is supporting The Science and 

Innovation Director and Head of Research by co-leading the management of strategic science 

business activities and science team leaders. He has over 30 years’ experience of partnership 

building, programme and network commissioning and leading highly-skilled teams.  The last 20 

years has been developing and directing government-led initiatives. 

 

Mr John Gale  

General Manager, IEAGHG 

John Gale has been General Manager of the IEAGHG since 2007. He joined the Programme in 

1999 after spells with the British Coal Corporation, CRE Group Ltd and IMC Group Ltd.  With 

IMC Group Ltd he worked extensively overseas on projects to mitigate emissions from coal fired 

power plant and industrial sources. Since joining IEAGHG he has focused on research on CO2 

mitigation, in particular CCS. John is the IEAGHG lead organiser for the biannual GHGT 

conference series.  He has published over 60- papers on this topic. In 2005 he was one of the 

lead authors on the IPCC Special Report on CCS. In addition to his role with IEAGHG he is also 

Editor in Chief of the International Journal on Greenhouse Control since 2009.  He sits on various IEA and external 

committees and is currently the Co-Chair of the Independent Advisory Panel for the UKCCSRS. 

 

Dr Stuart Gilfillan  

Chancellor’s Fellow in Geochemistry, University of Edinburgh 

Dr Stuart Gilfillan is currently a Chancellor’s Fellow in Geochemistry in the School of GeoSciences 

at the University of Edinburgh. Stuart has been actively involved in both SCCS and UKCCSRC 

since their inception. His early research focused on the lessons that can be learned from natural 

CO2 reservoirs that have safely stored CO2 in the subsurface over millions of years. More 

recently he has been investigating the potential for noble gases to be used as tracers for CO2 

monitoring within CO2 storage sites and as early warning tracers of CO2 leakage. He recently 

undertook noble gas tracing in the SECARB Cranfield Stacked Storage experiment at the 

Cranfield oil field in Mississippi and the IPAC-CO2 independent investigation into the alleged CO2 leakage event on the 

Kerr property near Weyburn. 

 

 

 



Dr Richard Graham 

Associate Professor, University of Nottingham 

Richard Graham is an Associate Professor in the School of Mathematical Sciences at the 

University of Nottingham. His research broadly encompasses molecular modelling of flow 

dynamics and phase transitions. His CCS interests centre on models for impure CO2, for pipeline 

transport and rupture. To his problem, he has applied multi-scale techniques, including 

equations of state, non-parametric modelling and molecular simulation. This work has been 

funded by EPSRC, UKCCSRC, E.ON and RWE npower. Previously, Richard worked at the School of 

Physics and Astronomy, University of Leeds, and the Department of Chemical Engineering, 

University of Michigan. 

 

Dr Caroline Graham 

Geomechanics Specialist, British Geological Survey 

Caroline Graham is an experimental rock mechanic with a PhD focussed on the micromechanics 

of fault formation (University of Edinburgh).  She has been working at the British Geological 

Survey since 2009, in the role of Geomechanics Specialist.  She works primarily in the Transport 

Properties Research Laboratory, which specialises in conducting bespoke, multi‐phase flow 

experiments.  Emphasis is on testing natural and engineered low permeability materials, 

primarily for geological storage/disposal applications. Current research includes determination 

of seal transport properties/processes for CCS, the role of faulting on caprock integrity and the 

use of acoustic emissions to elucidate the microscopic mechanics of fracture formation.  She also works on hydraulic, 

consolidation/swelling and gas flow testing of both engineered seals and candidate host‐rocks for several European 

radioactive waste disposal programmes.  Caroline is currently involved in a number of international collaborative 

projects, including the EC-FP7 ULTimateCO2 (Understanding the Long Term Fate of CO2) and the DECC funded, Green 

River Utah Analogue project.  She is also a co‐investigator on the EPSRC funded CCS project CONTAIN.  

 

Mr Hans Aksel Haugen 

Department Manager, Tel-Tek 

Hans is a biologist by background where he graduated from the University of Oslo in 1982. He 

was with the Norwegian industrial company Norsk Hydro for 16 years, mainly in R&D and 

focusing on environmental issues.  He has been engaged with climate change since the late 80’s  

and with CCS since the mid 90’s. Since 2004 he has worked with the Norwegian Research 

institute Tel-Tek, where he, in cooperation with Telemark University College has established a 

research Group on CCS. Has worked on CCS projects for many companies, both with the 

offshore industry and for land based process industry. And has worked with Project all along the 

CCS Chain, but has a particular interest in CO2 transportation and infrastructure development. 

 

Dr Anna Korre 

Reader in Environmental Engineering, Imperial College London 

Dr Korre's research interests are in the areas of 

 statistical and geostatistical modelling and simulation of geological and environmental 

systems 

 quantitative risk modelling 

 life cycle impact assessment of minerals and energy production systems 

Dr Korre has been appointed Distinguished Professor at the Henan Polytechnic University, 

Research Institute of Coal Mine Methane Geology (2012) and serves as adjunct Professor of 

Environmental Engineering at the International Postgraduate School, Josef Stefan Institute, Slovenia (2006 - to date). 

 

 

 

 

 



Don Lawton 

Director, Containment and Monitoring Institute (CaMI), Carbon Management Canada 

Don Lawton is a Professor of Geophysics in the Department of Geoscience at the University of 

Calgary. His research interests include acquisition, processing and interpretation of 

multicomponent seismic data, seismic anisotropy, integrated geophysical and geological studies 

in complex geological settings, and in advancing monitoring methods for the geological storage 

of CO2.  He is an Associate Director of the Consortium for Research in Elastic Wave Exploration 

Seismology (CREWES). In 2013 he was appointed Director of the Containment and Monitoring 

Institute with Carbon Management Canada to lead research into monitoring secure carbon 

storage in carbon capture and storage projects. He was awarded the Canadian Society of Exploration Geophysicists 

(CSEG) Medal in 2000 and received Honorary Membership in the Society in 2014.  

 

Dr Jonathan Lee 

Lecturer, Newcastle University 

Dr Jonathan Lee gained his B.Eng (1989) and Ph.D (1993) in Chemical Engineering from the 

University of Newcastle. His Ph.D. supervisor was Prof. Colin Ramshaw and he studied the use of 

rotating packed beds for solvent extraction. After his Ph.D. he worked for two years at 

Newcastle on rotating packed beds and then two years at the University of Bradford on the use 

of pulsed electric fields to intensify the separation of water in oil emulsions. In 1997 he joined 

the Department of Chemical Engineering at Newcastle University as a member of staff. Since 

then he has worked on a range of intensified technologies including liquid dispersion using slot 

nozzles, multiphase flow in micro-channels, compact plate reactors for the steam less cracking 

of ethane, intensified fuel cells and compact condensers. His expertise is in process intensification, rotating packed 

beds, solvent extraction and multiphase flow in rotating process equipment. He is currently running a project funded 

by UKCCSRC on the application of intensified process technology to post combustion carbon capture. 

 

Mr Daniël Loeve 

Reservoir Engineer, TNO 

Daniël Loeve, MSc, (TNO, Netherlands) is a Research Scientist for the Petroleum Geosciences 

team at TNO. He has been working in the E&P industry for seven years and has a particular 

interest in reservoir engineering topics like assisted history matching, optimization, CO2 

transport and storage projects. He is involved in several national and international projects 

related to CO2 capture transport and storage like Ecco-project, Cocate, Sitechar, Mirecol and 

Impacts. In national CO2 research program (CATO2) he was involved in studies closely linked to 

the Rotterdam CCS project (ROAD), which included CO2 storage capacity estimation, enhanced 

gas recovery. Also more strategic studies in CO2 transport has his interest, including technical 

and economical evaluation of CO2 transport by pipeline or ship 

 

 

Ms Joan MacNaughton 

Senior Energy and Climate Policy Professional 

Joan is Executive Chair of the World Energy Trilemma for the World Energy Council, an annual 

assessment of the quality of 129 countries' energy policies. She is Past President and an 

Honorary Fellow of the Energy Institute (the learned society for energy professionals in the UK), 

and a Trustee of The Climate Group. She chairs the International Advisory Board of the Energy 

Academy of Europe, and is a member of the Advisory Council of the Joint Institute for Strategic 

Energy Analysis in the US, the Council of Warwick University, and the Advisory board of UKERC. 

She is also Director of the James Hutton Institute. She frequently lectures, and acts as a 

moderator of discussions on a wide range of energy and climate topics including 

Ministerial/private sector roundtables at the annual Clean Energy Ministerial meetings at the request of the US 

Government and ministerial workshops for the WEC. From 2002, as Director General of Energy for the UK (the 

country's senior official responsible for all energy policy), she played a key role in shaping UK policy nationally and 



internationally, leading the work on the energy aspects of the climate proposals agreed at the G8 Gleneagles summit 

in 2005, and overseeing the energy agenda during the UK Presidency of the EU. She was the Chair of the Governing 

Board of the International Energy Agency from 2004 to 2006, leading a review of the Agency's strategy and the 

activation of the emergency response to Hurricane Katrina. In 2012 she served as Vice Chair of the UN High Level 

Panel on the CDM. On leaving government, she had a second career in business, creating a policy department for 

Alstom (a global engineering company) and spearheading its advocacy for clean sustainable energy, culminating in a 

year as the company's Global Adviser on Sustainable Policies. She has chaired or served on numerous boards such as 

the Board of Governors for Argonne National Energy Lab at the University of Chicago, where she chaired the Budget 

Committee, the International Emissions Trading Association (of which she is now an Honorary Fellow), the GCCSI, 

CCSA, and many others outside the energy sector.  From 2003- 2009 she served as a Non-Executive Director of a FTSE 

company and was from 2007 - 2013 a Senior Research Fellow at the Oxford Institute of Energy Studies. She was made 

a Companion of the Order of the Bath by HM The Queen in 2006. 

 

Dr Richard Marsh 

Senior Lecturer, Cardiff University 

Richard Marsh is a Senior Lecturer in the School of Engineering specialising in energy systems 

His research includes combustion science and the development of renewable energy systems 

involving alternative fuels. Richard Graduated from Warwick University in 1999. He then took a 

position as an engineer with DERA QinetiQ. Whilst at QinetiQ, Richard worked in the 

combustion and emissions group, developing jet engine technologies for military and civil 

applications. Richard took a lectureship in the School of Engineering in 2008. Richard is a 

member of the American Society of Mechanical Engineers, the Institute of Physics and is a 

Director of the British Flame (the UK arm of the International Flame Research Foundation). He is 

a technical officer for the Gas Turbine Research Centre. 

 

 

Prof John Oakey 

Professor of Energy Technology, Cranfield University 

John Oakey is Professor of Energy Technology and Head of the Institute for Energy and 

Resource Technology. John is engaged in a wide range of research activities in the UK, Europe 

and on the international scene. He is a recognised authority on materials and process problems 

in energy processes using fossil and related fuels and is active in research on the clean use of 

fossil fuels. John represents the University Sector on the UK’s Advanced Power Generation 

Technology Forum, is a member of the EPSRC Peer Review College, the Materials UK Energy 

Group and the Institute of Materials Energy Working Group. In Europe, he is on the board of 

the Energy Materials Industrial Research Initiative, leads the Energy Working Group of the 

EuMat Technology Platform and is a member of the Zero Emissions Technology Platform. He is also on the board of 

the collaborative ‘Pilot Advanced Capture Technology (PACT)’ facilities consortium established with support from 

DECC and EPSRC and is on the Project Board of the European Turbine Network. 

 

Dr Stuart Scott 

Lecturer, University of Cambridge 

Stuart is a lecturer at the Engineering Department at Cambridge University and work on various 

high temperature processes for fuel conversion, combustion and carbon capture.  

 

 

 

 

 

 

 

 



Dr Kyra Sedransk Campbell 

Research Associate, Imperial College London 

K.L. Sedransk Campbell is a post-doctoral research associate in the Department of Chemical 

Engineering at Imperial College. She received her BS from Massachusetts Institute of 

Technology and her PhD from the University of Cambridge, both in chemical engineering. She 

currently runs the Degradation and Corrosion laboratory of D.R. Williams. Her current work is 

focused on understanding the chemistries associated with aqueous amine solutions for 

improved operation of post-combustion carbon capture. This includes the degradation (thermal 

and oxidative) of amine solutions, corrosion of steel due to amine solutions, and the resulting 

changing physical phenomena. This work is sponsored in part by the Department of Energy and Climate Change and 

Carbon Clean Solutions. 

 

Dr Anna Stork 

Postdoctoral Research Assistant, University of Bristol 

Dr Anna Stork’s current research area focuses on monitoring and understanding seismic activity 

associated with fluid injection. She is working as a postdoctoral research assistant in the School 

of Earth Sciences, University of Bristol. Previously, she received her MPhys in Physics at the 

University of Manchester in 2000, her MSc in Geophysics from Durham University in 2001 and 

her DPhil in earthquake location methods from the University of Oxford in 2007. Anna has 

worked on the microseismic data from the In Salah CCS project and is now working with the 

Aqusitore project to understand the microseismic response to injection at this site. 

 

Dr Graeme Sweeney 

Chairman of the Advisory Council of the European Technology Platform of Zero Emission Fossil Fuels Power Plants 

(ZEP)  

Dr Graeme Sweeney is a leading authority on energy, fuels and climate change, drawing on 

extensive international experience across all aspects of the oil, gas and renewable industries.    

Dr Sweeney is currently Chairman of the Advisory Council of the European Technology Platform 

of Zero Emission Fossil Fuels Power Plants (ZEP).  ZEP's unique coalition of stakeholders (utilities, 

petroleum companies, equipment suppliers, scientists, academics and environmental NGOs) 

have been instrumental in the development of the EU Carbon Capture and Storage (CCS) 

Demonstration programme, providing expert advice to the European Commission on all 

technical, technology, policy, commercial and other related issues. Dr Sweeney is also Chair of 

the energy efficiency start up The Chopping Company Ltd, a Trustee and Chair of the Climate Change Advisory Board 

of the Children's Investment Fund Foundation, Chair of The Scottish CCS Advisory Board, co-chair of the European 

Union's CCS Project Network Advisory Forum, a Member of the European Industrial Initiative on CCS under The EU 

Strategic Energy Technology Plan, and a founding member of the Global Carbon Capture and Storage Institute.  Dr 

Sweeney currently acts as advisor to the Scottish Government in his position as Chair of the Industrial Leadership 

Group on Thermal Power and CCS and Member of Scottish First Minister's Energy Advisory Board. Until 2012, Dr 

Sweeney was the Executive Vice President CO2 at Royal Dutch Shell and served on the University of California Davis 

Institute of Transportation Studies Advisory Board.  

 

Ms Sarah Tennison 

Low Carbon Manager, Tees Valley Unlimited 

Sarah Tennison is the Low Carbon Manager at Tees Valley Unlimited, the Local Enterprise 

Partnership for Tees Valley. Sarah is responsible for the transition to a Low Carbon Economy in 

one of the most industrialised and energy intensive locations in the UK.  Sarah was responsible 

for negotiating the Tees Valley City Deal with government which resulted in funding to work up 

an Industrial CCS network in Teesside. Sarah is now managing the development of this network 

through Teesside Collective. www.teessidecollective.co.uk  

 

 



Prof Meihong Wang 

Professor in Process and Energy Systems Engineering, University of Hull 

Meihong was trained as Process Engineer in China, and then moved to the UK in 1999 to join 

Imperial College London as Research Assistant (and part-time PhD at University College London). 

From 2004 to 2006, he worked as Senior Engineer in Alstom Power. From 2006 to 2012, he 

worked at Cranfield University as Lecturer and MSc Course Director.  He joined the University of 

Hull in 2012 as Reader in Process and Energy Systems Engineering, was promoted to 

professorship in Aug. 2014. Professor Wang is a Chartered Engineer. He has published over 100 

technical papers and industrial reports. One of the papers was awarded SAGE Best Paper Prize. 

He has been involved in diffe12 research projects from Research Councils, European Union and Industry as 

investigators.   

 

Prof Paul White 

Director of ISVR, University of Southampton 

Since 2004, Professor Paul White has held a chair in Statistical Signal Processing in the Institute 

of Sound and Vibration Research (ISVR) in the University of Southampton.  He studied for his 

PhD in ISVR from 1985 and was appointed as a lecturer in 1988.  In 2013 he was appointed the 

director of ISVR. Historically Professor White’s research areas have included signal processing in 

a variety of application fields, including underwater acoustics, condition monitoring and 

biomedicine. However, the primary research focus has always been in underwater acoustics and 

for many years now his interests have extended to include the study of underwater acoustics 

per se. This work has included research in the area has recently included the use of acoustics for measuring, 

monitoring and verification of marine CCS facilities. 

 

Mr John Williams 

Geoscientist, British Geological Survey 

John has worked for the British Geological Survey since 2006, mainly in the area of energy 

related geosciences. In recent years he has specialised in the area of carbon capture and 

storage. His research is focussed on issues related to geological storage of carbon dioxide in 

porous subsurface reservoirs. More recently, John has been studying issues related to faulting, 

in situ stress and increased pore fluid pressures. 

 

 

Dr Jilafei Zhang 

Post-Doctoral Research Associate, Imperial College London 

Jiafei is currently a PDRA at Imperial College working on thermophysical properties of amine 

solvents for CO2 capture in the Gas-FACTS project. He obtained his BSc in Applied Chemistry 

from the China University of Mining and Technology in 2006 and his MSc in Chemical 

Engineering from the Technical University of Dortmund, Germany in 2008. He subsequently 

spent three and half a years on his PhD study in Dortmund. His dissertation was sponsored by 

Shell Global Solutions involved work on CO2 capture using thermomorphic biphasic solvent with 

energy-efficient regeneration. Jiafei has studied on solvent-based CO2 capture since 2007 and 

published several original research articles on this in peer-reviewed journals.  

EARLY CAREER RESEARCHER POSTER PRIZE 
 

Up to four prizes will be awarded to Early Career Researchers (ECR) for the best poster presentations at the 

meeting covering the range of capture, storage and cross-cutting issues topics. Winners will receive a prize 

certificate and a voucher for £250 of CPD activities. 

 

Posters eligible for the prize will be labelled accordingly when displayed. 

 

The winners will be announced at the end of the meeting 



POSTER PRESENTATIONS 
*the following list is correct as of 13 April 2015. More posters may be present at the meeting 

 

Poster Author Institution Poster title 

Hamidreza 
Gohari 
Darabkhani 

Cranfield University 
Gas - Future Advanced Capture Technology Options: Development of a 100 
kW CO2 membrane rig at Cranfield University 

Toluwanimi Kolawole Newcastle University 
Process Intensification of CO2 absorption with N,N-diethylthanolamine 
(DEEA) using a Rotating Packed Bed 
  

UKCCSRC CALL 1 & 2 PROJECT POSTERS 

 

Principal Investigator Institution Project title 

CALL 1 

Maxine Akhurst British Geological Society  
Glacistore: Understanding Late Cenozoic Glaciation and Basin Processes for 
the Development of Secure Large-scale Offshore CO2 Storage (North Sea) 

Maria-Chiara Ferrari University of Edinburgh Mixed matrix membranes for post-combustion capture 

Mike George University of Nottingham 
Determination of water solubility limits in CO2 mixtures to deliver water 
specification levels for CO2 transportation. 
 

Richard Graham University of Nottingham 
Tractable equations of state for CO2 mixtures in CCS: Algorithms 
for automated generation and optimisation, tailored to end-users 

Hao Liu University of Nottingham 
Experimental Investigation with PACT facility and CFD modelling of oxy-coal 
combustion with recycling real flue gas and vent gas of compression and 
purification units 

Haroun Mahgerefteh University College London 
Multiphase flow modelling for hazard assessment of dense phase CO2 
pipelines containing impurities 

Richard Marsh Cardiff University 
A study of dilution and velocity effects on the flashback and blowoff of an 
atmospheric methane-oxygen swirl flame 
                                    
 Julia Race Strathclyde University FleCCSNet - Flexible CCS Network Development 

Mohamed Pourkashanian University of Sheffield 
UKCCSRC Bio-CAP-UK: Air/Oxy Biomass Combustion with CO2 Capture 
Technology, UK Study 

John Williams British Geological Society Fault seal controls on storage capacity 

CALL 2 

Ben Anthony Cranfield University 
UK demonstration of Enhanced Calcium looping, and first Global 
Demonstration of Advanced Doping Techniques 

Valerie Dupont University of Leeds 
Novel Materials and Reforming Processing Route for the Production of 
Ready-Separated CO2/N2/H2 from Natural Gas Feedstocks 

Paul Fennell Imperial College London Advanced Sorbents for CCS via Controlled Sintering 

Mike George  University of Nottingham 
Measurement of water solubility limits of CO2 mixtures to underpin the safe 
pipeline transportation of CO2 

Stuart Gilfillan University of Edinburgh 
Quantifying Residual and Dissolution Trapping in the CO2CRC Otway 
Injection Site 

Jason Hallett Imperial College London 
Process-performance indexed design of task-specific ionic liquids for post-
combustion CO2 capture 

Samuel Krevor Imperial College London Multiscale Characterisation of CO2 Storage in the United Kingdom 

Mathieu Lucquiaud University of Edinburgh 
Towards more flexible power generation with CCS: Pilot plant test 
campaigns for best practice guidelines for post-combustion capture 

Lin Ma University of Leeds 
Investigating the radiative heat flux in small and large scale oxy-coal 
furnaces for CFD model development and system scale up 

Haroun  Mahgerefteh University College London 
The Development and Demonstration of Best Practice Guidelines for 
the Safe Start-up Injection of CO2 into Highly-Depleted Gas Fields 

Mercedes  Maroto-Valer Heriot-Watt University 
Performance of Flow Meters with Dense Phase CO2 and CCS Recovery 
Streams 



Julia Race Strathclyde University 
Shelter and Escape in the Event of a Release of CO2 from CCS Transport 
Infrastructure (S-CAPE) 

Cheng-gong  Sun University of Nottingham 
Novel reductive rejuvenation approaches for degraded amine solutions 
from PCC in power plants 

Yong  Yan University of Kent CO2 Flow Metering through Multi-Modal Sensing and Statistical Data Fusion 

 

ECR POSTER PRESENTATIONS 

 

Poster Author Institution Poster title 

Ashok Dave Cranfield University 
Basic Design and Integration of Membrane with CCGT Power Plant for 
performance enhancement of post-combustion CO2 Capture 
 

Dawid Hanak Cranfield University 
A calcium looping process as an efficient CO2 capture technology for coal-
fired power plants 

Vasanth Kannuchamy 
Queen Mary University of 
London 

Effect of nitrogen doping on the CO2 adsorption behaviour in nanoporous 
carbon structures: a molecular simulation study 
 

Chih-Wei Lin Heriot-Watt University TBC 

Tom Lynch University of Leeds 
Investigating the stress path in a CO2 storage reservoir using coupled 
geomechanical and multiphase flow modelling 
 

Seyed Ali Nabavi Cranfield University 
New carbon capture materials: Novel Approaches to Post-Combustion CO2 
Capture 
 

Eni Oko University of Hull 
Process intensification for Post-combustion carbon capture using rotating 
packed bed 

Ebuwas Osagie Cranfield University  TBC 

Daniel Sebasita-Saez Cranfield University 
CFD modelling of the reactive mass transfer performance of structured 
packing materials 
 

Paul Tait University of Edinburgh Investigating dynamic post-combustion capture operations at pilot scale 

 

    



DELEGATE LIST 
*please note this is correct as of 13 April 2015 and late registrations are not listed here 

 

Title First Name Last Name Institution/Organisation 

Mr Bruce Adderley University of Sheffield 

Dr Hamed Aghajani Newcastle University 

Dr Maxine  Akhurst British Geological Survey 

Dr Muhammad Akram University of Sheffield 

Mr Brian Allison DECC 

Mr Peter Anderson SGS 

Prof Ben Anthony Cranfield University 

Mr Maxwell Ball SaskPower 

Dr Max Bardwell University of Nottingham 

Dr Domenico Bau University of Sheffield 

Mrs Michelle Bentham British Geological Survey 

Mr Thom Best University of Leeds 

Dr Branko Bijeljic Imperial College London 

Dr Chet Biliyok Cranfield University 

Mr Matthew Billson University of Sheffield 

Ms Claire Birnie University of Leeds 

Mr Ponfa Roy Bitrus University of Aberdeen 

Mr Jerry Blackford Plymouth Marine Laboratory 

Mr Robert Bloom University of Leeds 

Ms Jo Booth British Geological Survey 

Ms Emilie Brady UKCCSRC 

Dr Graham Brown Sonardyne  

Dr Solomon Brown University College London 

Dr Peter Brownsort SCCS 

Prof Peter Budd University of Mancherster 

Dr Fay Campbell UKCCSRC 

Mr Jeremy Carey 42 Technology 

Dr Andy Chadwick British Geological Survey 

Ms Teresa Chilton University of Mancherster 

Prof Tim Cockerill University of Leeds 

Dr Giuseppe Colantuono University of Leeds 

Mr Russell Cooper National Grid 

Dr Alissa Cotton Shell 

Dr Rebecca Cunningham University of Mancherster 

Mr Philip Curry Curry Consulatants 

Dr Sheraz Daood University of Sheffield 

Mr Ashok Dave Cranfield University 

Prof Matthew Davidson University of Bath 

Dr Lunbo Duan Cranfield University 

Mr Mike Edwards UKCCSRC 

Ms Maria Erans Moreno Cranfield University 

Dr Tony Espie BP 

Mr Michael Evans Cambridge Carbon Capture 

Dr Xianfeng Fan University of Edinburgh 

Mrs Susan Fellows CMG Ltd 



Dr Paul Fennell Imperial College London 

Dr Maria-Chiara Ferrari University of Edinburgh 

Dr Karen Finney University of Sheffield 

Dr Stéphanie Foltran University of Nottingham 

Dr Chris Franklin NERC 

Dr Steve Furnival Nationa  

Mr John Gale IEAGHG 

Mrs Monica Garcia University of Cranfield 

Prof Jon Gibbins UKCCSRC 

Dr Stuart Gilfillan University of Edinburgh 

Dr Hamidreza Gohari Darabkhani University of Cranfield 

Dr Clair Gough University of Mancherster 

Dr Caroline Graham British Geological Survey 

Dr Richard Graham University of Nottingham 

Mr Syed Kumail Haider University of Cranfield 

Dr James Hall Imperial College London 

Dr Matthew Hall Universtiy of Nottingham 

Mr Dawid Hanak University of Cranfield 

Prof Stuart Haszeldine SCCS/University of Edinburgh 

Mr Hans Aksel Haugen Tel-Tek 

Ms Clara Heuberger Imperial College London 

Mr Robert Hines Fugro GEOS 

Ms Lindsay Holowka University of Nottingham 

Mr Mohammad Hossain Cranfield University 

Dr Xiaohong Huang University of edinburgh 

Dr Kevin Hughes University of Sheffield 

Dr Tanvir Hussain University of Nottingham 

Prof Johan Hustad NTNU 

Prof Robin Irons E.ON 

Dr Michal Jeremias Cranfield University 

Mr Atuman Joel University of Hull 

Dr David Jones British Geological Survey 

Dr Nelia Jurado Cranfield University 

Dr Vasanth Kumar Kannuchamy Queen Mary University London 

Dr Jie Ke Universtiy of Nottingham 

Mr Mark Kelman Consulting 

Dr Jasmin Kemper IEAGHG 

Mr Toluwanimi Kolawole Newcastle University 

Ms Clea Kolster Imperial College London 

Dr Anna Korre Imperial College London 

Dr Sam Krevor Imperial College London 

Dr Don Lawton CMC Research Institutes 

Dr Jonathan Lee Newcastle University 

Dr Jia Li University of Edinburgh 

Dr Chih-Wei Lin Herriot Watt University 

Dr Bryony Livesey Costain 

Mr Daniël Loeve TNO 

Dr Mathieu Lucquiaud  University of Edinburgh 

Dr Tom Lynch University of Leeds 

Prof Lin Ma University of Sheffield 



Dr Wilfried Maas Shell 

Dr Niall Mac Dowell Imperial College London 

Prof Eric Mackay Herriot Watt University 

Mr Ian MacKinlay Thinking the Future 

 Joan MacNaughton  

Prof Haroun Mahgerefteh UCL 

Dr Richard Marsh Cardiff University 

Dr Evgenia Mechleri Imperial College London 

Mr Hui Meng University of Hull 

Mr John Midgley Energy Geoscience 

Miss Mary Mowat BGS 

Mr Nuhu Musa University of Hull 

Mr Seyed Ali Nabavi Cranfield University 

Prof John Oakey Cranfield University 

Ms Ciara O'Connor UKCCSRC 

Mr Chima Okezue University of Hull 

Mr Eni Oko University of Hull 

Mr Akeem Olaleye University of Hull 

Mr Olumide  Olumayegun University of Hull 

Ms Ebuwa Osagie CRANFIELD UNIVERSITY 

Mr Michael Padua Alberta UK Office 

Ms Erika Palfi University of Edinburgh  

Dr Ann Parchment University College London 

Dr Kumar Patchigolla Cranfield University 

Dr Harsh Pershad Innovate UK 

Prof Mohamed Pourkashanian University of Sheffield 

Mr Michael Priestnall Innovate UK 

Dr Julia Race University of Strathclyde 

Prof Colin Ramshaw University of Hull 

Mr Chris Rathbun Shell 

Mr Angus Reid Costain 

Mrs Fatemeh Rezazadeh University of Leeds 

Dr Lisa Roach University of Leeds 

Dr Chris Rochelle British Geological Survey 

Dr Stuart Scott Cambridge 

Mr Daniel Sebastia-Saez Cranfield University 

Dr Kyra Sedransk Campbell Imperial College 

Mr Bill Senior Senior CCS Solutions Ltd 

Dr Laura Sewell EPSRC 

Prof Nilay Shah Imperial College London 

Mr Philip Sharman Evenlode Associates Ltd 

Prof Colin Snape University of Nottingham 

Mr Thomas Spitz University of Edinburgh 

Dr Anna Stork Univeristy of Bristol 

Dr Jeffrey Summers U.S. Department of Energy 

Dr Graeme Sweeney 
European Technology Platform of Zero Emission Fossil Fuels Power 
Plants (ZEP)  

Dr Janos Szuhanszki University of Leeds 

Mr Paul Tait The University of Edinburgh 

Ms Sarah Tennison Tees Valley Unlimited 



Mr Wilson Vesga Cranfield University 

Prof Meihong Wang University of Hull 

Prof Jim Watson UK Energy Research Centre 

Prof Paul White University of Southampton 

Dr Daryl Williams Imperial College 

Mr John Williams British Geological Survey 

Mr Steven Woolass Tata Steel 

Ms Steph Wright UKCCSRC 

Dr Kejun Wu Newcastle University 

Dr Jiafei Zhang Imperial College London 
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Carbon Capture and Storage Initiatives 

E X E C U T I V E  S T R A T E G I C   

P L A N N I N G  S E S S I O N  

CHOOSING RESEARCH DIRECTIONS  

FOR CCS 

@SaskPowerCCS 

MAX BALL ,  MAN AGER ,  CCTF ,  SASKPO WE R  



CLIMATE CHANGE MANAGEMENT 

REQUIRES TOOLS 

IEA:  All 2 Degrees Scenarios Without  

CCS are More Expensive – and Cost Matters 

CITATION: ENERGY TECHNOLOGY PERSPECTIVES 2012, IEA 



10 YEARS AGO 



SASKPOWER CLEAN  

COAL TASK FORCE: 

1. PEOPLE NEED TO SEE THAT IT WORKS 

2. MUST HAVE SOCIAL ACCEPTANCE 

3. MUST BE COST COMPETITVE WITH 

OTHER ACCEPTABLE ENERGY FORMS 



PEOPLE NEED TO SEE THAT IT WORKS 



20% Capital  

Grant 

EOR 

Competitive Low  

Carbon Electricity 

New  

Generator 

Existing  

Infrastructure 

SUCCESS FORMULA FOR 

 BOUNDARY DAM ICCS DEMO 



BOUNDARY DAM CCS PROJECT IS 
NOW 6 MONTHS OLD! 

5,000,000 mhr 

$1.48M vs $1.24M  

120MW vs 110MW 

Heavy Loads 

81 vs 72 months 

200,000 Tonnes  

delivered 

 for revenue 



 

• some subsystems  found to be conservative,  

• some subsystems have deficiencies yet to 
solve: in reliability, capacity, automation or 
operability –  

• No events contravening regulation  

• On track for planned CO2 recovery rates 

• Some equipment issues to be resolved 

BOUNDARY DAM CCS PROJECT IS 
NOW 6 MONTHS OLD! 



CCS DEMONSTRATION  
IN POWER GENERATION 

NOW LIVE 



Peterhead 

Petra nova 
 

Kemper 

 

White Rose 

 

COMING SOON 



SASKPOWER CLEAN  

COAL TASK FORCE: 

1. PEOPLE NEED TO SEE THAT IT WORKS 

2. MUST HAVE SOCIAL ACCEPTANCE 

3. MUST BE COST COMPETITVE WITH 

OTHER ACCEPTABLE ENERGY FORMS 



Saskatchewan  
2008 

• Linked to future of 

coal and oil industries 

• Within the experience 

of regional population 

(pipelines, storage) 

• Safe storage proven 

with Weyburn site 

since 2000 

• Wide spread 
consultation 

• General 

acceptance 

• Concern on cost – 

(20% over 

estimate) 

• External Critics 

who are opposed 

to fossil use 

Saskatchewan 
2015 

• Ideally: 

 a robust public 

understanding of 

lifecycle 

implications for 

CCS in overall 

socio/economic 

health and safety 

terms 

Saskatchewan  
2020 

PUBLIC ACCEPTANCE 
IN SASKATCHEWAN 



 2008 

• 10 or 20 Pilot Plants 
Globally 

• Large Financial 
Incentives for 
Development: 

– Canada 

– USA 

– EU 

– Australia 

– UK 

– Germany 

– Spain 

– Norway 

 

• Number of pilot plants 
roughly unchanged (+/- 
in various regions) 

• Kemper County under 
construction 

• Petra Nova Announced 

• Capture from fertilizer 
and gas processing 

• China/US accord 

• Future Gen 2.0 and 
other flagship projects 
shut down 

• Loss of public 
confidence in some 
regions 

2015 2020 

PUBLIC ACCEPTANCE 
GLOBALLY 

• Ideally: 

 a robust public 

understanding of 

lifecycle 

implications for 

CCS in overall 

socio/economic 

health and safety 

terms 



GHG INTENSITY  
Selected Supply Options 
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SASKPOWER CLEAN  

COAL TASK FORCE: 

1. PEOPLE NEED TO SEE THAT IT WORKS 

2. MUST HAVE SOCIAL ACCEPTANCE 

3. MUST BE COST COMPETITVE WITH 

OTHER ACCEPTABLE ENERGY FORMS 



MUST BE COST COMPETITIVE WITH 
ACCEPTABLE ALTERNATIVES 



NATURAL GAS PRICING 



NATURAL GAS PRICING 
HENRY HUB – NOV 2014 



GLOBAL NATURAL GAS PRICING 



WIND 



WIND FARM NEEDS TO WORK  
WITH SOMETHING ELSE 

A very good wind day: 53% capacity 



Gas turbine fills the gap  
Combined GHG intensity of 311 kg/kWh 
Compared to 110 kg/kWh for BD3 

WIND FARM NEEDS TO WORK  
WITH SOMETHING ELSE 



TECHNOLOGY COST REDUCING  
WITH EXPERIENCE 



• Concept of levelized cost goes back to the 

early 20th Century when analysts understood 

that initial cost was not a deciding factor in 

selecting generation supplies, but detailed 

economic modeling of every combination 

was not viable 

• Used here as a proxy for lifecycle costs 

• OK for very similar models 

• Lifecycle costs are the real test 

 

LEVELIZED COST 



300 MW supply, large 
scale CCS, compliant 
with Federal Regulations 
on GHG 

Falling  N Gas 

price in North 
America 

Wind/Gas  

SELECTED SUPPLY OPTIONS FOR SASK 
STARTING POINT FOR COMPETITION 

$
/M

W
h

 



• Technical Improvements 

• Business Case Improvements 

– Economies of scale and replication 

– Better certainty in Design and Performance 

– Reduced Financial, Business and execution risk 

– Equivalent Tax Treatment  

 

 

 

• Gas Price Increase 

• Emissions Regulations for Gas 

 

 

 

CAN WE CLOSE THE GAP? 

WILL THE GAP CLOSE ITSELF? 



T H E  F U T U R E  O F   

C C S  A T  S A S K P O W E R  

Unit Initial 

Investment 

Final 

Investment 

In Service 

BD 4/5 2016 2019* 2025* 

BD 6 2022 2024 2028* 

PR 1 2024 2026 2030* 

PR 2 2024 2026 2030* 

Shand 1 2037 2039 2043* 

New Build New costs more than rebuild today 

* Fixed by Regulation 



 P O S S I B L E  F U T U R E  O F  C C S  A T  S A S K P O W E R  

B O U N D A R Y  D A M  U N I T S  # 4  &  5  



S A S K P O W E R  S H A N D   

C A R B O N  C A P T U R E  T E S T  F A C I L I T Y  

  

S A S K P O W E R  C A R B O N  C A P T U R E  

T E S T  F A C I L I T Y  ( C C T F )  



T H E  P E R F E C T  C O S T  M O D E L  



10 YEARS FROM NOW: 

1. People will have seen 
that CCS works 
 

2. Most people will accept 
that CCS is a safe and 
viable GHG management 
option 
 

3. CCS will have been 
economically competitive 
some of the time 

 



Carbon Capture and Storage Initiatives 

E X E C U T I V E  S T R A T E G I C   

P L A N N I N G  S E S S I O N  

CHOOSING RESEARCH DIRECTIONS  

FOR CCS 

@SaskPowerCCS 

MAX BALL ,  MAN AGER ,  CCTF ,  SASKPO WE R  



CaMI 2015_005 

Don Lawton 
Containment and Monitoring Institute (CaMI) 

UKCCSRC Biannual Meeting, Cranfield, April 2015 

Monitoring conformance and 
containment for geological carbon 

storage:  can technology meet policy 
and public requirements? 

 



Canada’s CO2 emissions 



Shell Quest 



Courtesy Sean McFadden, Shell 



Courtesy Sean McFadden, Shell 



Courtesy Sean McFadden, Shell 



Government  

of Alberta 

Regulatory 

Framework 

Assessment 

 

(August 2013) 

Gov’t of Alberta CCS RFA 



Recommendations for closure requirements 

“a) Sequestered CO2 and affected fluids are conforming to the 
 objectives and regulatory requirements as described in the 
 project application and approvals. 

c) Sequestered CO2 and affected fluids are contained in the 
 sequestration complex. 

d) Sequestered CO2 is behaving in a predictable manner. 

e) Sequestered CO2 is expected to continue to behave in a 
 predictable manner and is trending towards stability” 

RFA closure MMV 



•   Thin storage formations (saturation-thickness) 

•   Possible thief zones, resolution from monitoring methods 

•   High rock matrix K and µ values  

•   Brine/CO2 migration through legacy wells 

•   Cap rock integrity 

•   Impacts on groundwater 

•   Pressure vs CO2 saturation 

•   Pressure interference with existing hydrocarbon pools 

•   Pressure interference between adjacent CCS projects 

•   Out of zone CO2 migration to another  storage    

  formation (pore space encroachment) 

 

CCS challenges in Alberta 

Verification of conformance and containment 



10 
NRCan, 2009 
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South-central  
Alberta wells 

Total wells 

49,880 

Stettler 

Barrhead 

Edmonton 

Area 

200 x 180 km 

36,000 km2 
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South-central  
Alberta wells 

Abandoned wells 

All depths 

9,587 

Stettler 

Barrhead 

Edmonton 
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South-central  
Alberta wells 

Abandoned wells 

> Mississippian 

6,665 

Stettler 

Barrhead 

Edmonton 
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South-central  
Alberta wells 

Abandoned wells 

> Devonian 

5,226 

Stettler 

Barrhead 

Edmonton 
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South-central  
Alberta wells 

Abandoned wells 

Precambrian 

10 

Stettler 

Barrhead 

Edmonton 



•  Undertake controlled CO2 release at 300 m & 500 m 
 depth; ~1000 t/yr. 

•  Determine CO2 detection thresholds  

•  Develop improved monitoring technologies (regulator) 

•  Monitor gas migration at shallow to intermediate 
 depths and impacts on groundwater (CO2 and CH4) 

•  Determine fate of CO2 (trapping/dissolution). 

•  University & industry field training & research,       
 integrating engineering and geoscience 

•  Public outreach & education. 

•  On-site fuel cell for CO2 source and natural gas 
 utilization; energy storage; energy efficiency 

 CaMI Field Research Station  
(FRS) 



FRS 
Calgary 



FRS site – courtesy of Cenovus 



CaMI.UofC FRS 



Injector well 

Monitor well 

Groundwater 
well 
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Classroom 

3C-3D seismic array 

Instruments 

Geodetic 
monument 

1 km 

1 km 

FRS monitoring plan layout 



FRS schematic 
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 technologies 

CO2 300 m 
BBRS 

500 m 
MHS 

BGP 



FRS baseline seismic program 
Completed in May, 2014 

1434 VPs (minivibes) 
1400 3C geophones 
All live 

1 km 

1 km 



FRS seismic volume (PP) 

BBR 

MHS 



FRS seismic volume (PS) 

BBR 

MHS 



FRS#1 well (Feb-March 2015) 



Medicine Hat Sand (500 m) 

Colorado 
 shale 

Medicine Hat 
 sand 

 

Core 



Medicine Hat Sand 
Cap rock 



Medicine Hat Sand 

Basal Belly River Fm (300m) 

Avg. Porosity 13% 

Core 
Belly River Fm 



Cap rock Reservoir 

Basal Belly River Fm 



FRS geostatic model 

Schlumberger 
Schlumberger Jessica Dongas 



Public engagement 

March-April, 2014 



Environmental monitoring 

Dr. Bernhard Mayer 

-   Sondes for field measurements (pH, EC, T, DO, Eh) 

- Soil gas flux chambers and soil gas collection probes 

- Gas chromatographs for hydrocarbon and soil gas   

 analyses 

- Ion chromatograph (Dionex) for anion and cation   

 concentration analyses on water samples 

- Titrators for alkalinity and H2S in water samples 

- Portable H2S gas analyzer 

- Carbon isotope laser analyzer for methane 

- Carbon and oxygen isotope laser  

Mobile geochemistry 
laboratory 



FRS monitoring plan layout 

Injector well 

Monitor well 

Groundwater 
well 

A
cc

e
ss

 r
o

ad
 

Classroom 

3C-3D seismic array 

Instruments 

Geodetic 
monument 

Purchased: 
• 500 Inova 

3C Hawk 
nodes 

• MPT ERT 
system 

1 km 

1 km 



FLUTe hydrology profiling 

Aaron Cahill 

Driving Head 

Provides depth-discrete 

transmissivity distribution  

G360 group, University of Guelph 



2015 Schedule 

April May June July Aug Sept Oct Nov Dec 

PS processing 

Seismic interp. 

Log analysis 

Core logging 

Core analysis 

Reservoir model 

Simulation 

Injection appl. 

FRS 1 injector 

Monitor 1 well 

Water wells (4) 

Baseline work 

Monitor 2 well 

FRS #2 



Contacts 

Dr. Don Lawton, Institute Director (CMCRI.CaMI) 
403 210 6671 / don.lawton@cmcghg.com 
 
Kirk Osadetz, Programs Development Manager (CMCRI.CaMI) 
403 210 7108/ kirk.osadetz@cmcghg.com 

CMC Research Institutes Inc.  
Website: http://cmcghg.com  

Ruth Klinkhammer, Director of Communications (CMCRI) 
403 210-7879/ ruth.klinkhammer@cmcghg.com 
 

Amin Saeedfar, Project Lead (CMC) 
403 220 7734 / amin.saeedfar@cmcghg.com 
 
Richard Adamson, Managing Director (CMCRI) 
403 210 7767 / richard.adamson@cmcghg.com 
 

mailto:don.lawton@cmcghg.com
mailto:kirk.osadetz@cmcghg.com
http://cmcghg.com/
mailto:ruth.klinkhammer@cmcghg.com
mailto:amin.saeedfar@cmcghg.com
mailto:richard.adamson@cmcghg.com


Andy Chadwick (BGS) 

 
UKCCS RC Biannual meeting, Cranfield 21& 22 April 2015  

 

  

http://www.bgs.ac.uk/diseccs/home.html  
 

http://www.bgs.ac.uk/diseccs/home.html
http://www.bgs.ac.uk/diseccs/home.html


                                                 DiSECCS team 
 
British Geological Survey (Andy Chadwick, Gareth Williams, Jim White, Dave Noy) 
University of Edinburgh (Mark Chapman, Giorgos Papageorgio) 
University of Leeds (Doug Angus, Lisa Roach) 
National Oceanographic Centre Southampton (Angus Best, Ismail Falcon Suarez) 
University of Manchester – Tyndall Centre (Claire Gough, Sarah Mander, Rebecca Cunningham) 
 
BP Alternative Energy (Tony Espie) 
Statoil (Anne-Kari Furre) 
 
DECC – EDU (Jonathan Thomas) 
 
 
 



Why DiSECCS? ……………… Storage capacity and pressure 
 
 
2010: Ehlig-Economides & Economides - Pressure increase renders CCS unfeasible at any price  ......... 
 
2012: Zoback & Gorelick - CCS will trigger earthquakes and leaks ..... except in large offshore aquifers 

 
• Not all reservoirs are suitable for large‐scale storage; pressure‐sensitive reservoirs 

need to be identified and linked to suitable monitoring strategies. 
 

• Reservoir pressures need to be monitored and controlled to maintain reservoir 
mechanical stability 
 

• Pressure limitation requirements will place a cap on ultimate storage capacity. 
 

• Optimisation of storage in very high quality reservoirs is key to maximising storage 
capacity 

 



DiSECCS Objectives  

Technical objectives 
 

Develop monitoring tools and protocols to measure  and control pressure increase, predict 
geomechanical stability and induced seismicity in storage reservoirs 

 
Identify the spectrum of reservoir types that, with appropriate monitoring, are suitable for 

large-scale storage without unwanted geomechanical effects 
 
Improve detailed understanding of storage processes to help optimise storage in suitable 

reservoirs and maximise their storage capacity 
 
  
 

Policy impacts 
 

 Effective and secure utilisation of a range of storage reservoir types typical of the UK offshore 
  
 Optimisation of the UK storage resource for different loading requirements 
 
 More robust estimates of UK storage capacity 
 
 Generic relevance with impacts worldwide …….. public acceptance 
 



DiSECCS Datasets  

Sleipner, Snøhvit 
Multiple time-lapse surveys 
•  3D seismics (pre-stack and migrated) 
•  2D seismics multi-azimuth 

Aquistore 
Active and passive seismics 
• Multi-azimuth 3D 
• Permanent receiver arrays 



DiSECCS project structure 
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WP1 Geomechanics / seismic response  

Shapiro 2003 Shapiro 2005 Tod 2002 

Velocity models 
Acoustic/Elastic 
Isotropic/anisotropic/viscoelastic 

 
Seismic simulation tools 
Ray tracing/Eikonal solver 
1D reflectivity 
FD (acoustic/elastic/viscoelastic) 

 

Model building / testing 



WP1 Geomechanics / seismic response  

observed synthetic - full synthetic - near 

Real case-study at Snøhvit 
comparing predicted 
responses with observed 
monitoring data 
 



WP2 Seismic analysis – rock physics 

Effect of capillary processes 
(wetting) on seismic response 
during fluid substitution 

DiSECCS ‘wet-Gassmann’ equation 

Published poro-elastic models 

spherical pores – thin wetting film (W) 
ragged pores – thicker wetting film (W) 



WP2 Seismic analysis – forensic interpretation 

Latest time-lapse 3D seismics from Sleipner (improved resolution) 



WP2 Seismic analysis – forensic interpretation 

observed 

synthetic 1 synthetic 2 

Detailed layer properties from coupled data analysis and  
synthetic model matrix 



WP3 Experimental Rock Physics   

Vary applied (axial, radial) stresses, fluid pressure, CO2 – water ratio, temperature 
Ultrasonic, resistivity, strain measurements 



WP3 Experimental Rock Physics   

Vary pore pressure (effective stress) 

Vary pore fluid  

0.005 

-0.005 

z (m) 

0.005 

-0.005 

z (m) 

0.005 

-0.005 

z (m) 

Current experiments on Utsira Sand samples (unconsolidated) 
Next experiments on synthetic rocks with fractures of known geometry  



WP4 Social research  

Blackpool earthquakes  



       WP4 Social research  

Will appropriate storage monitoring  
help allay public opposition? 



Outputs  

One paper in press incorporates DiSECCS work: 
  
C. Jenkins, A. Chadwick & S. Hovorka. (in press). The state-of-the-art in monitoring and verification - ten years on. 
International Journal of Greenhouse Gas Control - IPCC Special Report Anniversary Volume. 
  

Five conference abstracts have been prepared: 
  
R.A. Chadwick, G.A. Williams & J.C. White. Forensic analysis of a carbon-dioxide layer at Sleipner from time-lapse 
3D seismics. Accepted for oral presentation at TCCS-8 in Trondheim, 16 – 18 June 2015. 
  
G. Papageorgiou & M. Chapman.  Multi-fluid substitution, capillarity and inclusion models. Accepted for oral 
presentation at 3rd International Workshop on Rock Physics, Perth, 13-17 April 2015. 
  
C. Birnie, A. Stork, L. Roach, D. Angus & S. Rost.  Spatial and temporal properties of noise from the Aquistore CCS 
pilot permanent surface array. Third Sustainable Earth Science Conference & Exhibition: Use of the Deep Sub-
surface to serve the Energy Transition, Celle, Germany, 13-15 October 2015. 
  
L.A. Roach, D.A. Angus & D.J. White. Determining the limitations to deep reservoir caprock fracture 
characterisation using AVOA analysis. Third Sustainable Earth Science Conference & Exhibition: Use of the Deep 
Sub-surface to serve the Energy Transition, Celle, Germany, 13-15 October 2015. 
  
I. Falcon-Suarez, L.J. North & A.I. Best. Geophysical and Hydro-Mechanical Coupled Monitoring for Efficient Control 
of CO2 Storage. 3rd International Workshop on Rock Physics, Perth, 13-17 April 2015. 



Thank you    
       



Fingerprinting captured CO2 using 
natural tracers at Aquistore 

 
Stuart Gilfillan, Steph Flude, Fin Stuart and 

Stuart Haszeldine 
stuart.gilfillan@ed.ac.uk   @stugilfillan 

 
 
 
 
 



Aquistore Project 
- Independent research and 

monitoring project 

Objectives:  

- Demonstrate safe CO2 

storage in deep saline 

formation  

- Provide evidence CCS is a 

safe and viable solution 

to reduce greenhouse gas 

(GHG) emissions 

- Develop best methods to 

monitor CO2 storage 

- Involve public, research & 

industry 



Aquistore Location 

CO2 injected into large regional saline aquifer within Williston Basin 



Aquistore Overview 
- Designed to inject 2000 tonnes 

CO2/day 

- $22.3M in sponsorship secured 
to date 

- Buffer protection and long-term 
storage option for SaskPower’s 
Boundary Dam Carbon Capture 
Project 

- Project split into 2 phases: 

1. Demonstration & Evaluation 

2. CO2 Injection and Monitoring 



Phase 1 - Demonstration & Evaluation 
- Site selection, permits, 

agreements, community 

engagement 

- Risk assessment, seismic 

surveys, monitoring programs 

- Compilation of existing fluid 

flow data 

- Drilling and evaluation of 

injection well 

- Drilling of observation well 

- Water injection test 

 



Phase 2 - CO2 Injection & Monitoring 
- On going monitoring and 
observation 
 

- On going community 
engagement 
 

- 2013 - Pipeline tie-in CO2 from 
Boundary Dam Power Station 
 

- 2014 - World’s first commercial 
carbon capture technology 
applied to a coal plant and the 
sale of CO2 for EOR/storage. 

- SaskPower took over operation 
of Aquistore site 

 

 



Who? 

What? 
CCS Grand Challenges in Geological Storage 

£291,748 over 2 years 

May 2014 – April 2016 



News coverage of “leak” at Weyburn 



Monitoring essential 
Provides reassurance to regulators and 
public that injected CO2 is safely stored  

This requires: 

A cheap and effective means of 
monitoring the fate of CO2 injected 
into geological storage sites 



Monitoring essential 
Provides reassurance to regulators and 
public that injected CO2 is safely stored  

This requires: 

A cheap and effective means of 
monitoring the fate of CO2 injected 
into geological storage sites 

We need to know:  

(i) Fate of injected CO2 (short, 
medium and long term storage) 

(ii)  How we can get an early warning 
of potential leakage 

(iii) How to determine ownership of 
CO2 (particularly offshore) 



Tracing CO2 

• Proof of storage security is key to CCS success 

• Adding tracers to injected CO2: Expensive? Environmental hazards? 
Contamination / elevate background? 



Fingerprinting CO2 

Anthropogenic CO2 molecule 

Natural CO2 molecule 

www.phenomenica.com 



Fingerprinting CO2 

Anthropogenic CO2 molecule 

Natural CO2 molecule 

web.sahara.arizonia.edu 

commons.wikimedia.org 

www.phenomenica.com 



C isotopes can trace CO2 migration & fate 

web.sahara.arizonia.edu 



O isotopes can trace CO2 fate 

web.sahara.arizonia.edu 



Noble gases in natural CO2 reservoirs 

Majority of the CO2 dissolved in formation water. 

Mineral precipitation only a minor sink. 



Noble gases as tracers of CO2 migration 



Noble gases in coal and natural gas 



Noble gases in coal and natural gas 



Noble gases in captured CO2 

www.alstom.com 

etfdailynews.com 



Tracing injected CO2 at Aquistore 
Find out if the natural tracer fingerprint in CO2 captured from Boundary 
Dam is preserved after injection and migration at Aquistore 



Sample collection 
underway as I speak – 
literally! 

Preliminary results by next 
biannual meeting (if all goes 
to plan!) 



© NERC All rights reserved 

CONTAIN:  The impact of hydrocarbon depletion on the treatment of 
caprocks within performance assessment for CO2 injection schemes 

Executive Group Meeting, BGS London, 20th April 2015 

Caroline Graham*, Jon Harrington, Marcus Dobbs, Robert Zimmerman, Adriana Paluszny, Saeed, Salimzadeh, 
Lorraine Whitmarsh, Tony Milodowski, Dan Parkes 
*(caro5@bgs.ac.uk) 



© NERC All rights reserved 

• Potential UK storage capacity in depleted reservoirs ~ 9 billion tonnes (UKSAP) 

• Focus on depletion and ‘reinflation’ response 

 

• Paucity of data including: reservoir stress-path during inflation and long-term 
response of faults, well-bores and mechanical stability of caprock 

• Improved understanding of effects on reservoir behaviour and seal integrity 

 

• Explore controls on public and stakeholder understanding and acceptability  

After Segall 1989 

The impaCt of hydrOcarbon depletion on the 
Treatment of cAprocks within performance 
assessment, for CO2 InjectioN schemes 



© NERC All rights reserved 

Partners and contributors 

Transport 
    Properties  
        Research 

            Laboratory 



© NERC All rights reserved 

Project Structure 



© NERC All rights reserved 

Laboratory testing 

Reservoir materials: 

• stress path tests simulating a range of 
production histories 

• simultaneously monitoring changes in σ, 
Pw, εv and k 

 

Caprock materials: 

• simulate impact of reservoir depletion 
and re-inflation on caprocks 

• Monitoring changes in σ, εv and k as a 
function of Pw 

 

Critical state parameters: 

• define yield  envelope for various 
reservoir and caprock strata 

 

Provides operational limits, allows scenario 
analysis, provides parameterisation and 
validation for modelling 

 



© NERC All rights reserved 

Numerical simulation 

Initial poro-elastic simulations: 

• production period of the reservoir 
calibrated using new experimental data 

 

3-D simulations of post-depletion 
consolidation and re-injection: 

• impact on existing fracture networks 
and faults 

• focus on features at the 
caprock/reservoir interface 

 

Temporal upscaling of geomechanics: 

• system response during post-
operational phase (<10,000 yrs) 

 

Thermal effects incorporated: 

• fully coupled thermo-hydro-mechanical 
(THM) model 



© NERC All rights reserved 

Social understanding and acceptance 

Explore controls on public and stakeholder 
understanding and acceptability of CCS  

 

Develop and test novel information materials and 
engagement methods 

• Mental model interviews with stakeholders and 
publics (understand conceptualisation of CCS 
and perceived risks and benefits) 

• Deliberative survey to examine influences on 
acceptability (e.g, framing, audience and 
communication characteristics) 

• Deliberative workshops to explore effective 
engagement methods for encouraging societal 
involvement/acceptance of CCS proposals 

 

Lessons and knowledge derived from this work will 
be summarised in an outreach and engagement 
toolkit 

 

Work begins this summer 

 



© NERC All rights reserved 

Dissemination 

www.co2contain.org/ 1st project reports due to go live shortly 

 

Public dissemination event at the British Science Festival, September 2016 

 

Questions? Caro5@bgs.ac.uk 

http://www.co2contain.org/


Peter M. Budd 
School of Chemistry, University of Manchester 

EPSRC project update: 

Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

CCS IN ACTION - CRANFIELD BIANNUAL, 21-22 April 2015 

Andrew I. Cooper 
Dept. of Chemistry, University of Liverpool 

Dave J. Adams 
Dept. of Chemistry, University of Liverpool 



Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

EP/M001342/1 

Start: 31 Dec. 2014.  End: 30 Dec. 2018.  Value: £826,848 

Dr. Rupesh Bhavsar Dr. Tamoghna (Tom) Mitra 

Postdoctoral research associates 

Started March 2015 Started Feb. 2015 



Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

Mixed matrix membrane: 

Synergistic combination of processable polymer 

with filler that improves performance. 



Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

Mixed matrix membrane: 

Synergistic combination of processable polymer 

with filler that improves performance. 

Problem: lack of compatibility between  

most fillers (often crystalline inorganic or metal-organic) 

and membrane polymers (often amorphous and organic).   



A. Bushell et al.,  

Angew. Chem. Int. Ed.,  

2013, 52, 1253.   

Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

Organic fillers: 

(i)  Better compatibility with organic polymers; 

(ii) Tailored physical properties through organic synthesis. 

Technical Parallel Session 1 

Novel Capture Technologies 

Novel membranes for carbon capture 



Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 



Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

Many membrane polymers. 

Many potential organic fillers. 

So utilise high throughput methods. 

Library	of	
MMMs		

(n	polymers	
×	m	fil

l
e rs)		

HT	
screening	
using	IR	
imaging	

Sub-library	of	
MMMs	with	
promising	
CO2/N2	

selec vity	

Detailed	
studies	

(permeability,	
mechanical,	
ageing,	etc.)	

	
Ideal		

organic-
organic	
MMM	

	



Organic mixed matrix membrane technologies 

(ORGMENT) for post-combustion CO2 capture 

Selection of organic fillers for initial searches 

prioritised on the basis of: 
  

Cost 

Stability 

Solubility 

Dispersibility 

Compatibility with membrane polymer 

Gas selectivity 

Polymorphism 



Ionic  

conductors 
Fuel cell 

Chlorine cell 

  

Sensors 
Health 

Agriculture 

Polymers of 

Intrinsic 

microporosity 

(PIMs) 

Graphene 

oxide 

dispersions 

Graphene 

dispersions 

CVD 

graphene 

  

Barriers 
Chemical agents 

Food packaging 

Molecular  

separations 
Bioalcohol recovery 

CO2 capture 

Graphene-based membranes 
EP/K016946/1 

Start: 1 July 2013.  End: 30 June 2018.  Value: £2,839,350 



From membrane material synthesis 

to fabrication and function (SynFabFun) 

Our vision is to create membranes  

which do not suffer from ageing or fouling,  

and for which separation functionality  

is therefore maintained over time. 

Energy

W
ate

r

WP1: 
polymer

WP3: 
ceramic

WP2: 
hybrid

P
h

ar
m

a

WP4: 
Characterisations

Immortal 
membranes

New products
& improved 
processes

Advocacy & 
expertise 
growth

Public and 
academic 
engagement

surfaces

Ian Metcalfe 
Andrew Livingston 

Kang Li 

Davide Mattia 

Darrell Patterson 
Neil McKeown Peter Budd 

EP/M01486X/1 

Start: 1 April 2015.  End: 31 March 2020.  Value: £4,508,218 

http://www.ed.ac.uk/


PROCESS INTENSIFICATION FOR POST-COMBUSTION 
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1. Background and Motivations 
 

 
 Post-combustion Carbon Capture (PCC) with solvent process 

Courtesy: IPCC 
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1. Background and Motivations 
 

1.2 Key Findings from Biliyok et al. (2012) 

 In PCC using MEA process 

o Development of dynamic models for PCC using 

MEA (considering rate-based mass transfer and 

reactions assumed to be at equilibrium) 

o In addition to steady state validation, dynamic model 

validation performed (in collaboration with University 

of Texas at Austin).  

o Through Case Study (i.e. model-based process 

analysis), it provides evidence that PCC process is 

mass transfer limited (while the reaction between 

MEA and CO2 is fast enough).  

o Further analysis indicates the slow mass transfer is 

caused by the flow pattern inside packed column 

(i.e. laminar flow).  
Univ. Texas at Austin, SRP 

Pilot plant 

~3Ton CO2 / day 



1. Background and Motivations 
 

1.3 Introduction to Process Intensification (PI) 

 Process Intensification (PI) is a strategy for 

making major reductions in the volume of 

processing plant without compromising its 

production rate.  

 Rotating packed bed (RPB) is one of the PI 

technologies proposed by Prof Ramshaw in 1979.  

 RPB takes advantages of centrifugal forces to 

generate high gravity and consequently boost the 

mass transfer performance.    

Rotating Packed Bed used for REACTIVE 
STRIPPING –40 times smaller plant (Dow 
Chemical, HOCl process) 



1. Background and Motivations 
 

1.3 Introduction to Process Intensification (PI) 

Schematic diagram of a rotating packed bed setup and corresponding segmentation 
(Llerena-Chavez and Larachi, 2009 ) 



2. Project Description 
 

2.1 Role and Contributions of Consortium Members  

 PI: Prof Meihong Wang (Hull) – Project Co-ordinator; Process Modelling, Simulation 

and Analysis 

 Consultant: Prof Colin Ramshaw (Hull) – Design of Intensified Stripper; Process 

Intensification  

 CI: Dr Phil Rubini (Hull) -  CFD study  

 CI: Prof Nilay Shah (Imperial) - Process Modelling, Simulation and Analysis; Economic 

evaluation  

 CI: Dr Anna Korre (Imperial) - Life Cycle Assessment  

 CI: Prof Claire Adjiman (Imperial) - Process Optimisation  

 CI: Dr Jon Lee (Newcastle) - Process Intensification; Design of Intensified Stripper; 

Improvement of Intensified Absorber 

 Consultant: Prof David Reay (Newcastle) - Intensified heat exchanger 

 CI: Prof Mohamed Pourkashanian (Leeds/Sheffield) – CFD study; Scale-up study. 

 CI: Prof Lin Ma  (Leeds/Sheffield) – CFD study; Scale-up study   



• Dr Laura Sewell, EPSRC  
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• Dr Andrew Green, ETI 

• Dr Bryony Livesey, COSTAIN  

• Mr Greg Kelsall, Alstom UK 

• Dr Alfredo Ramos and Dr Adekola Lawal, PSE Ltd  
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2. Project Description 
 

2.2 Project Advisory Board Members  



2. Project Description 
 

2.3 Work Packages 

 WP1: New Equipment Design and Experimental studies (Newcastle) [1 to 30 

months]  

 WP2: Dynamic modelling and simulation of the intensified carbon capture process 

at pilot plant scale (Hull and Imperial) [1 to 20 months]  

 WP3: Optimal design and/or operation of intensified capture process based on 

models developed in WP2 (Imperial and Hull) [21 to 28 months]  

 WP4: Hybrid CFD-process modelling study of scaled-up designs of the intensified 

absorber and stripper (from pilot scale to full scale, e.g. 427 MWe CCGT) (Leeds 

and Hull) [1 to 30 months]  

 WP5: Modelling of the intensified CO2 capture process at full commercial scale 

(e.g. 427 MWe CCGT) and integration of the capture plant model with the CCGT 

plant model (all) [29 to 32 months] 

 WP6: Technical Performance, Economical and Environmental Analysis 

(comparison between intensified capture process and conventional process (all) [33 

to 42 months] 



2. Project Description 
 

2.4 Project Schedule 
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For further information, please contact: 

Prof Meihong Wang  

Process and Energy Systems Engineering Group,  

School of Engineering, University of Hull HU6 7RX 

Tel.: +44 1482 466688. E-mail address: Meihong.Wang@hull.ac.uk 
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1.  What is a microseismic event? 
•  Small earthquake, usually 

magnitude < 0. 
2.  What is passive seismic/

microseismic monitoring? 
•  Groups or array of geophones/

seismometers deployed to 
record any seismic events. 
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geomechanical deformation experienced at these large “mega-
tonne” storage sites, as these will inform us of the potential geo-
mechanical issues that will be experienced as commercial-scale,
megatonne injection sites are developed in the coming decades.

Geomechanical Response to CO2 Injection
The effective stress, σ′ij, acting on porous rocks is defined by
Terzaghi (13) as follows:

σ′ij ¼ σij − βW δijP; [1]

where σij is the stress applied by regional tectonic stresses and
the overburden weight, βW is the Biot–Willis coefficient, δij is the
Kroenecker δ, and P is the pore pressure. Therefore, any in-
crease in pore pressure induced by injection will reduce the ef-
fective stress, which will in turn lead to inflation of the reservoir.
The magnitude of this inflation will be controlled by the magni-
tude of the pore pressure increase, and the geometry and mate-
rial properties of the reservoir (14).
As well as directly changing the effective stress acting on

reservoir rocks via Eq. 1, inflation of the reservoir will lead to
changes in the applied stress both in and around the reservoir.
Small amounts of deformation are common in many settings, and
will not pose a risk to storage security. However, if deformation
becomes more substantial, it can affect storage operations in
a number of ways, illustrated schematically in Fig. 1. The prin-
cipal risks posed by geomechanical deformation to secure storage
are summarized below.

Reservoir Inflation and Alteration of Flow Properties. Pore pressure
increase and inflation can influence the flow properties of
a storage reservoir. Laboratory experiments show that perme-
ability is sensitive to pressure (15). Furthermore, pore pressure
increases may open existing fracture networks in the reservoir, or
create new ones, along which CO2 can flow more rapidly. Per-
meability increases within the reservoir will not pose a direct
leakage risk. Nevertheless, if permeability is increased during
injection, this will reduce the accuracy of fluid flow simulations
used to predict the resulting CO2 distribution. The result may be
that CO2 reaches spill-points or breaks through at other wells
faster than anticipated, reducing the amount of CO2 that can be
stored. For example, Bissell et al. (16) have shown that injectivity
at In Salah is pressure dependent, implying that CO2 flow is
controlled at least in part by the opening and closing of fractures
in the reservoir.

Fracturing of Sealing Caprocks. Deformation in a reservoir is
generally transferred into the surrounding rocks. This can lead
to the creation or reactivation of fracture networks around and
above a reservoir. Fractures running through an otherwise
impermeable caprock could compromise the storage integrity,
providing permeable pathways for CO2 to escape from the
reservoir. This is probably the greatest risk to storage security
posed by geomechanical deformation. Leakage of gas through
fractured caprock has been observed above hydrocarbon res-
ervoirs (17, 18) and at natural gas storage sites (19).

Triggering of Seismicity. Beginning with the earthquakes triggered
by waste fluid injection at the Rocky Mountain Arsenal (20), it
has been recognized that subsurface fluid injection is capable of
triggering felt (of sufficient magnitude to be felt by nearby
populations, so typically ML > 2) seismic events on preexisting
tectonic faults (21). Recently, examples of tectonic activity trig-
gered by disposal of waste water from hydraulic fracturing have
been noted. Of course, it should be kept in mind that, of thou-
sands of fluid injection wells, only a handful have experienced
such seismic events (22). Even if felt seismicity is induced during
CO2 injection, it is unlikely that events would be of sufficient

magnitude to damage property or endanger life. Nevertheless,
regular triggering of felt seismic events would represent a sig-
nificant “own-goal” from a public relations and political per-
spective, and local opposition has already proved to be a significant
obstacle to planned CCS projects (23). More significantly,
triggering of larger seismic events will indicate that the failure
condition on small faults has been met due to anthropogenic
pressure changes, with implications for caprock integrity issues as
discussed above.

Wellbore Failure and Casing Damage. Geomechanical deformation
in producing reservoirs has been observed to cause failure of
wellbore casing (24). It is conceivable that either bedding-parallel
slip in layers above the reservoir, or expansion of the reservoir
against the overburden, could cause shearing of the wellbore. As
well as the associated costs, damaged well casing in the over-
burden presents a significant leakage risk. Although the authors
are not presently aware of any incidence of geomechanically in-
duced wellbore failure during CO2 injection, the risk to storage
integrity posed by mechanical effects in the wellbore is an issue
that must be considered at future storage sites.

Monitoring Geomechanical Deformation
Fig. 1 also illustrates the variety of methods that can be used to
monitor geomechanical deformation in the field. Although the
importance of geomechanical deformation in oil production is
becoming increasingly appreciated, monitoring it in the field
remains something of a niche activity. Nevertheless, a number of

SATELLITE GEODESY 

SEISMIC MONITORING

MICROSEISMIC
MONITORING

BOREHOLE
TILTMETERS

BEDDING PARALLEL SLIP

SURFACE UPLIFT

WELLBORE
FAILURE

FAULT
REACTIVATION

SEAL
FRACTURING

INFLATION OF
RESERVOIR

Fig. 1. Schematic illustration showing how geomechanical deformation can
influence CO2 storage sites (red text), and potential monitoring options
(blue text). Adapted from Herwanger and Horne (34).

2 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1302156110 Verdon et al.

Verdon et al., PNAS, 2013 



Why deploy passive seismic monitoring at 
CCS sites? 
•  Track	  fluid	  movement	  

•  Map	  faults/fractures	  

•  Real-‐Gme	  analysis	  

•  Verify	  geomechanical	  models	  
•  Do	  models	  predict	  seismicity?	  
•  Observed	  seismicity	  feedbacks	  new	  informaGon	  into	  models	  
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•  Weyburn,	  Saskatchewan,	  Canada	  
•  CCS-‐EOR	  	  
•  ~100	  events	  

•  InSalah,	  Algeria	  
•  Gas	  field	  
•  ~9000	  events	  in	  2	  years	  

	  

•  Seismicity	  in	  lower	  caprock	  
•  Neither	  thought	  indicaGve	  of	  CO2	  leakage	  

•  At	  Aquistore,	  what	  will	  the	  response	  be?	  
•  InjecGon	  into	  deep	  saline	  aquifer,	  above	  Precambrian	  basement	  in	  non-‐

producing	  area	  

4 
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well was shut in. During the month after shut-in, a further 92
events were recorded.
Event hypocenter locations are plotted in Fig. 5. The loci of

microseismicity during CO2 injection (green, blue, and yellow
dots) are centered on the production wells to the NW and SE of
the injection well. Although the events occurred around the
reservoir interval, a significant number appear to be located in
the overburden slightly above the reservoir (Fig. 5B). The event
hypocenters are perhaps surprising, given that conventional in-
jection-induced seismicity theory suggests that seismicity should
be induced at the injection points, where elevated pore pressures
lead to reduced effective normal stresses. The events above the
reservoir may also be of concern if they indicate fracturing and
hydraulic communication into the overburden.
Conversely, the events that occurred after shut-in of the in-

jection well were found to cluster around the injection point (red

dots). Again, this pattern of seismicity is not intuitive, where it
might be expected that the pressure decrease after shut-in of
the injection well would reduce the likelihood of seismicity in
this area.
The complex pressure history of the reservoir must be taken

into account when interpreting these apparently counterintuitive
patterns of microseismicity. Verdon et al. (48) constructed a nu-
merical simulation of the deformation at Weyburn, accounting
for initial depletion followed by reinjection, and production
through horizontal wells. They assessed the likelihood of mi-
croseismicity by considering the development of both shear and
normal stresses via a fracture potential term (49), finding that,
although normal stresses are reduced at the injection point, so
are the shear stresses. This means that the potential for seismicity
is not increased by injection. Indeed, the shear stress reduction
slightly exceeded the effect of normal stress reduction, causing
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Previous CCS passive seismic analysis 
Weyburn 

Verdon et al., PNAS, 2013 

In Salah 

Stork et al., IJGGC, 2015 



Monitoring Program 

•  Regional	  3D	  seismic	  survey	  
•  Permanent	  seismic	  array	  
•  Electrical	  /	  electromagneGc	  
•  Gravity	  
•  Passive	  seismic	  
•  InSAR	  
•  GPS	  
•  Tiltmeters	  
•  Groundwater	  &	  soil	  monitoring	  	  

5 

•  Cross-‐well	  seismic	  &	  VSP	  
•  Cross-‐well	  &	  surface-‐to-‐downhole	  

electrical	  monitoring	  
•  Real-‐Gme	  P	  &	  T	  
•  Passive	  seismic	  
•  Fluid	  sampling	  	  
•  Tim-‐lapse	  logging	  
•  Distributed	  acousGc	  /	  temperature	  

sensors	  (DAS/DTS)	  
•  Gravity	  

Surface	  monitoring 	   	  	  	  	  	  	  	  	  	  	  	  	  Downhole	  monitoring	  	  

Image: Geomatics Canada 



•  Covers	  2.5km	  x	  2.5km	  
•  Geophones	  (>10Hz)	  

•  51	  verGcal	  component	  
•  20m	  deep	  
•  Since	  July	  2012	  

•  25	  3-‐component	  	  
•  6m	  deep	  
•  Since	  Nov	  2014	  

•  Surface	  
•  3	  broadband	  (0.1	  –	  50Hz)	  seismometers	  

•  Since	  Nov	  2013	  

UKCCSRC Biannual Meeting, Cranfield 21 April 2015 6 
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Figure 4. Schematic of the 01/5-6-2-8W2 injection well. Approximate locations of major geological units are indicated (left) drawn to vertical 

depth scale. 

One week after completion of the injection well, the drill rig was moved 150m northeast (Figure 1) and over the 
period October 1st to November 9th, 2012 the observation well (41/5-6-2-8W2) was drilled 3400m deep through the 
entire Phanerozoic section (schematic on Figure 5). A similar suite of geophysical well logs was collected from the 
observation well as was the injection well. 

 
After their interpretation, geological, hydraulic, and petrophysical data collected during the drilling and well 

evaluation were incorporated into a revised geological model of the Aquistore site. 

2.3. Post drilling activities - downhole 

Subsequent geological information was obtained between, and around, the newly-drilled wells via two different 
downhole seismic surveys conducted as part of baseline surveys to start the CO2 Measurement, Monitoring, and 
Verification (MMV) program at the site. The first (February, 2013), was a crosswell seismic survey between the two 
wells over the interval 3100 to 3400m that provided detailed (metre-scale) tomography of the geology between the 
wells. The second survey (Fall, 2013) was a 3D vertical seismic profile (VSP) that utilized both a conventional 60-
level, three-component geophone over the interval 2550-3400m and the well-installed optical fibre system. The 3D 
VSP provided subsurface information between the resolution the detailed scale from the crosswell survey, and the 
standard surface 3D seismic survey conducted previously [6].  

Rostron et al., Energy Procedia, 2014 

Injection well 

Subsurface model 

UKCCSRC Biannual Meeting, Cranfield 
21 April 2015 
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Passive Seismic Baseline  

Seismic	  event	  detecGon	  
•  STA/LTA	  coincidence	  detecGon	  
•  Local	  
•  Regional	  
•  Teleseismic	  (long	  distance)	  
•  Noise	  

Local detection 

21 April 2015 
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Local	  seismic	  event?	  

UKCCSRC Biannual Meeting, Cranfield 
21 April 2015 

P S? 

tsp = 2s 
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Geophone	  recording	  -‐	  Local	  seismic	  event?	  -‐	  Distance	  5km	  W	  	  

21 April 2015 

x 

2.3s 

UKCCSRC Biannual Meeting, Cranfield 21 April 2015 
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Local	  seismic	  event?	  Approx	  17:30	  –	  18:30	  most	  days	  	  	  	  	  	  	  	  	  	  	  	  most	  likely	  
	   	   	   	   	   	   	  	  	  	  	  	  	  	  mining	  related	  



Regional	  event	  
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Fig. 11. Summary figure of the seismic modeling. Intersections with other lines are indicated by an arrow with the 
appropriate line letter circled. Symbols other than for velocities are the same as for Figure 10. 

zoic times. The striking similarities of the velocity-depth pro- 
files from the Wyoming and Superior cratons is consistent 
with the proposal that the two cratons once formed a continu- 
ous Archcan continental mass that was disrupted by the open- 
ing and closing of an intervening oceanic basin [Stauffer, 
1984]; the remnants of the closing event being represented by 
the Trans-Hudson orogen [Green et al., 1985a, b]. 

Southward Extension of the Superior Craton Margin 
An important exception to the uniformity emphasized 

above is the high-velocity (6.4 km/s) lid within the southern 
extension of the Superior craton margin (Thompson belt). The 
northern tip of the lid occurs near a southward change in the 
character of the magnetic and gravity fields [Green et al., 
1985a, 1986b] and is probably related to granulite facies base- 
ment rocks in this region [Peterman and Hedge, 1964; Peter- 
man and Goldich, 1982; Klasner and King, 1986]. Two detailed 
magnetotelluric surveys [Rankin and Kao, 1978; Jones and 
Savage, 1986] have detected a major electrical conductivity 
anomaly ("Thompson Belt anomaly" or TOBE in Figure 10) 

beneath the lid. According to Jones and Savage [1986] the 
anomalous conducting structure is subvertical, and recent 
two-dimensional modeling by A. G. Jones (personal communi- 
cation, 1986) indicates that the structure may be less than 5 
km wide with its top surface some 400 m below the base of the 
Phanerozoic sediments, placing it immediately below the high- 
velocity lid. A multichannel seismic reflection survey [Green et 
al., 1985a-I has revealed a zone of prominent reflections dip- 
ping to the west at 300-40 ø (R in Figure 10) in the vicinity of 
the Thompson fault (TF in Figure 10). The reflectors lie well 
below the high-velocity lid, but they parallel the minor veloci- 
ty discontinuity between the Superior craton margin and the 
Trans-Hudson orogen, which was delineated independently 
from the seismic refraction data (note the vertical exaggeration 
of Figure 10). 

Green et al. ['1985a, b, 1986b] have interpreted the various 
geologic and geophysical data from this general region and 
from the exposed shield in terms of a collision between the 
Superior craton margin and the southern extension of the Flin 
Flon-Snow Lake volcanic arc. Such a collision would have 

Regional seismic refraction study    Regional velocity model 
      to find tsp times as 
      function of distance 

Morel-à-l’Huissier et al., JGR, 1987 
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April 20, 2015 Array analysis 

Use	  geophones	  /	  seismometers	  as	  a	  group.	  
Example:	  Broadband	  seismometer	  detecGon	  of	  
teleseismic	  event,	  M=6.5	  in	  Barbados	  
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PerforaGon	  shots	  
•  13	  perforaGon	  shots	  

•  Only	  3	  shots	  with	  10	  or	  more	  recordings	  

•  Sept	  2012	  
•  3173m	  –	  3366m	  
•  Mw=	  0.6	  

UKCCSRC Biannual Meeting, Cranfield 
21 April 2015 



•  Ambient	  Noise	  Tomography	  /	  
Seismic	  Interferometry	  
•  Cross-‐correlaGon	  of	  noise	  
•  No	  microseismic	  events	  

required!	  
•  2	  years	  background	  data	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
•  Up	  to	  50	  instruments	  

	  

15 
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Work in progress… 

frequency effect contamination (Lin and Ritzwoller, 2011b). In
most locations, the anisotropy amplitudes are comparable or larger
than 10%, consistent with earlier shallow sedimentary studies in the
Southern California region (Crampin, 1994; Coutant, 1996). The
inversion of the 3D azimuthal anisotropy structure is out of the
scope of this study and will be the subject of future contributions.

Body wave and higher modes

Although the theory (equation 1) suggests that the entire Green’s
function can be derived from the noise crosscorrelation for a
diffuse noise field, in reality, the noise sources are distributed gen-
erally near the surface and hence body wave phases are not easily
observed. However, extracting body waves from ambient noise

is important for imaging subsurface structure without artificial
sources.
Although fundamental Rayleigh waves are the dominant signals

observed in our noise crosscorrelations, weak body wave/higher
mode signals are also observed (Figure 2). Body waves and
higher modes are sometime difficult to distinguish for short paths,
particularly at low frequencies. To better demonstrate the body
waves/higher modes, we stack all crosscorrelations within each
200-m distance bin (Figure 13). Because body waves/higher modes
are more sensitive to deeper structure compared with fundamental
Rayleigh waves, they tend to stack more coherently due to a
smaller velocity variation. Clear body waves/higher models can
be observed for low and high frequencies. Between 2 and 4 Hz,
a clear P-wave signal emerges with an ~2-km/s apparent velocity.
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Figure 11. The three cross sections (Figure 9a) of
the inverted 3D shear velocity model. Here, the
average 1D model shown in Figure 10a is used
as the reference and only the relative perturbation
at each depth is plotted. The contours are separated
by 5% VS velocity perturbation.
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* 

•  ConsideraGons:	  
•  Suitable	  available	  frequencies	  
•  DirecGonality	  in	  noise	  	  

•  Especially	  nearby	  power	  staGon	  
•  Roads	  Lin et al., Geophysics, 2013 



•  RouGne	  event	  detecGon,	  locaGon	  &	  magnitudes	  
•  Beamforming	  &	  surface	  array	  methods	  

•  Event	  detecGon	  
•  Event	  locaGon	  
•  Noise	  idenGficaGon	  &/	  removal	  

•  Baseline	  shows	  seismically	  quiet	  area	  
•  What	  will	  we	  observe?	  …	  

•  Visit	  Geological	  Survey	  Canada	  –	  UKCCSRC	  funded	  
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Fingerprinting 
captured CO2 using 

natural tracers:  
Determining CO2 fate 

and proving 
ownership  

Stephanie Flude, Stuart 

Gilfillan, Stuart Haszeldine, 

Fin Stuart 



Context 

• Storage security is key to CCS success 

• Need to monitor storage complex 

• Adding tracers: Expensive? Environmental hazards? 
Contamination / elevate background? 



Can we use natural tracers in the CO2? 

web.sahara.arizonia.edu 
www.phenomenica.com 

- Use δ13C of the injected CO2 or the HCO3
- formed by CO2 dissolution. 

- Use δ18O of injected CO2 and its effect on reservoir H2O 

Stable Isotopes 

Noble gases – Use the noble gas fingerprint in captured CO2 



Inherent CO2 tracers in nature…  

Understanding the baseline conditions 

web.sahara.arizonia.edu 

www.phenomenica.com 



Inherent CO2 tracers in nature…  

web.sahara.arizonia.edu 



Progress to date 
What is the composition of captured CO2? 

• Review paper ✓ 
• Need more data for captured CO2 

• Don’t assume no fractionation 

• Sample Niederaussem ✓ 

• Sample Ferrybridge ✓ 

• Sample Callide ✓ 

• Sample PACT …⌛ 

• Sample Boundary 
Dam…⌛ ✓ 

• Any other samples? 

• Stable isotope analyses 

• Noble gas analyses 

 

 



Where are inherent tracers likely to work? 



Sampled from variety of capture technology 
and feedstocks: 

Feedstock: Coal Lignite Gas Biomass 

Capture 
technology: 

Amine 
capture 

Ferrybridge ✓ 
Boundary Dam ✓ 

?PACT? ⌛ 

Niederaussem 
✓ 

PACT ⌛ PACT ⌛ 

Oxyfuel Callide ✓ Any offers?  ?PACT? ⌛ 
?PACT? ⌛ 

Any offers? 
 

Pre-
combustion 

 
Any offers?  Any offers?  

Any offers? 
 

Any offers? 
 



RWE’s Niederaussem, Lignite Plant, Germany 



aquistore.ca 

Fingerprinting Captured CO2 at Aquistore 

• Is the signature retained in 
the subsurface? 
• Aquistore, Canada 

• Baseline samples … ✓ 

• Injected CO2 … ✓ 

• Reservoir samples, ~ 6 
months later 

Worth et al., 2014 



Sampling at Aquistore 





Understanding and addressing corrosion 

due to amine solvents in post-combustion 

carbon capture processes 
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Outline 

Background on corrosion, particularly in amine systems 

 

Testing corrosion 

 1. Experimental methods and amines of interest 

 2. Analysis techniques 

 

Corrosion observed for aqueous amine (binary) systems 

 1. Visual inspection and ‘hanging film’ 

 2. Elemental analysis of the solution 

 3. Surface characterization and compositional analysis 

 

Corrosion observed in aqueous amine (multi-component) systems 

 

Conclusions  



Background on Corrosion 

Fe+2 

2e- 

ANODIC 

H+ OH- 2e- 
H+ 

H2 

CATHODIC 

Fe + 2H+  Fe+2 + H2 



Background on Corrosion 

Fe+2 

2e- 

ANODIC 

H+ OH- 2e- 
H+ 

H2 

CATHODIC 

Fe + 2H+  Fe+2 + H2 

Fe(OH)2 



Background on Corrosion 

Fe+2 

2e- 

HCO3
- 

H2 

Fe + 2HCO3
- 
 FeCO3 + CO3

-2 + H2
 

FeCO3
 

HCO3
- 

HCO3
- 

2e- 

2e- 

Fe+2 

Fe+2 



Testing Corrosion  

Experimental Methods: 

1.Large scale (direct) 

2.Electrochemistry 

 

Fe+2 

2e- 

HCO3
- 

H2 

FeCO3
 

HCO3
- HCO3

- 

2e- 

2e- 

Fe+2 Fe+2 

H2 

H2 



Testing Corrosion: Experimental Apparatus 

Element Content % 

Fe 98.851 

C 00.170 

Mn 00.800 

Cr 00.040 

Al 00.042 



Testing Corrosion: Metal Coupons 

Element % 

Fe 98.851 

C 00.170 

Mn 00.800 

Cr 00.040 

Al 00.042 

Typical Industrial Machine Finish

   



Testing Corrosion: Metal Coupons 

Typical Industrial Machine Finish

   

120 Grit Testing Finish

   

Element % 

Fe 98.851 

C 00.170 

Mn 00.800 

Cr 00.040 

Al 00.042 



Testing Corrosion: Aqueous Amine Solutions 

Monoethanolamine  

(MEA) 

#1: Primary 

Methyldiethanolamine 

(MDEA) 

#1: Tertiary 

Diethylenetriamine 

(DETA) 

#1, #2 Primary, 

#3 Secondary 

2-amino-2-methylpropanol  

(AMP) 

#1: Primary 

1-(2-aminoethyl)-piperazine 

(AEP)  

#1: Primary,  

#2: Secondary,  

#3 Tertiary 

 

Potassium Carbonate 

(K2CO3) 

N/A 



Testing Corrosion  

Analysis Methods: 

1.Traditional: Hanging Film (Weight 

loss/gain)  

2.Bulk chemical (metal ions) contents: 

ICP – OES  

 Fe+2 

2e- 

HCO3
- 

H2 

FeCO3
 

HCO3
- HCO3

- 

2e- 

2e- 

Fe+2 Fe+2 

H2 

H2 



Testing Corrosion  

Analysis Methods: 

1.Traditional: Hanging Film       

(Weight loss/gain)  

2.Bulk chemical (metal ions) contents: 

ICP – OES 

3.Surface imaging: SEM, (AFM) 

 
Fe+2 
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HCO3
- 

H2 

FeCO3
 

HCO3
- HCO3

- 
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Fe+2 Fe+2 
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H2 



Testing Corrosion  

Analysis Methods: 

1.Traditional: Hanging Film    (Weight 

loss/gain)  

2.Bulk chemical (metal ions) contents: 

ICP – OES 

3.Surface imaging: SEM, (AFM) 

4.Surface chemistry: EDX, (Raman) 

 

Fe+2 
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HCO3
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H2 

FeCO3
 

HCO3
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2e- 

Fe+2 Fe+2 
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H2 



Testing Corrosion  

Analysis Methods: 

1.Traditional: Hanging Film    (Weight 

loss/gain)  

2.Bulk chemical (metal ions) contents: 

ICP – OES 

3.Surface imaging: SEM, (AFM) 

4.Surface chemistry: EDX, (Raman) 

5.Surface (crystal) structure: Visual, 

SEM, XRD, (XPS) 

 

Fe+2 

2e- 

HCO3
- 

H2 

FeCO3
 

HCO3
- HCO3

- 

2e- 

2e- 

Fe+2 Fe+2 

H2 

H2 



CORROSION OF AMINES ON STEEL 



Aqueous Amine Solutions – Visual Inspection  

MDEA K2CO3 MEA AEP AMP 

Corrosion: MEA, AEP, DETA  Passivation: MDEA, AMP, K2CO3 

DETA 
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Aqueous Amine Solutions – ICP - OES 
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Aqueous Amine Solutions – ICP - OES 
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Aqueous AMP Solutions – SEM / EDX 

   DAY 7     DAY 28  

  



Aqueous AMP Solutions – SEM / EDX 

   DAY 7     DAY 28  

  

100% Surface Coverage 



Aqueous AMP Solutions – SEM / EDX 

  DAY 7  

    
Passivation layer 

Epoxy Resin 

Steel Coupon 



Aqueous AMP Solutions – SEM / EDX 

  DAY 7  

    

Epoxy Resin 

Steel Coupon 

Oxygen 

Iron 



Aqueous AMP Solutions – SEM / EDX 

   DAY 14     DAY 28  

  

 Passivation Layer  ~ 10µm       Passivation Layer  ~ 20µm 

Epoxy Resin Epoxy Resin 

Steel Coupon Steel Coupon 



Aqueous K2CO3 Solutions – SEM / EDX 

   DAY 7        

<100% Surface Coverage 

Element Mole Ratio 

C 14.86 

O 5.15 

Fe 79.99 

Element Mole Ratio 

C 18.12 

O 51.36 

Fe 30.52 

Mixture of products? 



Aqueous K2CO3 Solutions – SEM / EDX 

  DAY 7       DAY 21            DAY 28 

Surface Coverage 



Aqueous K2CO3 Solutions – SEM / EDX 

  DAY 7  

    
Passivation layer 

Epoxy Resin 

Steel Coupon 

Element Moles Ratio 

C 16.11 

O 44.98 

Fe 38.91 



Aqueous K2CO3 Solutions – SEM / EDX 

  DAY 7  

    

Epoxy Resin 

Steel Coupon 

Element Moles Ratio 

C 16.11 

O 44.98 

Fe 38.91 

  DAY 21  

    



Aqueous MDEA Solutions – SEM / EDX 

   DAY 7        

  100% Surface Coverage 

Element Mole Ratio 

C 18.92 

O 54.07 

Fe 26.52 

Suggests FeCO3 



Aqueous AEP Solutions – SEM / EDX 

   DAY 7     DAY 28  

  



Aqueous AEP Solutions – SEM / EDX 

   DAY 7     DAY 28  

  



Aqueous AEP Solutions – SEM / EDX 

       DAY 28    

Element Mole Ratio 

Mn 1.05 

Fe 98.63 



Aqueous AEP Solutions – SEM / EDX 

  Cross-Section at Day 28 

     

   

Epoxy Resin 

Steel Coupon 

Element Mole Ratio 

C 85.97 

O 12.30 

Fe 1.72 

Element Mole Ratio 

Fe 100 

Element Mole Ratio 

C 28.01 

Fe 71.99 



Aqueous DETA Solutions – SEM / EDX 

   DAY 7     DAY 28  

  



Aqueous MEA Solutions – SEM / EDX 

   DAY 7        

Non-uniformity 

Element Mole Ratio 

C 59.34 

O 10.73 

Fe 29.12 

Other 0.81 

Element Mole Ratio 

C 7.85 

Fe 92.15 



Aqueous MEA Solutions – SEM / EDX 

  DAY 7       DAY 14            DAY 21 

Element Mole Ratio 

Mn 1.07 

Fe 98.93 

Element Mole Ratio 

C 11.24 

Fe 88.76 

Element Mole Ratio 

C 7.85 

Fe 92.15 



Summary of Binary Aqueous Amine Solutions 

MEA MDEA DETA* AEP AMP K2CO3* 

Hanging film C P C C P P 

ICP – OES ? P C C ? P 

SEM / EDX C P C C P P 

Overall C P C C P P 

Corrosion Passivation 
AEP  DETA* MEA       AMP   MDEA     K2CO3* 



Conclusions 

Traditional ‘hanging film’ method is an imprecise method for distinguishing 

corrosion from passivation and determining the rate of change 

 

Elemental analysis of both the solution and substrate provide strong 

indicators of the corrosion and passivation occurring 

 

 

  

 

Aqueous amine multi-component solutions can overcome the presence of 

highly corrosive species 

 

Rate of change observed on the substrate requires additional analysis 

Corrosion Passivation 

AEP  DETA* MEA   //    AMP   MDEA    K2CO3* 



Acknowledgements 

This work is funded in part by the Department of Energy and Climate 

Change and Carbon Clean Solutions. 

 

Contributions to this work were made by: Miss Y. Zhao and Dr. J. Hall.  



Understanding and addressing corrosion 

due to amine solvents in post-combustion 

carbon capture processes 

KL Sedransk Campbell, DR Williams 

Department of Chemical Engineering, Imperial College 

 

UKCCSRC Biannual Meeting 

April 21 2015 



1 

Materials Considerations in CO2 

pipeline design: practical issues and 

ongoing work 

Dr Solomon Brown, Prof. Mahgerefteh Dr Sergey Martynov 
University College London  

Dr. Reza Hojjati 
ArcelorMittal Global R&D Gent (OCAS N.V.) 

 

UKCCSRC Biannual meeting 

21 April 2015, Cranfield 

http://www.ucl.ac.uk/


Structure 
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2. Charpy V-Notch (CVN) Impact Test 
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Structure 
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1. Background 
 

2. Charpy V-Notch (CVN) Impact Test 
 

3. Drop Weight Tear Test (DWTT) 
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Introduction 

http://www.ucl.ac.uk/


5 

Fracture propagation 

http://www.ucl.ac.uk/
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[M. Bilio et al. 2009] 
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Energy [J] 

API X70 grade 

The need for material properties… 
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 Instrumented 45 m 

pipeline 

 Pre-cut hole 

diameter: ~5 mm 

 6 external 

thermocouples 

 

 

 

After 

the test 

CO2Quest release experiments 



8 

Maximum Principal Stress [MPa]  

Mathematical modelling - fluid-structure model 

Exposed to: 1 atm 

http://www.ucl.ac.uk/


Structure 
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1. Background 
 

2. Charpy V-Notch (CVN) Impact Test 
 

3. Drop Weight Tear Test (DWTT) 
 

4. Conclusions and ongoing work 
 

http://www.ucl.ac.uk/


Scale 

Hammer 

Specimen 
Anvil 

10 

10 mm
A

A

45 

2 mm

Section A-A

Radius= 0.25 mm

Hammer

Capacity=750 J 
Hammer weight=50 kg 

Charpy V-Notch (CVN) Impact Test 

http://www.ucl.ac.uk/
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Absorbed Energy [J] 

X80-WT 13 mm 

Temperature [oc] 

X70HIC-WT 14 mm 

X65HIC-WT 12.5 mm 

CVN results 

http://www.ucl.ac.uk/
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2. Charpy V-Notch (CVN) Impact Test 
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DWTT Set-up 

T= 20 oc T= -65 oc 

Drop Weight Tear Test (DWTT) 

http://www.ucl.ac.uk/


Ductile Shear Area (DA) [%] 

Temperature [oc] 

15 

Temperature [oc] 

Absorbed Energy [kJ] 

DWTT results 
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DBTT [oc] 

CVN-Energy 

X80 

X65HIC 

X70HIC 

DWTT-DA DWTT-Energy  

DBTTCVN < DBTTDWTT 

X70MS (HIC) offers the best combination of strength, low 
temperature toughness and resistance to (accidental) H2S exposure 

CVN vs DWTT 

http://www.ucl.ac.uk/
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• The material properties of X65, X70 and X80 grades of steel have 
been studied; 

  
• X70HIC was found to have the lowest ductile-to-brittle-transition-

temperature; 
 

• material information is being incorporated into a rigorous coupled 
fluid-structure model. 

Conclusion 

http://www.ucl.ac.uk/
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Outline 

Introduction 

• Solvents selection strategy 

• Alternative amine solvents 

Structural impact 

• CO2 capacity  

• Absorption rate 

• Regenerability 

• Heat of absorption 

• Degradation  

• Viscosity 

• Packing wettability 

Summary  

2 

Absorption Desorption 

Image Source: Siemens 

Amine solvents for CO2 capture 

Influence of molecular structure 

Challenges? 

Δα 

ΔH 

Deg. 



Less negative effects  Volatility, toxicity, etc. 

Easy to operate Viscosity, wettability, etc. 

Strategy for solvent selection 

3 

Less solvent circulation Tertiary, hindered, polyamines 

Smaller Column size Primary, secondary amines 

Lower heat of reaction Tertiary amines 

Less solvent loss Tertiary, hindered amines 

Environmental impact 

Technical feasibility 

Solvent degradation 

Energy consumption 

Reaction kinetics 

CO2 capacity 



Amine solvents 

Well studied solvents  

• MEA, DEA, MDEA  

• AMP, PZ  

 

Alternative alkanolamines 

• DMAE (IC, UK) 

• DEAE (NTNU, NO) 

• DEAB (Regina, CA) 

• DMAP (RITE, JP) 

• IPAE (RITE, JP)  

Alternative Polyamines/alkanylamines 

• PZEA  

• TMHDA (IFP, FR)  

• DMHDA (Twente, NL)  

• MCA (Dortmund, DE) 

• DMCA (Dortmund, DE) 

 

 

 

4 

MEA 

Primary 

DEA 

Secondary 

MDEA  

Tertiary 

AMP 

Hindered 

PZ 

Diamine 

HO

NH2

OH

N

OH
NH2

HO

DMAE 

Tertiary 

DEAE 

Tertiary 

DEAB  

Tertiary 

DMAP 

Tertiary 

IPAE  

Hindered 

PZEA 

I+II+III 

TMHDA 

Tertiary 

DMHDA 

Secondary  

MCA 

Secondary 

DMCA 

Tertiary 



CO2 capacity 

General knowledge (according to mechanism) 

• Primary/secondary amine: α ≈ 0.5  

• Tertiary amine: α ≈ 1  

• Impact: sterical hindrance  

• Compare: MEA, MDEA, AMP 

 

Structure influence 

• Branched structure  

• Potential to increase  

• α-Carbon branch 

 

 

 

 

• Polyamines 
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CO2 capacity 

General knowledge (according to mechanism) 

• Primary/secondary amine: α ≈ 0.5  

• Tertiary amine: α ≈ 1  

• Impact: sterical hindrance  

• Compare: MEA, MDEA, AMP 

 

Structure influence 

• Branched structure  

• Potential to increase  

• α-Carbon branch 

• Polyamines 

• e.g. BDA  

•      TETA 

• Increase α  

• Decrease per -NHx 

 

 

 

 

6 


 RNHCOORNHRNHCO 322 2


 33222 HCORNHOHRNHCO

NH2-(CH2)n-NH2 

n= 2 3 4 6 7 

NH2-(C2H4-NH)n-H 

2 3 4 

Data Source: Singh, 2009 



Absorption rate 

In general  

• Primary/secondary amine: fast  

• Tertiary amine: slow 

• Hindered amine: slow (depend)  

 

Structure influence 

•  Branched structure 

• Potential to increase   

• β-Carbon branch 
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MEA 

Primary 

DEA 

Secondary 

AMP 

Hindered 

MDEA  

Tertiary 

HO

NH2

OH

N

OH
NH2

HO

Slow 

DIPA 

Secondary 

DIBA 

Secondary 

DPA 

Secondary 

DBA 

Secondary 

DSBA  

Secondary 

3+3 4+4 3+3 4+4 4+4 Carbon 

Fast 



Regenerability 

Generally  

• Primary/secondary amine: low  

• Tertiary/hindered amine: high  

 

Alkanolamine vs. Alkylamine  

120+ oC   80-90 oC  

MEA (55%)  MCA (90%) 

MDEA (90+%)  DMCA (95+%) 

 

 

Liquid-liquid phase separation  
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Before 

regeneration 
During 

regeneration 

After 

regeneration 

Hydrophobic Hydrophilic 

higher polarity solvent lower polarity solvent 

+ CO2

- CO2

(+  HCO3
-)(H2O  +)

NH NH2
+ 

lower polarity solvent higher polarity solvent 

Switchable-polarity solvents 



Heat of absorption 

Absorption enthalpy  

• Primary > secondary > tertiary amine  

• Increase α  decrease ΔHab    
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α = 

30%wt amine solutions 

Qsen Qr Qstr Qlos Qsum 

MEA 0.9 1.8 1.1 0.2 4.0 

DMAE+

PZ 
0.6 1.4 1.0 0.2 3.2 

Target 0.5 1.2 0.6 0.1 2.4 

 TCFQ
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 HFQ
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vs teamstr
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0 5 10 15 20 25

MEA

DEA

MDEA

AMP

DMP

TMEDA

TMPDA

Oxidative

Thermal

Degradation 

Generally  

• Primary/secondary amine: reactive  

• Tertiary/hindered amine: stable 

 

IFP (Lepaumier) 

   II > I > III > hindered  

 

Rochelle  

• Cyclic amine:  

• e.g. PZ 

• Stable (<180oC) 
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HO

NH2
OH

N

OH

NH2
HO

Data Source: Lepaumier, 2010 

% 



Degradation 

Generally  

• Primary/secondary amine: reactive  

• Tertiary/hindered amine: stable 

 

IFP (Lepaumier) 

   II > I > III > hindered  

 

Relations between 

• Chemical stability 

• Reaction kinetics 

 

Solvent losses 

• Vaporisation  Environment  

• Degradation  Irreversible 
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AMP Blend DMCA MEA MCA
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  w/o Fe(II/III)

  w/ Fe(II/III)

DMCA+MCA+AMP 

N
H

2
H

O

H
O

N
H

2

Reactive 

Fast reaction kinetics 

Fast degradation 

Less reactive 

Slow absorption rate 

High chemical stability 



Viscosity 

Influence of η  

• Substituent: chain length 

• Linear    

• Branched/cyclic    

• e.g.  

 

 

 

 

 

 

• T    

• w   

• α  
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Liquid  

Inlet 

Liquid  

Inlet 

Electrical energy  

Pressure drop 

Mass transfer 



Wettability 

Various packing materials   (Alkanolamine vs. Alkylamine)  

• Surface tension (γ) 

• Contact angle  
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Summary  

Primary/Secondary amine:  

• Fast reaction kinetics, high degradability, high absorption enthalpy  

• Sterical hindrance: slower absorption rate & degradation, enhance CO2 loading   

• Secondary amine has a high potential to achieve both rapid absorption rate and 

high CO2 capacity (with minor sterically hindered effect) 

Tertiary amine:  

• Slow reaction kinetics, low degradability, low absorption enthalpy  

Alkylamine with its  

• switchable polarity  liquid-liquid phase separation behaviour upon heating 

Structural effects of substituents 

• hindered amine and cyclic amine (ring structure) typically exhibit a good 

chemical stability against thermal and oxidative degradations  

• a branch at α-carbon position  enhance CO2 capacity  

• a branch at β-carbon position  enhance absorption rate 

14 Ideal structure? 
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The Future of Ca Looping 
Technology 

E.J. Anthony 

Centre for Combustion and CCS 

School of Energy, Environment and Agrifood  



Pilot Scale Plant at Cranfield’s Centre for 
Combustion and CCS 

PF Combustion 



Estimate of Potential CO2 Emission 
Reductions by CCS from Industry in Europe 
(based on ZEP 2013) 



•© OECD/IEA 2013  

    A mix that is slow to change  

Growth in total primary energy demand  

Gas  

Coal  

Renewables  

Oil  

Nuclear  

    

1987-2011  

2011-2035  

500 1,000 1,500 2,000 2,500 3,000  (Mtoe) 

Today's share of fossil fuels in the global mix, at 82%, is the same as it was 25 years  
ago; the strong rise of renewables only reduces this to around 75% in 2035  



Ca and CLC Future 
Technologies? 

• A critical issue is deciding which 
technologies have a future and which 
do not and under what conditions – 
Solid fuels like coal, or gas?   

• If you make H2 from what source & how 
do you use it? 

• Lots of R&D and papers,  but are they 
making a significant difference and 
which ones make the difference? 

• Ca and CLC are the newest of the 
contenders 

Selecting the winners! 

Wang et al, Envir Sci & Tech, 2014 



Ca and Chemical Looping 

 

• These technologies are methods of removing CO2 from chemical 

environment or bringing ‘pure’ O2 to a chemical environment and they 

can be combined 

• They are developed to be competitive with amine scrubbing or oxy-fuel 

combustion! 

• The CO2 or O2 is transferred by particulate solid, which means that all 

such processes must occur at temperatures below ~1000°C 

• The goal is always the production of a pure stream of CO2 suitable for 

sequestration 



The basic set-up for Ca Looping 

FCaCO3

FCaO

CaCO3  = CaO + CO2   ΔH0 = 178 kJ/mol 

 

Log10PCO2 [atm] = 7.079 - 8308/T [K]  

 



• It also means that fluidized beds must be employed, 
because of the scale requirements! 

 

• Fluidized beds of sizes around 550 MWe are now 
being built 

• The key point of both technologies is that they look as 
if they can compete with amine scrubbing! 

Ca and Chemical 
Looping 



CLC and Ca Looping pilot 
facilities 

 Organisation Capacity & spec. Application & features 

CSIC, Spain 500 kWth; twin FB Different coal combustion; 
Fe based oxygen carrier 

Chalmers, Sweden 100 kWth Mexican pet.coke; Limenite 
based oxygen carrier 

TU Darmstadt, Germany 1 MWth – Ca and CLC Coal gasification; limenite; 

IFK Stuttgart, Germany 10 kWth; BFB &DFB Iron based oxygen carrier 

Western Kentucky Univ. 10 kW; fixed bed Ni and Cu based oxygen 
carrier 

Cenovus Eng. Inc. (plans to 
build by end of 2014) 

10 MW; DFB Ni based oxygen carrier 

CaOLing (finished 2013) 1.3 MWth Ca Looping Framework 6 
Demonstration 

Calix Project (finished  April 
2014) 

3 MWe High Press Ca Loop 
£5.8 million 

DECC Demonstration 



Alstom’s Concept 



C
a
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n
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to
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C
a

lc
in

e
r

Loop 

seals

Power plant 

coal storage

BoilerFlue gas 

conditioning

Site for 

1MW pilot 

plant

La Pereda” power plant and diagram of the carbonator and calciner 

reactors. 

 



Sorbent Deactivation 
1st carbonation

2 mm

a

2 mm

b

30th carbonation1st carbonation

2 mm

a

2 mm

b

30th carbonation

Sintering 

1st carbonation

2 mm

a

2 mm

b

30th carbonation1st carbonation

2 mm

a

2 mm

b

30th carbonation

Sorbent Decay 

During calcination (CaCO3 → CaO) 

 formation of CaO, having a pseudo-
lattice of calcium carbonate 
(rhombohedral) 

 recrystallization to calcium oxide lattice 
(face-centred cubic) 

 sintering to lower free energy lattice 
structure 

Abanades, J., Alvarez, D., Energy & Fuels 17 (2003), 308-315 

Grasa, G.S., Abanades, J.C., Ind. Eng. Chem. Res. 2006, 45, 8846-8851 
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Pelletization 

. 

Sorbent is pulverized (<75 micron), combined 

with a binder, and then formed into a pellet of 

suitable size for FBC 

 

Thermal treatment is necessary before injection 

into the FBC for conventional binders 

 

Spent sorbent can be re-activated and reused-

recycled 



Ca Looping – State of the Art 

• CO2 capture efficiencies 90% achievable in a CFB carbonator reactor 

operating with “standard” solids, bed inventories, gas velocities and 

solid circulation rates. 

• SO2 capture in the CFB carbonator is over 95%.  

• Initial results indicates that sorbent activity decay penalty less than 

expected. 

• The concept of post-combustion Ca-looping in continuous mode of 

operation has been successfully proven with two interconnected CFBCs 

at the MWth scale.  

 



CaOling Roadmap 



http://www.netl.doe.gov/file%20library/research/coal/carbon%20capture/abdul
ally-alstom-clc-prototype.pdf 

The Alstom Vision 



The Standard Bearer for Ca Looping – 
University of Darmstadt 



Ca Looping with Cement 
Manufacture 



Global Production of CaO from CaO Looping assuming the 

technology was used for all Coal Fired Plant together with data on 

cement production  

 
Region Coal-fired 

Electricity 

Generation 2009 

(TWh) 

Proposed Coal 

Fired Plant 

Capacity (GW) 

[1 GW 0.9 

TWh/y max.] 

Maximum Lime 

Production from Ca 

Looping on Current 

Coal-fired Power 

Generation (Mt/y) 

Maximum Cement 

Production from Ca 

Looping on  Current 

Coal-fired Power 

Generation (Mt/y) 

Cement Production 

2012 (Mt/y) 

UK 105 - 9 14 8.5 

US 1890 20 166 256 74.9 

China 2892 558 254 391 2,210 

India 615 519 54 83 270 





Combining Ca and CLC 



Additives to improve Ca Looping 
Sorbents 



Templating Sorbents 



Additive effects between most effective HBr 
dopant  

concentrations and 10% steam 

Carrying capacity of Longcliffe limestone over 13 cycles with and without steam and with 
and without dopant: 

Carrying capacities are in mol/mol of 
the calcined material 
 
The combined presence of steam and 
dopant significantly increased the 
carrying capacity of the sorbent 



High O2 Concentrations in a 50 
kWth CFB – 35% O2 



CaL modelling activities 

Figure 1: CaL integrated with secondary steam cycle 

1 

To investigate the integration opportunities, the following models have been built in Aspen 

Plus® allowing for a process-wide analysis: 

• 580 MWel (base-load) and 660 MWel (part-load) supercritical coal-fired power plants.  

• Calcium looping CO2 capture plant. 

• CO2 compression unit and cryogenic air separation unit. 

Preliminary integration study revealed that 

the efficiency penalty is 7 – 8% points.  

 

Current modelling activities include:  

• Parametric and multi-variable optimisation. 

• Heat exchanger network analysis. 

• 3-E (Energy, exergy, economic) analysis. 

• Advanced integration scenarios.  

• Alternative process configurations. 

Hanak D. P., Manovic, V., and Anthony E. J. (2014), "The Future of Ca Looping - A review of developments", IFSA 2014 Industrial Fluidization South Africa, pp. 

9-33. 

Hanak D. P., Biliyok, C., Anthony E. J., and Manovic, V.,  (2015), " A study of integration of calcium looping CO2 capture plant and coal-fired power plant", 7th 

International Conference on Clean Coal Technologies, Cracow.  



Conclusions 

• Both Ca and CLC have reached the “large” pilot scale level, and both 
have been shown to be functional technologies offering cheaper CO2 
separation 

 

• However, the next stage, full-scale demonstrations are now frozen due 
to inadequate government funding everywhere! 

 

• In the meantime R&D is continuing a pace in various centres to improve 
(and even combine) the two technologies but most developments are 
incremental! 

 

• More innovative strategies incorporating the technology with cement 
manufacture  or using high O2 levels in the calciner are  and need to be 
explored 
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The Problem (250 MWe Gas Turbine) 

Purge gas 

345 kg/s 

CO2 

Flue gas 

365 kg/s 

40˚C 

Lean amine 

720 kg/s 

Rich amine 
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52 kg/s 

154 MW 

30 MW 

121 MW 

53 MW 

8400 m2 

11300 m2 

240 m2 

1300 m2 
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The Problem (250 MWe Gas Turbine) 

2 x absorbers 

9.5 m diameter 

30 m tall 

regeneration 

column 

8.2 m diameter 

30 m tall 

Heat exchanger volumes based on plate and frame area/unit volume of 225 m2 m-3 

rich amine 

preheater 

50.2 m3 

reboiler for 

regenerator 

37 m3 
condenser for 

regenerator 

1.1 m3 

lean amine 

cooler  

5.8 m3 



UKCCSRC Biannual Meeting, Cranfield, 21st-22nd April 2015 

Process Intensification 

1981 - propanol-ethanol separation. The first 

industrial demonstration of process 

intensification 

 

40% reduction in capital costs 
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Process Intensification 

 

• High though put in a small volume. 

• Diameters 0.2 – 4.0 m. 

• 20 – 750 times gravitational 

acceleration. 

• Rate of mass transfer 10-1 kmols m3 s-1  

(HTU≈cm) 

• Residence times of 1-10 s. 

• Pressure gradient ≈ 500 Pa m-1 

 

Rotating Packed Bed (RPB) 
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Process Intensification 

 

• Extremely thin films (typically 50-

500 μm thick) 

• Excellent mixing characteristics 

due to high shear and surface 

waves. 

• Rates of heat and mass transfer 

are very high. 

• Convective heat transfer coefficient 

> 10 kW m-2 ˚C-1 

• Higher values for heat transfer 

during boiling/condensation. 

 

Spinning Disc 
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Process Intensification 

 

• Heat exchange area/unit volume of 

up to 1300 m2 m-3. 

- Shell and tube: 100 m2 m-3. 

- Plate and frame: 400 m2 m-3. 

• Convective heat transfer coefficient 

for liquid duty  7-10 kW m-2 ˚C-1 

 

 

Compact Heat Exchangers 

Pictures from www.heatric.com 
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Proposed Solution 

 Consortium of Hull, Imperial, Leeds and Newcastle 

awarded funding for: 

 

 

 

 Use rotating packed beds to reduce the size of mass 
transfer elements. 

 Use spinning discs for boiling heat transfer. 

 Use compact heat exchangers for the rich amine preheater 
and lean amine cooler. 

Process Intensification for Post-combustion Carbon Capture using 

Rotating Packed Bed through Systems Engineering Techniques 
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Proposed Solution 

rich amine 

preheater 

lean amine 

cooler 

condenser 

Absorber 

8 m diameter 

2 m tall 

130 rpm  

Regenerator-reboiler 

8 m diameter, 1 m tall 

130 rpm  
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Proposed Solution 
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Proposed Solution 

CO2 + 

steam 

lean amine 

rich amine 
LP 

steam 

condensate 

axis of rotation 

spinning disc 

reboiler 

rotating 

packed bed 

stationary 

rotor case 

 

 

 

This will be a challenge 
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Proposed Solution 

Increase MEA concentration from 30-80wt% 
- Reduction in the liquid flows. 

- Column diameters and heat exchanger sizes are reduced. 

- Viscosity of the amine solution is increased. 

 

                                 packed column                                          RPB 

 
Chen 2006 

 

30wt% MEA µ1 = 3 mPa s          80wt% MEA µ2 = 16 mPa s 

 

                                packed column                                          RPB 
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 Questions? 
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Membrane processes 
 Size/ 

nm 

10,000 

1,000 
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10 
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Particle filtration 
  

Microfiltration 
  

Ultrafiltration 
  

Nanofiltration 
  

Pervaporation 
  

Reverse osmosis 
  

Vapour permeation 
  

Gas separation 

Suspensions 
  

Emulsions 
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Macromolecules 
  

Liquid mixtures 
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process 
Example 
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Membrane materials 
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Requirements 
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Requirements 
  

Selectivity 
  

Productivity (permeability, flux) 
  

  

Trade-off 

Membrane materials 



Requirements 
  

Selectivity 
  

Productivity (permeability, flux) 
  

Processability 
  

Mechanical properties 
  

Chemical / thermal stability 
  

Long-term performance (resistance to ageing, fouling…) 

Trade-off 

Membrane materials 



Post-combustion CO2 capture 

Low concentration 

1015% CO2 in N2 

 

Large volume 

600 MW coal-fired power station produces  

10,000 tonnes CO2 per day 

 

Low pressure  

 



Post-combustion CO2 capture 

Low concentration 

1015% CO2 in N2 

 

Large volume 

600 MW coal-fired power station produces  

10,000 tonnes CO2 per day 

 

Low pressure  

 

Cannot get high purity and high recovery  

using a single-stage membrane process 



MTR CO2 capture process 



MTR CO2 capture process 

Pre-concentrated CO2, 

reduces membrane area and power 



MTR CO2 capture process 

Air sweep, 
no compression  

or vacuum 



Test system at  

National Carbon Capture Centre (NCCC) 



High CO2 permeance is necessary  

to reduce cost  



Polymers of Intrinsic Microporosity 

Flexible polymer 

chains can  

rearrange 

Rigid polymer 

chains  

pack together 

Rigid, contorted  

polymer chains 

cannot fill space 



Polymers of Intrinsic Microporosity 

Molecular 

sieve 



PIM-1 5,5’,6,6’-tetrahydroxy- 

3,3,3’,3’-tetramethyl- 

1,1’-spirobisindane 

tetrafluoro- 

terephthalonitrile 

K2CO3  

dimethylformamide 

65 ºC 

PIM-1 

P.M. Budd et al.,  

Chem. Commun.,  

2004, 230. 

Kadhum Msayib 



Gas separation 
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O2 permeability / Barrer

Robeson 1991

Various polymers

PDMS

PTMSP

Teflon AF2400

PIM-1

PIM-1 after MeOH

P.M. Budd et al.,  

J. Membr Sci., 2005, 252, 263;  2008, 325, 851.   



Gas separation 

P.M. Budd et al.,  

J. Membr Sci., 2005, 252, 263;  2008, 325, 851.   
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Gas separation 

P.M. Budd et al.,  

J. Membr Sci., 2005, 252, 263;  2008, 325, 851.   
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PIM-1 

+ 

Inorganic 

porous 

materials 

Metal- 

organic 

frameworks 

Organic 

cage 

molecules 

Organic 

polymer 

frameworks 

Carbons 

Silicalite 
C.R. Mason et al., 

Polymer, 

2013, 54, 2222. 

Uni. Manchester 

Uni. Calabria 

ITM-CNR 

ICT Prague 

ZIF-8 
A.F. Bushell et al., 

J. Membr. Sci., 

2013, 427, 48. 

Uni. Manchester 

TIPS-RAS 

ITM-CNR 

ICT Prague 

Cage-3 
A.F. Bushell et al., 

Angew. Chem.  

Int. Edn., 

2013, 52, 1253. 

Uni. Manchester 

Uni. Liverpool 

ITM-CNR 

PAF-1 
C.H. Lau et al., 

Angew. Chem.  

Int. Edn., 

2014, 53, 5322. 

CSIRO 

Uni. Colorado 

Monash Uni. 

Nanotubes 
M.M.Khan et al., 

J. Membr. Sci. 

2013, 436, 109. 

HZG 

Mixed matrix membranes 



PIM-1 / carbon nanotubes 

Helmholtz-Zentrum Geesthacht 

M. Khan et al., Nanoscale Res. Lett., 2012, 7, 504.  

MWCNTs functionalised with PEG 

PIM-1 

0.5 wt% f-MWCNTs 

1 wt% f-MWCNTs 

3 wt% f-MWCNTs 

2 wt% f-MWCNTs 



PIM-1 chains tend  

to align themselves  

parallel to graphene sheets. 

A. Gonciaruk et al.,  

Micropor. Mesopor. Mater., 2015, 209, 126. 

PIM-1 / graphene 



PIM-1 / cage CC3 

CC3 windows ca. 0.6 nm 

T. Tozawa et al., Nat. Mater., 2009, 8, 973. 

J.T.A. Jones et al., Nature, 2011, 474, 367.   



PIM-1 / cage CC3 

T. Tozawa et al., Nat. Mater., 2009, 8, 973. 

J.T.A. Jones et al., Nature, 2011, 474, 367.   

CC3 packs window to window in crystal structure, 

generating an interconnected pore network. 



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

(1) In-situ crystallization of porous imine 

cage-3R (CC3) from molecular solution. 
  



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

(1) In-situ crystallization of porous imine 

cage-3R (CC3) from molecular solution. 
  

(2) Dispersion of preformed  

 racemic CC3 nanocrystals (nanoCC3). 
  



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

(1) In-situ crystallization of porous imine 

cage-3R (CC3) from molecular solution. 
  

(2) Dispersion of preformed  

 racemic CC3 nanocrystals (nanoCC3). 
  

(3) Reduced, non-porous amine form  

 of CC3 (redCC3). 



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

PIM-1/CC3 

wt. ratio 10:2 

wt. fraction 0.17 

PIM-1/nanoCC3 PIM-1/redCC3 



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

In-situ 

crystallization 



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

In-situ crystallization 

100

1,000

10,000

100,000

0 0.05 0.1 0.15 0.2 0.25

P
/ 
B

a
rr

e
r

Weight fraction of cage

CO2

N2

Ethanol-treated membranes 



PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

In-situ crystallization 
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PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

In-situ crystallization 
Pre-formed nanocrystals 
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PIM-1 / cage CC3 

A. Bushell et al., Angew. Chem. Int. Ed., 2013, 52, 1253.   

Ageing 
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Ageing 
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Ageing 



PIM-1 / PAF-1 

C.H. Lau et al., Angew. Chem. Int. Ed., 2014, 53, 5322.  

CSIRO Division of Materials Science and Engineering;  

University of Colorado; Monash University; Australian National University 

“Ending aging” in super glassy polymer membranes 
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2013 CCS Roadmap: Key findings 
 CCS is a critical component in a portfolio of low-carbon energy 

technologies, contributing 14% of the cumulative emissions 
reductions between 2015 and 2050 compared with business as 
usual.  
 

 The individual component technologies are generally well 
understood. The largest challenge is the integration of 
component technologies into large-scale demonstration projects. 
 

 Incentive frameworks are urgently needed to deliver upwards of 
30 operating CCS projects by 2020. 
 

 CCS is not only about electricity generation: 45% of captured CO2 
comes from industrial applications between 2015 and 2050.  

 

 The largest deployment of CCS will need to occur in non-OECD 
countries, 70% by 2050. China alone accounts for 1/3 of the 
global total of captured CO2 between 2015 and 2050. 
 

 The urgency of CCS deployment is only increasing. This decade is 
critical in developing favourable conditions for long-term CCS 
deployment.  

 

 

 



CCS is the only large-scale mitigation option for many industrial sectors. 

Tracking Clean energy Progress report 2013, industry-CCS annex 
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ThyssenKrupp Steel Europe 

Workshop CCS IEAGHG / VDEh 
8. - 9. November 
Prof. Dr. Gunnar Still 
15 

2 Coke Plant Batt 

 3 Hot Rolling,  
3 Cold Rolling, 
div. Annealing 

etc. 

2 BOF Shops 

4 Blast Furnaces 

6 Power Plants 

Coal 

Coke 

CO2 

CO2 

CO2 
CO2 

CO2 

external 

BF Top Gas 

30% 
48% 

11% 

~2% ~9% 

<0-1% 

1% 

0,1% 

9% 

74% 4% 

Carbon in  

liquid phase 

Coal- 

injection 

BOFgas Cokeovengas 

x% 

y% 

CO2-emissions 
Absolut Part /t-CO2 

CO2-source 
% Carbon Input 

ThyssenKrupp Steel Europe – Main CO2-Emitters 

(schematically) 
up to 20 mio t CO2 p.a. 



Challenges & Opportunities of CCS in the Iron & Steel Industry, IEA-GHG, Düsseldorf, 8-9 November 

2011 

16 

Coal & sustainable biomass Natural gas Electricity 

Revamped BF Greenfield Revamped DR Greenfield 

ULCOS-BF HIsarna ULCORED ULCOWIN 

ULCOLYSIS 

Pilot tests (1.5 t/h) 

Demonstration  

under way 

Pilot plant (8 t/h) 

start-up 2010 

Pilot plant (1 t/h) to 

be erected in 2013?  

Laboratory 

The 4                   process routes 



563 Nm3
900oC

Raw Materials

BF Slag

CO2 Capture & 
Compression Plant

OBF Process Gas 
Fired Heaters

Hot Metal

Natural Gas

OBF Process Gas

OBF-PG to 
Steel Works

PCI Coal

Oxygen

OBF Top 
Gas

1000 kg
1470oC

Carbon Dioxide

152 kg

235 kg

Flue Gas

Top Gas Cleaning

352 Nm3

BF Dust

BF Sludge

Air

15 kg

4 kg

253 Nm3

205 Nm3
41oC

332 Nm3 18 Nm3

938 Nm3

1385 Nm3

867 kg

171 Nm3

Coke 253 kg
Sinter 1096 kg (70%)
Pellets 353 kg (22%)
Lump  125 kg (8%)
Limestone 6 kg
Quartzite 3 kg

Steam
2.0 GJ

DRR: 11%
FT: 2140oC
TGT: 170oC
HM Si: 0.5%
HM C:4.7%

OBF Screen 
Undersize
21 kg

Nitrogen
5 Nm3

Nitrogen
5 Nm3

CO2 avoided $56/t 
(based on average coking coal price of ~$175/t) 



By firing H2 fuel instead of 

NG/light HC, CO2 Capture of 

~90% could be achievable 

for options #1 and #2. 





• Repsol SMR Plant (67,000 Nm3/h H2) 

• Operational since 2002 

• ~60,000 TPD of CO2 captured via 

MDEA from syngas for food market 

Picture from Air Products 



Data from CONCAWE 2011 







Contact me at:  john.gale@ieaghg.org  

Website: 

 

LinkedIn: 

 

Twitter: 
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http://www.ieaghg.org/
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A NERC perspective of  CCS  
UKCCSRC Spring Biannual Meeting 

Dr. Chris Franklin cfr@nerc.ac.uk 

Cranfield, 22 April 2015 

1) RCUK Energy Programme 

2) NERC Strategy 

3) CCS and the environment 

mailto:cfr@nerc.ac.uk


• The Research Councils 
working together to plan, 
develop and deliver energy 
research and training within a 
common strategic framework. 
 

• Brings together all our 
energy-related activities. 

 

• High level input from a 
Scientific Advisory 
Committee: industry, 
academic, InnovateUK (TSB),  
DECC & BIS representation. 

BBSRC 

STFC 

EPSRC 

ESRC NERC 

Working 
together 

across the 
Councils to 
plan and 
support 
energy 

research 
and training 

TSB 

Research Councils UK 
 Energy Programme  



Annual Expenditure on 
energy 
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Energy Programme 



Energy Programme Data 

£3,117,340, 3% 
£1,128,960, 1% 

£10,551,093, 10% 

£7,958,051, 7% 

£1,131,000, 1% 

£311,258 
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£3,483,948, 3% 
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£5,544,706, 5% 

£3,847,615, 4% 
£25,223 £111,540 
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£4,605,000, 4% 
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Whole systems

2008-09 



Energy Programme Data 

£5,998,274, 3% 
£3,530,271, 2% 
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£995,484, 1% 
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£11,937,786, 6% 

£11,237,071, 6% 307177.89 
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Fission power
Whole systems



 

To place environmental 
science at the heart of 

responsible management 
of our planet 

 

 

    Energy is a priority sector 

Resource security 
and supply 

NERC’s strategy 



Benefiting from Natural Resources 
Using natural resources sustainably to support a growing 
world population and economy 
 

Resilience to Environmental Hazards 
Making vulnerable people, infrastructure and business 
more resilient to environmental hazards and emergencies  
 

Managing Environmental Change 
Making informed choices about our impacts on the 
environment and how we respond to environmental 
change  

Meeting societies needs 



NERC Centres & Facilities 

http://upload.wikimedia.org/wikipedia/en/5/5b/Protein_pattern_analyzer.jpg


The science goal is to quantify the risks and understand the 
response of marine and terrestrial ecosystems to CO2 leakage. 
 
Research will: (a) improve understanding and prediction of 
CO2 leakage risk in aquifers (especially saline aquifers) and 
to the seabed. (b) Improve techniques to monitor the fate of 
dissolved CO2 in aquifers at appropriate time and space scales 
so we can evaluate better the modelled storage processes and 
predict what happens to the CO2 (chemical reactions, rock 
interactions, leakage) once stored. (c) Understand ecosystem 
vulnerability to CO2 leakage using natural analogues and/or 
controlled experiments. 

Sustainability of Carbon Capture 
and Storage (2009-2014) 



• Valuing Natural Capital in Low Carbon Energy Pathways 
(2014 – 2019) 

• £1.9M, one multidisciplinary consortium, 4-5 associated 
studentships  

• Aim:  to understand the implications for natural capital and 
the provision of ecosystem services of low carbon energy 
economy pathways compatible with the UK’s goal of cutting 
greenhouse gas emissions by 80% by 2050. 

 
UKERC Phase 3: Challenge 1 

 



• Carbon Capture and Storage (2009-2014) £3.9M, co-funded 
by EPSRC  
– Science goal to quantify the risks and understand the 

response of marine and terrestrial ecosystems to CO2 
leakage. 

– Two consortia funded:  i) Quantifying and Monitoring 
Potential Ecosystem Impacts of Geological Carbon 
Storage;  ii) Predicting the fate of CO2 in geological 
reservoirs for modelling geological carbon storage 
 

• Radioactivity and the Environment (2013-2018), 8.6M, 
co-funded by RWM and EA with STFC Challenge 
Networks 

– Radionuclides and pathways in deep geological disposal; 
pathways to human and wildlife exposure 

– Three consortia projects with Capacity building   
   

Rock-Fluid Interactions 



FAPESP-NERC Sustainable Gas 
Futures Programme Goals 

• Develop new methodologies to characterise, explore, analyse and assess the 
role of gas in current and future energy systems, considering both economic 
and environmental sustainability indicators. 

• Deliver alternative views of the future of gas in low carbon energy systems, 
and to identify key sustainable technologies within those futures 

•  Engage with current and possible future technology options throughout the 
gas value chain and across competing and synergistic energy vectors and 
technologies, to ensure that the analysis is grounded in engineering options in 
particular the synergies and differences between the UK and Brazil in gas. 

•  Capacity building through a whole systems energy approach to address 
Ecosystem Services  across energy technologies associated with the 
development of a sustainable gas future 

• Develop common learning and understanding of the future of gas in both 
countries and worldwide. 



• In 2014 Autumn statement the Chancellor announced £31m funding to 
NERC for ESIOS, which will provide sub-surface test centres. 

• ESIOS will provide an opportunity to improve our understanding of the 
UK's underground environment and will ensure it is closely monitored. 

• NERC is currently working towards establishing a project board which, 
among other things, will develop a full science case and a stakeholder 
engagement plan. 

 
Energy Security and Innovation 

Observing System (ESIOS) 
 



EPSRC/NERC interface 

• Injection of CO2 & injection sites, e.g. cap rock.  [Injection EPSRC, cap rock NERC] 
• Monitoring, measurement and verification.  [Depends on focus] 
• Modelling e.g. of reservoirs.  [Generally NERC, fluid dynamics EPSRC] 
• Enhanced oil recovery.  [Usually EPSRC] 
• Behaviour and migration of trapped CO2.  [NERC] 
• Permeability and porous media.  [Usually NERC] 
• Pore scale studies.  [Probably NERC] 
• Capture and transport.  [EPSRC] 
• Whole systems modelling.  [Depends on focus] 
• Storage and environmental aspects of CCS.  [NERC] 

 

 Use the remit enquiry service if you are not sure which council to submit to: 
http://www.epsrc.ac.uk/funding/howtoapply/basics/remit/remitqueries/ 

http://www.epsrc.ac.uk/funding/howtoapply/basics/remit/remitqueries/


Thank you 

http://www.nerc.ac.uk/ 



Engineering outputs of an industrial CCS 

network in Teesside 

 

Sarah Tennison 

@Teescollective 

www.teessidecollective.co.uk 

info@teescollective.co.uk  

http://www.teessidecollective.co.uk/




SSI - Europe’s second largest 

Blast Furnace 

 

• Total site emits 7.1million tonnes of CO2 per 

year 

• After optioneering 3 concepts selected for 

further study: 
1. Post combustion capture on the flue gas from new 

power station fueled by blast furnace gas – 1.6million 

tonnes captured 

2. Pre-combustion capture from entire blast furnace gas 

– 2.1million tonnes captured  

3. Pre-combustion capture from excess blast furnace 

gas and BOS gas – carbon converted to H2 and CO2 

in shift reaction – 2.2million tonnes captured 



Comparison of options 



Growhow – 35% of UK’s 

fertilisers 

• Produces CO2 as part of process, sells to 

Greenhouses and Drinks industry 

• Average of 375,000 tonnes of CO2 per year  

• New 100barg compression plant required 

(2 x 50tonne/hr compressors) 

• Proven technology from existing suppliers 

• No operation or integration issues identified 



Compressor Compound 

 

 



BOC Linde - UK’s largest Steam 

Methane Reformer 

 

• 305,000  tonnes of CO2 captured 

• Conventional Amine Process on flue 

gas from SMR 

• No significant impact on the 

hydrogen plant 

• Significant power consumption – 

5.9MW 

Reformer CCP 

Core 

Plant 

PSA 

CCP Utilities 



BOC Layout 
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Lotte - Produces enough PET for 

15billion drinks bottles every year 

 

• 50,000 tonnes of CO2 captured 

• Amine capture solution selected 

• Pre-designed amine units 

available – American – no 

European pricing available 

• 90% CO2 captured 

New 

Plant 



Lotte Chemicals Layout 



Onshore network 

• 5 and 15million tonnes per year capacity pipe studied  

• 100 barg from capture units with specified CO2, transport at dense phase 

• Constraints identified to generate route: 
– Environmental 

– NG NTS Feeder 

– Populations 

– Access to suitable shore landing 

– Rail and road crossings 



Initial spine and extensions 

  



Booster Station to Offshore Routes 

Booster 

Station 

Booster 

Station 

Cleveland 

Golf 

Club 

Cleveland 

Golf 

Club 

SSI 

CCS 

SSI 

CCS 

Hot 

Metal 

Line 

Hot 

Metal 

Line 



Offshore network 

• Two destinations: 

• National Grid’s 5/42 / Bunter 
– 154km  

– 3 pipeline crossings, 3 

communication crossings, 3 

electrical transmission cable 

crossings, submarine exercise area. 

– 5mt/yr = 18in.  15mt/yr = 24in 

• Captain 
– 433km  

– 4 pipeline crossings  

– 5mt/yr = 20in. 15mt/yr = 30in 



Thank you 
 

Sarah Tennison 

@Teescollective 

www.teessidecollective.co.uk 

info@teescollective.co.uk  

http://www.teessidecollective.co.uk/


Understanding and 
predicting CO2 properties

Richard Graham 
Tom Demetriades, Alex Cresswell, Martin Nelson, 

Richard Wilkinson and Simon Preston 
School of Mathematical Sciences, University of Nottingham.



Potential applications: Avoiding pipeline 
issues

Two-phase 
flow

Jet

Snow/ dry ice

Pipe rupture
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Mixture modelling 
CO2+N2 



Uncertainty quantification

  



Uncertainty quantification



Uncertainty quantification

Economic 
recovery!



Uncertainty quantification

Huge 
uncertainty!
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Introduction to non-
parametric methods

•Model for pressure against volume, 
as with an equation of state. 
•However, no need to specify terms or 
parameters 
•Model ‘learns’ the P(v) functional form 
from the measurements
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Molecular simulation
Computer	  model	  of	  
individual	  molecules	  within	  a	  
small	  box	  of	  fluid.

Can	  predict:	  
•Pressure-‐volume	  
•Coexistence	  
•Effect	  of	  impurity	  
•Most	  other	  quanBBes	  of	  
interest	  

Can	  be	  used	  where	  
experiments	  are	  unavailable?

Can	  be	  used	  to	  derive	  an	  
EquaBon	  of	  State?



Bubble point comparison 
CO2 + 5%H2 

Phase boundary 
measurements 
by Jie Ke, Mike 

George et al
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Fault Seals Controls on CO2 storage 
Phase 1 project update 

 
John Williams1 & Gareth Johnson2 

1British Geological Survey, 2University of Edinburgh 



© NERC All rights reserved 

1. Captain Sandstone 

• Mapping of faults in relation to in situ stress field 

Pore pressure and stress 

magnitudes 

Stress orientations 



© NERC All rights reserved 

2. Netherlands shallow gas 

• Shallow gas within the Cenozoic succession offshore the 

Netherlands is commonly expressed as amplitude anomalies 

on seismic reflection data 

• Many of these are observed to be coincident with faulting, 

and it has been suggested that faulting has allowed leakage 

of natural gas from depth 

• We aim to offer evidence to suggest why these faults 

appear to represent fluid flow pathways? 

• What are the implications for North Sea aquifer storage? 

 

• Examples of seismic cross-sections showing seismic anomalies 

associated with faulting above salt domes mapped for this 

project 

• Shallow gas anomalies (often stacked) are coincident with 

faulting in many cases 
 
 

• Potential migration routes between anomalies and source rocks 

observed in most cases (such as down-dip salt withdrawal etc.) 
 

• Morphology of faults tend to be similar. Faults dip at ~60° 

through upper parts of Cenozoic, dipping at lower angles 

beneath the Mid-Miocene Unconformity (overpressured) 
 

• Faults extend vertically to, or at least near to the seabed, which 

suggests they have been active in relatively recent times 
 

• In at least one case, anomalies occur around fault intersections, 

thought to be areas of stress concentration 
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3. Fizzy/Oak gas fields 

• Naturally occurring gas fields in UK with high CO2 contents 

• Fields are fault-bounded demonstrating that these faults form 

effective barriers to CO2 

 

• Fault seal analysis undertaken to evaluate sealing nature of 

faults 

• Cross-fault juxtaposition 

• Geomechanical stability 

• Difference between methane and CO2? 

• Fizzy field structure is under-filled relative to closure 

• Field-bounding fault is sealing to CO2, but potential reservoir-reservoir 

juxtaposition may have limited the fill 

• Fault is stable geomechanically (little risk of reactivation) 

• Published literature data (IFT, wettability, contact angle) used to 

calibrate the observed column against expected height 

• Initial results suggest conditions are such that any further gas fill 

(50% CO2) would result in cross-fault leakage 

• Applicability to faulted aquifer cases? 



Multiphase flow modelling for hazard 

assessment of dense phase CO2 

pipelines containing impurities 

Dr Solomon Brown, Dr Sergey Martynov, Prof Haroun Mahgerefteh 

 

Department of Chemical Engineering,  

University College London, London, UK 

 

UKCCSRC Biannual Meeting 

21-22 April 2015, Cranfield 
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CO2  pipeline transportation – hazards 

At concentrations higher than 10%, CO2 gas can cause severe injury or death 
due to asphyxiation. 

  

In case the of accidental leakage/ release of CO2 from a pipeline: 

• the CO2 gas can accumulate to potentially dangerous concentrations in 
low-lying areas, 

• the released cloud could cover an area of several square kilometres. 

Courtesy of Laurence Cusco, HSL 
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CO2  pipeline transportation – hazards cont. 
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P T3 P T3 P T3 P T3 

12m 6m 12m 6m50 

High speed camera 
HD camera 

T 2F+T T T 

CO2Quest experimental facilities 
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Full bore rupture 

Puncture release 

Video recording during release 
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Pressurised CO2 

Rupture 

plane: 1 atm 

• At the rupture plane the fluid is exposed to ambient air 

• Following the rupture, the rarefaction wave starts propagating along the 

pipe 

• The vapour phase emerges in the expansion wave 

• Due to rapid cooling of the fluid in the decompression wave, the solid 

phase may also be released from the pipe 

 

Physics of decompression 



Mathematical model -Pipeline discharge 

where  ρ, u, P, H, z and E are the density, velocity, pressure, total 
enthalpy, vapour quality and total energy of a two-phase fluid mixture 
as function of time t and space x. 

Homogeneous Relaxation Model 

Mixture 

𝜕𝜌𝑚𝑖𝑥𝑧

𝜕𝑡
+
𝜕𝜌𝑚𝑖𝑥𝑢𝑚𝑖𝑥𝑧

𝜕𝑥
= 𝑆𝑧 

𝜕𝜌𝑚𝑖𝑥𝑢𝑚𝑖𝑥

𝜕𝑡
+
𝜕𝜌𝑚𝑖𝑥𝑢𝑚𝑖𝑥

2 + 𝑃

𝜕𝑥
= 𝑆𝑢 

𝜕𝜌𝑚𝑖𝑥𝐸𝑚𝑖𝑥

𝜕𝑡
+
𝜕𝜌𝑚𝑖𝑥𝐻𝑚𝑖𝑥

𝜕𝑥
= 𝑆𝑒 

𝜕𝜌𝑚𝑖𝑥

𝜕𝑡
+
𝜕𝜌𝑚𝑖𝑥𝑢𝑚𝑖𝑥

𝜕𝑥
= 𝑆𝜌 

Balance equations: 
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This works reasonably well… 



Mathematical model -Pipeline discharge 

where α is the volume fraction as function of time t and space x. 

Characterisation of 
these terms is 
difficult 

Two-Fluid Model 

 

 

 

Vapour 

Liquid 
𝜕𝛼𝑖𝜌𝑖
𝜕𝑡

+
𝜕𝛼𝑖𝜌𝑖𝑢𝑖
𝜕𝑥

= 𝑆𝜌 

𝜕𝛼𝑖𝜌𝑖𝑢𝑖
𝜕𝑡

+
𝜕𝛼𝑖𝜌𝑖𝑢𝑖

2 + 𝛼𝑖𝑃𝑖
𝜕𝑥

= 𝑃𝑖
𝜕𝛼𝑖
𝜕𝑥

+ 𝑆𝑢 

𝜕𝛼𝑖𝜌𝑖𝐸𝑖
𝜕𝑡

+
𝜕𝛼𝑖𝜌𝑖𝐻𝑖

𝜕𝑥
= −𝑃𝑖𝑢𝑖𝑛𝑡

𝜕𝛼𝑖
𝜕𝑥

+ 𝑆𝑒 

𝜕𝛼𝑣
𝜕𝑡

+ 𝑢𝑖𝑛𝑡
𝜕𝛼𝑣
𝜕𝑥

= 𝑆𝑖 

Balance equations: 
 



Inter-phase heat transfer model: 

 

Inter-phase mass transfer model: 

 

Inter-phase heat and mass transfer 

𝑞𝑣
𝑖 =

1

𝜏
𝐴𝑖𝑛𝑡 𝑇𝑠𝑎𝑡 − 𝑇𝑣  

𝑞𝑙
𝑖 =

1

𝜏
𝐴𝑖𝑛𝑡 𝑇𝑠𝑎𝑡 − 𝑇𝑙  

Γ𝑣 = −Γ𝑙 =
𝑞𝑙
𝑖 + 𝑞𝑣

𝑖

ℎ𝑠𝑎𝑡,𝑣 − ℎ𝑠𝑎𝑡,𝑙
 

These are both governed by the relaxation time scale 𝜏  

 

Simple models for the heat and mass transfer are applied. 
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Pressurised CO2 

Rupture 

plane: 1 atm 

HRM Two-Fluid mode 

Switching between the models 

http://www.ucl.ac.uk/


Coupled model results 
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Solomon Brown 

University College London 

Gower Street, London,  

United Kingdom 

Tel: +44-2076793809 

Thank you 
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Naylorc, A Brucec 

a School of Marine Science and Technology, Newcastle University 
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Flexibility Issues in CCS Networks: 

Initial findings from the FleCCSNet 

project 

UKCCSRC Spring Biannual Meeting, Cranfield 

University, 22nd April 2015 Dr Hamed Aghajani 



Dr Hamed Aghajani 

Onshore Scenarios 
Capture point Onshore pump station 

Capture point 1 

Onshore pump station 

Capture point 2 

Capture point 1 Onshore pump station 

Capture point 2 

. 

. 

. 

Capture point 10 

UKCCSRC Spring Biannual Meeting, Cranfield 

University, 22nd April 2015 



Dr Hamed Aghajani 

Modelling assumptions for 

dense phase pipeline 

Pipeline lengths: 15, 50, 100, 150km 

Inlet Pressures: 110, 150 bara 

UKCCSRC Spring Biannual Meeting, Cranfield 

University, 22nd April 2015 
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Load Types 

Mass Flow Rate to the Pipeline Inlet 

  

 

Time (Min) 

Mass Flow Rate to the Pipeline Inlet 

   

 
Time (Min) 

Ramp-up 

 

Time (Min) 

 

Ramp-down 

Steady flow 

Kg/s 

Minimum flow 
rate before shut 
down? 

? 

? ? 
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Effects of valve shut down 

timing 
Capture point 

Onshore pump station 

1 

0  
Time (Min) 

5 Sec 

100  55 

1 

0 
Time (Min) 

5 Sec 

100  80  
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Result; Synopsis 

p 
T 
U 
𝜌 
 
 
 



UKCCSRC Spring Biannual Meeting, Cranfield 

University, 22nd April 2015 Dr Hamed Aghajani 

Summary 

Explored dense phase CO2 transportation for Period-1 and Period-2 
under flexible operation conditions. 
 
Investigated the linepacking capability of the pipeline, and the 
drawn conclusions regarding the optimum shutdown time of the 
inlet valve and outlet valve. 
 
In the network of Period-2 type, the effects of differences in the 
load profiles and also the effect of different load profile timings 
between the two emitters on the flow pattern in the network are 
under consideration. 



UKCCSRC Spring Biannual Meeting, Cranfield 

University, 22nd April 2015 Dr Hamed Aghajani 

Announcement 

2nd Workshop on the achievements and progress of 

Flexible CCS Network Development 

 

 

Monday      18 MAY 2015 
 
Newcastle University,  

School of Marine Science and Technology 

 
Please get in touch: 

Dr. Julia Race            julia.race@strath.ac.uk 

Dr. Ben Wetenhall  ben.wetenhall@newcastle.ac.uk 

Dr. Hamed Aghajani  hamed.aghajani@ncl.ac.uk 

mailto:julia.race@strath.ac.uk
mailto:Ben.Wetenhall@newcastle.ac.uk
mailto:hamed.aghajani@ncl.ac.uk


Experimental Investigation with PACT 
facility and CFD modelling of oxy-coal 
combustion with recycling flue gas 
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H. Liub, C. Snapeb, C. Sunb 
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• The Project 

• 0.25MWth combustion test facility 

• Results- discussions 

• Summary 
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0.25MWth PACT Facility- upper level 

Heating Element for 

Oxidants 

Combustion modules 

of the furnace 

Flue Section 

Cyclone Separator 
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0.25MWth PACT Facility- bottom level 

Combustion modules of the 

furnace- bottom level 

Coal feeder 

Control Panel 
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0.25MWth PACT Facility-NO inj. skid 

NO injection skid- safety relief 

valve, shut off valve 

NO injection metered 

skid 
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0.25 MWth PACT Facility -Burner 

3D geometry burner 

Split 

Position- mm 

Secondary 

Split, % 

Tertiary 

Split, % 

0 100 0 

8 85 15 

28 48 52 

39 45 55 

49 30 70 

65 0 100 

0  8   28  39 49 65 mm 

1- Black, S. (2014) CFD modelling of oxy-fuel combustion for carbon capture. PhD thesis, University of Leeds. 

2- Szuhanszki, J. (2014) Advanced oxy-fuel combustion for carbon capture and sequestration. PhD thesis, University of Leeds. 
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NO Injection- Primary Air 

1- Black, S. (2014) CFD modelling of oxy-fuel combustion for carbon capture. PhD thesis, University of Leeds. 

2- Szuhanszki, J. (2014) Advanced oxy-fuel combustion for carbon capture and sequestration. PhD thesis, University of Leeds. 
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NO injected in Primary, mg/MJ 

39 mm split (Theoretical expected NO)

39 mm split (Sec45: Ter 55)- Residual of injected NOx in flue

39 mm split (Sec45: Ter 55)- NOx Coal baseline

NO destruction ~ 100% 
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NO Injection- Air (Prim.+Sec.+Ter) 
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NO destruction ~ 86% 
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NO Injection- Oxy 28% 
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NO injected in Secondary+Tertiary, mg/MJ 

39 mm split (Theoretical expected NO)
39mm split (Sec 48: Ter 52)-NOx coal baseline
39 mm split (Sec45: Ter 55)- Residual of injected NOx in flue

NO destruction ~ 75% 
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Summary 
• Achievements 

• Installation and commissioning of the NO injection skid. 

• Optimization of the combustion test facility i.e. flows; emissions; combustion efficiency 

 

• Results 

• 100% NO destruction of the injected NO in Primary air stream 

• Overall 85% NO destruction in all air streams. 

• An overall 75% NO destruction- Oxy 28% 

 

• Work in progress 

• (NO injection in Oxy 25, 31% ; 2D flame imaging; In-flame measurements; NO 

injection in recycle flue gas). 

• The validation of the CFD results is under progress. 

 

 



28/04/2015 © The University of Sheffield 

Acknowledgements 
• The project investigators would like to acknowledge the financial support 

of the UK CCSRC to the project.  

• The in-kind supports of the industrial partners are also greatly 

appreciated by the project investigators. 

 

 

 



28/04/2015 © The University of Sheffield 

Thanks 



Dr. Stéphanie Foltran 

Dr. Jie Ke 

Norhidayah B. Suleiman 

Prof. Sir Martyn Poliakoff and Prof. Mike W. George 



Context: CO2 transport by pipeline  
 Captured CO2 will contain small percentages of impurities 

including gases such as N2, H2 or Ar and water* 

 Understanding the phase behaviour of CO2-rich mixtures 

is crucial 

 CO2 + any H2O must be 
in a single phase If not… 

Corrosion  

2 

*de Visser et al., Int.J.Greenh Gas Cont Vol.2, 2008, p.478. 



Aim of our project 
 To establish the solubility limit of water in impure CO2 

to ensure the safety of pipelines 

 

Strategy 
 Using two independents methods 

 

FTIR spectroscopy method* 

  
oWater highly absorbing in infrared; 

oLong experience in the group 

coupling IR to high pressure device. 

Karl Fischer titration method 

In Progress (Call 2) 

oInvestigate lower temperatures. 

oConfirm the results obtained by FTIR; 

*S. Foltran, M.E. Vosper, N.B. Suleiman, A. Wriglesworth, J. Ke, T.C. Drage, M. Poliakoff, M.W. George, Int. J. 

Greenh.Gas Control, 35, (2015), p.131. 
3 

3 

(Call 1) 



High pressure FTIR spectroscopic approach 

N2 N2 

CO2 CO2 

Gas mixer 

4 



Concentration of water in CO2 mixtures 

 H2O solubility 
decreases by up 
to 42% with the 
addition of N2 at 
constant pressure 

3% of error compared to literature 

Pure CO2 from King et al. 1992 

Pure CO2 

5 % N2 

10 % N2 

At = 40°C and P = 8 - 18 MPa in pure CO2 and in CO2 + (5-10%) N2  mixtures 

5 

S. Foltran, M.E. Vosper, N.B. Suleiman, A. Wriglesworth, J. Ke, T.C. Drage, M. Poliakoff, M.W. George, Int. J. Greenh.Gas Control, 35, (2015), p.131. 



Conclusions 
 For a fixed T and P, small percentages of N2 can lower 

significantly the solubility of water in CO2; 

 A simple FTIR technique has been developed to understand 

the phase behaviour of water in CO2 containing impurities. 

Outlooks 
 Investigating water solubility in more complex mixtures, e.g. 

CO2 + H2 + N2; 
 

 Developments of another method to ensure our results. 
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Cost comparison of different 

technologies for Industrial CCS
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Overview

Overview of talk

Introduction
Discussion of methodology
CCS on Power – LCOE
CCS on Industry – Cost of CO2 avoided

Limitations of the study
Suggestions for necessary research



Figure.  Total low-cost GHG reduction in 2050 (43 Gt) according to the IEA Energy Technology Perspectives

CCS proposed as one part of the solution



Definitions…  It depends on who you ask

What is a 1st Generation Technology?
APGTF – Short term: 0 – 10 years away

What is a 2nd Generation Technology?
APGTF – Medium Term: 7 – 15 years 

What is a 3rd Generation Technology?
APGTF – Long term: 10 – 20 years away

MEA or Oxyfuel – IGCC?
CCS from concentrated 

industrial sources

Improved solvents, Ca looping?

MOF, Chemical Looping, NOHMs



Figure. Likely technology adoption trajectory after Figueroa et al (2008)

Figueroa JD. Fout T. Plasynski S. McIIvried H. And Srivastava RD. Advances in CO2 capture technology–The 
U.S. Department of Energy’s Carbon Sequestration Program International Journal of Greenhouse Gas Control 2 
(2008) 9–20



Methodology

Systematic Review

Define search term
Refine search terms until a certain number of papers are included in the 

search (around 500)
Read all abstracts and summarise potential relevance via a questionnaire 

– Rank as High/Medium/Low
Full papers for all High relevance studies read
Further key references (e.g. original papers where results are quoted in 

the paper read) are included
Economic data is extracted, converted to USD at the prevailing exchange 

rate and a capital cost escalator used to bring all data to a common 
cost year (here 2013).



Systematic Review

Advantages:
Removes Bias
A wide range of papers are included
Does not require an intimate knowledge of the field 

Disadvantages:
A lot of work compared to traditional literature reviews
May miss key, well known references (but see “removes bias”)
Can miss non academic references

For the work presented here, over 1000 abstracts were read and categorised.



Systematic Review – Electricity Generation

Search terms refined until 619 abstracts located.  All 
abstracts read and categorised – 196 high relevance papers 
located, with 89 categorised as “highest” relevance (full 
paper read).



LCOE for a number of Technologies

IGCC

PC

Oxyfuel
MEA

IGCC 
CCSCa 

looping

Not including compression and transport costs
MEA error bars reflect better agreement – more industrial experience
Potentially, lower costs represent less fully developed knowledge

Comparative figure from 
Rubin et al 2012 for PC

Comparative 
figure from Rubin 
et al 2012 for 1st

gen CCS



Major Findings

Costs were only included where a full CCS plant model was developed, 
integrated with a power plant.

Unsurprisingly, the largest number of studies investigated oxyfuel or amine 
scrubbing.

In general, oxyfuel had a LCOE slightly higher than MEA scrubbing, 
though the results had greater variability.

IGCC had huge variation in costs calculated – even when CCS was not 
applied.

Ca looping was the most studied of the 2nd / 3rd generation technologies, 
and generally had the lowest prices.  However, many studies referred 
one or two initial studies for dual CFB costs; lack of independence in 
the field.

Owing to the huge variations in baseline cases, it was not possible to 
reliably convert the costs to a cost of CO2 avoided.

Large effect of discount rate / financial assumptions noted.



Industrial CCS



Comparison of Industrial Sectors

The four largest CO2 emitting industrial 
sectors make up almost 75% of 
industrial emissions.
The sectors discussed in terms of 
industrial processes are iron and steel 
production, petroleum refining, chemical 
manufacturing, cement manufacture and 
pulp and paper production.
Not including gas processing.

• Chemical manufacture and petroleum 
refining were amalgamated in this 
study due to the similar nature of the 
boilers which CO2 would be captured 
from.

• The pulp and paper industry was also 
investigated due to the large potential 
for carbon capture in this sector



Systematic Review Process - Industrial

Search
o Initial search terms were drawn together to cover the major technological areas of CCS, 

policy and costs
o Search terms were entered into three academic databases 
o Results were recorded, and search terms customised to return a selection of relevant 

papers; in this case, 525.

Summarise
o All abstracts were screened and non-relevant papers were discarded according to agreed 

criteria
o All 262 papers deemed relevant in the initial screening were read, summarized and 

prioritised
o A questionnaire was formulated to allow all relevant data from the papers to be classified

Analysis
o Papers were sorted by industry and information regarding technology, policy or cost noted 

in questionnaire and compared where applicable
o In order to directly compare capital costs and produce meaningful cost analysis, a cost 

escalator model was constructed to convert all costs to 2013 US Dollars



Main Technological Options for Industrial Carbon Capture

Post Combustion Capture through Amine Solvents

• Amine-based solvents such as 
MEA and MDEA can strip CO2
from flue gases with capture 
efficiencies of >99%, 

• This gives a waste gas stream of 
very high purity CO2

• Can be easily retrofitted onto 
existing plants

• Generally high cost of 
regenerating the solvents, which 
are often toxic and corrosive 

Absorber

Stripper

Lean/Rich Heat 
Exchanger

Export Gas

Reflux 
Drum

Flue Gas 
Inlet



Main Technological Options for Industrial Carbon Capture

Chemical/Metal Looping Technologies

• Operate by repeated reaction and regeneration of a 
metal oxide or CaO.

• High temperatures are needed to regenerate the solid 
sorbent.

• Problems with solid transport and attrition, and loss of 
activity of sorbent over time

• Particular synergy where heat or steam is being 
produced using natural gas as a fuel, or (Ca-looping) in 
cement manufacture



Main Technological Options for Industrial Carbon Capture

Oxyfuel Combustion

• By burning fuels in pure oxygen (plus recycled CO2) instead of air, the 
flue gas is almost pure CO2.

• Can provide heat for boilers and furnaces, e.g. in iron and steel mills
• Using a smaller volume of oxygen then air means that process 

equipment can be smaller, so lower capital costs (oxyfuel in cement 
plant)

• Requires large, energy intensive air separation unit



Main Technological Options for Industrial Carbon Capture

Other technologies

» Mineral carbonation of waste slags forms stable carbonates on 
reaction with CO2, although a limited capture potential and low TRL

» Biological systems using bacteria or algae to capture CO2 are still in 
early development

» Membranes to directly separate CO2 from flue gases have been 
trialled, but little cost data for large scale use exists

» Formation of hydrate compounds on reaction with CO2 which can be 
filtered out of flue streams



Carbon Capture on Iron & Steel Production Facilities

• Large point-sources of CO2 mean that the iron and steel industries are comparatively 
well suited to having carbon capture implemented on them.

• Waste process heat can be used in regeneration of the amine sorbent, reducing the 
energy cost associated with post combustion capture technologies through heat 
integration

Cokemaking Ironmaking Basic Oxygen Furnace 
Steelmaking Casting and Rolling

ProductsCoal

Coke Oven 
Gas Iron Ore

Blast 
Furnace 

Gas

Scrap BOF Gas & 
Steam

Coke Hot 
Metal

Liquid 
Steel



Carbon Capture on Iron & Steel Production Facilities

• Vast majority of research regards using amine sorbents for 
post combustion capture

• Post combustion using MEA found to cost between $59-
116/tCO2 on different plant items, such as the coke oven and 
blast furnace

• Using a shift reactor and a Selexol amine solvent, carbon 
capture reported to cost 24-27$ per tonne captured.

• Potential for use of steel waste slags for mineral carbonation, 
though large variations in reported costs and very low capture 
potential



Carbon Capture on Petroleum Refineries and Chemical Manufacturing

• 60% of emissions from the industry 
come from various furnaces and 
boilers, with utilities making up about 
half of the remainder

• This means that CCS will struggle to 
reduce emissions greatly unless 
applied to multiple point sources at a 
vastly increased cost

• Nature of refineries as long serving 
process plants means that retrofit 
potential (as with amine scrubbing) is 
an important factor for plant owners



Carbon Capture on Petroleum and Chemical Refineries

• Post combustion amine capture ranges in cost from $69 -123 depending on 
capture location and method, with the preferred location a combined stack 
able to mitigate about 50% of emissions

• When applied to a gasifier, post combustion capture can be effected for the 
lower cost of $41 per tonne, but with a capture potential limited to 15% of 
plant emissions.

• Oxyfuel combustion can capture a higher proportion of the CO2 at a cost of 
$65/tCO2 which can be used to mitigate emissions from various plant items at 
the same time

• Chemical looping can be applied to the refinery boilers at costs of $44-58 per 
tonne depending on the solid replacement rate active in the system



Carbon Capture on Pulp & Paper Production Facilities

• Research into retrofitting post-combustion CCS onto large boilers. 
• New plants will utilise black-liquor gasification technologies to reduce 

emissions and can be combined with post-combustion capture
• Pulp and paper mills are often located away from other industries in 

sparsely populated countries, such as Sweden or Finland

Wood Preparation Digester Pulp wash Bleaching

Bark Boiler

Pulp drying & 
Paper Machining

Multi-effect 
Evaporator and 
Recovery Boiler

RecausticizerLime Kiln

CaCO3

CaO

White LiquorBark

Wood

Wood 
Chips

Black Liquor

WaterSteam

CO2

CO2
SteamWater

CO2



Carbon Capture on Pulp & Paper Production Facilities

• Small volume of research available, with both papers that discuss 
costs considering post-combustion capture of boilers

• Boiler flue gas captured at cost of $15 per tonne on a standard plant 
for 62% of CO2 captured

• Black liquor gasification process used followed by amine capture 
gives a higher cost of $34 but with a capture potential of over 90%.

• Potential for significantly higher transport costs due to isolated 
location not considered here but may make process economics 
significantly less favourable



Carbon Capture on Cement Plants

• 5% of all global CO2 emissions can be attributed to the cement manufacture 
process. 

• Within the process, 60% of the emissions are due to the calcination reaction 
and the other 40% attributable to combustion for heat generation

• Hence pre-combustion can only capture a maximum of 60% of emissions, 
though with energy costs this is reduced to around 52%

• Impurities in the flue stream such as SO2 and dust can cause amine 
scrubbing units to have high heat duties and necessitate a high degree of 
solvent regeneration due to side reactions

Precalciner Kiln Cement Grinding

Fuel & Air Mix

CO2CO2

Fuel & Air Mix

CaCO3 Cement

Additives

Clinker



Potential mitigation options

Clinker content:
78% (2006)  71% (2050)

Source: 
WBCSD/IEA 
Cement 
Roadmap, 2011



Carbon Capture on Cement Plants

• Two major technologies costed for cement plants – amine post-combustion 
capture and calcium looping

• Research near-evenly split between the two technologies

• Post combustion capture has an estimated capture cost of $106 per tonne for 
cement plants (costs can be significantly lower if only partial CO2 capture is 
used – about 40 % of the CO2 onsite can be captured without building a CHP 
plant as a source of low-grade heat).

• Calcium looping technologies average at $38 per tonne, though are less 
developed

• Oxy-combustion has been investigated and estimated at an average cost of 
$55 per tonne.



Associated Risks
• Fluidised-bed kilns have limited 

capacity
• Investment costs uncertain 

• Fluidised beds increase heat & mass transfer efficiency within kiln
• Combustion process requires a lower temperature
• Less coal needed to burn for fuel

Availability of Technology: Large pilot plants (200 tpd and 1000 tpd) have 
been developed in 1996 and 2005 respectively.

Key Advantages3

 Lower capital and maintenance costs 
(compared to traditional rotary kiln)

 Improve heat recovery efficiency by 
20%

 Reduction in NOx emissions
 Wider variety of fuels can be used

1 Hashimoto, I., Watanabe, T. (1999) Clinker Burning in The Fluidized Bed - An Innovative Technology.
2 European Cement Research Academy (2009) Technology Paper No 14: Fluidized Bed Advanced Cement Kiln System. 
3 “Energy Efficiency and Resource Saving Technologies in Cement Industry” APP Cement Task Force, Asia-Pacific Partnership, Page 77

Kiln Substitution – Fluidised-bed Advanced 
Cement Kiln System (FAKS)

Not enough analysis of costs as yet



Cost Comparisons for Industrial Processes

Iron and Steel Refineries Pulp and Paper Cement
Cost
(USD 
2013)

Number
Cost
(USD 
2013)

Number
Cost
(USD 
2013)

Number
Cost
(USD 
2013)

Number

Post-
combustion 74.23 5 77.60 5 24.73 2 106.53 3

Oxy-
combustion N/A 0 65 1 N/A 0 59.46 1

Mineralisation 62.50 2 N/A 0 N/A 0 N/A 0

Calcium 
Looping N/A 0 51 1 N/A 0 37.78 4

Low High
64.8 86.4

Low High
48.6 129.6

Low High
59.4 162

Figures from 
UNIDO 2011 
(rebased)

Unido includes transport and storage, and a wide range of 
future techs (Hlsarna / Finex for iron making, etc).

Unido technology roadmap for industrial CCS 2007.  United Nations Industrial Development organisation. 
http://www.unido.org/fileadmin/user_media/Services/Energy_and_Climate_Change/Energy_Efficiency/CCS/CCS_Industry_Roadmap_WEB.pdf



Relative Abundance of Cost Information for Industrial Carbon Capture

Refineries CementPulp & 
Paper

Iron & Steel



C
os

t o
f C

O
2

av
oi

de
d 

/ $
20

13
 
/ t

on
ne

Error bars are 
not shown for 
single values

Note – huge 
error bars for 
mineralisation 
– factor of 10 
difference 
between 2 
studies

Cost Information for Industrial Carbon Capture (including Standard Deviation)



Major Findings

Costs were only included where a full CCS plant model was developed, 
integrated with the industrial process of interest.

Post combustion solvent scrubbing was most prominent, but a large 
number of studies of cement with Ca looping

Solvent scrubbing frequently the most expensive option investigated – for 
cement, this is because there is insufficient low-grade heat available 
onsite – a CHP plant is necessary (though partial capture up to 50 % 
may be a cheaper, more viable option).

Where the aim is purely to produce heat, and gas is currently burned, 
chemical looping is an excellent choice.  (unless pressurised, CLC with 
natural gas is a non-starter on the grounds of efficiency, for power 
generation).

But – don’t forget that post-combustion capture using solvents has the big 
advantage of not having any potential adverse effects on the clinker.



Comparison / Power and Industrial CCS

• Cost of Capital was one of the major determinants, for both 
power and industrial CCS, of profitability.

• Post combustion amine capture is comparatively cheaper for 
power production than when applied to industrial CCS 
(excepting pulp and paper – though limited number of studies).

• Calcium looping is low in cost for both sectors, with particular 
applicability to cement CCS.



Non systematic – comparison between Ca looping and 

Chemical Looping

Chemical Looping
Cost / 2013 USD 

Authors (low   high)
Melein and Roijen (2009) 43.86 Refinery boiler (low replacement)
Melein and Roijen (2009) 56.97 Refinery boiler (high replacement)

Lyngfelt and Linderholm (2013) 15.42 33.74 Power station (extreme range)
Lyngfelt and Linderholm (2013) 24.10 25.06 Power station (likely range)
Morin et al (2006) 12.53 17.35 Power station
ZEP (2011) 24.77 Rebasing of Morin et al according to ZEP guidelines

Calcium Looping
Cost / 2013 USD 

Authors (low   high)

MacKenzie et al (2007) 30.43 Pressurised CFB

Cormos (2014) 33.10 Gasifier gas, precombustion
Cormos (2014) 36.80 Gasifier gas, post-combustion
Abanades et al (2007) 15.20 Power station
Romeo et al (2009) 17.76 Power station
Romeo et al (2011) 16.62 Power station + cement works 
Rodriguez et al (2012) 21.93 Cement works

Shameless plug for new book



Issues with the studies / Future work needed

• A number of technologies are missing from the analysis, which now 
requires broadening to include them.  In particular, low temperature 
solid sorbents need specifically investigating.

• CCS for natural gas sweetening has not been included.

• The methodology employed does not allow for significant improvements 
in technologies with time – though in many cases there are insufficient 
studies to allow comparison.

• One major finding is that there are simply not enough independent 
studies of different CCS technologies applied to industry, and not 
enough technoeconomic studies of new sorbents in realistic process 
models.

• All work – must give both the unindexed costs, CAPEX / OPEX, 
etc and assumptions, etc plus any financial models.  Too much 
variability in financial assumptions for cross-technology 
comparison, even before differences of baseline technological 
assumptions.



Technological development pathway

(From Rubin et al 2012)
Rubin is pessimistic, and thinks that many novel processes will never get over 

the hump – they will be beaten by more mature technologies, even if sub-
optimal.  Personally, I think it all depends on a decent forward carbon price.



Final word on Economics

Eventually, process fundamentals (how difficult the separation is, what the 
energy penalty is, how abundant and difficult to extract / produce the 
precursors for the process) should win out.

Relying on predicting future commodity prices?
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Maxine Akhurst,  

British Geological Survey 

PrincipaI Investigator UK CCS RC Call 1 project 



© NERC All rights reserved 

‘GlaciStore’ 

• CO2 storage in early Palaeogene 

and Neogene hydrogeological 

systems of the North Sea:  

• Preparation of a bid for IODP 

scientific drilling and informing store 

development 

• ‘Cutting-edge’ science and relevant 

to IODP ‘challenge’ to inform CO2 

storage 

• Achieved by an international 

consortium with Norwegian CLIMIT 

programme 

• Pre-proposal in 2014 and full-bid in 

April 2015 

http://www.gassnova.no/
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Motivation 
The North Sea has been over-

ridden by ice at least three times 

Knowledge gaps: 

• How many ice sheet advances 

and retreats (up to 7) 

• Geometry and character of 

buried glacial features  

• Impact of ~1 km-thick ice sheet 

loading and unloading on: 

• physical properties,  

• stress distribution,  

• fluid flow properties 

All North Sea strata will be affected 

Very few cores 10 m to 900 m deep 

 

Stewart, M.A. et al. 2013. Quaternary 

Science Reviews, v. 72, 1–17. 
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• Explore the Earth's climate history in an area where 

the most complete sequence is preserved; 

• Better understand the geometry, dynamics, 

processes and wider impact of ice sheet 

development; 

• Understand fluid flow within the strata and its 

evolution during a period of fluctuating pressure 

conditions in shale-dominated basins and its 

implications for CO2 storage; 

• Understand secondary containment barriers for  

North Sea CO2 storage 

‘GlaciStore’ scientific drilling objectives 
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‘GlaciStore’: benefits for CO2 storage 

IODP very detailed sampling and scientific analysis will inform: 

• Climate modelling impact due to better history of glaciation. 

o North Sea has a global significance due to the unique 

preservation of the most complete deposits known in the 

Northern Hemisphere. 

• History of stress changes on the storage strata and secondary 

seal, geometry and character of the shallow overburden strata  

o For improved baseline data and the response of the strata 

if CO2 is introduced.  

• Acoustic characterisation of the upper layers.  

o Interpreting and re-processing of seismic data, based on 

actual layer properties rather than approximations 

o Improve models of the underlying store and primary seal 

rocks. 
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Informing CO2 storage operator 

needs 

• Stratigraphy 

• Sealing 

• Leakage scenarios 

• Storage integrity 

• New core recovery 

technologies and stress 

logging 

• Site selection and 

qualification 

• Cost reduction 
• Drilling procedures  

• Data acquisition  

Understand cap rock and overburden 
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● WP 1 – Fundamental studies and  
biomass characterisation 
 

● WP 2 – Pilot-scale plant campaign  
at the UKCCSRC PACT Facilities 

 

● WP 3 – Power plant simulations for  
air/oxy biomass combustion  

 

● WP 4 – Bio-CCS value chains in the UK 

Contents 



Objectives: 

• Characterisation of of coal and biomass fuels, their chars and 

ash. Status: Work nearly completed – completion of  char 

characterisation work planned for September 2015 

 

• Obtain fundamental data concerning biomass combustion rate 

and fuel ignition at different partial pressures of O2 and 

CO2. Status: Work completed  

 

• Extend biomass database for the fuels used for the pilot–

scale testing at PACT.. Status: Work planned for summer 2015  

 

• Develop a single particle rig for rapid heating of biomass 

particles in CO2/O2 atmospheres and use this to obtain 

combustion test data for sets of particles from commercially-

relevant fuels at a range of sizes to assess fuel type and 

milling requirements. Status: under commission, completion 

planed for September 2015 

WP1 – Fundamental studies and  

biomass characterisation  

Drop tube furnace for high-heating 
rate/high temperature devolatilisation 

Sketch of the single particle combustion 
device with video camera recording 



Objectives: 

• Pilot-scale combustion test campaign using the 

UKCCSRC PACT 250 kW CTF for biomass combustion: 

– oxy-fired combustion 

– air-firing with amine-based post-combustion 

carbon capture  

– solvent degradation studies with biomass 

generated CO2 

 

• Deposition studies during biomass combustion 

 

• Emissions measurements (including combustion gas 

analysis, particulate matter, chlorine and sulphur, as 

well as metal aerosol emissions and implications on 

corrosion) 

WP2 – Pilot-scale test  

campaign  
 

UKCCSRC ACCTROM Facility 

Post Combustion Capture Plant 250 kW CTF 

200 kW air-fired coal flame 



          CAD CFD Mesh 

   250 kW UKCCSRC PACT CTF    

WP3 – Power plant simulations for  

air/oxy-fired biomass combustion  

Pilot-scale 

(250 kW CTF) 

Full-scale 

 

• Process simulation linked to CFD 

modelling of power plants 

• Improved fundamental modelling 

approaches 

• Prediction of transient behaviours 

Objectives: 



Objectives: 

• Develop process configurations for different bio-CCS options using ASPEN: 

– Coal/ biomass oxy-fuel combustion 

– Coal/ biomass post combustion capture 

• Full life cycle assessments  

• Techno-economic analysis 

 

Interim results: 

• Mass energy balance of all systems studied 

• GHG emissions of coal/ biomass-fired oxy-fuel and post combustion capture 

configurations 

• LCA results of biomass, coal and co-fired configurations, assessing the carbon 

reduction potential for each 

WP4 – Bio-CCS value chains  

in the UK 
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Technical Session 2 

ETI CCS MMV Project Overview 

Dr Graham Brown 

Divisional Director Oil & Gas, Sonardyne International Ltd. 



Our Vision, Our Aim, Our Values 

Introducing Sonardyne  



CCS Monitoring, Measurement and Verification (MMV) Activities in the UK 

 

The Project 

“The purpose of the Project is to develop and 

demonstrate a cost-effective MMV system for 

ongoing environmental assessment of emissions 

in the marine and shallow subsurface environment 

in order that operators involved in the injection of 

carbon dioxide into the subsurface can meet the 

legislative requirements for such activities.” 

//upload.wikimedia.org/wikipedia/commons/a/a9/Eggborough_Power_Station_Chimney_-_geograph.org.uk_-_805120.jpg
//upload.wikimedia.org/wikipedia/commons/d/da/Beryl_alpha_from_air.jpg


CCS MMV Project 

The Players 

The ETI is a public-

private partnership 

between global 

energy and 

engineering 

companies and the 

UK Government.  

 

Their role is to act as 

a conduit between 

academia, industry 

and the government 

to accelerate the 

development of low 

carbon technologies.  



CCS - Making sense of the science 

Subsea Asset Monitoring > Global Warming 

 

Sonardyne engineers have worked with scientists 

to understand the problem: 

 

• pH variations on a Sea scale across the 

seasons 

 

• How much might leak out of a reservoir 

 

• How the leak may appear at the seabed 

 

• Tidal mixing processes and how a leak 

signature would disperse  

 

• How gas and chemical plumes would form and 

disperse 

 

Once we understand the problem we can design 

a system! 

 



Mechanical vs Geological 

Types of Leak 

Leakages 

‘Mechanical’ ‘Geological’ 

High DP Low DP Low DP 

Fracture Pinhole Seal washout ‘Seep’ 

Flux rate (0.1 – 
1000) litres/min 
bubble size < 10 
mm 

Flux rate (0.1 – 1000) litres/min 
bubble size >= 10 mm 



Orders of magnitude approach…  

Leak Rates – Project Context 

“The purpose of the Project is to develop and 

demonstrate a cost-effective MMV system for 

ongoing environmental assessment of emissions 

in the marine and shallow subsurface environment 

in order that operators involved in the injection of 

carbon dioxide into the subsurface can meet the 

legislative requirements for such activities.” 

Category Tonnes / 

hour 

Tonnes / year 

1 100 1,000,000 

2 10 100,000 

3 1 10,000 

4 0.1 1,000 

5 0.01 100 

6 0.001 10 

7 0.0001 1 

NOC/PML modelling 
10Te & 100Te per day :100m scale model & 50km extent 

Fine scale high pressure cases 

Fine scale bubble and chemical plume models 
cm scale model with100m extent ‘? Damage marine environment ?’  

QICS (4Te p.a. to 40Te/year) 

‘? financial viability ?’ 

‘0.01% store inventory’ 
smallest store 10MTe =1000Te/year 

Implies need for ‘fine-scale’ hydrodynamic modelling around leak site 



Risk based areal coverage 

CONOP – Concept of Operations 

Autosub LR Areal survey 

Iridium Surface to Shore 

Comms 

ALDS 

Leak detection 

@ injection point 

AMT 

Point chemical 

At risk locations 

Comms to surface 

ASV 

Subsea to surface 

Comms gateway 

Onshore monitoring 

centre 

CO2 source 

& pipeline 



Endurance form shore to field to shore 

Technologies 

The Autosub Long Range AUV (or ALR) is a new 

type of AUV. Although a third the weight of  the 

Autosub3 and the Autosub6000 AUVs it will be able 

to travel 6000km. 

  

The key to achieving this performance is efficient 

propulsion at slow speed and by keeping tight 

control of the power used by the AUV sensors and 

control systems.  In particular the wide area side 

scan sonar and chemical sensing. 

 

Key challenges are autonomy in decision making 

for target recognition, obstacle avoidance and data 

storage / compression 



Endurance form shore to field to shore 

Technologies 

NOC is one of only two organisations representing the 

UK in the Wendy Schmidt Ocean Health XPRIZE, which 

is offering a total prize fund of (US)$2million for the 

development of accurate and affordable ocean pH 

sensors to improve our understanding of ocean 

acidification. 

 

Very small in size, it is based on a microfluidic design, 

which requires very small volumes of seawater to 

generate a reading. It is also being designed as an 

autonomous system able to operate on a number of 

oceanographic platforms – AUVs & Landers 



Solstice - Low power wide area coverage leak detection 

Technologies 

“10 l/min CO2  

gas leak, 2.65m 

tall plume from 

seabed” 



Detecting gas in water 

Technologies 

Key Requirements for Leak Detection 

• Early detection of small leaks 

• Minimise clean-up costs 

• Prevent larger spills 

• Capable of oil and gas detection 

• Automated detection and classification 

• Rapid response time 

• Localisation 

• Very low false alarm rate 

Applications 

• Drilling Phase 

• Medium term duration – 3 to 6 months 

• Standalone operation 

• Production Phase 

• Long term (>5 years) 

• Connected to control/monitoring system 

• Post abandonment/capping 

• Medium term duration 

• Minimal infrastructure 

“That signal 

is the diver’s 

bubble trail” 

“We must 

be able to 

use that to 

detect 

leaks” 



Automated Leak Detection Sonar  (ALDS) Key Technology Features 

Technologies 

1.2% 

• 4000m depth rating as standard 

• Grade 5 Titanium pressure housing 

• Ethernet command & data transfer 

• SISS Level 3 instrument 

• 84kg in air, 330mm diameter and 550mm tall 

• PC processing topside 

• Automated detection and alarms 

 

360° 
COVER 

24/7 70W 
OPERATION POWER 



Thunderhorse Gulf of Mexico   

Technologies > ALDS Deepwater Trials 

• 8km tieback via existing subsea link 

• Power and comms via ROV connection to UTH 

• Data processing in rig control room 

2012 Oil Leak Trials 

2013 Gas Leak Trials 

2015 Installation 



Subsea Equipment – Experiments around working drill centre 

Subsea Asset Monitoring > ALDS Deepwater Trials 

• Leak ‘target’ deployed in and around structures – 170 m range 

• ‘Clear Vector’ tests up to 670 m range 

• ALL leaks detected and localised 

 

 

 

Minimum subsea 

leak per minute 

1L 



Detecting gas in water 

Technologies 



Deep and Shallow Water Tests 

Subsea Asset Monitoring > ALDS Results Summary  

CO2 (2014) 

2 litre/minute 

@ 850 m range 

10 m depth 

No false alarms 

during operation 

Always on 

High volume, ultra long 

range coverage from a 

single point 

Early warning – ability 

to detect small leaks 

and intervene quicky 

‘Live’ oil (2013) 

1.5 bpd 

@ 670 m range 

2000 m depth 

Dead oil (2012) 

50-100 bpd 

@ 450 m range 

2000m depth 

Gas (2013) 

1 litre/min at 1 bar 

DP  

@ 670 m range 

2000 m depth 

Battery operation and 

subsea processing options 



Any questions? 



The use of passive acoustics for monitoring 
CCS facilities  

Benoit Berges 

Paul White 

Tim Leighton 

 

Institute of Sound and Vibration Research (ISVR) 

University of Southampton 



Outline 

• Motivation 

• Detection of a leak 

• Quantification 

• Tank-based experiment 

• Results from QICs 



Motivation 

• Gas leaks generate bubbles in water 

• As a bubble forms it oscillates and  
efficiently radiates sound. 

• The sound emitted is at a frequency which 
depends on the bubble’s size (radius) 
• Small bubbles radiate high frequencies 

• Large bubbles radiate low frequencies 

• Questions: 
• Can one detect leaks using passive acoustics? 

• Can one use passive acoustics to quantify leaks? 

 



Model of bubble emission 

• If a bubble is formed at t=0, its radius will vary with 
time, R(t), according to the following: 

   0 0cos 2tR t R R e f t

  

Frequency of oscillation, 
which directly relates to the  
bubble size 

Damping coefficient, 
depends on several 
factors. 
 

Initial bubble displacement 

Equilibrium radius 



Key assumption 

• The initial radius R is a key parameter 
• It controls how loud the sound from each bubble is. 

• This parameter is believed to scale with the bubble 
equilibrium radius, i.e. 

 

 

 

• This scale factor is evaluated through experimental 
results. 

  

0 0R R R 

Scale factor 



Computing R0 

 Experimental data 
obtained by [1]. 

 [1] Deane, G. B., and Stokes, M. D. (2008). “The acoustic excitation of air bubbles fragmenting in sheared flow,” J. Acoust. 
Soc. Am., 124, 3450–3463. doi:10.1121/1.3003076 

 75th and 25th percentiles 
of the data are used 

 

R
/
R

0
 



Detection 

• How far away can one detect a leak? 

• This depends on many factors: 
• Size of the leak.   

• Large leaks, more bubbles, more noise, easier to detect. 

• Bubble sizes generated by the leak. 

• The sensing system being used. 
• A directional system, e.g. an array, allows detection at greater 

ranges. 

• Listening for greater periods increases detection ranges 

• Ambient noise level. 
• If the background noise is louder then it is harder to detect a 

leak. 

 
 

 



Sound from leaks 
• Predicted power spectra @ 1 m from 4 leaks of CO2 

of 1, 10, 100, 1000 L/min all at 20 m depth, 20 C. 



Ambient noise 

• Ambient noise in deep water is well characterised. 

• In shallow water there is much more variability 
(both spatially and temporally). 



So how far away can you detect a 
leak? 

• With 1 hydrophone, listening for 1 s, you can detect 
a leaks of 10 L/min at ranges of 1-5 m  

• With an array of hydrophones (say 10), one can 
increase this to in excess of 10-20 m. 

• By listening for greater periods of time one can (in 
theory) increase this to arbitrarily large distance!  
Realistically 100 m is not unrealistic.  



Quantification: Low Flow Rates 

• If the gas is leaking slowly then one can detect the 
sound of individual bubbles: allowing one to count 
and size them individually. Detecting/counting bubbles 

Centre frequency tells one the  
bubble size (radius, r).  
Can compute gas volume as  
4r3/3.  



Quantification: High Flow Rates 

• When many bubbles are generated, bubble 
signatures overlap and individual bubbles can’t be 
counted. 



High flow rate  
processing 

13 

 Easy to implement 

 Cost effective 

 Long term and real time 
monitoring 

 Low power 

Seabed 

Bubbles 

model 

Bubble abundances 

Gas flux rates 

Hydrophone 

Power Spectral 
Density 



Tank-based Experiment 

• Experimental settings: 
• Bubble plumes generated in a water tank (8 m x 8 m x 5 m) 

• A bubbling stone 

• An arrangement of needles 

• Measurements in the direct field 
 



Results for a fixed flux rate 



Results for a varying flux rate 



QICs experiment 

17 



At sea experiment 

18 



Conclusion 

 Passive acoustics offers a suitable technique for long-term 
monitoring. 

 It can detect leaks at modest ranges, probably significantly less 
than active acoustic methods. 

 It provides a technique which can quantify leaks. 

19 



The end 
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Scottish Carbon Capture & Storage 

www.sccs.org.uk 

 

Ship transport of CO2  
An Overview 

Pete Brownsort 
 

UKCCSRC Biannual Meeting,  
Cranfield University, 22nd April 2015 



Talk outline 

•  Introduction – literature survey 
•  Existing CO2 shipping experience 
•  Process technology 
•  Regulation and HSE aspects 
•  Financial factors, cost comparisons 

2 



CO2 shipping literature survey 

•  SCCS Joint Industry 
Project on CO2-EOR 
commissioned literature 
survey, 2014 
– Extent and scope of 

literature on transport of 
CO2 by ship 

– Key findings for EOR 

3 

http://www.sccs.org.uk/images/
expertise/reports/co2-eor-jip/SCCS-
CO2-EOR-JIP-WP15-Shipping.pdf 



Introduction – literature survey 

•  Around 60 references 
found (more since) 

•  Europe > Asia 
•  Conference > Journal > 

Report 

4 



Literature survey – some key references 

•  MITSUBISHI HEAVY INDUSTRIES LTD. (2004). Ship Transport 
of CO2. Cheltenham, IEA-GHG. Report number: PH4/30.  

•  ASPELUND, A., MØLNVIK, M. J. & DE KOEIJER G. (2006). 
Ship Transport of CO2. Chemical Engineering Research and 
Design. 84(9): 847-855. 

•  ASPELUND, A. (2010). Gas purification, compression and 
liquefaction processes and technology for carbon dioxide (CO2) 
transport. In: Maroto-Valer, M. M. (Ed) Developments and 
innovation in CCS technology, Cambridge, Woodhead Publishing 
Ltd. pp. 383-407. 

•  VERMEULEN, T. N. (2011). Overall Supply Chain Optimization. 
CO2 Liquid Logistics Shipping Concept. Tebodin Netherlands BV, 
Vopak, Anthony Veder and GCCSI. Report number: 3112001. 

•  ZEP (2011). The Costs of CO2 Transport. Brussels, European 
Technology Platform for Zero Emission Fossil Fuel Power Plants. 
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Literature survey – key findings 

•  Ship transport of CO2 feasible using 
known technologies, related to LPG 

•  Established on small scale 
•  Can be cost competitive 
•  Some advantages over pipeline transport 
•  Focus of studies for CCS, not EOR 
•  Some knowledge gaps 

6 



Existing experience of CO2 shipping 
•  EU market for bulk CO2 c.3 Mt/yr, 

transported by truck, train, ship. 

•  Yara International trades CO2 
from Nor and NL through 7 import 
and distribution terminals around 
western European coasts 

7 Images: Larvik; Yara; Anthony Vader; IM Skaugen 

•  Larvik shipping – Yara I, II, III – 
900-1200 t 

•  Yara Embla, Yara Froya – 1800 t 
•  Anthony Vader – 1250 m3 dual 

purpose LPG/CO2  
•  IM Skaugen – six 10,000 m3 dual 

purpose LPG/CO2  



Experience of CO2 shipping vs. 
LPG, LNG  

CO2  LPG LNG 
Number of ships ≤ 12 ≥600 (?) ≥ 350 
Capacity Most ≤ 1800t,    

up to 10,000 m3  
Up to 80,000 m3  Up to 266,000 m3  

Type Semi-pressurised/
refrigerated 

Pressurised, 
Semi-pressurised/
refrigerated, or 
Refrigerated 

Refrigerated, 
atmospheric 
pressure 

Typical conditions -30°C, 20 bara 
(existing fleet) 

Varied: to -55°C, 
20 bara 

-161°C, 1 bara 

Loading/unloading In port In port, offshore In port, offshore 

8 



Process technology 

•  Shipping of CO2 as liquid near triple point 
generally proposed – 6.5 bara, -52°C 
– Other liquid conditions sometimes proposed 
– Transport as compressed gas also considered 

•  Technology can be adapted from LPG 
•  Process blocks: 

9 



Liquefaction 

•  Compression, cooling, dehydration and  
distillation 

•  Most energy intensive and costly step 
•  Several process options depending on 

cooling available 
– Cooling water or seawater at <15°C 
– External refrigeration 
– Over-compression and expansion 
– Combination 

10 



Liquefaction 

11 

Compression, inter-stage cooling and condensation 

Dehydration 

Seawater 
cooling 

Volatile 
Distillation 

Expansion 
for final 
conditioning 

Source: Aspelund, 2010 

Option using seawater cooling 
favored in NW Europe  

T P



Shore storage 

•  Liquefaction is continuous, shipping is 
batch ! buffer storage needed before 
loading 
– Cylinders or spheres 
– Onshore or on barge in port 

•  Shore storage volume, 1.0 to 1.5 x ship 
volume 

12 

Images: 
Yara; 
Liaoning 
Refine 
Technology 
Group 



Ship loading 
•  Quayside loading 

– Flexible cryogenic hoses 

– Cryogenic marine loading arms 

13 
Images:  mann-tek; KLAW, Center for LNG  



Ship designs 

•  Covered by International Code for the 
Construction and Equipment of Ships 
Carrying Liquefied Gases in Bulk (“IGC 
Code”) 

•  Proposed designs based on LPG carrier 
experience 

•  Typically several horizontal cylindrical cargo 
tanks giving 20,000 – 40,000 m3 

•  Alternatives – bi-lobe tanks, spherical tanks, 
vertical cylindrical tanks 

14 



Ship designs 

15 Images: Vermeulen (2010), Yoo et al (2013), allaboutshipping.co.uk 



Ship equipment 

•  Dynamic positioning system (DPS) 
– To maintain position during offshore offloading 

•  Process equipment 
– To recondition CO2 to T and P required for 

offloading, and/or for well injection 
•  Pumping to 50 to 400 bar 
•  Warming to -15 to +20°; seawater, waste heat or fuelled 

system 
– Conditions needed specific to each case and 

depend on several factors 
•  Offloading system design 
•  Platform capabilities and well design 
•  Reservoir conditions 

16 



Ship-board process equipment 
Example (Vermuelen, 2011) 
•  Cargo lift pumps 
•  LP pumps (45 barg) 

avoids vaporisation 
on warming 

•  Seawater-warmed 
shell and tube heat 
exchanger 

•  HP pumps to injection 
pressure (154-400 
barg) 

17 

Alternatives and additional equipment 
•  Mid-pressure pump to make transfer to platform, HP pump on platform 
•  Waste heat or fuelled ancillary heater 
•  CO2 vaporiser for tank pressure equalisation 
•  Dry air plant  



Offshore offloading 

•  Perhaps least well defined aspect 
•  Lots of options based on hydrocarbon 

transfers but will need adapting for CO2  
•  Choice of single point offloading system 

depends on 
– CO2 conditions – liquid or SC fluid, T and P 
– Flexible hose suitability – for environment and 

CO2 conditions/properties 
–  Location – sea conditions, water depth 
– Ship design – processing equipment, DPS 

18 



Offshore offloading 

Examples of general 
arrangements 
•  Submerged 

offloading system 
(Omata, 2011) 

•  Single point 
mooring and 
platform (Vermeulen, 
2011) 

 

•  Many alternative 
options for single 
point moorings 

19 



Injection 
•  Beyond scope – a few comments only 
•  Injection conditions and constraints will have impacts on 

upstream process design, should optimise over whole system 
•  Literature on CO2 shipping has little coverage of injection 

constraints, and very little specific to EOR 
 
•  Aim to avoid low temperature at reservoir ‘entry’ to avoid 

hydrate formation and freezing, hence need to warm CO2 
before injection 

•  Likely to have two-phase flow in well at times, design for it 
•  PCV at well head to avoid two-phases upstream 
•  Likely to have very low temperatures in well/wellhead at times 

and on emergency shutdown, design process and equipment 
to avoid/cope 

20 



Regulation and HSE 

•  No specific regulations for CO2 shipping 
– Covered by UNCLOS and London Protocol 
– Transport of Dangerous Goods – CO2 non-toxic, 

non-flammable 
– Ship design under IGC Codes 

•  Carbon Footprint 
– Estimates vary widely with system boundaries 

and assumptions 
– Range 1.4% to 18% relative to CO2 transported 

21 



Regulation and HSE 

•  Health – CO2 asphixiant and toxic, UK-
WEL 5,000 ppm (8h); 15,000 ppm (15min) 

•  Risk assessment – DNV report for Vopak/
Veder study concluded risk levels below 
national (NL) risk criteria  (Koers and de Looji, 2011) 

•  Operational issues – several potential 
hazard areas, all within existing scope of 
engineering knowledge 

22 



Costs of CO2 transport by ship 

•  Lifetime total cost estimates for North Sea 
distances range 10-30 €/t-CO2, including 
compression and liquefaction 
– Estimates vary quite widely depending on 

assumptions and boundaries 
•  Intuitive sensitivities to scale, distance, ship 

capacity, utility costs 
– But relatively insensitive to distance 
– Also sensitive to cooling water temperature, CO2 

supply pressure, CO2 purity 

23 



Cost breakdown 

•  In all estimates costs for liquefaction are 
highest portion 
– From both high capital costs and high 

operational costs due to energy consumption 

24 

Data from Aspelund, 
Mølnvik, de Koeijer (2006) 



Costs of Shipping vs. Pipeline 

•  Pipeline costs more 
dependent on CAPEX 

•  Shipping costs 
dominated by OPEX 

•  Shipping less 
sensitive to distance 

•  Specific costs of 
shipping CO2 higher 
than pipelines over 
short distances, lower 
for long distances 

25 
Chart sources: Rousanaly, Bureau-Cauchois, Husebye (2013); Doctor et al (2005) 

OPEX 

CAPEX 



Costs of Shipping vs. Pipeline 

•  ‘Breakeven distance’ 
beyond which 
shipping more cost-
effective 

•  Breakeven distance 
varies with scale, and 
other assumptions 

•  Smaller volumes and 
longer distances 
favour shipping 

26 

Shipping more 
cost-effective 

Pipeline more 
cost-effective 

Chart sources: Doctor et al (2005), author (2015) 



Asset flexibility, financial risk 

•  Shipping allows flexibility 
–  In collection points, from scattered emitters 
–  In delivery points, serving different EOR fields 
–  In time, EOR injection profiles and project 

phasing, changes to industry sources 
–  In capacity, sequential addition of ship capacity 
–  In asset use, dual purpose, reuse for LPG 

•  Low entry CAPEX for shipping and flexibility 
combine to give lower financial risk than 
pipelines 
– More attractive to investors 

27 



Ship transport of CO2 - Conclusions 

•  Ship transport of CO2 feasible using known 
technologies 

•  Existing experience at small scale, but understanding 
of scale-up requirements generally good 

•  Published knowledge sparse for offshore offloading, 
EOR injection profiles and consequences, whole-chain 
optimisation 

•  No unusual regulatory or HSE issues 
•  Shipping cost-competitive for lower scales and greater 

distances 
•  Flexibility and low entry capital reduce financial risks  

28 
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Thank you! 

Contact details: peter.brownsort@sccs.org.uk  www.sccs.org.uk 



Hans Aksel Haugen

The crucial role of ships in 
establishing a Nordic CCS 
infrastructure

Department manager, Tel-Tek, Norway

22 April 2015

UKCCSRC Spring Biannual Meeting 2015 at 

Cranfield University
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Powder technology Energy CCS* Smart Manufacturing
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 CO2 capture 
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environment
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 Energy effective 

processes
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utilization
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 CO2 transport and 
infrastructure

 Degradation of 
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Effective processes for a climate friendly future



Existing CO2 ship

M/T Yara Gas III alongside the quay near Yara’s ammonia plant in Porsgrunn,
Capacity: 1200 t of liquefied CO2 in 2 tanks of 600 tons capacity each
Ship type: Converted container vessel

Photo: Larvik Shipping 3

Food grade CO2 transport



Ship based CCS chain

CO2

source
CO2

source
LiquefactionLiquefaction

Intermediate 
storage

Intermediate 
storage

LoadingLoading

Pre 
treatment / 
Unloading

Pre 
treatment / 
Unloading

Injection for 
EOR

Injection for 
EOR

Onshore
Hub

Onshore
Hub
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Ship based CO2 transportation
alternatives

• Ships carrying liquiefied CO2

– Industrial experience exists

• Barges

• Ships carrying compressed CO2

– Cylinders or Coiled-up pipeline

– No existing practical experience
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Ship transport of CO2 (1)

• Ships or barges carrying 

– liquefied CO2

– compressed CO2

6

Liquefied

Compressed

Commercial



Ship transport of CO2 (2)

• Commercial maritime transport of CO2

– Ongoing for years

– Small quantities

– CO2 is used for food and beverages, 
cleaning, fire extinguishers etc.

– Transport conditions are;

15 – 18 bar, -22 to -28ºC (liquefied)

7



Ship size and installations on land

• Optimal size of ship vary with transporting
distance and CO2 volume

– 10000 – 50000 tons of cargo?

• CO2 to be liquiefied (7 barg, -50˚C, <50 
ppm H2O)

• Need of intermediate storage tanks, 
capacity about +50% of ship

• Need of loading facilities

8



Onshore hub, pipeline to subsea
installation

9
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Offshore unloading to buoy, platform



11

Offshore unloading to subsea
installation



Ship transport of CO2 (3)
• Large scale CO2 transport for storage in saline 

aquifers and for EOR
– Larger quantities than current volumes
– Effective transport will have to take place 

close to the triple point of CO2;
7 – 8 bar and -50ºC, < 50 ppm water

– Pressure increase 0.1 to 0.2 bar/day due to 
thermal leakage

– Capacity of available ships is currently 
between 10 000 and 40 000 t

– Optimal ship size depend on volumes and 
distance

– Not proven at this scale

12



Safety – ship transport of CO2

13

Hazard LNG  LPG /LNH3 Liquefied CO2

Toxic No No No

Carcinogenic No No No

Asphyxiant Yes (in confined 

spaces)

Yes (in confined 

spaces)

Yes (in confined 

spaces)

Others Low temperature (-160 

Deg C)

Moderately low 

temperature (-

50Deg C)

Moderately low 

temperature (-50Deg C)

Flammability Limits in 

Air (%) 5-15 2-10

Non-flammable

Storage Pressure Atmospheric Often pressurised Pressurised

Behaviour if spilt Evaporates forming a 

visible ‘cloud’ that 

disperses readily and is 

non-explosive, unless 

contained

Evaporates 

forming an 

explosive vapour 

cloud

Solidifies to ‘dry ice’ (if 

no sufficient heat 

around) and then 

sublimates as 

surrounding 

temperature increases

The UK P&I Club, 2005



Ship based CCS chain

CO2

source
CO2

source
LiquefactionLiquefaction

Intermediate 
storage

Intermediate 
storage

LoadingLoading

Pre 
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Unloading

Pre 
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Unloading

Injection for 
EOR

Injection for 
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Onshore
Hub
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EOR vs. aquifer storage

• EOR

– Limited injection period

– CO2 injection rate is gradually reduced
• Produced CO2 is re-injected

• Offset options must likely be in place

– Needs reliable supply of CO2

– Considered to be a stepping stone for 
implementation of CO2 storage in saline 
aquifers

15



CO2 sources and possible storage
sites in the Nordic region

Green: Fossil sources, Red: biogenic sources, 
Yellow: Possible storage sites

From: Kjärstad & al. 2014. NORDICCS 
project, pres. at GHGT 12



Data coverage in the North Sea
and Skagerrak/Kattegat

From Faleide & al. 2011

Red lines: Seismic
datasets

Blue dots: Location
of wells



Depth contour map of top Gassum
formation and examined storage
models

18 17.04.2015
From Bergmo & al. (2012) 



Refineries + power plants
+ waste incineration
Gøteborg: 
2,2 mill t

Large CO2 point sources in the Skagerrak 

/ Kattegat region

Industrien i 
Grenland: 
2,2 mill t.

Raffineri
Lysekil:
1,9 mill t

Borealis i Stenungsund:
0,6 mill t

To raffineri + kraftverk
og avfallsforbrennings-
anlegg i Gøteborg: 
2,2 mill t

Kraftverk og 
sementfabrikk
i Ålborg: 
5,4 mill t

Industry in
Grenland area: 
2,2 mill t.

Refinery
Lysekil:
1,9 mill t

Petrochemical plants
Stenungsund:
0,6 mill t

Power plant and 
cement plant
Ålborg: 
5,4 mill t

Ca 100 km

Total emissions from large point sources:  Approx 13 mill tonnes CO2/year



Combination of ships and pipelines: An 
example from the Skagerrak area

© map: Mareano 20



Transport cost estimation for this 
case: Assumptions
• 14 Mtonne CO2 annually

• 100% utilization (not realistic from day 1)

• 8% rate of return

• Project lifetime 25 years, 1 year construction and 24 
years of operation 

• Mode of transportation:

– Ship, liquefaction plant, (onshore pipeline) 
intermediate storage, conditioning for permanent 
storage 

– Pipeline, compression

• The estimation method used gives an accuracy of ±
30% (factor estimation)
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Transport



Transport costs
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Relative transport cost vs capacity

17.04.2015
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Transport cost – ramp up

• Unless building strict one-to-one pipelines, 100% 
capacity utilization from day 1 is very unlikely

• Alternative solutions:

– Replace pipelines concurrently with increasing
CO2 volumes

– Parallell pipelines

– One oversized pipeline from day 1
• Challenges: 

Reasonable knowledge of future CO2-volumes 
Who to pay for redundant capacity until full volume

– Ships

25



Transport cost generic comparison (1) 
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Transport cost generic comparison (2)

• Sensitivities

– Which parameters have the biggest influence on 
transport cost?

– Assumption: 5 Mt CO2 to be transported 500 km

27
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CO2-transportation, ships vs. pipelines

Pipelines Ships

+ - + -

Low Opex High Capex Low Capex High Opex

Onshore needs:

Compression

Relatively low

flexibility

Large flexibility

(volume and route)

Onshore need for 

intermediate

storage and 

liquefaction plants

Can be built both

onshore and 

offshore

Low potential for 

re-use

Re-use potential

Large sunk cost Lower sunk cost

Short delivery time 

(2 years ?)
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Cost impact of the main elements of 
the CCS chain

Part of CCS chain Eur/tonne Significant cost 

parameter

Capture 50-60 Energy cost

Transport-
ship/pipeline

12 Liquefaction plant, storage
and volume

Transport-pipeline 14 Volume, utillity

Storage 9 Number of injection wells



Maturity assessment – chain
Element Maturity

Liquefaction Proven for other pressure/temperature

Storage tanks-steel Proven 

Loading equipment:

Loading arms, flexible hoses etc.
Proven for CO2

Refrigerated CO2 ship transport 
Proven for LPG and ethylene down to - 104 ˚C CO2 

ship (-50 ˚C, 8 bar only in studies)

Ship transport of compressed CO2 A few literature studies

Utilizing the cold Very few literature studies

Unloading arm – to storage tank or ship Proven for other pressure/temperature

Unloading buoy- to injection Proven for oil/ NG

Heating before injection Literature studies

CO2-EOR
Literature studies on offshore, proven for onshore

oilfields
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Conclusions

• To transport CO2 by ship introduces flexibility into
the CCS chain

• As a start-up method ships are advantageous as 
compared to pipelines

• Cost of ship transport does not vary much with
volume and distance, but..
– Pipelines are more economical for larger

volumes over shorter distances
• There is industrial experience with ship transport 

and handling of CO2

• FPSOs seem to be an interesting option for 
offshore unloading in combination with ships, 
however, not without challenges
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Why are ships crucial in establishing a 
Nordic CO2 infrastructure? 

• Flexible source-to-storage solutions
– Including combination with pipelines

• Avoiding long pipelines from Baltic and 
westwards

• Economy
– Avoiding large up-front capex
– Can also be combined with CO2-EOR
– Smooth transition towards larger pipeline 

infrastructure
– Ships may be re-built and re-used

• Faster road to implementation of CCS

32
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Probably not a future CO2 tanker

Thank you for your attention



Ship transport challenges

• There are proposed solutions for all elements in 
the chain
– However, some of these are unproven

• Offshore discharge conditions
– Conditioning of the CO2 onboard ship, injection 

temperature and pressure
– Flow rate capacity of the injection well and 

reservoir
• Periodic flow of CO2 into the reservoir
• High operational cost

• Questions regarding the purity of CO2

– Different quality requirements for transport, 
storage and for EOR?
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Element Maturity Status Development potential

Liquefaction
Proven for other 
pressure/temp

Performed by the food industry with
different pressure and temp and LNG 

without the same conditions.

Requires lot of energy, Unknown regarding 
impurities, need optimization

Storage tanks-steel Proven 
Yara and other have large CO2 tankers on 

shore.
LNG without pressure, LPG with pressure

Cost and material, inslulation – boil off

Storage tanks – new materials Some literature Storage in rocks, carbonfibre etc
Unknown costs, depends on environmental 

if it is possible

Storage tanks-mobile tanks studies Barges

Loading equipment

Loading arms, flexible hoses etc

Proven
In daily use

Material, pressure?

Cryogenic CO2 ship transport

Proven for higher 
pressure/temp
(ethylene ship)

CO2 ship (-50C, 6 bar

Done by Yara today (til -25, 18 bar) small 
ships

LNG(low temp) and LPG transported on 
large ships

Boil-off, utilizing the cold

Dedicated ship- compressed CO2 Few studies Not planned  for CO2

Combined ship - cold Studies In combination with LNG
Cleaning of the ship

utilizing the cold

Loading/un loading arm – to storage 

tank or ship
Proven In daily use

Unloading buoy- to injection Proven for oil/ NG In daily use, but not for CO2.
Periodic injection 

The pressure / temperature, costs, extreme 
weather

Heating before injection Not executed Heat exchangers on land or ship? Icing, space

EOR studies Proven onshore in US with compressed CO2 Costs, corrosion

Elements



Developing an industrial CCS network in 

Teesside 

 

Sarah Tennison 

@Teescollective 

www.teessidecollective.co.uk 

info@teescollective.co.uk  

http://www.teessidecollective.co.uk/


Why ICCS and Why Teesside? 





Over £3bn investment over last 

5 years 

Company Capex 

SSI £1.9 billion 

Air Products £600 million 

Sembcorp and SITA £200 million 

SNF Oil & Gas £150 million 

BOC Linde £100 million 

Huntsman Tioxide £65 million 

Lotte Chemicals £60 million 



Who are Teesside Collective? 

Multinational companies based in Teesside with an 

interest developing a CCS network on Teesside 

 

BOC    Largest steam methane reformer in UK 

Growhow   Largest UK ammonia fertiliser  

   producer 

SSI    Europe’s second largest blast furnace 

Lotte    produces PET for15bn  drinks bottles 

   per year 

National Grid Store developer 

TVU   Local Government 

NEPIC  Cluster representative 

“CCS on industrial plants is going to be a 

critical part of the global effort to prevent 

serious climate change. Teesside is in the right 

place, at the right time, to get ahead of the 

curve.” 

Sir David King, UK’s Special Representative 

for Climate Change 

 

“A CCS network in Teesside is a critical step, 

giving a shot in the arm to British industry’s 

long-term future.” 

Dianne Sharp, North East Director, CBI 

 



What will Teesside Collective 

do? 

• Use the £1million received from DECC to: 
– Engineer and cost a solution to capture CO2 from 4 industrial plants, onshore transport network, offshore 

transport network, and identify a store 

– Develop the Business Case for an industrial CCS network 

– Propose a solution to ‘how can Industrial CCS be funded?’ 

• We have: 
– Commissioned Pale Blue Dot, Amec Foster Wheeler, and Societie Generale 

– Completed the Engineering 

– Developed the draft Business Case 

– Developed the draft funding models 

– Commissioned the economic impact assessment 

• Project will be launched by July 2015 – as much information as possible will be public 

 



Funding mechanism 

• Without a funding mechanism, such as the low carbon power sector has, Industrial CCS will not 

happen 

• Costs cannot be passed on to consumers 

• EU ETS certificates are not bankable 

• Industrial companies can close – long term financing unavailable 

• Clustering important to minimise individual credit risk and decrease infrastructure costs 

• Taking the Transportation and Storage out of project to reduce risk and make project more 

bankable – Regulated Asset Base, Capital Grant 

• NER400 opportunity, especially for Transport and Storage for clusters 

• A funding mechanism is possible and will be presented by July 

 



ICCS Timetable and Key Risks 

Critical Path Risks 

• Ability to attract Pre-FID finance before funding mechanism in place 

• Government timetable for implementing a funding mechanism 

• Storage – speculative FID on additional storage sites  

 

Teesside Collective 

• 2015 – 2016:  Scope Pre-FID work and identify Pre-FID funding 

• 2016 – 2019:  Undertake Pre-FID work - permitting and   

   consenting, FEED, initial engineering, agree finance  

   structure, agree ownership structure, agree storage tariff 

• 2019 – 2021:  Bid for NER 400 for and apply for UK Government’s  

   ICCS funding mechanism 

• Early 2020’s:  Reach FID, let EPC contracts, start operations 

 

Storage Operators (who ???) 

• 2015 – 2018:  Secure funding to develop follow on storage sites to FID 

   including storage appraisal, storage permit,   

   agreement of financial securities and liabilities 

 

UK Government 

• 2015 – 2016:  Identify funding for Industrial CCS Pre-FID work 

   and storage development 

• 2015 – 2019: Agree ICCS funding mechanism, agree budget, 

   and obtain legislation change 

• 2019 – 2021:  Agree Member State NER400 projects and  

   match funding principles 

 

EU 

• 2015:  Agree with Member states to/not-to sell  

   additional 300m EUA allowances 

• 2016 – 18  Agree eligibility for 300m allowance fund 

• 2015 – 19  Agree eligibility for NER400 and method for pre-

   selection of projects before allowances sold 

• 2020+  Process NER400 applications 
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