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Executive summary

As part of the HiPerCap project, a joint EU - Australian workshop targeting Breakthrough Post
Combustion Capture Technologies was held on March 25-26, 2015 in Melbourne, Victoria
(Australia). The workshop was hosted by CSIRO, on the University College premises at the
University of Melbourne.

The purpose of the workshop was to present not only the results of the project, but also the
results from other CCS projects in Europe and Australia and to create synergies on CCS between
R&D organizations and industry from Europe and Australia.

Four major themes adapted from four of the technical Work-packages in HiPerCap were covered.
This means that three sessions dealt with the three major separation technologies (Absorption,
adsorption and membranes) and one session dealt with methodologies for technology
assessment and benchmarking. On average, there were four presentations per session, in which
two presenters were Australian and two were European. There were both presentations from
HiPerCap partners and from other invited presenters outside the project. One presentation per
session was dedicated to HiPerCap activities. Two sessions were devoted to the discussion of
recent trends for technology development within the three major types of gas separation as well
as methodologies for technology evaluations.

A site visit to the Latrobe Valley to view the CSIRO capture pilot plant connected to a brown coal-
fired power station was conducted 27 March. This trip was sponsored by Brown Coal Innovation
Australia (BCIA), while the conference dinner was sponsored by the Global CCS Institute
(Gecesl).

Information about the workshop to the public was disseminated through e-mails and the external
HiPerCap web-site. Prior to the meeting, a leaflet was prepared and distributed at the GHGT-12
conference. Around 70 people attended the workshop, most of them from Australia and 13 from
Europe and one from the USA. Approximately 17 (13 from Europe) participated in the field trip
(see picture below).

In the present report, a summary of the workshop is given. All presentations are attached in
appendix. These presentations are also uploaded on the project website
http://www.sintef.no/hipercap.

Group picture taken at the AGL Loy Yang power station in Latrobe Valley, Victoria
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1 Introduction

1.1 Summary of the HiPerCap project

HiPerCap aims to develop high-potential novel and environmentally benign technologies and
processes for post-combustion CO, capture leading to real breakthroughs. The project includes
all main separation technologies for post-combustion CO, capture; absorption, adsorption and
membranes. For each technology it is focused on chosen set of promising concepts (four for
absorption, two for adsorption and two for membranes). We aim to achieve 25% reduction in
efficiency penalty compared to a demonstrated state-of-the-art capture process in the EU project
CESAR and deliver proof-of-concepts for each technology.

HiPerCap involves 17 partners, from both the public and private sectors (research, academia, and
industry), from 7 different EU Member States and Associated States, and three International
Cooperation Partner Countries (Russia, Canada, and Australia). The HiPerCap consortium
includes all essential stakeholders in the technology supply chain for CCS: power companies,
RTD providers, suppliers, manufacturers (of power plants, industrial systems, equipment, and
materials), and engineering companies.

1.2 Background for the workshop

HiPerCap is one of 6 joint EU - Australian projects within the 7th framework program. Since
dissemination activities are important parts of projects like HiPerCap it was planned to organize
two joint workshops between Europe and Australia during the course of the project. The first one
dealt with in the present proceedings was arranged in Melbourne, Victoria in Australia 25-27"
March 2015, while the second one will be held in Europe in 2017. The Australian partner in
HiPerCap, CSIRO was host for the workshop and the selected venue was at the University
College, University of Melbourne.

1.3 The aim for the workshop

The purpose of the workshop was to present not only the results of the project, but also the
results from other CCS projects in Europe and Australia and to create synergies on CCS between
R&D organizations and industry from Europe and Australia. The workshop was open to all
interested in CO2-capture and information on the workshop was spread by e-mails, leaflets
distributed at the GHGT-12 conference and the project public web-site (www.sintef.no/hipercap).
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2 Workshop program

The program for the two days of workshop is listed in Table 2.1 and 2.2, respectively. As can be
seen, day 1 started with a general introduction. The Global CCS Institute (GCCSI) sponsored the
workshop dinner and Clare Penrose from the GCCSI gave a presentation about the Institute and
the global status of capture technologies. Then a brief overview of the Peter Cook CCS Centre
was given by its representative (Geoff Stevens). Two presenters (Paul Feron from CSIRO and
Adam Al-Azki from E.ON) were invited to give a presentation on CCS in Australia (in the morning
of day 1) and on CCS in Europe, respectively. Finally, in the introduction session of day 1, the
HiPerCap coordinator gave an overview presentation of the HiPerCap project.

Four major themes adapted from the four major Work-packages in HiPerCap were covered in the
following sections. This means that three sessions dealt with the three major separation
technologies (absorption, adsorption and membranes) and one session dealt with methodologies
for technology assessment and benchmarking. Typically, there were four presentations per
session, in which two presenters were Australian and two were European. There were both
presentations from HiPerCap partners and from other invited presenters outside the project. One
presentation per session was dedicated to HiPerCap activities. Two sessions (each at the end of
each day) were devoted to the discussion of recent trends for technology development within the
three major types of gas separation as well as methodologies for technology evaluations.

All presentations are attached in Appendix, while a summary of the discussions is given in
Chapter 3.
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Table 2-1: Agenda workshop 1% day — 25" March, 2015

08:30-09:00 Reqistration and coffee/tea

09:00-09:05 Welcome and practical information CSIRO

09:05-09:20 Global Capture Technology Clare Penrose (GCCSI)

09:20-09:35 Peter Cook CCS Centre Geolff Stevens (Melbourne University)

09:35-9:55 CCS in Australia Paul Feron (CSIRO)

09:55-10:15 HiPerCap overview Hanne Kvamsdal (SINTEF)

10:15-10:45 Coffee Break

10:45-12:45 Session 1: Absorption Session chair- Peter van Os (TNO)

10:45-11:15 HiPerCap WP1: Absorption technologies Earl Goetheer, TNO

11:15-11:45 Development of Reactive Chemical Absorbents at the CSIRO Graeme Puxty (CSIRQ)

11:45-12:15 Formation and destruction of NDELA in MEA and DEA Hanna Knuutila (NTNU)

12:15-12:45 Dynamic models and control strategies for absorption-based carbon Ali Abbas (Sydney University)
capture processes

12-45-14:00 Lunch

14:00-16:00 Session 2: Adsorption Session chair: Cova Pevida (CSIC)

14:00-14:30 HiPerCap WP2: Adsorption technologies Cova Pevida (CSIC)

14:30-15:00 Carbon composite adsorbents for post combustion CO, capture Yonggang Jin (CSIRO)

15:00-15:30 How can MOFs save the world? Richard Blom (SINTEF)

15:30-16:00 (Coffee Break

16:00-16:30 Electrical Swing Adsorption for CO, Capture Alan Chaffee (Monash University)

16:30-17:30 Discussion_1, speakers 1t day in panel Session chair- Paul Feron (CSIRO)

Theme: Prospects for absorption/adsorption technologies

Table 2-2: Agenda workshop 2™ day — 26" March, 2015

08:30-09:00 Coffee/tea
9:00-9:30 CCSin Europe Adam Al-Azki (EON)
9:30-12:00 Session 3: Membranes Session chair: Hanna Knuutila (NTNU)
9:30-10:00 HiPerCap WP3: Membrane technologies Marc Pfister (CNRS)
10:00-10:30 Control of Physical Aging in Super Glassy Polymer Membranes Without Cher Hon Lau (CSIRO)
Permeability Loss
10:30-11:00 Coffee Break
11:00-11:30 Membrane contactor for CO, capture Taek-Joong Kim (SINTEF)
11:30-12:00 Membranes for CO, capture Sandra Kentish (Melbaurne Uni)
12:00-13:00 Lunch
13:00-15:00 Session 4: Technology evaluation Session chair: Jock Brown (ONVGL)
13:00-13:30 HiPerCap WP4: Assessment of CO, capture technologies _Jock Brown (DNVGL)
13:30-14:00 Comparative overview of costs for capture technologies Diane Wiley (UNSW)
14:00-14:30 Benchmarking of carbon capture technologies in development’ Gerben Jans (DNVGL)
14:30-15:00 Coffee Break
15:00-16:15 Discussion_2, speakers in panel Session chair: Adam AL-Azki (EON )
Theme: Industrial applications of membranes and methodologies for
technology evaluations
16:15-16:30 Workshop wrap-up and closure Hanne Kvamsdal, SINTEF
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3 Discussion sessions

3.1 Introduction

Some questions addressed in these two sessions were prepared by the HiPerCap representatives
during the Technical meeting just before the workshop. Paul Feron (CSIRO) moderated the
session on day 1, while Adam Al-Azki (E.ON) moderated the session on Day 2. All workshop
participants were invited to be active in the discussions, however, all presenters were asked
specifically to be prepared to answer the questions. During both sessions a lively one hour
discussion emerged as a result of the participation of the presenters and attendants.

3.2 Discussion 1: Prospects for absorption/adsorption technologies

The questions prepared and the respective summary of answers are listed in the following:

e What is the best way of up-scaling absorption and adsorption based technologies?

v The issue of up-scaling depends on the specific application. Focus should be on low
CAPEX. 3D printing application could be an option for sorbents.

e What are the major challenges for both absorption and adsorption?

v" Major challenge for absorption is still related to the overall costs, while the adsorption
application is more immature than absorption and focus is still on the sorbent capacities. In
the latter it was stated that more pilot demonstrations are needed. Also the issue related to
IPR protection and thus insufficient collaboration was mentioned.

e Any challenges related to emission of harmful amines and other unwanted components?

v' Regarding emissions from amine based absorption plants, some major steps for reduction
of emission of harmful species have already been taken and a 1* generation mitigation
approach is implemented at the Boundary Dam facility. However, more solvent loss is
experienced than expected and the following question was addressed: what are the
consequences if 300 applications like Boundary Dam are realized? Though some work has
been done to understand the degradation mechanisms and also to establish common
procedures for emission measurements and analyses, more efforts are still needed in this
area. Regarding adsorption there might be an issue in case of amine functionalized
sorbents, but this may be avoided dependent on the design and control of the process.

e Do the absorption and adsorption technologies have any advantages regarding
operational flexibility?

v/ At least for the absorption technology there are some tests conducted related to solvent
storage. It was emphasized that one shall not overdesign, but try to optimize the plant size
based on the operation pattern of the power plant.

e Differences and similarities between Europe and Australia and what can we learn from
each other?

v' At the level of general energy supply Australia is a resource-rich country and continent with
consistently high levels of coal exports and increasing levels of gas exports. Oil resources
are nearing their depletion though. Europe is not a resource rich continent, being heavily
reliant on imports of oil and gas and to some extent also coal as coal mines have been
progressively closed over the last decades in many European countries.

v CO2 capture is more costly in Australia for a number of reasons. Firstly, In Australia
environmental controls need to be installed prior to CO2 capture to deal with acid gases
other than CO2. Such environmental controls are already in place in Europe. Hence this
represents a significant additional investment. Secondly, although fuel prices are lower in
Australia, which is beneficial for the operating costs of a capture process, capital costs are
much higher in Australia. The cost of the overall CCS-chain in Australia is dependent on the
fuel type, the proximity of CO2-sources to CO2-sinks and hence the location. Nearly all
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power stations in Victoria (VIC) are fuelled by brown coal and potential CO2 storage is
nearby. Brown coal is not an export product because of its high moisture content. It is easily
extracted in open cut mines and therefore a very low cost fuel ideal for local power
generation. Black coal is used for power generation in New South Wales (NSW) and
Queensland (QLD). In NSW CO2 storage locations are quite far away from the emissions
sources making CCS expensive, In QLD there is better potential for CO2-storage,
particularly in the Surat Basin. Australian black coal is of high quality and a commodity
traded on the global market and the fuel price is higher than for black coal. Still compared to
Europe or Asia, coal prices are much lower. Labor costs, on the other hand, are amongst
the highest in the world, which results in high costs for installation of plant and equipment
and high costs for maintenance. Despite the differences in capture cost break-down in both
Australia and Europe CO2 capture costs are too high to facilitate rapid deployment of CCS
technology and both continents can learn from efforts and experiences in cost reduction.

The discussion on the above questions was very lively and as a result there was no time for a
discussion around the last three questions:

e Are the absorption based technologies completely developed?
e How much can you expect to reduce the heat requirement?
e [s CO; purity an issue for all technologies addressed?

3.3 Discussion 2: Industrial applications of membranes and
methodologies for technology evaluations

3.3.1 Membranes

The questions prepared and the respective summary of answers are listed in the following:

e What is the best way of up-scaling membrane based technologies and can they really
offer an improvement in plant footprint compared to amine scrubbing?

v/ It was suggested that the scale up of membrane technologies for CO2-capture would be
facilitated by considering how the scale-up of reverse osmosis for seawater desalination had
progressed since its inception in the 1960's.

v' Based on experience at TNO with development of membrane contactors for CO2-capture from
flue gas it is important to redesign the membrane module geometry for up-scaling (e.g. tubular).
The advantage of the high specific surface area for membrane technologies is the potential for
compact equipment and smaller footprint. As the power plant flue gases are sizeable in
volumes, there is a considerable design challenge to enable these flue gases to pass through
the membrane equipment at low pressure drop. Proper module design is a critical up-scaling
issue. Thus it is important to establish normative equipment- as well as process design
procedures.

v" The use of plastic materials in processes with acid gases has the potential to reduce the costs.

v' Low temperature membrane operation may also be considered. It has been shown that
cryogenic operation at least may give an energy performance similar to amine based absorption
processes.

v" Hybrid membranes combining functionalized amine groups as well as membranes combined
with other technologies are present trends.

v"In order to develop equipment and processes it is important that both engineers and material
scientists work together. Especially important is to have the power plant and its requirements
and limitations in mind when designing the membrane module and associated capture process.

¢ What indication do we currently have that membranes can offer improved energy
performance in comparison to amine scrubbing?

This document contains proprietary information of the HiPerCap project. Al Copying of (parts) of this document is forbidden without prior permission.
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Rough estimates shows that there is not a big difference in the energy performance of a
membrane process or an optimized amine based process.

The main benefit of membrane application is its simplicity, which makes it attractive for as a
retrofit option with advantages in terms of operation and maintenance. Another advantage is that
in the membrane process there is no use of chemicals thus avoiding emission of potential
harmful species.

The membrane process requires electricity, which is more expensive than the steam used for
the amine based absorption process. However, the membrane process is easier to integrate
with the power-plant than the amine based due to the steam extraction from the power-plant in
the latter case.

Further improvement may come from better heat-integration, but then the beneficial simplicity
may be lost.

Benchmarking taking into account also aspects around operability and flexibility of the plants
should be done. A true comparison of membrane processes with amine based technologies can
be done on the basis of adequate process and equipment designs. As these are lacking a good
technical starting point will be a comparison between the membrane permeability and the mass
transfer coefficients for amine based absorption/desorption processes.

v What are the major challenges for membrane based capture technologies?
v" The main challenge for membranes is to demonstrate their robustness under realistic

conditions, i.e. at flue gas conditions. There is a need for experimental environments, e.g. at
power stations, to enable such testing.

v" Another challenge is to have scalable process designs and equipment designs and evaluate

those designs at real conditions.

v Membranes in Europe vs. Australia

v

Emission controls in Australian power plant are less stringent compared to Europe. The poorer
quality of the flue gases in Australia might impose additional issues for membrane technologies.
This may also influence on the CO, purity and the strict requirement related to transport and
storage. Thus flue-gas treatment may be necessary and for which multicomponent capture may
be a solution. However, Australia has particulate removal installed on coal fired power plants,
either ESP or bag filters so that challenges related to fly ash is not an issue.

At present there are no membrane manufacturing companies in Australia. This lack of
technology suppliers in Australia will be a determining factor in international collaborations, as
the technologies will be developed overseas rather than in Australia.

3.3.2 Technology Benchmarking

The questions prepared and the respective summary of answers are listed in the following:

e How do we account for operability and flexibility?

v

This maybe an important design criterion especially for capture plants to be connected to power
plants operated at highly varying load or sources of CO, for which the flue gas flow-rate and/or
CO2 concentration is highly fluctuating. In HiPerCap, we will consider it as part of the technology
assessment, but only on a qualitative basis.

e Is CO; purity an issue for all technologies addressed?
v

v

As mentioned in connection with membranes, CO, purity is an issue for geological storage and
transportation.

For pipelines, recompression is affected by impurities in the stream. Unfortunately, there is not
much data in literature about specific requirements although it is a big issue. It will be dependent
on the specific case so maybe that is the reason why it is not standardized. In HiPerCap we will
most likely require a minimum of 95%, but check the implications for some of the technologies.

e Are there any added environmental benefits of the new technologies addressed in
HiPerCap?

v

All solvent systems considered in HiPerCap are more "green" or environmental friendly than
systems considered as part of the 1% generation solvent system. As stated earlier, there will not
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e Do

v

be any issue related to emission of harmful species in case of membrane applications while
amine functionalized sorbents may release some of the amines dependent on operating
conditions.

any of the considered technologies provide reduction in CAPEX?

It is one of the goals in HiPerCap to reduce costs, but most likely it is difficult to estimate the
costs and compare all the technologies on a fair basis. It was emphasized also that the
availability of the various agents at least before any extensive application is limited. Thus the
novel solvents, sorbents and membrane materials may be as costly as the capture plant itself.

Finally, there was a general discussion about how to benchmark and choose the best technology.

v

v

Certain technologies works better for one application, another technology maybe better for other
types of applications situation.

In HiPerCap we will not be able to see all the potentials of the different technologies when we
are finally selecting two technologies for further studies, but we will try to be as fair as possible
with the available data we will get.

At the end the market will make a decision and it is important to offer alternatives.

There was a remark about the lack of pilots available for demonstration of membrane based
technology as a clear drawback, but it was confirmed that a membrane developed at
SINTEF/NTNU has been tested at a power plant in Portugal for 6 months, in the presence of
NOx and SOx. Promising results have been obtained. The same membrane was also tested in a
cement plant, but less good results were obtained due to unstable cement plant operation.
Presently a 10 m*hollow fiber pilot plant is designed and will be constructed at NTNU/SINTEF
quite soon.
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4 Field trip to the Latrobe Valley

Most of the European participants and some Australian (many of the participants in the workshop
have already visited this site) joined the trip to the Latrobe Valley, Victoria for visiting a huge
brown coal opencast mine and one of its connecting power stations. CSIRO has built and has
been operating a post-combustion capture pilot plant at the power station. The tour in the mine
and through the power station was kindly hosted by AGL Loy Yang.

Facts about the power station: AGL Loy Yang operates one of Australia’s largest open-cut mines
(2.5 by 3.5 km and 200 meters deep). The mine consists of a 10-20 meters layer of overburden.
30 Mtpa are produced for two base-load power stations with a capacity of 2.2 GW and 1.1 GW,
respectively, which is 50% of Victoria’s electricity need. The coal has very low ash content of
about 2%, and very low sulfur levels and as such amongst the cleanest in the world. On the other
hand, it contains of 62-65% moisture which dramatically affects the power stations’ efficiency;
~29% HHV (34% LHV). Flue gas treatment after combustions includes cooling (heating inlet air)
and electrostatic precipitation of fly-ash, which is 99.9% effective, but lack flue gas
desulphurization and denitrification. As a result the flue gas is being emitted at 180 °C to prevent
acid dew point from happening and the composition ranges between 10-12% CO,, about 5% O,,
20% H20, 140ppm SO, and 180ppm NO,. CO, emissions from both power plants are about 30
Mtpa. http://www.agl.com.au/about-agl/how-we-source-energy/thermal-energy/agl-loy-yang

Facts about the pilot plant: The CSIRO PCC pilot plant at AGL Loy Yang captures CO, from
slipstream flue gas. The PCC pilot plant was commissioned in 2008 and is designed to process
50 kg/h of flue gas. The CSIRO PCC pilot plant is operated during daytime hours. The PCC pilot
plant consists of a flue gas pre-treatment column, two absorber columns and one stripper column.
The pre-treatment column scrubs the flue gas with sodium hydroxide to remove SOy, NOy (other
than NO) and particulates. The liquid absorbents used to capture CO, in this pilot plant range
from 30 % (w/w) aqueous monoethanolamine (MEA), AMP, PZ, amino acids and several
proprietary blends. The absorbent inventory ranges between 150-250 L. The PCC pilot plant has
been focusing on evaluation of novel amine blends and has set a base-line for emissions from
long term operation of MEA (1600+ hours).
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The two absorber columns are operated in series (can also be reconfigured to operate in parallel)
and constructed from 200 DN stainless steel pipe. Each absorber column has an inner diameter
(ID) of 211 mm, two 1.35 m packed bed sections (i.e. total packing height of 2.7 m), and the total
column height is 9.4 m. The single stripper column is constructed from 150 DN stainless steel
pipe with 161 mm ID. The stripper has a total column height of 6.9 m and packing height of 3.9 m.
The metal random Pall ring packing used in every column has the following general specifications:
(i) size/dimensions of 16 mm, (ii) specific area of 338 m*m°, and (iii) packing factor of 306 m™.
The steam for the stripper reboiler is generated by a 120 kW electric boiler.

Flow meters, sensors, probes and transmitters installed throughout the CSIRO pilot plant provide
instantaneous measurements of flow rate, pressure and temperature. Column temperature
profiles can be generated using resistance temperature detectors (RTDs) located along the height
of each column. The Gasmet™ FTIR gas analyzer measures gas composition online at 5
locations throughout the plant. Density meters display online density measurements of the liquid
absorbent. During pilot plant operation, liquid absorbent samples are titrated onsite to determine
the absorbent concentration. This is needed to monitor and maintain the water balance.
Additionally, once the pilot plant reaches steady state operation, absorbent is sampled at various
points in the pilot plant and sent off-site for liquid analysis.

Also the PCC related research on potassium carbonate, membranes and adsorption as carried
out by the CO2CRC at the nearby Hazelwood power station was discussed by Trent Harkin of
CarbonNet (previously with the CO,CRC).
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Appendix: Presentations from the workshop
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Various pictures from the workshop
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