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Background
The IEA Greenhouse Gas R&D Programme (IEAGHG) has established its Post-Combustion Capture (PCC)
Conference (PCCC) series as one of the leading, if not the leading, post-combustion capture conference in
the world. These Conferences provide delegates with an excellent opportunity to be updated on recent
advances made on PCC technologies internationally.
Oral presentations given in the technical sessions cover research and development from bench-scale,
through pilot-scale testing to demonstration at large scale, as well as addressing process modelling and
environmental impacts. Keynote presentations that often precede the technical sessions are given by
internationally-recognised experts and generally centre on technology and policy overviews, along with
learnings from some of the large CCS demonstration plants constructed.
Previous conferences in the series have been held in Regina (PCCC3), Bergen (PCCC2) and Abu Dhabi
(PCCC1). A particular appeal of the conferences has been the opportunity to take part in informative
technical visits that, for many, takes the technology from the laboratory or lecture hall into the real world.
While attendees to PCCC3, for example, had the opportunity to visit SaskPower’s Boundary Dam
Unit 3, PCCC4 offered participants the pleasure of visiting the National Carbon Capture Centre (NCCC) and
Mississippi Power’s Kemper County IGCC Project.
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Prof. Gary ROCHELLE, University of Texas at Austin, United States
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International Perspectives
This year, PCCC4 hosted four keynote speakers: Mitsubishi Corporation’s Takahito Yonekawa; the CCS
Knowledge Centre’s Brent Jacobs; the Chinese Academy of Sciences’ Sheng Li; and the US DOE’s John
Litynski. While from varied backgrounds and differing nationalities, common to all was the contribution
they had made over the course of their careers to the post-combustion capture space.
John Litynski, Carbon Capture Programme Manager at the USDOE’s Office of
Fossil Energy, discussed current DOE strategy on CCUS. He presented the main
objectives for the next generation of CCS technologies; namely, to raise the
efficiency of coal-fired power plants and to improve operational reliability.
John spoke on the current budget situation. Out of a total budget of $682 million
for fossil energy R&D, the department was currently investing $101 million in CO2
capture budget and $96.3 million in storage. While next year’s budget had yet to
John Litynski
be approved, the $280 million requested for research into fossil energy R&D had
provisionally been revised upwards by both House and Senate. He then went on
to comment on the status of the major CCS demonstrations, including the Kemper IGCC, the PetraNova
post-combustion capture facility, Air Products CO2 capture from steam methane reforming plant and
ADM’s CO2 capture from ethanol production.
While he recognised that costs had come down over the past five years, John said that reducing them
further would still remain a focus of future work. In this regard, he said the NCCC had been instrumental
in bringing down the costs of new technologies. Finally, he commented on CO2 re-use projects in the
DOE funding framework and on support for international cooperation. Regarding the latter, he noted the
Carbon Sequestration Leadership Forum and the Clean Energy Ministerial’s Mission Innovation as two
examples of good practice.
Takahito Yonekawa updated delegates on the design and performance of Petra
Nova, the world’s largest post-combustion capture plant. At 240 MW, the capture
plant had been retroftted to NRG’s WA Parish coal-fired power plant, southwest
of Houston, Texas. Of particular note, he pointed out that the construction of the
plant had been completed on budget and to schedule.
After testing more than 200 solvents, KS-1, a sterically-hindered amine solvent,
was selected due to its low corrosivity, high stability and high CO2 absorption
capacity. Early testing on the capture plant had confirmed expected performance,
both with regard to operational reliability and energy consumption.

Takahito Yonekawa

The Petra Nova plant was the 12th MHI capture facility since the first was constructed to capture CO2 from
a urea plant in Malaysia in 1999. Following the successful commissioning of the Petra Nova capture plant,
MHI was confident of successful application of its process to an NGCC plant with post-combustion CO2
capture.
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Brent Jacobs gave delegates an update on SaskPower’s Boundary Dam Unit 3 and
the role of the International CCS Knowledge Centre.

Brent Jacobs

With SaskPower and BHP Billiton as the main sponsors, the International CCS
Knowledge Centre acts in an advisory role to other potential users of CCS. It
gathers learning from Boundary Dam and other sources, with a key objective of
advancing understanding and promoting the use of CCS internationally. Based
on operational experience to date, a key message from Boundary Dam is that the
capital cost of the next such plant would be 30% less.

With regulations in Canada supporting cleaner systems, retrofit of CCS has been
considered important. While the CO2 intensity of unabated lignite is around 1100 t/GWe, Boundary Dam’s
90% capture has reduced it to around 100-120 t/GWe.
The project to retrofit post-combustion capture to Boundary Dam’s Unit 3 began in 2007; construction was
completed in 2014, followed by commissioning. In summer 2015, the stricter CO2 regulations came into
force. In November 2016, Canada’s environmental regulations were tightened further, justifying even more
the need for plants like Boundary Dam. Currently, the performance is reliable and the electrical output is
stable. The CO2 capture rate has been increased since 2015 compared to the first 12 months of operation,
reaching 3 000 t CO2/day. Brent described operational issues experienced at the plant and the measures
taken to resolve them. These experiences provide valuable learning for the next generation of CCS plants.
Next steps at the plant will include additional testing campaigns and improvements made to efficiency
and reliability.
Sheng Li described some of China’s experiences gained and lessons drawn from
the testing and demonstration of CCS. He began by remarking on the poor air
quality in China and the major role played in that by power generation. While many
of the more immediate problems arose from emissions of air pollutants, China
also considered emissions of greenhouse gases, and CO2 in particular, a major
concern. Sheng listed the main measures identified to address CO2 emissions in
China, namely: improved energy efficiency; use of renewables; and deployment
of CCS.

Sheng Li

In 2015, coal satisfied 64% of China’s primary energy consumption and was responsible for 40% of China’s
CO2 emissions. And for as long as coal remains a major fuel in China, Sheng felt that CCS would be considered
an important technology. Worldwide there had been significant development to date. Of the 39 largescale CCS projects in China, Europe and North America, 17 were in operation and 4 under construction,
and around 37 Mt CO2 were being sequestered annually. Around 40% of the approximately 83 small-scale
demonstration projects were in the power sector.
Sheng said that China could potentially capture and store an estimated 120 Mt CO2/yr. He summarised
China’s main demonstration projects, beginning with the 3 000 t CO2/yr side-stream post-combustion
capture unit commissioned in 2008 at Beijing’s Gaobeidian Power Station (now closed). Other postcombustion capture demonstrations included Shanghai’s 120 000 t CO2/yr Shidongku unit and Chongqing’s
10 000 t/yr Shuanghua unit. Pre-combustion projects include the 100 000 t CO2/yr GreenGen IGCC plant
in Tianjin. Sheng also mentioned the large-scale full-chain project being constructed by the Yulin Energy
and Chemical Company, which is expected to capture 410 000 t CO2/yr from a chemicals production plant.
A major point made by Sheng was the drive in China towards lower investment costs. He said the cost per
tonne of CO2 captured had gradually reduced with successive large-scale projects and were substantially
lower than reported costs for plants elsewhere in the world. Lower labour costs were clearly one
contribution to these lower investment costs, but Sheng felt there were several other factors. While he felt
that technology improvements to reduce costs must continue, further focus on policy development and
funding concepts were essential.
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National Carbon Capture Centre
PCCC4 opened with a session mainly focused on the work of the “The mission of the NCCC Centre is to
National Carbon Capture Centre (NCCC), prior to a visit to NCCC’s offer test facilities for technologies to
facilities by delegates later in the day. Frank Morton, NCCCC’s Technology reach near-zero emissions at lowest
Development Manager, chaired the session, which included presenta- cost” John Northington, Director
NCCC at Southern Company
tions from industry and academia. In Frank’s brief introduction, he
emphasised the international nature of the test programme undertaken
at NCCC, making special mention of the high-level Indian delegation attending the conference, with whom
discussions would be held later regarding potential collaboration.

John Northington

First to the lectern was John Northington, who introduced NCCC’s activities.
Managed by Southern Company, with funding from industry and the US DOE,
he said the mission of the Centre was to offer test facilities for technologies to
reach near-zero emissions at lowest cost. John described the versatility of the
plant, which can operate at real-plant conditions and where experts have run the
installation for more than 98 000 hours since 2008. Not only the United States,
but groups from 6 other countries have used the facilities and 10 technologies
tested there have subsequently been scaled-up. Future plans involve tests using
membranes, solvents, solids, modelling and NOx clean-up.

As a preview of the Kemper IGCC Facility tour later in the week, Landon Lunsford,
from Southern Company, gave an update on the performance of the technology
to date, providing details of some of the problems encountered and the steps
taken to overcome them. The plant was designed for 65% CO2 capture. To offset
the costs of the capture plant, Landon said that, as well as the potential for using
the CO2 for EOR, planned by-products from the plant were to be ammonia and
sulphuric acid.

Landon Lunsford

Gary Rochelle, from the University of Texas at Austin, gave an overview of
advances made on the advanced flash regeneration technology and bench scale
modelling of piperazine. Since 2011, several campaigns had been carried out,
with more recent testing being undertaken at NCCC. Gary informed delegates
that solvent management had been one of the main areas of interest within his
group, with research covering issues such as oxidation, volatility and emissions.
Gary Rochelle
Alex Augustine presented Air Liquide’s cold membrane technology, which had
been under development since 2008. The latest development, on a new membrane
material with a higher CO2 permeability, had been under test at NCCC since
2013. Alex provided an overview of equipment-related issues that arose during
the testing campaigns, which gave delegates a helpful insight into the types of
problems that can occur in the investigation and scale-up of new technologies.
The techno-economic analysis carried out included modelling optimisation,
followed by application of the US DOE cost methodology and a review by Parsons.
Upcoming testing at NCCC would include a focus on achieving 90% CO2 capture
rate and decreasing CAPEX and OPEX.

Alex Augustine
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Jay Faison from ClearPath gave an overview “CCS will be crucial to decarbonise
of CCS from a policy-maker’s perspective. He a future energy system that deploys
made the case that technology-related and significant fossil content” Jay Faison,
government-related aspects are inherently in- Founder and CEO, ClearPath
terconnected and must be addressed together
if CCS were to be deployed widely in the future. As an interesting highlight, Jay
compared renewable energies with CCS and their respective roles in the current
electricity system. He contrasted the broad acceptance of renewable energy
Jay Faison
technologies to the more nuanced acceptance of CCS. While the utilisation and
availability of intermittent renewable energy technologies is relatively low globally, they are currently Plan
A as far as many in government and society are concerned. On the other hand, governments and society
are reluctant to assign it even Plan B status. Jay implied that his mission on Capitol Hill would be to address
this incongruity by raising the profile of CCS and having its essential role recognised.

PCCC4 Technical Highlights
Capture technology is generally the highest cost component of CCS. Within the CCS community, the search
for the next, improved capture technology is of high importance. There are now many capture technologies
and processes that have been investigated at various scales, from laboratory to commercial-size units.
However, going forward, reducing capital and operating costs is essential. Scientists, technologists and
engineers globally are exploring new materials and processes that might meet particular criteria, e.g. they
are less costly to produce, are more efficient in their uptake of CO2, require less energy to regenerate or
separate the CO2, have a lower environmental impact or exhibit less degradation. The technical sessions
provided an international forum for the post-combustion capture community to share their experiences
and successes, and to discuss what had worked and what had not.
Within the CCS framework, the selection of the next capture technology
to achieve commercial scale is essential. First movers have confirmed
the technical feasibility of CO2 capture solutions and their objective is
now focused on decreasing cost on the construction and operation of
second generation plants.

There are now many capture
technologies and processes that have
been investigated at various scales,
from laboratory to commercialsize units. However, going forward,
reducing capital and operating costs
is essential.

Of the main categories of CO2 capture technologies, post-combustion
capture has received most attention at commercial scale and, within
that category, chemical absorption has been the leading process. However, regeneration of the solvent
has traditionally been an energy-intensive step, which has made the process economically challenging.
Encouragingly, presentations given at PCCC4 described results where next generation capture technologies
lowered this energy penalty while, at the same time, increasing the absorption rate. Tertiary amines were
still favoured as solvents and speakers described their efforts to decrease energy consumption using
tertiary amines alone and when promoted with primary amines. Moreover, additives such as enzymes and
catalysts have resulted in faster absorption rates, while two-phase
solvents (liquid-liquid or solid-liquid) have exhibited promising
results. Projects such as HiperCap are exploring hybrid systems
where, for example, algae growth is combined with chemical
absorption and, for adsorption, various other processes are being
tested. To apply such solutions to a range of flue gas compositions,
new methods for sorbents screening were addressed for application
to absorption as well as adsorption.
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Paul Nielsen, the University
of Texas at Austin

While solvent performance is often expressed as a function of its
absorption rate and energy consumption, solvent degradation and
corrosion are also important parameters. Dissolved oxygen in amine
solutions causes free radical degradation of amines into aldehydes,
carboxylic acids and ammonia. Speakers described experimental

tests and modelling results on droplet
formation and emissions. Flue gas from power
plants may include components that can
accelerate degradation, while corrosion can
prove expensive for industrial facilities. Aiming
to reproduce real conditions, researchers
have focused efforts on investigating the
influence of process variations such as the use
of biomass instead of fossil fuels (Bio-CCS) or
increasing the SO2 content of the flue gas. In
addition, membrane-based technologies were
Some of the Attendees at a Technical Session in PCCC4
widely represented with, e.g. descriptions of
advances in materials development. Tests on
the use of nanoparticles, amine solutions and ionic solvents were also covered.
However, it is not only new processes, solvents and materials that need to be explored, but also process
configurations. Novel process configurations have the potential to decrease capture costs significantly and
were the topic of several presentations. The advanced flash stripper for chemical absorption is expected
to increase thermal efficiency, achieving 15-20% lower energy costs than typical configurations. Tests at
NCCC are combining the use of new solvents with the advanced flash stripper configuration, together with
a packed absorber with intercooling and water wash. Promising results are being obtained, with up to 90%
CO2 removal, and energy consumption estimated at 2.56 to 2.77 GJ/t CO2. For adsorption, the two reactor
systems (fixed-bed and moving-bed) are proposed as new configurations to increase system performance.
Emissions was one of the main topics in PCCC4. Chemical absorption has been heavily criticised in the past
due to hypothetical amine losses during absorption and desorption. While the desorption step, although
running at a higher temperature, is not really an issue due to the condensation of water and amine in the
flash unit, the absorption column must be designed effectively. Speakers described emissions models to
predict solvent losses and new configurations to decrease them, such as better design of water wash or the
use of advanced solvents with lower volatility. Moreover, advances in the understanding of environmental
impacts and the development of guidelines on risk assessment were described within the context of the
implementation of CO2 capture in Japan. Delegates felt this was an important matter, with more public
engagement and the dissemination of information on emissions encouraged.
CCS on a power plant that uses biomass as fuel, also called Bio-CCS, is a technology that produces negative
emissions. Bio-CCS is considered a key component of the portfolio of technologies needed to set the
global energy system on a pathway toward the 1.5°C agreed on in Paris. Some results from the testing of
this technology were described.
Importantly, while many presentations addressed capture in the power sector, the industry sector was also
of interest at PCCC4. For example, the performance of both liquid and solid-based CO2 capture systems on
a cement plant were described.
Modelling is an essential tool for a better understanding of the CO2 capture process. It can be used for
design and scale-up, to predict data not immediately or easily available and to validate results from test
campaigns. Presentations on modelling were well represented at PCCC4
Experience of construction,
and it was encouraging to hear of advances on process simulations to implementation
and
analyse new configurations, emissions and systems design, and not only for operation is essential to
chemical absorption but also for membrane contactors. The key parameters acquire confidence in postinfluencing capture rate have been investigated, which will contribute combustion systems, cut costs
significantly to a more accurate selection of solvents, absorbents and of operation and better define
capital costs.
membranes.
New information from large demonstration projects such as Boundary Dam,
Quest and Petra Nova, and from pilots such as Niederaussem, Mikawa and TCM provide, e.g. information
on solids handling and solvent degradation, while experiences on operational dynamics and flexibility
have also been gained over the time. Several commercial solvents, such as CAER-B3 and CAL007, are being
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tested and accumulating operation hours. For example, results from the PICA project were shared, where IHI
and CSIRO tested CAL007 and an IHI advanced amine solvent on the AGL Loy Yang Power Plant. The energy
penalties for solvent regeneration were significantly decreased. Moreover, the process configuration was
enhanced, contributing to obtain a better capture performance. Emissions have been controlled at large
scale through optimised design of the water wash unit, addition of oxidation inhibitors or installation of
BDF filters.

Where are we now and what next?
Some of the most recent advances on post-combustion technologies, including new systems, environmental issues and large-scale carbon capture demonstration projects were presented at PCCC4. While the
event centred on technical discussions, much policy-relevant information was shared. Results indicated
that post-combustion capture technologies had progressed substantially and areas of particular note
included:
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•

Chemical absorption. Post-combustion capture
using amine solvents remains the most mature
carbon capture technology. Solvents for chemical
absorption have improved markedly compared
to aqueous MEA solutions, the traditionally
benchmark. While MEA campaigns have contributed
to the creation of operational guidelines and have
been used by many as reference scenarios, MEA has
now largely been superseded by more advanced
solvents that, together with more effective process
configurations, have led to solvent regeneration
becoming less energy intensive. Nonetheless,
further reductions in the energy and efficiency
penalties in the process and production plants
remain essential. PCCC4 was a showcase for novel
solvents with enhanced properties demonstrated
at laboratory scale, such as two-phase solvents,
chilled ammonia and solvents promoted with
enzymes, amine blends or catalysts. Characterisation and continued development of innovative liquid
and hybrid solvents will increase the performance and reliability of emerging systems.

•

Physical adsorption. New sorbents and reactors had been explored for improved solids adsorption
processes. The energy penalty associated with the regeneration of solid sorbents is generally smaller
than that to regenerate amine solvents. Temperature swing adsorption (TSA) was presented in PCCC4
as a most promising process, with low regeneration energy. Additionally, green sorbents have the
potential to decrease the carbon footprint. Nevertheless, challenges on cycle design, adsorbent
selection and bed configuration need to be addressed.

•

Membrane-based systems. Recent years have witnessed significant progress in membrane-based
separation. PCCC4 saw the development and characterisation of new membrane materials described.
Innovative hybrid systems, such as membrane absorption, membrane plus nanoparticles, or membrane
contactors were presented. Instrumental to many of these developments has been the application of
molecular and process simulations to predict performance. In 2018, extensive testing on membranebased systems will be undertaken at NCCC and the University of Kentucky.

•

Testing at larger scale. Further experience has been gained from existing and new large-scale demonstration projects. Issues such as solvent degradation, corrosion and solids handling were being
addressed. Experience has demonstrated that the opportunity to explore problems at large scale will
lead to a decrease in the cost of subsequent plants, directly reducing capital and operational costs.
Experience at larger scale will also help make estimating the costs of carbon capture systems more
accurate.

While the information presented at PCCC4 was promising, there remains a need for post-combustion
capture processes to become more efficient, less energy intensive and less costly. Emerging solutions for
the various capture processes, whether based on chemical absorption, adsorption, membranes or other
process, need to be tested and developed further if they are eventually to be effective at commercial
scale. Operational experience of testing at large scale has clearly advanced since PCCC3, as has testing
at the various facilities affiliated to the International Test Centre Network. Since the Paris Agreement, it is
also clear that more developing countries recognise the importance of CCS as an essential technology to
combat global warming, exemplified by the high-level delegation from India at PCCC4. In the absence of
no clear winning post-combustion capture technology, beyond PCCC4 we anticipate progress being made
across the board on technologies and processes. Common to all post-combustion systems presented at
PCCC4, it is expected that a combination of novel systems and new configurations will be the key for the
next generation of CO2 capture plants. Additionally, that must be a reduction in capital and operational
costs.
At the higher level, this will include:
•

The accumulation of more test experience at commercial/large scale in both power and industry
sectors, which has the potential to dramatically improve risk perception and cost reduction;

•

Accessing the facilities offered by the International Test Centre Network to progress the development
of capture technologies in a more cost-effective manner;

•

More participation in post-combustion capture technology development and CCS deployment in/by
developing countries, and particularly in countries where fossil fuels contribute significantly to their
primary energy supply.

Then, at the more technical level, progress is anticipated, for example, on:
•

Further investigating solvent management and solvent degradation. Reducing both the cost and
environmental impact of solvent loss continues to be an important line of research. The detection and
mitigation of amine emissions will include modelling and the development of new, high performance
solvents. Testing will continue on technologies, e.g. enhanced water wash and activated carbon filters,
to remove the products of amine degradation, such as nitrosamines.

•

Improving the performance of solid sorbents and membrane systems. This will include the design and
development of advanced sorbents and enhancing the performance of next generation membrane
materials.

•

Hybrid technologies that efficiently combine features from multiple technologies (e.g. solvents and
membranes). Although currently low TRL, hybrid technologies represent a promising avenue of
exploration, with extensive development and testing required before their promise can be confirmed.
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Tour of the National Carbon
Capture Centre
On day 1, PCCC4 delegates were
treated to a visit to the NCCC
facilities. The NCCC site serves
as a test facility for capture
technology developers, who can
take advantage of the flexible
operating envelope offered by
the facility. After testing in the
laboratory and at bench-scale, and
once some confidence has been
gained in performance, the NCCC
provides a world-class test facility
that, with support from its highly
specialised staff, accelerates the
commercialisation of promising
capture technologies. While some
satisfied technology developers
described their experiences
prior to the visit, yet others gave
detailed descriptions during the tour itself. Facilities at NCCC
allows testing to focus either on post-combustion capture for
conventional pulverised coal-fired power plants or on pre-combustion capture for advanced integrated gasification combined
cycle power plants.

NCCC provides state-of-the-art facilities
to test developers’ technologies for
extended periods under commercially
representative conditions with coalderived flue gas and syngas, thereby
accelerating development of costeffective CO2 capture technologies

The post-combustion site can be adapted for different absorber
configurations and solvent solutions. The centre offers the
potential to test technologies and equipment at small to medium
pilot-scale. Moreover, different gas compositions can be tested due to the presence of an air dilution system.
Current plans include testing regimes on alkalised alumina sorbents (TDA Research), new membrane
contactors (Gas Technology Institute), and an advanced flash stripper configuration and NO2/SO2 removal
(Trimeric and University of Texas at Austin).
The pre-combustion programme includes evaluation of sorbents, catalysts and membranes. The gasifier
has operated for more than 3,800 hours. The facility includes a syngas conditioning unit, a flexible
slipstream facility, and test areas for small pilot-scale projects. Plans include tests on CO2 sorbents coupled
with water-gas shift functionality (TDA research), on a water-gas shift catalyst (Korea Electric Power
Corporation), on new thermowell designs for gasifiers (Scruton Well), on zeolite membranes (MPT) and on
hydrogen membranes (Research Institute of Innovative Technology for the Earth).

8

Tour of the Kemper IGCC Facility
The last day of PCCC4 saw many delegates take advantage of the
opportunity to visit the
Developed by the Department of Energy,
Kemper IGCC Facility.
Southern Company and KBR at the
Power Systems Development Facility
Located in Kemper
in Wilsonville, Alabama, Kemper IGCC
County, Mississippi, the
facility was designed based on a superior
582 MW IGCC plant sits
coal-gasification method with low
atop a 100,000 tonne
impacts to the environment
dome of lignite, a
fraction of Mississippi’s
reserves of 4 billion tonnes, and enough to have kept the plant
operating well beyond its design lifetime. However, following
fully-integrated operation in July 2016 the plant operated for
224 days before budget overruns and an inability to compete
with cheap natural gas saw operation suspended indefinitely in
June 2017.
At the Kemper plant, two very informative presentations
describing the plant operation, the capture technology and the
injection options were followed by a bus tour around the facility.
Designed to operate at 65% capture rate, the plant have would
captured more than 3.8 Mt CO2 a year using Selexol solvent
(which also removes the H2S). The CO2 would then have been
used for enhanced oil recovery, where, on average, each tonne
of CO2 produces 3 bbls of oil. Around 50% of Mississippi’s oil comes from EOR. Other valuable by-products
from the plant would have included 150,000 t/y sulphuric acid and 38,000 t/y ammonia. Emissions from
the plant would have been low, with NOx emissions even lower than those achieved on a CCGT.
Currently, while the Kemper plant now operates only on natural gas, analysis of results gained from lignite
operation continues and remaining technology challenges are investigated.
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