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Carbon capture and storage (CCS) is broadly recognised as having the potential to play a key role in meeting
climate change targets, delivering low carbon heat and power, decarbonising industry and, more recently, its
ability to facilitate the net removal of CO, from the atmosphere. However, despite this broad consensus and its
technical maturity, CCS has not yet been deployed on a scale commensurate with the ambitions articulated a
decade ago. Thus, in this paper we review the current state-of-the-art of CO, capture, transport, utilisation and
storage from a multi-scale perspective, moving from the global to molecular scales. In light of the COP21
commitments to limit warming to less than 2 °C, we extend the remit of this study to include the key negative
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Carbon capture and storage (CCS) is recognised as being vital to least cost pathways for climate change mitigation, and in particular the negative emissions
technologies (NETs) that are key to limiting warming to “well below” 2C. However, it has not yet been deployed on the scale understood to be required, owing to

a variety of technical, economic and commercial challenges. This paper provides a state-of-the-art update of each of these areas, and provides a perspective on
how to the discipline forward, highlighting key research challenges that should be addressed over the course of the next decade. Importantly, this perspective

balances scientific, policy and commercial priorities.

1 Introduction

This paper is the third installment in a series of publications over
several years in Energy & Environmental Science."” The first
(published in 2010) provided an introduction to CO, capture
technologies, with an overview of solvent-based chemisorption
(amines and ionic liquids), carbonate looping, oxy-fuel combus-
tion technologies, CO, conversion and utilisation (CCU) and multi-
scale process engineering of CCS." The second installment pre-
sented an update on developments in amine scrubbing, ionic
liquids, oxy-combustion and calcium looping. New topics added in
this second paper include chemical looping combustion, low
temperature adsorbents, direct air capture technologies, flexible
CCS operation, CO, transport and storage, and a historical over-
view of the UK and EU CCS policy and legislation.”

Distinct from the previous installments, this third paper sets out
to comprehensively review the state-of-the-art developments in CCS,
whilst also providing a holistic perspective on the role of CCS
technologies in mitigating anthropogenic climate change. We first
discuss the current status of CCS development and highlight key
CCS technologies that are near commercialisation phase (Section 2).
Then in Section 3 we contextualise CCS technology by considering its
representation and utilisation in integrated assessment models
(IAMs), challenging the view that it is a “bridging technology”, likely
to be relevant for only a few decades. We then go on to quantify and
qualify the role and value of CCS at a more granular level by
evaluating the way in which CCS interacts with national scale
electricity systems. This in turn helps us address the question of
what service CCS provides to the electricity system, with whom is
CCS competing and what technologies does CCS complement.

We then move on to consider the utility of CCS in decarbonis-
ing the industrial sector, with a focus on the key emitters - the
production of iron and steel, cement and oil refining and petro-
chemicals. Throughout, we aim to challenge the perception that
industrial CCS is uniquely costly, showing that, for example, the
cost of decarbonising the refining sector is essentially “lost in the
noise” of market fluctuations of the end use sectors.

Section 4 of the paper considers key post-combustion CCS
technologies in detail. The purpose of this paper is not to enumerate
the panoply of technologies that are available for capturing CO,.
Rather, we focus on solid- and liquid-phase sorbents, and attempt to
specify key research questions that need to be address in these areas.
We then select three particularly promising alternative technologies
for CCS in Section 5: chemical looping combustion, membranes and
ionic liquids.

It is well known that the thermophysical and kinetic proper-
ties of the sorbents used for CO, capture dictate both the
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capital and operating cost of the processes in which they are
used. For this reason, there is a concerted effort to rationally
design new sorbent materials, with the bulk of the effort in the
development of liquid sorbents, where available theories are
more readily applied. Thus, we present an assessment of SAFT-
based approaches to model and design new materials in
Section 6, with a focus on how efforts at the molecular and
process scales might be linked.

Before CO, can be safely and reliably sequestered, it must be
transported from source to sink. Whilst the majority of studies
assume pipeline transport, ship and rail transport are potential
alternatives; these other transport options are discussed in
Section 7. Similarly, despite the fact that CO, transport by
pipeline is exceptionally mature, the impact of capturing CO,
from a diverse set of power and industrial sources on the
quality of CO, being transported is sufficiently important to
warrant careful consideration.

The typical fate of CO, is to be sequestered, either in a saline
aquifer or, potentially, used for enhanced oil recovery (EOR). The
various challenges of operation, monitoring and verification of CO,
storage are discussed in Section 8, whereas Section 9 discusses
CO,-EOR. A potential alternative to the storage of CO, is its re-use —
the valorisation of CO, to produce marketable compounds. The
argument is sometimes made that this can both contribute to
climate change mitigation and provide an attractive revenue stream.
Section 10 discusses the potential for CO, conversion and utilisation
(CCU), also its merits and challenges are presented and considered.

In light of the global commitment achieved in Paris in
December, 2015,> we have extended this paper to include key
negative emissions technologies (Section 12); bioenergy with
CCS (BECCS) and direct air capture of CO, (DAC). These areas
are of particular importance owing to their potential impor-
tance and their controversy.

Despite the fact that there are currently 37 CCS projects
at various stages in the Americas, Europe, Middle East
and Asia-Pacific, CCS continues to languish as an “orphan
technology”.t With decades of technical experience across the
entire value chain, it is clear that it is not a lack of technical
expertise that is inhibiting the commercial deployment of CCS
technology. Thus, we have devoted a section of this paper to
consider “what needs to happen” from a commercial perspec-
tive (Section 13), drawing upon experience developed as part of
the UK’s most recent CCS commercialisation programme.’
Having provided this perspective from the private sector, we

+ Anecdotally attributed to Lord Ronald Oxburgh of the United Kingdom House
of Lords.
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then complement this with an international analysis of the
political economy of CCS (Section 14). Section 15 then con-
cludes with a proposed approach to evaluate the utility of a
“novel technology” and feasibility of particular targets by
identifying limitations that might prove to be showstoppers.

2 Current status of CCS development

Carbon capture and storage is expected to play an important role in
meeting the global warming targets set by the IPCC® and at COP21.>
There is a suite of technologies being developed for the capture,
transport, storage and utilisation of CO,. Typically, technology
development will progress in a series of scale-up steps: (i) bench
or laboratory scale, (ii) pilot-scale, (iii) demonstration scale, and lastly
(iv) commercial scale.” Fig. 1 summarises the current development
progress of different CCS technologies on the TRL scale.i As
illustrated by Fig. 1, there is congestion of technologies at the
TRL 3, TRL 6 and TRL 7 development phases. The progression of
a technology beyond TRL 3 requires further research funding,
whereas advancing technologies beyond TRL 5 and TRL 7 needs
significant financial investment and/or commercial interest (e.g;, in
the case of polymeric membranes). Further detailed discussion on
the technical development of the individual CCS technologies is
presented in the following sections of this paper. Here in this
section, we highlight the key CCS technologies that have reached
(or close to reaching) the commercial phase of development.

CO, capture

Chemical absorption (e.g., using aqueous amine solutions) has
been used to remove CO, from natural gas for decades,* thus,
it is considered to have a TRL of 9. This technology has been
utilised in two commercial-scale post-combustion capture facilities
in coal-fired power plants, Boundary Dam'>"* and Petra Nova.'*'>
Recent developments in polymeric membranes have enabled the
technology to successfully achieve demonstration scale (TRL 7).
The Polaris membrane is now available commercially and has
been used for CO, separation from syngas.'® Air Products are
licensing a polymeric membrane developed at NTNU, which
can be applied to coal-fired power plants and other combustion
processes (still under development)."” Thus, The first “commercial-
ready” direct air capture (DAC) plant recently opened in Hinwil,
Switzerland on May 2017,'® with the support of cost contributions
from the Swiss Federal Office of Energy. The plant supplies
900 tonnes of CO, annually to a nearby greenhouse.'® Capture
technologies that have also reached TRL 7 (demonstration)
(e.g., oxy-combustion coal power plants, adsorption) could also
potentially reached commercial status in the near future. In
contrast to post-combustion capture, integrated gasification
combined cycle (IGCC) with CCS has been less successful with
the Kemper County IGCC Project being suspended recently.”®
Southern Company’s decision to halt the project came after

i The “technology readiness level” (TRL) system provides a means of tracking the
status of technologies during their progression through different stages of
research and development (R&D). It is a nine-point scaling system used to
qualitatively evaluate the maturity level of a technology.®™°
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encountering a series of problems, these include failure to meet
the delivery deadline, severe technical issues and being majorly over
budget.*"**

CO, transport

The technologies for CO, transport are well established. There
are >6500 km of CO, pipelines worldwide (both on-shore and
off-shore), most of which are associated with EOR operation in the
United States.” The technology for CO, transport with ships is also
relatively mature.>® As these transport technologies are currently
being used in commercial applications, all have a TRL of 9.

CO, storage

As many commercial-scale CCS projects already use CO,-enhanced
oil recovery (EOR), 13 of the 17 operating commercial-scale CCS
projects, there is a significant amount of existing experience and
knowledge, which has enabled CO,-EOR to reach TRL 9. Similarly,
saline formations have been used for CO, storage at commercial-
scale project, including Sleipner CO, Storage, Snghvit CO, Storage
and Quest (on-shore and off-shore). In contrast, CO, storage by
enhanced gas recovery (EGR)* and storage in depleted oil and gas
fields have not reached operation at commercial-scale, thus, both
are still at the demonstration phase (TRL 7). Ocean storage and
mineral storage are still in the early phases of development.

CO,, utilisation

There are a number of facilities that utilise CO, for various
applications. These commercial CO, utilisation processes are
TRL 9 as they are mature technologies. Most are in the food and
beverage industry and some in chemical production (e.g:, urea,
methanol).>® Several projects utilise CO, for mineral carbona-
tion, for example, Searles Valley plant (US). In Saga City, Japan,
CO, capture from waste incineration is utilised for the cultiva-
tion of crops and algae.>” The CO, for each project is mainly
sourced from industrial processes (e.g., fertiliser production,
ammonia production, ethylene glycol plants), but some pro-
jects capture the CO, from power plant flue gas.>®

Commercial-scale CCS projects

Deployment of large scale CCS projects has been slow. Of the
37 major large scale CCS projects, 17 of these are in operation,
4 in construction and the remainder are in varying stages of
development.* As shown in Fig. 2 and 3, the majority of the
commercial large-scale CCS projects are located in the United
States. In terms of the project life cycle (i.e., identify, evaluate,
define, execute and operate), the US also has the greatest
proportion of projects in operation. For all but one of these
projects, enhanced oil recovery is the primary storage for the
captured CO,. Furthermore, the projects in the US have the
largest CO, capture capacity compared with projects in the rest
of the world: Century Plant captures 8.4 Mtco, per year, whereas
Shute Creek Gas Processing Facility capture 7 Mtco, per year.*

Although China has the second highest number of projects,
only one of these is in the execute phase (Yanchang Integrated
CCS Demonstration), and most are in early stages of development
(e.g, pre-feasibility, FEED studies). The CO, capture capacity of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Current development progress of carbon capture, storage and utilisation technologies in terms of technology readiness level (TRL). BECCS =
bioenergy with CCS, IGCC = integrated gasification combined cycle, EGR = enhanced gas recovery, EOR = enhanced oil recovery, NG = natural gas.
Note: CO, utilisation (non-EOR) reflects a wide range of technologies, most of which have been demonstrated conceptually at the lab scale. The list of

technologies is not intended to be exhaustive.
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Fig.2 The CO, capture capacity of commercial-scale CCS projects
worldwide. The number labelled on each proportion of capture capacity
corresponds to the number of projects. Data from the Global CCS
Institute.*

projects in China range between 0.4-2 Mtco, per year. Europe has
the third highest number of large-scale projects, with two operational

This journal is © The Royal Society of Chemistry 2018

projects in Norway: the Sleipner CO, Storage Project captures 1
Mtco, per year, and Snehvit CO, Storage Project 0.7 Mtco, per
year. Of the five projects in Canada, three are in operation:
(i) Great Plains Synfuel Plant and Weyburn-Midale Project
(3 Mtgo, per year), (ii) Boundary Dam CCS Project (1 Mtco,
per year), and (iii) Quest (~1 Mtgo, per year). There are also
operating CCS projects in Brazil, Saudi Arabia and United Arab
Emirates with CO, capture capacities ranging from 0.8-1 Mtco,
per year. A fundamental requirement for the success of CCS
projects in all of these projects is the availability of safe
geological storage for the capture CO,. Furthermore, other
factors that can help bring CCS projects into operation phase
include secure financial funding, as well as supportive policy
and legislative frameworks.>®

3 Role and value of CCS

3.1 Climate change mitigation

Integrated Assessment Models (IAMs) have been at the heart of
the Intergovernmental Panel on Climate Change’s (IPCC)
assessment of pathways towards keeping average global warming
to less than 2 °C within this century.® They provide a means to

Energy Environ. Sci, 2018, 11, 1062-1176 | 1065
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Fig. 3 Commercial-scale integrated CCS projects around the world. Circle size is proportional to the CO, capture capacity of the project and the colour

indicates the lifecycle of the project. Data from the Global CCS Institute.*

explore the future role of particular technologies in meeting
climate targets such as renewables or nuclear.

CCS is one of the very attractive options in the IAMs mitigation
portfolios, as it has a number of advantages. First, CCS can be
integrated into existing energy systems without requiring large
amendments to the system itself. Clearly, renewable technologies
become more expensive at high penetration rates as a result of the
need for the infrastructure to accommodate intermittency.>
Furthermore, CCS is a viable option for the decarbonisation of
emission-intensive industries such as cement production (specific
industrial CO, capture costs are given in Section 3.3).>° And finally,
CCS can be combined with low-carbon or carbon-neutral bioenergy
(BECCS) to generate negative emissions,* i.e. while the cultivation
of the feedstock biomass sequesters about as much CO, as is
generated during the process of producing energy (bio-electricity or
biofuels), additionally capturing the latter leads to a withdrawal of
CO, from the atmosphere.*® BECCS has the double benefit of
mitigating emissions and generating energy, making it attractive
from the cost-optimisation perspective of an IAM.

3.1.1 CCS in integrated assessment models (IAMs). Based
on the model intercomparison study by Koelbl et al.,** some
general statements on the implementation of CCS in IAMs

1066 | Energy Environ. Sci, 2018, 11, 1062-1176

can be made. In some cases, CCS is modelled as a lump-sum
add-on cost to the technology it is combined with, while other
models separate capture costs and transport & storage and
a few separate all cost items. The latter modes obviously
give more detail about the CCS supply chain, which enables
modellers to also test the sensitivity of results to individual cost
components. All IAMs include at least the power sector for CCS and
many also cover industry and liquid fuels/hydrogen/gas production.
At least 1 sector is also eligible for BECCS (in- and excluding liquid
fuels), but many IAMs cover up to 3 sectors with BECCS. There is
quite a divergence with respect to the assumption about CCS
lifetimes, ranging from 30 to 60 years (partially depending on the
technology), though most of the models assume around 40 years. It
is also interesting in this light that there are some models not
allowing early retirement of CCS plants. Almost all of the IAMs of
the model intercomparison assume that CCS investment costs
develop according to an exogenous constant (often declining); only
two have endogenous learning.§

§ Endogenous learning occurs through learning curves in these models, i.e.
cumulative capacity determines the cost reductions, while other models assume
cost reductions according to an exogenously given factor.

This journal is © The Royal Society of Chemistry 2018
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Finally, concerning storage, while many models have a regional
differentiation of storage capacity, only a few models allow for
international trade in storage capacity. The maximum capacity
ranges between 3500 Gtgo, cumulative, and unlimited storage.
Transportation and storage cost (excluding capture cost) varied
between 10-300 US$ per ton CO,, depending on model and
storage type.** All of the models considered transportation and
storage costs at the lower end of this range. Models that also
considered high transportation and storage cost include the
POLES model (upper range value of $300 USD) and the GRAPE
model (upper range cost of $262 USD).**> The higher values for
storage cost are associated with options that were offshore,
enhanced coal bed methane (ECBM) and at greater depths
(e.g., 2000-3000m).>*

The IAMs thus differ widely in their deployment of CCS, yet the
model intercomparison, which is the basis for the numbers cited
above, could not explain the divergence of results on the basis of
model type, model assumptions or the way in which CCS has been
modelled. So either these are not the drivers of the difference or
their impact is confounded by other factors via system effects.
Individual model studies find that CCS contributes 50% more to
mitigation if technological learning is included (Riahi et al*’
cumulative storage of 150-250 Gtco,) and that the contribution
of CCS is sensitive to its cost in 2050 but not in 2100.*

3.1.2 Current status of CCS deployment. Even though CCS
thus plays a central role in IAM decarbonisation scenarios,
deployment has barely reached the levels indicated by the
projections of IAMs and roadmaps by the International Energy
Agency.*”*° Looking into the future, only a few of the Intended
Nationally Determined Contributions (INDCs), which countries
pledged at the climate negotiations in Paris, feature CCS as a
priority area.*®

More specifically, a recent report on CCS by the IEA*'
reviews the progress of the past 20 years and concludes that
the current rate of progress is falling short of what is required
to achieve climate goals. This is further underlined in the
analysis of the INDCs by Spencer et al.:*® national and global
scenarios based on the Paris pledges both show little deploy-
ment of CCS, with a share of CCS in electricity generation of
only 3% in 2030 for the USA, China, Japan and the European
Union. This is further exacerbated by the opposition against
CCS, which is motivated by perceived uncertainties concerning
its safety and the fear that it will serve to prolong the depen-
dence on fossil fuels and be a barrier to greater utilisation of
renewable power.*?*3

The next section will present the current state-of-the-art
knowledge on the role of CCS - and by extension BECCS - in
IAMs. The review will first focus on an model intercomparison
exercise of 18 IAMs>® (EMF279)) and then widen towards the low
stabilisation pathways in the IPCC’s Fifth Assessment Report®
(AR5). Secondly, an investigation of the scenarios consistent
with the more ambitious 1.5 °C climate goals adopted at COP21

9 27th round of the Energy Modelling Forum: https://emf.stanford.edu/projects/
emf-27-global-model-comparison-exercise.

This journal is © The Royal Society of Chemistry 2018
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in Paris (UNFCCC 2015), serves to underline the main insights
on CCS and puts specifically BECCS into the spotlight.

3.1.3 Integrated assessment modelling: the role of CCS in
meeting targets

State-of-the-art scenarios focusing on the 2 °C target. This
subsection draws on the results of the model intercomparison
presented in Koelbl et al.,*® as it is the most recent and most
comprehensive assessment specifically targeted at the role of
CCS in long-term climate change mitigation scenarios. The
study itself draws on the output of the 27th Energy Model
Forum (EMF), to which 18 IAMs contributed, thus providing an
excellent opportunity for a systematic comparison of results
with respect to the role of CCS.||

Koelbl et al.*® find that CCS plays an important role in all of
the models’ mitigation portfolios that were investigated. While
the range of CO, captured varied widely between models (up to
3050 Gtco, cumulatively until 2100 in some instances), none of
them captured less than 600 Gtgo,. Table 1 shows the ranges
across scenarios with different stabilisation targets and renew-
ables penetration by model type** based on Koelbl et al**
While the authors cannot easily explain the large range across
models by looking at individual model assumptions (see
Section 3.1.1 and Table 1), the fact that models consistently
capture a minimum of 600 Gtco, cumulatively until 2100 -
which would be more than half of the required emission
reductions consistent with a 2 °C pathway{ — does give a sense
for the magnitude and importance of the role of CCS in IAMs.

Furthermore, the authors do not find a decreasing role for
CCS over time. On the contrary, the CCS share in primary
energy is mostly higher in the second half of the century
compared to the first. In particular, the ranges for capture
rates in Koelbl et al®® are 5-23 Gtgo, per year in 2050 and
8-50 Gtgo, per year in 2100. This undermines the reputation
of CCS as a bridging technology and further underlines its
importance in IAMs, which seek to achieve ambitious climate
targets. The importance is further enhanced under pessimistic
assumptions about technological development of renewable
energy for a given climate target, indicating little flexibility
for the cost-optimal deployment of alternatives.

| It has to be noted, however, that in most cases, results were only available for
the full time horizon and scenarios considered for 12 models out of the 18 ones
that participated, thus the authors conclude that more research is needed to
substantiate some of the more detailed findings, which this section will not go
into.

** The technology-focussed models are engineering-based models which con-
sider a large number of energy technologies. They are typically used to calculate
the least cost approach to meet a given demand (e.g., emission reduction target).
In contrast, macro-econometric models consider production costs at an industry
level, offering more economic detail but lack structural detail. A hybrid model
combines both technology-based and macro-economic approaches.**

f1 To ensure global warming stays below 2 °C, the cumulative emissions from
1870 must remain less than 3650 Gtcoz.45 Of this quota, the total remaining
emissions from 2017 is estimated to be around 800 Gtcoz.‘“’"‘8 At current
emission rates, global emissions is expected to exceed the 800 Gtco, budget
within 20 years.*
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Tablel Cumulative storage for three scenarios of (1) a stringent concentration target, (2) less stringent concentration target, and (3) stringent target with
lower penetration of renewables (based on Koelbl et al.>). The three model types considered are the hybrid models (synthesis of the technology and
macro-economic approaches), macro-economic focussed models, and technology focussed models

Model type
Scenario Hybrid Macro-focus Tech-focus
1 Cumulative storage 450 ppm 730-2411 Gtco, — 353-1629 Gtco,
2 Cumulative storage 550 ppm 655-2962 Gtco, 1262 Gtco, 846-1686 Gtco,
3 Cumulative storage 450 ppm, limited renewables 625-2447 Gtco, —_ 1232-1366 Gtco,

Finally, the use of BECCS## in the models’ CCS fuel portfolio
increases with the stringency of the target. This is mostly
connected to substitution for coal and natural gas over time.
In response to the concerns with respect to large-scale cultiva-
tion of biomass for BECCS and the reservations concerning CCS
discussed above, the EMF models also produced a whole array
of scenarios limiting the use of both biomass and CCS.
Although these scenarios achieve the same target, they are
consistently characterised by higher costs, which is consistent
with earlier findings by e.g. Azar et al.*® and later confirmed by
the results of the IPCC’s AR5.°

In the absence of CCS, the total cost of climate change
mitigation increased by 138%, whereas limited bioenergy avail-
ability increased cost by 64%.§§° The integration of CCS into an
energy system provides a significantly greater reduction in CO,
emissions compared to wind technology.’® With limited CCS
and biomass availability, the deployment of nuclear, intermittent
solar/wind, interconnection and gas-fired power needs to increase,
consequently leading to higher total system cost.”" The increase in
mitigation cost is associated with the delay in technology
deployment® (e.g., more time to establish infrastructure), use of
more expensive technologies (nuclear), and maintaining grid
stability (e.g., intermittency requires the addition of “back-up”
capacity and part-load/flexible operation).>

In particular, the IPCC scenarios associated with a more
than even chance of achieving the 2 °C target are characterised
by average capture rates of 10 Gtgo, per year in 2050 and 25 Gtco,
per year in 2100 and cumulative storage of 800-3000 Gto, by the
end of the century.>® With respect to finding more expensive
mitigation strategies when CCS is not available, it is important to
note that under these circumstances, there are actually a sig-
nificant number of IAMs, which do not find a feasible solution at
all: Riahi et al.>* conduct a model intercomparison, where a third
of the IAMs do not find a feasible solution at 450 ppm without
CCS under optimal circumstances. If there is further delay in
mitigation, this share drops to a fifth. In other words, the target
is not just more expensive to reach, but not reachable at all,
given the current parameterisation of the models.

In addition, the AR5 scenarios have been under scrutiny
for their deployment of CCS in conjunction with bioenergy.
The 101 out of 116 scenarios leading to concentration levels of

+% The models currently only include BECCS and some of them afforestation.
Please refer to section for a discussion of this and to Table 2 for an overview of
alternative negative emission technologies.

§§ In contrast, limited nuclear and solar/wind availability only increased mitiga-
tion costs by 7% and 6%, respectively.®
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430-480 ppm CO,-equivalent (CO,eq.) (considered to be con-
sistent with a 66% probability of limiting warming to below
2 °C) require global net negative emissions between 2050 and
2100. About 50% of the scenarios feature BECCS exceeding 5%
of primary energy supply.*’

While these aspects of the IPCC scenarios have caused some
people to doubt the feasibility of achieving the 2 °C target (e.g
Peters®?), the role of CCS and particularly BECCS become even
more important in light of the increased level of ambition
following the 2015 Paris COP.>*

Towards 1.5 °C. What is currently available in terms of 1.5 °C
IAM scenarios is much less than what is presented above on
2 °C from the IPCC’s AR5. This subsection draws on work from
Rogelj et al.”® and Luderer et al.,>® which offer an assessment of
what is currently available on 1.5 °C.qq

The most outstanding feature that systematically distinguishes
the 1.5 °C from the 2 °C IAM scenarios examined in Rogelj et al.> is
that there is not a single pathway with a 50% probability of achieving
the target without overshooting it until 2100. That is, the average
global temperature increase will at some point exceed 1.5 °C, before
returning to this level at the end of the century.

This implies that much of the CO, emitted in the first half of the
century will need to be removed from the atmosphere again. In other
words, emissions have to be negative at some point. Indeed, the
analysis in Rogelj et al>® shows that there are no feasible 1.5 °C
scenarios without negative emissions. In particular, the cumulative
negative emissions are between 450 and 1000 Gtco, until 2100. This
is in stark contrast to some 2 °C scenarios, which do manage to
reach their target without carbon removals. Luderer et al.>® point
out that energy efficiency improvements can have this effect for
2 °C scenarios.

In the current IAMs, these negative emissions are primarily
achieved by the deployment of BECCS.| | This has triggered
a discussion reflecting on large concerns not only about CCS
(¢f discussion in Section 3.1), but also with respect to the
implications of the large amounts of biomass that would be
needed to achieve sufficient scales to reach the level of negative
emissions needed for ambitious climate change mitigation.
In an ex-post assessment of the amounts of negative emissions
through BECCS in the IPCC’s AR5, Smith et al.®" estimated the

€9 It has to be noted that these scenarios are characterised by different prob-
abilities than the 2 °C scenarios reviewed above, which means that the focus here
should be on the qualitative results and not a direct comparison of numbers.
||l There are a few that also consider large-scale afforestation, ie. CO, is
sequestered in additionally grown vegetation.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Other negative emissions technologies not included in IPCC AR5 scenarios, without claiming to be exhaustive

Technology Description

Direct air capture (DAC)  Chemicals (e.g. amines or sodium hydroxide) are used to absorb CO,, which is then mineralised for solid storage, or is
stored in geological formations.

Soil carbon sequestration  Carbon soil sequestration is enhanced by increasing inputs or reducing losses (see Smith®’).
(scs)
Biochar Through pyrolysis, biomass is made more resistant to decomposition and then added to the soil to store embedded
carbon (see Smith®”).

Minerals like olivine that naturally absorb CO, are ground and spread out to increase their surface area and make
them absorb CO, more rapidly.

Iron can be used to make ocean phytoplankton absorb more CO, through photosynthesis, and then sink to the deep
ocean and sequester carbon after their death.

Oceanic carbon uptake represents the largest sink for anthropogenic CO,, absorbing about 40% of CO, emissions
from the atmosphere since the start of the industrial era.>® The use of an efficient method for the extraction of CO, (i.e.
dissolved carbon) from seawater provides a method of CO, removal from the atmosphere, for example, using a pH

swing with bipolar membrane electrodialysis®® or electrolytic cation exchange units.*

Enhanced weathering
(EW)
Ocean fertilisation (OF)

Indirect ocean capture

range of land area, costs, water and nutrients footprints and
biophysical effects. They find that, indeed, the areas of land,
which would be needed, are large (380-700 Mha by 2100).***

Relating the primary energy of the biomass (in EJ) used in
BECCS to the amount of CO, stored geologically is complex.
This relationship strongly depends on the choices made in the
cultivation, harvesting, transport and utilisation of the biomass
throughout the BECCS supply chain. Assuming that all of the
CO, sequestered by the biomass is assumed to be released in
the flue gas upon combustion, the amount of CO, sequestered
per MJ of biomass would then depend on the capture rate
applied at the BECCS facility, the biomass carbon content, the
biomass heating value and the biomass carbon footprint.
Considering a capture rate between 60% and 90%, a biomass
carbon content between 45%g,, and 50%g,y, an HHVy,, between
18 and 20 M]J kg ' (dry mass) and biomass carbon footprint
between 0 and 36 gco, MJ !, the amount of CO, sequestered
would be found to be between 14 and 92 gco, MJ 1. One EJ of
biomass could thus capture between 14 and 92 Mtco, per year,
resulting in an annual requirement of between 130 and 860 EJ by
2100 to capture 12 Gteo, per year,”> however, the total primary
energy supply in 2100 is expected to grow to 1300-1800 EJ.**

Smith et al.®' also point to other negative emission techno-
logies, which could complement BECCS to alleviate the pressure
on land that is also needed to feed a growing population, host
biodiversity and many other ecosystem services. The dominance
of BECCS in the current scenarios may be due to the fact that
other options (see Table 2) are not included in the models.
Incorporating other negative emission technologies could poten-
tially lead to a lower uptake of BECCS, assuming that these other
technologies are cost-competitive in comparison to BECCS,
especially in scenarios limiting CCS and/or biomass use.

3.1.4 Outlook: the future of CCS in IAMs. As the IAM
community is moving towards producing input for the Special
Report on 1.5 °C - upon invitation from the UNFCCC - in order

*** For comparison, the land area of 380-700 Mha is equivalent to 53-97% of the
total land used for cereal production worldwide (~720 Mha).®* The land intensity
of BECCS is 0.1-0.6 ha per tc .q per year (energy crops and agricultural residues),
requiring more land than other NETs, e.g., enhanced weathering requires <0.01
ha per tcoq per year, direct air capture needs <0.001 ha per t¢.q per year.®’

This journal is © The Royal Society of Chemistry 2018

to inform climate negotiations at COP23 in 2018 (and eventually
the sixth assessment cycle), there are two developments, which
could alter the role of CCS in their models.

The first is related to the above-mentioned concerns
with respect to the high share of BECCS
stabilisation portfolios. More research along the lines of
Smith et al.°" and Fajardy and Mac Dowell®® will help to
shed light on the implications for other policy goals such
as ensuring food security, as well as biodiversity and other
ecosystem services. In addition, as can be seen in the
adopted outline for the Special Report,°® climate change
mitigation is closely embedded into a broader context of
sustainable development, indicating that the new scenar-
ios will also be designed to reflect a wider set of policy
objectives.

The second development is the growing body of knowledge
on other options for negative emissions and their interplay with
what is currently included in the IAMs. There are already some
IAMs that are experimenting with the integration of enhanced
weathering®® and direct air capture (DAC) is also an important
candidate for integration into the IAMs despite current uncer-
tainty on technical performance and cost.®”

The main CCS research priorities in IAMs include:

e More within-model studies to understand better the inter-
actions between CCS characteristics and modelled deployment/
cumulative storage, which are difficult to discern in model
intercomparisons.*?

e Update parameterisation with new insights from CCS
research and demonstration.

e Within-model studies also to better understand system
dynamics.

e Complement with geographically explicit techno-economic
engineering approaches and geological suitability analysis to identify
key areas for deployment and more realistic potentials.*>*®

¢ Explore scenarios considering technology choice depending
on institutional barriers and social acceptance.

e Include other negative emissions options (e.g. direct air
capture, soil carbon sequestration, enhanced weathering) in
addition to BECCS to decrease competition for storage capacity,
and biomass (also other side effects, such as competition for
land and water®?).

in low-
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Clearly, as ambitions become higher and action is further
delayed, CCS will continue to play an important role in mitigation
pathways. Broadening the portfolio of energy options to include CCS
would improve the affordability of a nearzero emissions energy
system.®® This is especially true in the case of combining it with
bioenergy to generate negative emissions. Yet, especially with respect
to negative emissions, many research gaps remain, which will need
to be urgently addressed to keep this window of opportunity open.”

3.2 Integration of CCS into the electricity system

The following modelling assessment has been conducted in the
context of the UK electricity system (i.e., uses data for the UK).
There are a number of similar studies on the UK energy system
which evaluate different scenarios.”>>”"7* Also, energy systems in
the context of other countries have been evaluated, for example, the
US,””® Greece,”” Poland,’® or for Europe in general.”

3.2.1 Background. The UK is aiming to decarbonise the elec-
tricity system.**®" To meet decarbonisation targets, the Committee
on Climate Change (CCC) recommends that grid intensity in 2030
should be no more than 50 g kwh ™" # to 100 g kwh~*.%"* This will
allow the partial decarbonisation of the heating and transport sectors
via electrification. The UK has also adopted the 20-20-20 targets
proposed by the European Commission.*® This requires approxi-
mately 30% of electricity to come from renewable sources by 2020 to
achieve the UK’s overall target of 15% of primary energy from
renewable sources, e.g., solar, wind and biomass, however, excludes
nuclear and CCS.**®” This has led to a suite of policies that have
subsidised the production of electricity from renewable sources. A
significant proportion of this has come from intermittent sources
such as wind and photovoltaic (PV). In financial year 2014/15, more
than 50 TWh (representing 15% of the 340 TWh generated) was
from intermittent renewable energy sources (IRES).*®

It has been proposed that the UK could generate a very high
proportion (if not all) its energy from IRES.**"** However, there are
a number of issues that are likely to arise that could be expensive to
solve or could ultimately limit the penetration of IRES. The three
main factors that may constrain IRES deployment:

(1) IRES technologies do not displace firm capacity on a one
for one basis, nor do they typically provide ancillary services
such as inertia, frequency response, or reserve capacity;>°

(2) Their intermittent output and the relatively unpredict-
able element of their output demand more of these ancilliary
services from the grid than conventional plants;>>*!

(3) The highly correlated nature of the wind and sun across
the UK means that at high penetration level, IRES output is
weighted towards periods of surplus and away from times of
system shortages. Consequently, the surplus causes wind out-
put to be curtailed and become increasingly lower in value
(market cannibalisationt1).%?

+11 Market cannibalisation refers to the effect of decreasing market price that
occurs with increased production of intermittent renewable energy. The
reduction in market price is due the following reasons: (i) highest production
of wind and solar energy does not coincide with the peak electricity demand, and
(ii) market value tends to reduce with increased market share.
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Many studies have considered some of the costs that arise
from integrating IRES.”® However, in addition to cost, it is vital
to include the above issues and consider the need to balance
energy, whilst also considering the margin of firm capacity over
peak demand and the provision of response, reserve and
inertial services. Using the BERIC model,”* we provide some
new analysis of these issues here.

3.2.2 Modelling the system. Input data on technology costs
were based on the nth of a kind (NOAK) “medium” costs
published by Parsons Brinckerhoff (PB) on behalf of the former
Department of Energy and Climate Change (DECC)ii: in the
UK.”°° Interest during construction was calculated at 10%
assuming a linear spend and the discount rate was also set at
10%. Where different options exist within a technology class,
the most cost effective was chosen. So “wind” is represented by
onshore, CCS by post-combustion capture in gas power plants,
and nuclear by pressurised water reactors (PWR).

The carbon price was set at £70 per tco, for most runs
described here, except for some sensitivities run at £100 per
tco,- Captured carbon had a total burial cost of £19 per tco, to
cover all downstream costs as in the reports by PB.>>°¢ Other
commodity costs were gas at 75 p per therm and biomass at
£23.23 per MWh thermal HHV basis, making biomass-fuelled
power plants slightly more expensive than a combined cycle gas
turbine (CCGT) at full load.

Taking these inputs gave a full load cost of nuclear of £87
per MWh which compares well with Hinkley’s nth of a kind
strike price of £89.50 per MWh.§§§ °”°® Onshore wind would
need £81 per MWh which again compares well with payments
under the Renewables Obligation (RO) which came out at an
average of £84 per MWh in 2015/16.°° Note that the reported
strike price for CCS varies from £90 per MWh (gas-CCS in 2030)
to £100 per MWh (coal-CCS in 2030)."°° However, if technology
learning is taken into account, the cost of CCS may reduce to be
£85 per MWh, enabling CCS to be competitive with other forms
of clean energy.'®*

The availability profile for wind was based upon the genera-
tion reported to Elexon during 2012'°* which, of the five years
examined, had the most typical characteristics.q99q PV avail-
ability was simulated using a curve rising from zero at sunrise
to maximum at noon back to zero at sunset. This was randomly
scaled by a factor between zero and 1 to represent the daily
variability of insolation, and scaled again to give the expected

$%% In July 2016, the Department of Energy and Climate Change (DECC) merged
with the Department for Business, Innovation and Skills (BIS) to form the
Department for Business, Energy and Industrial Strategy (BEIS).

§88 The agreed strike price of 89.50 per MWh has been fully indexed to the
Consumer Price Index. It also includes a price reduction benefit, which is based
on the assumption that EDF Energy will distribute the first of a kind costs of the
reactors across the Hinkley Point C and Sizewell sites. However, if EDF decides
not to invest in Sizewell C, the strike price for Hinkley Point C alone will be 92.50
per MWh.”7%

999 Examination of the profiles for the last five years showed that the profiles for
2012/13/14 were very similar in shape. However, 2011 had significant fluctuations
(more peaks) and 2010 had substantially lower load factors. Thus, 2012 was
chosen to represent a typical availability profile.

This journal is © The Royal Society of Chemistry 2018
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profile for monthly energies as predicted by the JRC online PV
tool'®® for Birmingham.

Demand data was based on 2012 outturns corrected for the
small proportion of wind which is embedded and assumed
to generate in line with the majority of the portfolio. This
calculated consumer demand was then scaled to match the
peak energy demand for 2030, derived from the National Grid’s
Slow Progression scenario,'® which gave an annual energy
demand of 317 TWh.

Scenarios. The main modelling explored a matrix of scenarios
covering all combinations of 9 levels of nuclear penetration
(0-40 GW), 8 levels of wind (0-56 GW) and 7 levels of CCS
(0-30 GW). For other technology, capacities were set at levels in
National Grid’s “Gone Green” scenario for 2030.'* Further
sensitivity analysis looked at varying the capacity of each of the
17 technologies in the model one by one away from the central
scenario. In all cases unabated gas-CCGT was treated as the
“slack variable”, its capacity being adjusted to retain the same
derated capacity margin over demand.

Methodology. BERIC is a linear program (LP), whose objec-
tive function is to minimise short run costs at each scheduling
point in the scenario run.”* A sample set of 220 half hour
“points” are scheduled independently from each other. The
model is constrained to stay within the following bounds:

(1) Energy demand must be balanced exactly by generation.
Demand is given by the 2012 shape scaled to meet peak energy
demand of the 2030 Slow Progression scenario.

(2) There must be sufficient reserve to meet the requirement
at all times. BERIC meets a reserve demand that represents
the requirements for frequency response and faster reserve
products covering timescales of seconds and minutes. Wind
and PV generation creates a demand for reserve cover at a rate
of 17% of output (similar to typical values used by National
Grid).**

(3) There must be sufficient inertia to meet the requirement
at all times. It is assumed that inertia levels will be allowed to
drop from the current minimum level of 150 GW s down to
90 GW s following recent changes to the grid code that improved
tolerance to a higher Rate Of Change Of Frequency (ROCOF).

Generation is scheduled in fleets according to type, so the
fleet of CCGTs is scheduled as one, all wind turbines as another
etc. However, the solver has freedom to assign any proportion of
the fleet to one of four operating states (i) off, (ii) minimum
stable generation, (iii) optimum level for providing spinning
reserve, and (iv) full capacity. In effect, there are no quanta
associated with individual units.

3.2.3 Decarbonising the electricity system

The effect of renewable energy. Fig. 4 shows the carbon
intensity of the grid as a function of wind and nuclear capacity.
Following the top blue line where no new nuclear (or CCS) is
built, it can be seen that even with 56 GW of wind, CO,
emissions have only dropped to around 180 ¢ kWh™'. The
curvature of the line indicates that further wind build suffers
from diminishing returns as emissions reduce - ie., the

This journal is © The Royal Society of Chemistry 2018
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available output of wind is increasingly ineffective at replacing
fossil generation. This is due to curtailment when low carbon
output exceeds demand. The ideal situation would be to have
sufficient storage and/or demand side management to be able
to make use of all curtailed output.>>”* This is represented by
the dotted blue line that is tangential to the initial blue curve.
Even without output curtailment, CO, intensity is 133 g kWh ™"
at 60 GW wind capacity, greater than the 50-100 g kWh ' target
by CCC,**® which is needed to enable decarbonisation of
other sectors through electrification.

The lower curves represent 5 GW increments of new nuclear
build. It can be seen that with 20 GW of new nuclear then
100 g kWh™" can be achieved with around 11 GW of wind. The
National Renewable Energy Action Plan (NREAP) targets a wind
build of 28 GW by 2020 (combined onshore and offshore
capacity).'®® It can be seen that if this is accompanied by about
15 GW of nuclear then 100 g kWh ™' is achievable. It should be
noted that other firm low carbon plant (such as biomass and
CCS) could achieve similar results, albeit with slightly higher
capacities to account for their residual emissions.

Need for low carbon firm capacity. Fig. 5 shows the carbon
intensity with different levels of nuclear, CCS and wind in the
grid mix. The two surfaces represent the target of 50 g kWh ™'
recommended by CCC for deep decarbonisation®” and the UK’s
Department of Business, Energy and Industrial Strategy (BEIS)
central estimate of 100 g kWh™".”> Meeting either of these
targets would mean the solution would have to lie on the visible
side of the surface. For example, point A is the pure nuclear
solution meeting 50 ¢ kWh™*, which corresponds to 31 GW of
new nuclear. In the absence of gas-CCS at point C, 56 GW of
wind is required, scaling back nuclear build to 18 GW. Adding
gas-CCS is less effective at reducing emissions (it was modelled
with 91% capture), so 30 GW will only displace 18 GW of
nuclear build and achieve the same target grid intensity. This
highlights the importance of considering the residual CO,
emissions. As decarbonisation targets become more stringent,
there is the potential need for CO, capture of 95% or more
(Fig. 5), i.e. minimise/eliminate residual CO, emissions.

Table 3 summarises the various technology adoption path-
ways that will meet the CCC targets for CO, intensity (based on
results in Fig. 5). Adopting the weaker 100 g kWh™'
target’>**® means a pure CCS (no wind, no new nuclear)
solution is possible within the bounds modelled, at just 27 GW
of gas-CCS. However, even with 56 GW of wind (‘“maximise
wind” scenario), a significant amount of firm low carbon
capacity is required, either 11 GW of new nuclear or 19 GW
of CCS.

3.2.4 The role of CCS

Inherent storage and flexibility of the capture plant. Carbon
capture plants of nearly all designs have some additional
opportunities (over an unabated plant) to store energy by time
shifting energy intensive processes.'®® For post-combustion,
the amine regeneration could be scheduled at times of excess
power enabling output to be boosted when required,"*”"*?
which could provide reserve, response or firm capacity services.
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Fig. 4 The CO, emissions in 2030 as a function of wind and nuclear build when unabated CCGT is used as flexible back-up.
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Fig. 5 The CO, emissions as a function of nuclear, CCS and wind build. The surfaces show the technology deployment requirements in order to meet
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Table 3 Technology capacity deployment required to meet the CCC targets for CO, emissions of 100 g kWh™tand 50 g kWh ™. The alphabetical letters

in the parentheses corresponds to the points shown in Fig. 5

Build capacity

Scenario 100 g kWh™' target

50 g kWh™! target

Maximise nuclear

Maximise CCS

Maximise wind

Maximise both wind and CCS

23 GW nuclear (a)
27 GW CCS (b)

Similarly for oxy-fuel or pre-combustion capture, an oxygen
buffer would allow the air separation unit (ASU) to run inde-
pendently of generation so energy was not sapped at times of
high export value (e.g., operate ASU during off-peak electricity
demand).***'"?

In a system with a growing proportion of generation from
low running cost options, such as IRES, the value of energy is
likely to decline, and the supply of some grid services and firm
capacity is likely to be limited whilst demand for them grows.
Therefore, it is important to consider the balance between IRES
and different services (firm capacity, reserve etc.) at the design
stage so the full value of a CCS plant can be accessed.

Value of CCS, nuclear and wind. Many studies focus on the
cost of technologies that can help decarbonise a system
and often divide a discounted cash flow with a discounted
energy output to give a levelised cost of electricity (LCOE) in
£ per MWh. Although this approach has value for the comparison
of a homogeneous set of thermal technologies providing a similar
service (energy, firm capacity, reserve, response, inertia, etc.), it is
no longer relevant when comparing technologies that deliver only
a selection of these services, and nor does it account for the effects
seen here where the effectiveness of a technology is strongly
dependant on the existing grid mix,>°H7194116

An alternative metric that works for all technologies is the
value of technology addition (VOTA), also referred to as system
value.>>'® VOTA is defined here as the reduction in annualised
total system cost with the deployment of a technology and is in
units of £ per MWh of capacity deployed in a given year. Fig. 6
illustrates VOTA of various energy technologies for a number of
different scenarios in 2030. For a higher carbon price, the value
is generally higher (Fig. 6b, d and f), as might be expected. It
can also be seen that the VOTA profiles have a similar shape,
following a path of continuous additions of a technology
eventually leads to an accelerating decline in the VOTA. If the
system already has a significant amount of another low carbon
technology, the drop-off in the VOTA will start earlier and
decline faster. This has also been observed in some recent
work by Heuberger et al.”" The value of CCS is less affected by
the addition of wind to the system than nuclear plant is
(Fig. 6¢c-f). This is due to CCS having lower capital cost and
greater flexibility compared to nuclear.

Competitor technologies. Fig. 7 shows all the generation
technologies that were modelled, starting with a 2030 system
that meets 85 g kW' by incorporating 10 GW of new nuclear, 5
GW of gas-CCS, 28 GW of wind and 20 GW of PV. The trajectories
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56 GW wind & 11 GW nuclear (c)
56 GW wind & 19 GW CCS (d)

31 GW nuclear (A)

30 GW CCS & 13 GW nuclear (B)

56 GW wind & 18 GW nuclear (C)

56 GW wind, 30 GW CCS & 11 GW nuclear (D)

for each technology represent the addition of more capacity. The
left direction of Fig. 7 represents a reduction in emissions, whilst
moving upwards corresponds to an increase in total system cost.
Most technologies curve more steeply upwards as capacity is
added (e.g. marine, PV, offshore wind), indicating the addition of
cost whilst becoming increasingly less effective at reducing
emissions. To achieve CO, emissions of 50 ¢ kWh ™", it would take
an additional 28 GW of offshore wind, with an addition to total
system cost of more than 25%. Adding nuclear would require
6 GW, whereas the addition of gas-CCS requires 10 GW, which
results in an additional cost of 3-4%. Biomass moves directly left,
indicating CO, emissions reduce at no additional cost.

The prediction of which technologies are cheapest is of
course entirely dependent on the cost assumptions used.
Although the absolute cost of a technology varies with the
assumptions used, the curves have been independently shown
to exhibit the same functional form. This demonstrates that there
is a law of diminishing returns,” and that this effect tends to be
more pronounced for intermittent technologies than firm capacity
as with increasing deployment the former delivers energy during
increasingly congested periods.>”*°* In summary, the three
classes of technologies that can make significant reductions
in emissions with only a small increase in total system costs
are: (i) CCS, (ii) nuclear, and (iii) bioenergy.|||| |

3.2.5 What next for system integration? The decarbonisa-
tion of the energy sector will inevitably increase the average cost
of electricity generation. The selection of different technologies
has a significant impact on the overall CO, intensity, value of
technology addition and total system cost. It is increasingly
recognised that decarbonisation targets (for both 50 and
100 ¢ kWh™' grid intensity) cannot be achieved solely via the
deployment of intermittent renewable energy (e.g., PV, wind). To
balance the use of IRES in the system, firm capacity technologies
are necessary for reliable low/neutral carbon electricity. The
modelling of the UK system has shown that only fossil CCS,
nuclear or bioenergy could take on this essential role. Some
other systems will have additional options such geothermal,
reservoir hydro power or even solar + energy storage in a
predictably sunny climate. It is these low carbon technologies
that will compete with CCS to provide firm capacity and not IRES
technologies, which operate in a different market.

The value added to the system by a certain technology is
dependent on the existing energy mix and the services that the

|l Assuming that the embodied energy in the biomass supply chain are not
themselves great.
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Fig. 6 Value of technology addition (VOTA) or system value of building of wind, nuclear and gas CCS technology.

technology can provide (e.g., inertia, reserve, firm capacity).
Thus, a single number such as the LCOE cannot be used to
characterise the performance of a technology. Similarly, value
assessment of a single technology in isolation is inadequate.
A whole systems approach to valuing technologies and their
impact on total system cost would recognise the role of low-
carbon technologies in balancing demand and cost. Such an
approach would enable better characterisation (e.g. availability,
controllability, economic benefit) of different generation
technologies within a given energy mix.

3.3 Industrial CCS

A significant proportion of GHG emissions can be attributed to
industrial processes,® contributing 25% of the global CO,
emissions.'*® Thus, decarbonisation of the industrial sector
will be essential to meet the CO, emissions targets by IPCC.°
Some key industrial sectors that have been the focus of CCS
studies include cement, petroleum refining, iron and steel
manufacturing, and pulp and paper,'****! with iron and steel,
cement and refining being especially “high-emitting”,**’
together consuming 38% (43 EJ) of total industrial energy
consumption.'?? CCS is regarded as a cost effective option to
reduce CO, emissions from industrial processes.''®'** The
physical properties, composition and gas volume flows are
different for each industrial process.'** Thus, the suitability and
selection of a CCS technology would depend on these stream
properties, e.g., CO, concentration, moisture content.**” The
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challenge for the industrial sector will be maintaining international
competitiveness with the implementation of technologies that
reduce CO, emissions, but increase costs.'*®

3.3.1 Decarbonisation of the iron and steel industry. The
industrial sector with the largest CO, emissions is the iron and
steel industry, accounting for 31% of all industrial emissions.**
Steel production generates high levels of CO, emissions due to:
(i) being energy intensive, (ii) the dependence on using coal, and
(iii) the significant volumes of steel being manufactured."'® The
two main steel manufacturing processes are:

o Integrated steel mills, which uses the blast furnace-basic
oxygen furnace (BF-BOF) process. Coke is used to reduce the
iron ore in the blast furnace to form ““pig iron”, which is then
converted to liquid steel in the basic oxygen furnace (with an
addition of ~30% scrap steel).'™®

e Mini-mills using an electric arc furnace process and a
feedstock consisting of scrap metal, direct reduced iron (DRI)
and cast iron.""®

The larger integrated steel mills are the main source of emis-
sions and on average emit 3.5 Mt of CO, annually, whereas the
smaller mini-mill plants each emit <200 kt of CO, annually,'**"**
The average CO, emissions from a typical steel mill is about
1.8 tco, per tonne of crude steel, where the major carbon sources
are from coal and coke (1.7 tgo,) and limestone (0.1 teo,)."” Fig. 8
shows that there are multiple sources of the CO, emissions within
a steel mill process. Of these, the stream from the blast furnace
contributes the greatest direct CO, emissions (69%).""” However,

This journal is © The Royal Society of Chemistry 2018
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this flue gas is not directed to a stack, but instead, the energy in
the gas is recovered in the on-site power plant.''®

The cost of CO, capture in the iron and steel industry
is dependant on the type of technology and the location
within the process. Most of the research has focussed on
applying CO, capture in the blast furnace. Post-combustion
capture from the BF has been estimated to cost between
$65.1-119.2 per tonne of CO, avoided, capturing 50-55% of
emissions.””* ™' A top-gas recycling blast furnace using
post-combustion capture can capture 65% of emissions at
$54-88 per tonne of CO, avoided."** The mean cost to capture
65% of total emissions from the blast furnace is $76.6 per
tonne of CO, avoided. Post-combustion capture from the coke
oven will cost an average of $86.4 per tonne of CO, avoided
(27% of total emissions)."*"

In the short term, minimising energy consumption and
improving energy efficiency is the most cost effective approach to
reducing CO, emissions.”*>"*” Some of the measures used to
improve energy efficiency include heat loss reduction, heat recovery
of waste energy, and efficient process design.”*>'*” Over the years,
there have been efforts to reduce CO, emissions from the overall
production process, such approaches include increased recycling

This journal is © The Royal Society of Chemistry 2018

of steel scrap, use of biomass or renewable energy, utilisation of
by-product fuels to reduce the use of coke and coal."*®

The implementation of CCS technologies could further
significantly reduce CO, emissions. In integrated steel mills,
it is possible to capture CO, from the flue gas exiting the lime
kiln, sinter plant, coke oven plant, stove, blast furnace and
basic oxygen furnace. In the case of mini-mills, the main source
of CO, would be the electric arc furnace.'*® Post-combustion
capture technology can be applied to these gas streams without
affecting the iron and steel making process. Alternatively, an
“in-process” capture process could be employed, merging the
iron/steel making and the CO, capture processes.'’”'*® One
such strategy is to use oxy-combustion conditions in the BF to
produce flue gas of high CO, concentration, which would
enhance CO, capture efficiency."'” Some commercial iron and
steel facilities employ CO, capture and removal as part of the
production process, however, the CO, is currently flared. For
example, CO, is captured as part of some DRI facilities,"*® the
Saldanha steel plant in South Africa,"*° the Finex process (South
Korea)"*® and HIsarna process (Germany and Australia)."*""**> To
prevent this CO, from being emitted to atmosphere, integration
of CO, storage would be necessary.

Energy Environ. Sci., 2018, 11, 1062-1176 | 1075


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ee02342a

Open Access Article. Published on 12 margo 2018. Downloaded on 16/03/2026 20:00:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

72 kWh
138 kg scrap

View Article Online

Review

coal = 1710 kgCO,
limestone = 105 kgCO,

total CO, emission:
1815 kg/t rolled coil

288 kg 709 kg
5-10% CO, 20% CO,
- 1255 é COze
N e
coal 12 kg 329 kg
limestone 133 kg 25% CO.
o 2

blast

:

sinter strand
pellet plant

furnace
hot blast

stoves

power
plant

‘: K coe;(l
i Coke 187 kg
57 kg — | PR
o sk oy
30% CO, ‘ 1o 5, @
285 kg
25% CO,
"""""""" 1  hot strip
] mill
lime kiln
5ok flaresk etc
63
oven gas 9
coke | '
plant < converter gas
steel
T plant
carbon-bearing materials
limestone coal - 5 9
109 kg 382 kg [] CO, emissions expressed as volume (kg/t

Fig. 8 A typical steel mill and the CO, emissions, which vary in concentration.

In November 2016, the world’s first large-scale application of
CCS in the iron and steel sector commenced operation as part
of the Emirates Steel Industries (ESI) CCS Project (Phase 1 of
the Abu Dhabi CCS Project)."*>'** The system uses an amine-
based absorption process with a capture capacity of 0.8 Mt of
CO, per year. The CO, is subsequently transported through a
43 km onshore pipe to be injected for enhanced oil recovery
(EOR) and stored.'*

3.3.2 Decarbonisation of the cement industry. After clean
water, mankind produces a greater volume of concrete than any
other product,"** and considering that each tonne of cement
used within it causes the emission of around 880 kg of CO,"*?
(depending upon the method of production, between 600 and
1000 kg'*®), it is unsurprising that more than 5% of global CO,
emissions are caused by its manufacture.'*” Approximately
60% of CO, emissions from cement production arise from
the calcination of limestone (CaCOj;) to form CaO (the main
precursor for cement production),'*® with the remaining emis-
sions from the process being from the fuel used to heat the kiln
and effect the clinkering reactions. Both sources of CO, can be
treated at the same combined stack. The intrinsic emissions of
CO,, which are part of the production process, mean that in
order to make the scale of emissions cuts necessary to limit
anthropogenic warming to 2 °C, CCS is a prerequisite.'*®

There are a number of different CCS technologies that are
applicable to cement production; there are several variants of
post-combustion CO, capture, including solvent scrubbing or

1076 | Energy Environ. Sci, 2018, 11, 10621176
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the use of solid sorbents, calcium looping, oxy-fuel and ‘“‘direct
capture”.’®® In this context, the most obvious difference
between cement production and power generation is that pre-
combustion technologies are not applicable. This is because of
the large quantity of process-related emissions from calcination
of limestone that are not captured when pre-combustion is
applied. The technologies are in general (with the exception of
direct capture) conceptually similar to their counterparts in
power generation, though it is notable that calcium looping
utilises one of the feed stocks for cement production (CaO) as
its main sorbent; this leads to significant synergies between the
cement process and Ca looping. Direct capture has no obvious
analogue; it utilises indirect radiative heating of the limestone-
containing raw meal feed to the system to ‘“directly” produce a
pure stream of CO,. Both direct capture and oxy-fuelled systems
have the potential for efficiency gains within the system, owing
to either thermodynamic benefits (direct capture) or a
reduction in the total amount of thermal “ballast” in the
system by eliminating the nitrogen from air.

The key issue for cement CCS is to ensure that the quality of
the product remains the same after the CCS system has been
applied. This is the main advantage for a scrubbing system
based on post-combustion capture using alkanolamines (or
other sorbent-based system). Unfortunately, cement plants
are not in general endowed with sufficient low-grade heat to
(without the addition of a CHP plant) allow capture of more
than around 50% of the CO, produced in a cement plant.**>4°

This journal is © The Royal Society of Chemistry 2018
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One of the first references to a zero emission oxy-fuelled kiln
was made in 2006."°° The European cement research associa-
tion has identified oxy-firing of a kiln to be the most potentially
beneficial process for the cement industry, and a long-term
project has been working towards commercialisation of the
process, starting in 2007 with basic literature review, followed
by techno-economic feasibility studies. Initially, it was thought
that the change in the kiln environment (from air/CO, to
0,/CO,) might change the volatilities of minor species within
the process. Basic laboratory tests were conducted by the
European Cement Research Academy (ECRA),"" no significant
variations were found in cements produced under oxy-fuelled
conditions as opposed to standard cements. Such findings were
confirmed recently as part of a G8 project investigating the
application of oxy-firing on cement."*>

Similar to the conclusions above, minimal changes to
cement quality have been observed when simulating at a
laboratory scale the application of calcium looping to cement
production.'*”**315* No changes to cement quality would be
expected using solvent-based post-combustion capture.
Potential changes to cement chemistry from direct capture
have not been tested yet; it is a stated aim of the current EU
LEILAC project to conduct such tests."

The cost of CO, capture on cement plants has been studied
by a number of researchers, though (as with all other industrial
processes) nowhere near as comprehensively as costs for the
application of CCS on power generation.****'?%'>! There is
a broad consensus in the literature that amine scrubbing is
likely to be more expensive than the two other most studied
technologies, oxy-firing the kiln and calcium looping. Some
recent work by Leeson et al.">*'*! found that, when adjusted to
a consistent year and currency basis, costs for calcium looping
were between $20 and $75 per tonne of CO, avoided (central
estimate ~ $40), oxy-fuel was around $60 (only one estimate
was found in the academic literature) and amine scrubbing was
significantly higher, between $65 and $165 with a central
estimate of ~$106. The single study referenced in Leeson
et al.'*® was conducted by Mott-MacDonald (with input from
Whitehopleman and the British Cement Association) and was a
comparison between post-combustion and oxy-fuel capture.>’
Importantly, this study only considered ‘“partial” oxy-firing, of
only the pre-calciner, the sealing of the large rotating kiln, heat
transfer changes within the kiln, etc., being considered to be
sufficiently challenging that deployment in the “near future
with moderate risk” was unlikely. However, it was stated
that no “showstoppers” were found in the potential future
deployment of a fully oxy-fired system, though this was an area
for basic R&D. Post-combustion capture using amine scrubbing
was shown to be nearly three times more expensive. This is
because of two main issues - the requirement to protect the
amines used from NOy and SO,, the clean-up of which neces-
sitates a selective catalytic reduction and wet scrubbing system,

**x* This is in contrast to activity on commercial deployment of large-scale CCS,
where the vast majority of operational projects are in the industrial sector,"'*>®

15 of the 17, and only two are in the power sector.*
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respectively; and the heavily increased fuel-burn, owing to the
paucity of low-grade heat in the system. One point of note is
that because the kiln would not be converted to oxy-firing in the
above study, the amine scrubbing system captured significantly
more CO, (74% vs. 61%). It was also noted that integration of a
cement plant with a nearby power plant would significantly
reduce the costs for post-combustion capture (allowing the
transfer of steam from the power station to effect the regenera-
tion of the amines), though presumably similar benefits would
accrue if an oxy-fuelled plant were located next to an oxy-fuelled
power station with an oversized ASU. A recent paper™® examining
the application of calcium looping to cement manufacture found
that calcium looping had a high avoided CO, (94%) in compar-
ison to an partially oxy-fuelled plant modelled (76%); the same
group has modelled the integration of a calcium looping system
with a power plant and export of the spent CaO to a cement
works;"° this yields some of the lowest potential costs seen for
CO, avoidance in cement manufacture, though the fuel-based
emissions in the cement plant are not fully addressed. The
minimum cost of CO, avoided in the combined system was
approximately 27 £ per tonne. Of course, such integration would
require the co-location of the two plants, which may be geogra-
phically challenging.

It was noted in Barker et al'®’ that building a plant in a
far-eastern location would be significantly cheaper (more than
50% cheaper) than building it in a European location. Another
study™® investigating the application of post-combustion solvent
scrubbing to cement production in a similar location (China),
but for a retrofit, found a cost of $70 per tonne of CO, avoided
(in this case, a CHP plant was used to make up for the lack of
low-grade heat to regenerate the amines). This paper was one of
the first to make the case for “carbon capture readiness” for the
cement industry. This subject was also explored by Hills et al,**> who
also considered the technology readiness levels (TRLs) for different
CCS technologies applied to the cement industry. The TRLs for
amine scrubbing, calcium looping and partial oxy-fuel were assessed
to be at or near to 6, with full oxy-fuel being a little lower (4) and
direct capture somewhere in between. This work also made it clear
that because cement-plant renovation and capture plant construc-
tion are likely to take similar lengths of time, it would likely save
time and money to synchronise these. Discussions with cement
manufacturers'®" similarly have underlined the long lifespans of
cement plants and the razor-sharp margins in this industry; it has
also long been known that some form of tariff is required to
maintain a level playing field between regions with regulated CO,
emissions and those not subject to such controls.'**"¢>

There is a renewed drive to apply CCS to industrial pro-
cesses. Norcem (in collaboration with its parent company,
Heidelberg Cement and the ECRA) has led the way'®® in terms
of testing amines on real flue gases (Aker Solutions) and are
also testing solid sorbents (RTI International), and a membrane
(DNV and others). As a part of the same test programme,
Ca-looping (Alstom) will be tested at IFK, Stuttgart. A 1.9 MW,
Ca-looping pilot plant is integrated with a cement works at ITRI
(Industrial Technology Research Institute), Taiwan,'®* and has
demonstrated capture >85% in a 7 hour long test; the stated
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aim is to progress to a 30 MWy, pilot plant. The LEILAC project,
headed by Calix Europe'®® is a 21 million euro, 5 year project
aiming to demonstrate the direct capture process. Regarding
oxy-fuel combustion, ECRA has a current stated aim'®® to
develop a 500-1000 tpd pilot plant to be operational by 2019,
with a cost between 40 and 60 million euros. The key extra cost
component was stated to be the oxygen production facility.

3.3.3 Low carbon petrochemicals and oil refining. The first
and most important point to make about the petrochemical
sector is its strong underpinning expertise in many aspects
of the individual elements and the whole system associated
with CCS. This comes about through expertise in managing
geological formations and reservoir engineering, offshore
technologies, high pressure systems and safety, pipeline
design, construction and operation and management of large,
multi-partner, multibillion dollar projects with cross-party risk.
This is complemented by the large balance sheets, access to low
cost finance and comprehensive value chain relationships.
Hence, one could argue that any large scale deployment of
CCS would most likely be done in partnership with major
players in this sector. Ten companies in the sector have recently
established the oil and gas climate initiative (OGCI) in recogni-
tion of their capabilities and responsibilities in this area."®®

The sector is responsible for approximately 6% of total
global CO, emissions'®” and these are distributed across the
value chain from exploration and production, refining and
downstream petrochemical production. Although in this
analysis we are excluding the downstream use of the products,
it is worth noting that the use of the industry’s products in
power generation, heating and transport is responsible for
approximately 50% of global emissions.

The relevant experience of this sector is broad, with
a comprehensive understanding of relevant issues to CCS:
geology, licensing, site operation, safety, high pressure operation/
transport, and offshore engineering. Particularly, the oil and gas
industry has considerable experience in upstream processing,
which involves gas sweetening and produced CO,, as well as
COy-enhanced oil recovery (CO,-EOR) with the associated CO,
transport and injection infrastructure.

An interesting macroeconomic feature of this industry sec-
tor is the large swings in crude oil price (e.g. between approxi-
mately $40 to $140 per bbl'®®) and that the price differentials
that the industry must manage are considerably lower than the
marginal cost of CCS applied to different elements of the value
chain discussed below. For the sake of argument, assuming
that approximately 17.2% of the feedstock is used as internal
energy in the process for production, conversion and logistics
(assuming an energy return on investment of 11:1'°° and a refinery
efficiency of 91%"’>'") and a very conservative decarbonisation
cost of $200 per teo,, the additional cost per barrel of crude oil
would be $13, a figure easily contained within the recent price
fluctuations, which in turn have been well borne by the end-use
sectors.

The downstream sector of the oil and gas industry was
particularly challenging to decarbonise, while contributing
around 4% of global CO, emissions."”> Oil refineries offer a
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particular challenge here owing to their large, integrated nature, the
heterogeneity of these facilities in general and finally the potentially
large number of point sources in any given installation
(e.g- heaters, furnaces, boilers, crackers and utilities), which
themselves have the potential to be diverse in terms of flow rate
and composition and which may need innovative concepts in
retrofit and exploring trade-offs between aggregating flue gas
sources for centralised capture and aggregating CO, streams.

There are some point sources of CO, at a refinery that
are relatively easy to mitigate, such as catalytic crackers -
decarbonisation of these units should be a high priority. It
was further noted that decarbonising a complex refinery might
require the use of more than one capture technology. A report
produced for the UK Government in 2015 estimated that a new,
efficient refinery exploiting CCS where most economic could
have CO, emissions which are 36% of a 2012 baseline.'”®
Refineries also benefit from locations favourable to CCS such
as being near coasts and/or industrial hubs and therefore
should have ready access to CCS infrastructure should it arise.
Examples of such locations in Europe include Grangemouth
and Rotterdam.

A variety of technologies for carbon capture have been
considered for refining, including classical post-combustion
capture (e.g. Andersson et al.,"”* who explore how excess waste
heat can be exploited), oxy-combustion (e.g. Escudero et al.,"”
who consider utility boilers and find that it is an economically
viable technology under certain scenario assumptions) and
chemical looping combustion (CLC). The latter is interesting
because the refinery light gases are suitable CLC fuels'’® and
from an engineering point of view, refinery designers and
operators have experience of engineering and controlling hot
solids looping processes in terms of fluid catalytic cracking.'””
One obvious quick win is the hydrogen production plant
(mainly used for fuel upgrading) which by its nature produces a
relatively pure stream of CO, which would require basic post-
processing prior to compression and transport.

An important factor to consider is whether the end-use
emissions would grow with an increase in hydrocarbon production
(considering both conventional and unconventional oil and gas
and in particular the scope for increased gas production), and how
these emissions can be mitigated at source. This can for example
be based on-site hydrocarbon reforming to produce hydrogen with
simultaneous storage of the associated CO, which may have the
potential to be a more cost-effective option than the production of
hydrocarbon and the subsequent capture and storage of CO,.
Australia and Japan are planning such a supply chain, using
Australian coal as the primary resource (initially without CCS)
and shipping liquid hydrogen to Japan.'”® More generally, while it
is relatively commonplace for countries to produce and distribute
CH,, in the future gas exporting countries might reform the CH, as
a matter of course, exporting the resulting H, and using the CO,
for enhanced oil or gas recovery. This would have the effect of
removing concern about CO, — enhanced hydrocarbon recovery; if
the carbon is being immediately returned to the subsurface, then
there can be no subsequent CO, emission when the hydrogen is
being used for heat, power or transport.
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4 Post-combustion capture
technology

This section discusses capture technologies that have been
demonstrated at pilot plant scale or higher (i.e., at TRL of 6
or greater).

4.1 Liquid-phase chemisorption technology

The classic chemical absorbent for CO, separation applications is
20-30 wt% aqueous monoethanolamine (MEA). It was proposed
in the original patent from 1930 for an amine process to separate
acid gases'' and has found widespread use in industry.'*® MEA is
particularly suited to low CO, partial pressure applications and as
a consequence has become the benchmark amine for CO, capture
from electricity generation. In a standard CO, separation process
applied to flue gas (10-15 kPa CO,) at 40 °C, and using 30 wt%
MEA and 90% CO, removal, typical minimum stripper reboiler
duties are ~3.6-4.0 GJ per tonne CO, captured. This value has
been validated at small to medium pilot scale in a number of
studies.'®*"®* The reboiler energy requirement is not the only
metric that defines the performance of an absorbent, but redu-
cing this value is the primary goal of much chemical absorbent
research, and new absorbents are typically benchmarked against
the value for 30 wt% MEA. Rates of mass transfer, stability in the
presence of oxygen and elevated temperature, volatility, solids
formation, toxicity and biodegradability and price are also impor-
tant in real world flue gas applications. New absorbents are also
benchmarked against MEA in terms of these characteristics. MEA
has good rates of CO, mass transfer, is low cost and readily
biodegradable but suffers from moderate rates of oxidative and
thermal degradation and moderate levels of toxicity.'® It is also
corrosive when used at higher concentrations.

Research and development of new absorbents for flue gas
applications has been ongoing for a number of decades. These
new absorbents perform better than MEA in some or all of
these characteristics. This suggests it may be time to move on
from MEA and choose one of the new generation of absorbents
for benchmarking purposes. As an example the formulation of
aqueous piperazine (PZ) and 2-amino-2-methyl-1-propanol
(AMP) has been extensively studied. This blend has achieved
~3 GJ per tonne CO, captured at pilot scale and also has
favourable mass transfer and stability properties.'®>'%® Commer-
cial solvent technologies are also potential benchmark solvents,
e.g. Econamine FG+, KS-1, and Cansolv. These advanced solvents
contain proprietary blends of amines'®” and have been selected for
use in commercial-scale projects.'**>88

In the following sections state of the art amine-based and
multi-phase chemical absorbents will be discussed. These will
be limited to absorbents that have been characterised in detail
and progressed from the lab scale at least to small pilot scale
testing. The reason being that this is the critical step where
absorbents that have performed well in the lab can suffer from
unforeseen issues that limit their utility. When numbers for
reboiler duty are quoted for amines these will be based on a
standard absorber/stripper process configuration without
absorbent specific or other process improvements (complete

This journal is © The Royal Society of Chemistry 2018

View Article Online

Energy & Environmental Science

list provided in Table 4). By their very nature multi-phase absor-
bents require process modifications which makes the comparison
less clear-cut.

4.1.1 Single amine absorbents. A large number of amines
have been assessed for their individual CO, capture perfor-
mance. Often this assessment is only partial in nature, such as
mass transfer or absorption capacity only. Primary and secondary
amines react with CO, to form a carbamate or bicarbonate
reaction product."® Which product forms depends upon the
stability constant of carbamate formation and the protonated
amino group pK,. The rate at which the products form is similarly
influenced. These chemical properties are a function of the
molecular structure. Tertiary amines are unable to form a carba-
mate as the amino group is saturated and unable to make an
additional nitrogen-carbon bond. The overall reactions for carba-
mate and bicarbonate formation are shown in reaction (1) and (2),
respectively. Typically reaction (1) is kinetically faster than
reaction (2), however this can depend upon the underlying
microscopic reaction steps and is not always the case. It is the
extent and kinetics of these reactions, coupled with the viscosity of
the absorbent that defines both the rates of mass transfer and the
absorption capacity.

CO, + 2R;R,NH < R;R,NCOO™ + RyR,NH," (1)
CO, + R4R,NR; «— HCO;™ + R;R,NHR;"*
(where R; = -H or -CR,RpR,.) (2)

Piperazine (PZ) is a cyclic diamine that has been used as a
low concentration (<10 wt%) additive to increase the rates of
absorption in aqueous solutions of the tertiary amine methyl-
diethanolamine (MDEA) by BASF since the 70’s (BASF’s acti-
vated MDEA).'®® However, Xu et al.'®® was one of the first
investigations to tease out the specific impact of PZ on mass
transfer in activated MDEA. Since then, it has been investigated
extensively and concentrated PZ has been proposed as an
absorbent in its own right at up to ~40 wt% by Freeman
et al.®" and Rochelle et al.'®” Piperazine is of limited solubility
unless some CO, is present. It reacts very rapidly with CO,
resulting in fast mass transfer,"”> and being a diamine its
capacity for CO, absorption is large.'* It has also been found
to resist oxidative and thermal degradation,'®® which allows for
higher temperature stripper operation. In pilot scale testing it
was able to achieve a 15% reduction in reboiler duty compared
to 30 wt% MEA,"° giving a similar value to PZ/AMP formula-
tions. The main challenges are the potential for precipitate
formation'®" and nitrosamine formation.'?”**%

Aqueous ethylenediamine (EDA) has also been extensively
evaluated as an absorbent. It is analogous in structure to MEA
but with the hydroxide group replaced by a second amino
group. Similarly to PZ, it is a diamine, however both of the
amine groups are primary, rather than secondary. The kinetics
of the reaction between EDA and CO, are slightly faster than
MEA, but not as fast as PZ."**?°° As would be expected for a
diamine its absorption capacity per molecule is larger than MEA,
and it has a large enthalpy of CO, absorption resulting in
elevated CO, pressures at stripping conditions.>**** Its thermal
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Table 4 Reboiler duty (i.e., energy consumption) for various CO, capture absorbents. For MEA and MDEA blends, the reboiler duty increases with higher
ratios of MEA.2%! These values for reboiler duty are based on pilot plant or lab-scale plant results. For duties annotated with an asterisk (*), data is based on

modelling work

Solvent Reboiler duty (GJ per tco)) Ref.

30 wt% MEA 3.6-4.0 Cousins et al.,'®! Kwak et al.,'®* Mangalapally and Hasse,'®* Stec et al.'®*
40 wt% MEA 3.1-3.3 Lemaire et al.”%’

40 wt% (8 molal) piperazine (PZ) 2.9 Cousins et al.'*®

Cansolv 2.3 Singh and Stéphenne'®

32 wt% EDA 3.2-3.8 Mangalapally and Hasse,'®> Rabensteiner et al.”*
28 Wt% AMP + 17 wt% PZ 3.0-3.2 Mangalapally and Hasse,'®> Rabensteiner et al.*®¢
MEA + MDEA (variable mix ratio) 2.0-3.7 Idem et al.,””” Sakwattanapong et al.>*!

Aqueous ammonia (NH;) 2.0-2.9* Darde et al.,*** Dave et al.,”*® Yang et al.***
Aqueous potassium carbonate (K,CO;) 2.0-2.5 Anderson et al.,**>?*® Smith et al.>*’

Amino acids 2.4-3.4* Sanchez-Fernandez et al.>****°

DEEA + MAPA 2.1-2.4 Raynal et al.,>*° Liebenthal et al.>*'

DMCA + MCA + AMP 2.5 (not including extraction)

and oxidative stability have been shown to be similar to MEA
limiting stripper temperature to 120 °C.>°> A drawback of EDA is
that the replacement of the hydroxide group by an amino group
results in larger volatility®** which will increase the demands on the
washing sections during process operation and results in elevated
absorbent losses. Pilot plant trials saw reductions in reboiler energy
requirement of ~8-11.5% relative to 30 wt% MEA,'8>>%

Lastly, MEA has itself made a resurgence. Advanced MEA
processes are also being developed where MEA is used at
concentrations greater than 30 wt%, and additives are used to
control degradation and corrosion. For example, if MEA can be
used at 40 wt% and other issues controlled via additives the
reboiler energy demand can be reduced to 3.1-3.3 GJ per tco >

In terms of new amines that are progressing through lab
scale bench studies amines containing heterocyclic functionality
(that is the amino group incorporated into a ring structure) are
of particular interest. PZ is the first heterocyclic amine that has
been investigated extensively, however other heterocycles (in
particular piperidines) are also being investigated due to the
inherent stability of cyclic structures, and the combination of
steric hindrance furnishing large CO, absorption capacities
while retaining fast reaction with C0,.2°°7'?

4.1.2 Amine blends. A number of new amine blends have
been developed, characterised and tested at pilot scale. The
blends of two amines are formulated such that the amines
have complimentary characteristics. This formulation is both
in terms of the selection of amines and the amount of each
(i.e., blending proportions).

The blend of PZ and AMP is probably the best known and
well characterised of new absorbent formulations. AMP is a
very similar molecule to MEA, but with two additional
methyl groups located at the o-carbon position. AMP is a
sterically hindered amine highlighted in the work of Sartori
and Savage.’"® Being sterically hindered, it has greater
absorption capacity than sterically unhindered primary
and secondary amines, but it suffers from low rates of CO,
mass transfer at low CO, loadings. Steric hindrance affects
the absorption capacity of an amine by reducing the stability
of the carbamate species formed either by crowding of the
reactive site and/or electronic effects, resulting in increased
bicarbonate formation. However in the case of crowding
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(which is the case for AMP), it may also affect mass transfer
by reducing the intrinsic rate of reaction between CO, and
the amino group. Seo and Hong>'* proposed the addition of
PZ and so developed a PZ/AMP formulation. They demon-
strated that the addition of PZ increased the rates of mass
transfer significantly. Yang et al.>'®> then went on to show
that the blend of PZ and AMP retains a large absorption
capacity for CO,. In terms of stripper reboiler duties, this
blend achieves values around ~3.0 GJ per tgo,'*>'*® or
~20% lower than 30 wt% MEA. Being a blend, there is some
variability in these results depending upon the actual com-
position used. Typically the larger the PZ/AMP ratio, the
faster mass transfer is, while the smaller the ratio the lower
the reboiler duty.”'® To avoid precipitation the total amine
concentration for this blend is limited to about 40 wt% and
the contribution of PZ to 10 wt%.>'” Both PZ and AMP have
low rates of oxidative and thermal degradation relative to
MEA">?'® again with some variability depending upon the
proportion of each amine.>"?

As mentioned previously PZ has been used as an additive to
aqueous MDEA to increase CO, mass transfer for decades.
More recently, but in a similar approach, MEA has been
assessed as an alternative rate promoting MDEA additive.
MEA and MDEA are both well characterised independently.
As a blend the overall CO, absorption capacity is reduced
relative to MDEA alone, but is improved at partial pressures
relevant for flue gas capture compared to either MEA or
MDEA.??%?21 This blend can also match the rates of CO, mass
transfer determined for aqueous MEA alone.”**”>* It does not
suffer from the potential precipitation issues of PZ/AMP but
does suffer from greater rates of oxidative degradation than
either MEA or MDEA in isolation.??® In pilot scale testing using
a synthetic flue gas, a reduction in reboiler duty of ~6-12%
was seen relative to 30 wt% MEA.?*” However, in the same work
when using real power station flue gas this benefit was lost.
This was attributed to the accelerated degradation of the MEA/
MDEA mixture in the harsher flue gas environment and high-
lights the importance of good chemical stability.

No other blends to-date have had the detailed results of
trials at pilot scale published in the public domain. However a
range of new blends are progressing through bench scale
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testing and assessment including ternary blends.”*® These
blends are generally constituted by amines that have first been
investigated on an individual basis, as this is necessary to
identify potential candidates for a blend.

4.1.3 Multi-phase absorbents. Two main classes of multi-
phase absorbents are under development. The most mature of
these are absorbents that undergo a liquid-solid phase transi-
tion upon CO, absorption. However, liquid-liquid phase
separation absorbents are also being investigated. These absor-
bents undergo phase separation behaviour as a function of CO,
content. Dual-phase systems reduce the energy requirements
in comparison to single-phase absorption systems. The advan-
tages of liquid-solid systems include increases to CO, absorp-
tion capacity and energy efficiency in the stripper.>?® In the case
of liquid-liquid systems, energy consumption reduces due to:
(i) the decrease of the liquid amount sent to the stripper, and
(ii) a reduction of the desorption temperature (characteristic of
biphasic solvents).>*°

Liquid-solid separation systems. Aqueous ammonia (NH;) is
the most advanced of the multi-phase absorbent processes. At
room temperature NH; is a gas and aqueous NH; solutions are
solutions of a dissolved gas. In aqueous solutions NH; reacts
with CO, to primarily form ammonium and bicarbonate®** ions
and has a number of favourable properties:>** it does not
thermally degrade or oxidise; it is low cost and readily
available; it is non-corrosive; it has a good CO, absorption
capacity; and a low reboiler energy demand for stripping
(2-3 GJ per tco ). The challenge is the high NH; vapour pressure
and how losses and emissions to the environment can be
controlled, and the formation of precipitates. Commercial
technology vendors have been investigating chilled NH; pro-
cesses where absorption is carried out at 0-10 °C.>***** The
purpose of the low temperature is to increase the aqueous
solubility of NH; and concomitantly CO,, however the low
temperatures reduces rates of mass transfer and results in
solids formation (ammonium carbamate/bicarbonate) and a
multi-phase process. In addition, the low reboiler duty must be
considered alongside the additional complexity of liquid-solid
processes (changes in design to gas-liquid contactors and heat
exchangers and the introduction of liquid-solid separation
equipment) and the cooling demand of chilled absorption.

Aqueous potassium carbonate (K,COs) solutions have the
advantage of being less volatile, non-toxic, less corrosive, lower
cost and more resistant to oxidative degradation compared to
amines.>*® Other important advantages of K,COj; is that absorp-
tion can occur at high temperatures, also it has a low heat of
absorption (CO, absorption in K,CO; is 600 k] kg™ ', whereas
MEA is 1900 kJ kg™ "),”*® reducing the thermal energy require-
ments of the regeneration process.””” However, the major
challenge is the low reaction rate of K,CO;,>*® resulting in poor
CO, mass transfer. Pilot plant tests using an unpromoted
30 wt% K,COj; solution could only absorb between 20-25% of
the CO, from the flue gas.**®* To improve CO, mass transfer,
K,CO; requires the addition of a promoter or catalyst.>*” The
Cooperative Research Centre for Greenhouse Gas Technologies
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(CO2CRC) have developed and optimised the K,CO; processes for
post-combustion and also pre-combustion capture of CO,.>*"?*8
The optimised K,CO; technology, named UNO MK 3,**?%° can
achieve a low regeneration energy of 2-2.5 GJ per tco, (much lower
than conventional MEA).>**>*” These promising results have led
to the scale-up and commercialisation of this process by UNO
Technology Pty Ltd.**°

Amino acids, which are amines that also contain carboxylic
acid functionality, have also been investigated as CO, absorbents.
They have favourable characteristics in terms of vapour pressure as
they are ionic in their neutralised form and they are resistant to
oxidative degradation.>®' Amino acids undergo the same chemistry
with CO, as amines, with the amino group being the reactive
centre. A challenge to their use is they are often of limited solubility
and may form precipitates. To-date pilot plant trials of single
phase amino acid based systems have not produced favourable
results.>>>*** As a consequence, amino acid based liquid-solid
processes are also being developed.>** In this case the precipitate
formed can be either the neutral amino acid or CO, containing
products depending upon the amino acid used. Similarly
to aqueous ammonia reboiler duties are estimated to be in the
2-3 GJ per tco, range,”*®** but again the process complexity is
increased and there is an additional heat duty to redissolve the
precipitates for CO, stripping. Commercial technology vendors
are also pursuing amino acid based processes.**®

Liquid-liquid phase separation systems. Though they are yet to
reach pilot scale, liquid absorbents that undergo a phase
separation upon reaction with CO, are being investigated.
Three types of dual-liquid systems exist: (i) low critical
solution temperature (LCST), (ii) mutual solubility type, and
(iii) extraction type.?*° In LCST systems, the absorbent solution
separates into two phases at a certain temperature range,
providing opportunities to reduce energy consumption.>** 2%’
However, years of technology research and development reveal
that the lower phase absorbs most of the CO, and has higher
CO, loading, however, the total amount of CO, absorbed is very
low. Thus, the performance of LCST systems is not as promis-
ing as anticipated.>*°

Mutual solubility systems consists of at least two amines,
where the reaction products of one amine has a solubility
limitation with CO, in the other. As the reaction progresses,
the CO, loading and concentration of reaction products
simultaneously increase, which drives the formation of two
phases.>*® A large range of mixtures exhibit this behaviour,**®
for example the mixture of 2-(dimethylamino)-ethanol (DEEA)
and 3-(methylamino)ethanol (MAPA) forms a single phase
when CO, free but two phases when CO, is absorbed.**®
The CO, product is concentrated in the lower phase and the
upper phase remains mostly DEEA. This formation of a phase
concentrated in CO, means only this phase need be sent to the
stripper reducing the flow rate and sensible heat requirements.>* It
is estimated this could yield reboiler duties of ~2.1-2.4 GJ per
to,”****" The third dualliquid system is the extraction type,
originally proposed by Zhang.*” Extraction dualliquid systems
can use either one amine or a mixture of amines. The separation
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into two phases occurs during regeneration, when the CO,rich
liquid has been heated to a specific temperature. The two phases
formed are an upper organic phase and a lower aqueous phase. The
organic phase acts as a solvent, extracting regenerated amine and
driving the equilibrium towards desorption, which reduces the
regeneration temperature to ~80 °C.>**° Solvent regeneration for
extraction type systems only consumes ~2.5 GJ per tco, (MCA +
DMCA + AMP).} 11 However, the additional extraction step, which
involves further heating to recover solvent, consequently leads to a
total energy requirement of 3.5 GJ per to, for the whole process.”

Unlike the chilled ammonia and amino acid phase separa-
tion processes, which have additional cooling and heating
duties respectively, along with other process modifications to
deal with solids, these phase separation processes only require
the introduction of a phase separation unit to the CO, capture
process.

4.1.4 Outlook for chemisorption solvents. Many new
absorbents are under development at the bench scale, however
very few have progressed to small scale pilot plant studies
outside of the cloistered halls of technology vendors. This
testing in a complete process is a critical step for the develop-
ment of absorbents. Issues that may not be apparent in a
laboratory environment come to the fore. For example the
hydrodynamics, volatility and degradation behaviour when
exposed to high shear gas flows, pumping through pipework
and continuous heating and cooling for extended periods is
difficult to replicate in any one laboratory experiment. So it is
critical that new absorbents that show promise using the
traditional metrics of capture performance are moved on to
testing at pilot scale. Only this will allow the development of
a more complete understanding of the critical factors that
ultimately lead to success and failure.

In terms of developing the perfect amine for CO, capture,
this is a challenging task. The most common approach to-date
has been to assess the performance of existing amine mole-
cules. As a consequence of the knowledge gained doing this,
there is now considerable understanding of the relationship
between chemical structure and absorption performance and
stability. The next generation of amines will be less a product of
discovery and more a product of targeted task specific mole-
cular design and synthesis, with multiple amino groups having
complementary properties contained in single molecules. A few
studies have started down this path®®°°® with initial results
looking promising. There is growing interest in water-lean
solvents (e.g., ionic liquids, non-aqueous organic amine
blends), which exhibit lower reboiler duty and higher mass
transfer properties compared to aqueous formulations. How-
ever, water-lean solvent tend to be more expensive and testing
has been limited to lab-scale (~3 L).'®” As expertise in the
relevant synthetic chemistry increases, and these task specific
molecules become available in larger quantities and at lower

F111 Note the solvent blend in this study included an absorption activator is
N-methylcyclohexylamine, MCA, regeneration promoter is N,N-dimethylcyclo-
hexylamine, DMCA, and solubiliser is AMP.
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cost, they are likely to outperform and outlast the current suit
of amines.

4.2 Adsorption processes for CCS

Adsorption processes were first considered in the early 1990’s
as an alternative to solvent processes for carbon capture.*®*>%°
Since those initial studies, there has been a growing and
sustained effort to develop adsorption technology for CO,
capture. By far, the greatest research efforts have been directed
at developing improved adsorbents with higher working capacity
for CO,, better selectivity, and better tolerance to impurities.
New CO, capture adsorbents are reported almost daily. The
classical adsorbents (carbons, aluminas, silicas, zeolites) and
modifications thereof have all been evaluated for their potential
in CO, capture applications and new adsorbents (metal organic
frameworks, hydrotalcites, amine supported adsorbents, poly-
mers, high temperature metal oxides) have all been explored for
their application in a range of areas.”®”>"°

Leaving aside developments in adsorbents, important as
they may be, there have also been important developments
and progress in adsorption processes for CO, capture over the
last three decades. A large variety of cyclic processes have been
developed, in which regeneration is accomplished by temperature,
pressure, vacuum, steam or moisture, or combinations thereof.
These processes have been comprehensively reviewed.***?”* Novel
adsorbent structures and gas-adsorbent device geometries have
been proposed and evaluated, such as hollow fibres, monoliths,
radial beds, fluidised and moving beds. Hybrid adsorbent
technologies have been investigated in which adsorption is
coupled with other separation or reaction technologies either
as a distinct unit operation or an integrated unit. The application
areas for adsorption process have expanded from post and pre-
combustion flue gas to process streams (e.g., food and beverage,
cement, steel, petrochemical, pulp and paper, and natural gas
industries) and direct capture of CO, from air.

4.2.1 Advantages of adsorption for CCS. Adsorption is
an attractive technology for a number of reasons. It can be
retrofitted to any power plant should the adsorption column be
optimised to ensure acceptable footprint and cost. In addition,
it can cover a wide range of temperature and pressure condi-
tions so that low, medium and high temperatures adsorbents
can be used and adsorbents for both pre- and post-combustion
settings can be designed - here we focus on low temperature
adsorbents for post-combustion (i.e., <200 °C). It is worth
noting that adsorption is particularly well-suited for air capture
as it involves very low CO, concentrations. However, this is
beyond the scope of this section. Air capture is discussed in
Section 12.2 and further information on air capture using
adsorption is available in other papers.”’>”>’* While there is
no direct and fully comprehensive way to assess the economics
and energetics of adsorption compared to those of absorption,
many indicators points to the cost reduction enabled by
adsorption.?” Another strength of adsorption is the potentially
minimal environmental footprint vis-a-vis amine-based solvents,
which tend to decompose and form toxic and/or corrosive
compounds. The use of waste materials as adsorbents could
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potentially enhance the sustainability of the process, though life
cycle assessment would be needed to confirm that aspect.>”®

Considering the aforementioned strengths, pilot-scale CO,
adsorption projects have been proposed and implemented,
enabling the community to acquire the knowledge, skills and
expertise needed to improve the technological maturity of CO,
adsorption. Among them, there is the CO2CRC H3 capture
project based at the International Power plant in Australia
which operated from 2009 to 2011.>”” Besides adsorption, the
project also investigated the potential of absorption and
membrane processes for CO, capture from a coal-fired power
plant. Publicly available information on the adsorbents used
suggests they were provided by Monash University. The “CO,
Ultimate Reduction in Steelmaking Process by Innovative
Technology for Cool Earth 50” (or COURSE 50) project was
launched in Japan in 2008 at an industrial CCS to capture CO,
from the blast furnace stream at JFE Steel’s West Japan
Works.?”#27? The capture system employs PSA and captures
3 ton per day of CO, while also evaluating a number of zeolites
and activated carbons as adsorbents.

4.2.2 Molecular and process scale challenges. Worldwide
projects deploying CO, adsorption technology at a large-scale
are few compared to those that employ absorption techno-
logies. This gap is particularly striking given the ~120 reviews
on carbon capture (including CO, adsorption) in the past five
years.>?®°%% One plausible reason for this gap is that the
number of possible adsorbent materials is enormous and the
task of synthesising and testing them all is daunting. This is
particularly so for the case of ‘designer sorbents’ such as metal
organic frameworks (MOFs), which counts thousands of com-
pounds already synthesised and millions more that are possi-
ble. High-throughput simulation techniques therefore have a
key role in quickly screening for successful CO, adsorbing struc-
tures. One interesting approach uses a global approach to screen
thousands of zeolites and MOFs for CO, capture solely based on
their parasitic energy demand.”® This methodology is limited
however to crystalline adsorbents and does not take into account
aspects such as materials robustness to cycling or competitive
adsorption with other flue gas components.

The complexity of the screening challenge arising from the
multitude of adsorbents is magnified by the plethora of per-
formance criteria to be considered when designing an adsor-
bent. These criteria have been reviewed recently and are
summarised in Table 5. In addition to the criteria detailed
in Table 5, we add the energy required for regeneration (linked
to OPEX) and chemical and thermal robustness. Although
many adsorbents have been tested for CO, capture, the focus
has only been on their CO, uptake, selectivity and recyclability;
these criteria are insufficient for the technical confidence
needed to move to higher technology readiness levels. Fortu-
nately, researchers have started to combine experimental data
with molecular simulation and process-scale modelling. Thus,
incorporating multi-objective optimisation enables quantita-
tive comparison of adsorbents against a number of process
performance criteria (e.g. purity, recovery, energy consumption,
productivity).”**>°® For these studies, one needs to specify the
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process options, i.e. TSA, PSA or others, and rely on molecular
simulation to provide sorption isotherms validated by experi-
ments. It is interesting to note that while the challenge related
to the numerous potential sorbents and performance criteria
also exists when designing CO, capture solvents (absorption),
the complexity in the case of solid sorbents is increased
because data on mass-transfer resistance and diffusion limita-
tions are scarce, yet are required to model a full adsorption
process.

Adsorbents also face a number of process-related challenges.
For instance, a pre-treatment step might be required as flue gas
impurities, including water, can impair the performance of some
adsorbents. In fact, this could be performed by a multi-layer
adsorbent bed, as proposed in the CO2CRC H3 project.””” Heat
effects in the adsorption beds poses an additional complication
in adsorption process schemes because the inherent exothermic
nature of adsorption implies potentially high bed temperature
rises (especially in the case of chemisorption). These effects must
be quantified, managed and possibly exploited in clever process
schemes.?””?% Studies towards better heat integration are there-
fore of paramount importance.>*” % Another challenge pertains
to the manufacturing of new adsorbents and the ability to
develop new manufacturing processes that enables to strike a
good balance between reducing particle size, to enhance good
intra-particle diffusion kinetics, and increasing the particle size
to limit pressure drop.

4.2.3 Developments in cyclic adsorption processes. There
are major engineering obstacles associated with the application
of adsorption for CO, capture. The advances in cyclic processes
improve the commercialisation potential of adsorption techno-
logies, these developments are discussed below.

Pressure vacuum swing adsorption. Cyclic adsorption in fixed
beds is now a relatively mature technology and all of the various
modes of adsorbent regeneration have been applied to carbon
capture. For post combustion flue gas at atmospheric pressure,
vacuum swing adsorption (VSA) (also sometimes referred to as
Pressure Vacuum Swing Adsorption (PVSA) since the feed stream
might be slightly pressurised) is the logical choice amongst the
pressure regeneration modes since the feed stream is mostly
nitrogen. A large number of studies of VSA have been carried out,
most typically using activated carbon®*°>%* and 13x zeolite

Table 5 List and description of adsorbent evaluation criteria as defined in
Bae and Snurr.282 Note: y is the molar fraction in the gas phase. Subscripts
1 and 2 refer to CO, and N, respectively. Superscripts ads and des mean
adsorption and desorption conditions, respectively

Criterion Unit Symbol, equation
Uptake under adsorption conditions mol kg™ N39S
Working capacity mol kg™' AN, = N3 — N§es
AN
Regenerability % R= N—d‘ x 100
I
- . -, ) Nods
Selectivity under adsorption conditions — 0y = L 22
SONE Ty
ads) 2
( wlda) AN,
Sorbent selection parameter — S§=-127 1
P atligs ANz
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adsorbents®®3739¢

and a large number of adsorption cycles have
been proposed and tested.>*”**® The consensus is that if only a
single VSA stage is used, significantly deep vacuum levels are
required (at least 10 kPa) to achieve specification CO, product
purity (>95%) necessary for acceptable CO, recovery using the
popular 13x adsorbent. More exotic adsorbents, such as metal
organic frameworks (Mg-MOF 74,>°° UTSA-16>°%), may be able to
improve this situation in the future but these MOFs are unlikely
to be available at large scale in the near term. This has led
researchers to examine two stage PVSA systems,>®3'%311 in
which different adsorbents can be used in each stage and there
is scope for considerable integration. Of course, the penalty here
is a substantial increase in cost. It is also worth pointing out
that most PVSA studies have assumed a dry flue gas since the
13 x adsorbent suffers severe CO, capacity deterioration in the
presence of water although Li et al.>'* have shown that multi-
layer beds with 13x can be used (although at a significant energy
penalty) to handle wet gas streams.

The energy demand of the VSA process is frequently cited as
being considerably less than conventional amine processes. This
is not correct. A range of specific energies from 100 kWh per to,
to more than 1000 kWh per tgo, have been reported - the exact
number depending greatly on specifics of the process. Most of
these quoted numbers rely on unrealistic equations for vacuum
pump energy consumption. In one of the few studies in which
an experimental energy consumption of 340-580 kWh per tco,
was reported,*®® it was found that theoretical calculations signifi-
cantly underestimated the true energy required. Reliable
reported energies seem to fall between 1.5 to 3 GJ per tco,
(electrical). This converts to about 4.5 to 9 GJ per tco, thermal,
substantially more than conventional amine solvent processes
(reboiler duty of 2-4 GJ per tco,, shown in Table 4). Overall, VSA
and PSA appears to be more suitable for smaller scale operation
and it is difficult to see these fixed bed processes being extended
beyond the 50 MW scale for post-combustion capture unless
multiple trains are installed, losing economy of scale. Applica-
tions for VSA and PVSA are more likely to be in IGCC,*'?
petrochemical, and steel and cement processes where the gases
have higher CO, partial pressures and lower volumetric
flow rates.

Temperature swing adsorption. A more attractive and scalable
regeneration option for post combustion capture is tempera-
ture swing adsorption (TSA). Generally, both PSA and TSA are
considered mature technologies and have been employed for a
number of applications in industrial gas separation,>¢¢-30%:314-316
Temperature swing adsorption has been used for removing trace
amounts of CO, and water from air in Air Separation Units and
natural gas dehydration prior to liquefaction. Its application to
bulk CO, removal is however, in its infancy. Numerous studies
have been reported from the groups of Mazzotti,>'”*®
Webley,*™ and others (Korea,**°*** and RTI,****?%), which have
highlighted the performance and obstacles of this approach.
Joss et al®'® developed improved cycles for TSA operation
attaining comparable regeneration energies to solvent based
processes. In their study, additional purge and recycle steps as

1084 | Energy Environ. Sci, 2018, 11, 1062-1176

View Article Online

Review

well as intermediate heating was used to produce very high
purity CO, (>99%) at high recovery (>95%). As their adsorbent
was 13x zeolite, which strongly adsorbs water (thereby reducing
its CO, capacity), there was a need to dry the flue gas stream
prior to their TSA. This adds 2-3 GJ per tco, to the energy
requirement (already comparable to amine-based processes).
Pre-drying the flue gas stream is therefore not a feasible option
for large scale adsorption based CO, capture, which suggests
water tolerant adsorbents (in fact, water non-adsorbing adsor-
bents) may be needed. The voluminous work on amine-based
sorbents fills this requirement.?**

Conventional TSA run in packed beds incurs the significant
penalty of long cycle times due to long heating and cooling
requirements. To overcome these limitations, fluidised bed
configurations are popular for TSA.*****® The strong mixing
enables rapid heat transfer but intense mixing and co-current
gas-solid flow leads to lower average CO, loadings (the adsor-
bent is at equilibrium with the gas leaving the fluidised bed).
Pirngruber et al.**’ has estimated a lowest heat of 2.1 GJ per
tco, (thermal) for ideal adsorbents under isothermal condi-
tions. More realistically, an energy of 3.2 GJ per tco, is likely.
Sjostrom et al.>*® recently developed and tested a supported
amine sorbent in a circulating fluidised bed with adsorption
using entrained flow, regeneration via a temperature swing
with an option for a sweep gas, gas/solids separation, and
cooling. A CO, removal of 90% was achieved.

One important variant of the fluidised bed process is the
SARC (swing adsorption reactor cluster) process,**® in which
multiple fluidised bed adsorbers (each one consisting of several
counter-current beds, similar to amine absorption) are cycled
through adsorption, evacuation, regeneration (by heating) and
cooling. The evacuation step removes nitrogen from the beds
(vented to atmosphere) prior to the regeneration step in which
the carbon dioxide is recovered. Heat pumps recover heat
generated by adsorption and return it to the beds for regenera-
tion. A process integration study of the proposed SARC process
in a large-scale pulverised coal (PC) ultra-supercritical (USC)
power plant was performed and showed an energy penalty of
9.6%-points for the base case with ammonia as the heat pump
working fluid.**®

In a process designed to mimic solvent systems (e.g, counter-
current flow), moving beds have been investigated in temperature
swing modes.>”**° The major challenge associated with large
scale moving bed processes is that the gas velocity must be kept
low enough to prevent the solids from becoming fluidised. This
translates to beds with impractically large diameters, not to
mention the mechanical difficulties in handling solids in large
scale unit operations. Novel structured adsorbents (described in
Section 4.2.4) may provide some solutions to these problems.

Steam, electrical and moisture regeneration. Many of the TSA
systems described above rely on indirect heating or heating
with hot gas for regeneration. If low-pressure steam is available,
this is the preferred option for TSA implementation. Clearly, water
tolerant adsorbents are required and functionalised adsorbents
(e.g. amine-based sorbents) are ideal for this application.**!

This journal is © The Royal Society of Chemistry 2018
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These adsorbents suffer from degradation at very high tem-
perature and poor kinetics at low temperature. Therefore, the
preferred operating window is between 60 and 100 °C. Fujiki
et al.*** from RITE have overcome the diffusion limitation
associated with low temperature operation of amine-based
sorbents. This allowed them to use low temperature steam
purge (which in prior studies degraded the sorbent and pre-
vented high temperature operation) to assist a vacuum swing
cycle. Through this means they were able to obtain high
purity (>98% CO,) and high recovery (>93%) - difficult to
achieve with VSA alone. The reported energy consumption of
1.47 GJ per tgo, accounts only for the steam usage and appar-
ently does not include vacuum power. A relatively modest
vacuum level of 15 kPa was used. This is a promising approach
and is worthy of continued effort. Avoiding TSA allowed these
workers to retain the use of fixed beds.

Steam regeneration is at the heart of the VeloxoTherm™
Process of Inventys.**® This process is currently under testing
to capture CO, from the slipstream flue gas exiting a 10 MW,
coal-fired unit. This technology utilises the rotary adsorption
process with a structured adsorbent (Section 4.2.4) and is based
on the design of an existing regenerative air preheater.

Electrical swing adsorption (ESA) has been stated to present
an attractive option for rapid thermal (Joule) heating of an
adsorbent.*®* In this sense, it is a derivative of temperature
swing adsorption (TSA). The effectiveness of this option
depends greatly on the details of the adsorbent/electrical
system. Since the adsorbent must be electrically conductive,
both the material and its configuration must offer a continuous
electrical path. Packed beds of adsorbent therefore are elimi-
nated from consideration and carbon monoliths are the most
common configuration. Since zeolites offer more benefits for
temperature swing adsorption given their strong adsorption of
CO,, they are more attractive for ESA applications. Efforts have
therefore been made to integrate the zeolite into the carbon
monolith walls or pack the zeolite within the carbon channels
with some success.*®*® Grande et al.®>*® evaluated ESA for CO,
capture from a Natural Gas Combined Cycle power stations where
the CO, concentration of the flue gas is 3.5%. Using an adsorbent
comprising of 70% zeolite and 30% of a binder conducting
material to treat this flue gas, it was possible to obtain a concen-
trated stream with 80% CO, with an energy consumption of
2.04 GJ per tco, (electrical). This is equivalent to ~6 GJ per tco,
thermal and is significantly higher than conventional amine
processes (Table 4). Importantly, the cooling step could be elimi-
nated. It is likely that ESA is more suited to small scale operation
where a small process footprint is important.

Moisture Swing Adsorption (MSA) is an intriguing concept
evaluated by Wang et al>*’ In this scheme (ideally suited
for direct capture of CO, from air), an amine-based anion
exchange resin dispersed in a flat sheet of polypropylene is
prepared in alkaline form to enable CO, capture from air when
dry and releases it when wet. This is a moisture induced cycle,
and is a new approach to regenerating CO, sorbents - evapora-
tion of water effectively provides the free energy that drives
the cycle.

This journal is © The Royal Society of Chemistry 2018
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Hybrid systems - sorption enhanced capture and adsorbent/
cryogenic systems. Adsorption processes have been integrated
with reactors and membranes to exploit synergies between these
technologies. Coupling adsorption with reaction is usually
undertaken with the goal of shifting the equilibrium conversion
by adsorption of CO, (one of the products from the reaction).
Thus, blending adsorbents with steam reformers,***** or water-
gas shift reactors is popular.®****!

The latter process (denoted sorption enhanced water gas
shift or SEWGS) uses a high temperature adsorbent (e.g.,
promoted hydrotalcite or CaO) to remove CO,, driving the
reaction to the right hand size and maximising hydrogen
production. The sorbent is then regenerated with steam.*** It
is particularly suited to coal-based IGCC plants but is also
applicable to natural gas plants. In the FP7 project, CAESAR,
Air Products, BP, ECN, SINTEF and Politecnico di Milano
worked together to develop the SEWGS process, improving
the specific energy to between 0.8 to 1.0 GJ per tgo, (electric).
A new adsorbent named ALKASORB+ was developed with a high
capacity resulting in cost of CO, avoided for the IGCC applica-
tion of approximately €23 per tonne of CO, avoided. This is
almost 40% lower cost than the conventional Selexol process.

The purity of CO, produced from adsorbent processes is
strongly dependent on operating parameters of the process. In
contrast to chemical solvent systems in which 100% CO, is
produced in the stripper, the CO, purity of the blow down gas is
strongly dependent on blow down pressure, or, in the case of
TSA, regeneration temperature. Therefore, there are consider-
able savings to be achieved by operating the adsorption system
at lower CO, purity. This makes adsorption technology suitable
for use as a front end “rough” separator, upstream of a
“polishing” separator. Conveniently, cryogenic CO, capture
systems become more cost effective as the CO, concentration
increases (above ~70%). These systems are extremely attractive
for producing liquid CO,, which may be pumped to high
pressure at much lower energy than compression of CO, gas.
A hybrid process consisting of an adsorption process followed
by a cryogenic process is therefore an ideal solution. Li Yuen
Fong et al.>*® explored this concept, using a vacuum swing
adsorption (VSA) process as the initial CO, recovery stage.
A multi-objective optimisation (MOO) technique in combi-
nation with heat integration was used to optimise the total
shaft work and the overall CO, recovery rate of the capture
process (including compression to 100 bar pressure). A mini-
mum energy optimum was determined for the total specific
shaft work required at an overall recovery rate of 88.9%, which
consumes 1.40 GJ per tonne of CO, captured.**? This is con-
siderably lower than conventional processes. A simple CO,
liquefier was used in this study and there is considerable scope
to employ a more sophisticated cryogenic process integrated
with the adsorption process.

4.2.4 Recent advances in CO, adsorbents. We now turn our
focus to the various CO, adsorbents, which can be categorised
into the following groups: zeolites, metal-organic frameworks,
carbonaceous materials and functionalised adsorbents. We
summarise below their main attributes, strengths and weakness
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in the context of CO, capture, also discussing the development
of advanced adsorbent structures.

Zeolites. Zeolites are microporous aluminosilicate minerals
that exhibit a crystalline structure with pore sizes typically
between 4 and 15 A and surface areas around 200-500 m?* g~ ™.
Both natural and synthetic zeolites exist for carbon capture. The
main physico-chemical mechanism for CO, adsorption in non-
modified zeolites derives from the large quadrupole moment of
CO,, which enables the molecules to interact with the electric
field created by the cations in zeolites. Because cations are
introduced into zeolites by charge compensation of substituents,
CO, adsorption is governed by the zeolites framework structure
and composition (i.e. Si/Al ratio), as well as the composition and
location of extra-framework cations.>****> For instance, the
zeolite channel diameter, hence the topology, directly influences
the dispersion interactions between CO, and the zeolites walls. In
addition, dual cation sites, ie. sites where CO, can interact
simultaneously with two cations, are known to favour
adsorption.*** An interesting phenomenon described recently is
the so-called “selective trapdoor effect” or “cation gating effect”,
whereby molecules able to interact with the cations located at the
entrance of a channel, e.g. CO,, can permeate through the material
and be adsorbed while other molecules that do not interact as
strongly cannot.>*® Adsorption can also be enhanced via modifica-
tion with large and electropositive, polyvalent cations.***

There is considerable industrial knowledge of zeolite man-
ufacturing and its applications in gas separations. From a more
fundamental view point, zeolites are crystalline materials and
hence can be relatively easily modelled, which can eventually
reduce the time needed to evaluate their performance as out-
lined in Section 4.2.2. The CO, uptake of zeolites is quite
high and in fact, the synthetic zeolite 13x is often taken as
the benchmark of CO, (low T) adsorbents (capacity of about
3 mmol g ' at 0.15 bar of CO, and 313 K).**” Large scale
screening of all known and over 100000 predicted zeolite
structures has been achieved and has identified the best
materials for CO, separations.**® The key weakness of zeolites
remains their sensitivity to moisture as water adsorbs strongly
on zeolites, thereby reducing the CO, uptake.

Metal-organic frameworks. Another family of porous crystalline
adsorbents are metal-organic-frameworks (MOFs). MOFs are
obtained via the self-assembly of metal ions and organic ligands
(Fig. 9). They exhibit extraordinary surface areas and pore
volumes. Typical ligands used to synthesise MOFs include
carboxylate and imidazolate compounds, and the metal ‘“nodes”
span a considerable range of the periodic table. The size and
shape of pores in MOFs can influence its adsorptive properties via
a molecular sieving effect.**® In addition, chemisorption occurs
either via interactions between, (i) CO, molecules and open metal
sites in the MOFs, ie. uncoordinated metal sites, and/or
(ii) interactions between CO, molecules and functional groups
located on the MOF ligands.”®**® For examples, studies have
shown that one could vary the strength of CO, adsorption by
changing the type of uncoordinated metal sites.”®> CO, uptake can
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also be enhanced by using amine-containing ligands.”®* In addition,
CO, adsorption in MOFs can be driven by the so-called breathing
and gate-opening effects, though at present this behaviour is only
observed at high pressures.**° In these materials, the pore of the
flexible MOFs contracts or opens upon adsorption. The addition of
extra framework cations is another factor enhancing CO, capture in
MOFs.**

The inherent tunability of the MOFs chemistry and structure
represent one of the key strengths of these materials, poten-
tially allowing one to tune the CO, uptake, selectivity and heat
of adsorption. Like zeolites, their crystalline structure makes
them ideal candidates for simulation studies. In 2013, MOFs
held the record for CO, adsorption capacity with MOF-74(Mg)
exhibiting the highest reported uptake (5.5 mmol g ' at
0.15 bar, 313 K) (Fig. 9).>*” MOFs are often criticised for their
chemical instability as they can react with flue gas components
like water, NOx and SOy. In recent years though, a number of
robust MOF structures have emerged, such as UiO-66 and
SIFSIX-6_Zn.>*931:3%2 ynplike zeolites, most MOFs are not yet
manufactured at a large scale and for those which are, they are
most often supplied as powder rather than a structured
adsorbent.

Carbonaceous materials. Carbon-based materials have also
been investigated thoroughly for CO, capture.*®® This generic
term represents a number of distinct materials whose structure is
mostly composed of C atoms. For instance, we distinguish between
low-cost pyrogenic carbon materials (e.g. charcoal, biochar), acti-
vated carbons, carbon molecular sieves, aerogels and carbon
nanomaterials (e.g. graphene and carbon nanotubes). CO, adsorp-
tion in these materials relies mostly on physisorption and hence
porosity is the predominant characteristic, with a high volume of
pores, and particularly micropores, increasing the uptake. It is
worth noting that heteroatoms (i.e. O-containing groups) may be
present in the materials as a result of the synthesis approach and
these groups naturally influence the adsorption mechanisms by
introducing desirable chemisorption interactions.

As with zeolites, many carbon-based materials (e.g. activated
carbon) benefit from industrial maturity. With the exception of

Fig. 9 Example of a MOF. Here the structure of Mg-MOF-74 is shown.
This MOF exhibits the highest reported CO, uptake for unfunctionalised
adsorbents.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ee02342a

Open Access Article. Published on 12 margo 2018. Downloaded on 16/03/2026 20:00:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

carbon nanomaterials such as nanotubes and graphene, carbo-
naceous materials are typically cheap and can be manufactured
in large-scale. Owing to their hydrophobic nature, carbon-based
materials are not strongly affected by moisture, though a
decrease in capacity is often observed compared to the perfor-
mance under dry conditions.?*® The uptake and selectivity of
non-functionalised carbon-based materials, however, are typi-
cally lower than those of zeolites. In fact, these performance
metrics are limited at low pressure and non-functionalised
carbon-based materials are thus preferred for high-pressure
separations. Carbon-based materials are good candidates in
ESA process protocols.””"

We note that carbonaceous sorbents could include poly-
meric compounds, which have also been tested for CO, cap-
ture. An example of such a polymeric adsorbent would be the
so-called “polymers of intrinsic microporosity””.*>***> However,
these materials are most often investigated in the context of
membrane separation rather than adsorption.

Functionalised adsorbents. Chemisorption can be tailored to
dominate carbon capture at low pressure, and thus a number of
researchers have looked at ways to add functional groups and/
or reactive species to the adsorbents described above. This
is particularly true in the case of carbon-based adsorbents.**®
N-Containing functionalities have been incorporated either
into the carbonaceous structure or into the adsorbent pore
space via immobilisation of amine-containing compounds.
Amine functionalisation has also been reported for meso-
porous silica.***?*” The modification of silica typically follows
one of two routes: (i) porous silica is physically impregnated with
amine-containing molecules,® or (ii) amine-containing com-
pounds are covalently grafted on the surface of porous silica.**?
In the former case, polyethylenimine (PEI) is often selected to
modify porous silica owing to its high density of amine groups.
In the latter case, the surface of silica is pre-functionalised with a
derivatised silane, which can be reacted with amines to form
covalent bonds. MOFs have also been impregnated with amine-
containing compounds.®** %> A famous example is the functional-
isation of a triazolate-based MOF with ethylenediamine molecules.

The mechanisms of CO, adsorption on amine-functionalised
adsorbents are not as straightforward as one might expect and
strongly depend on the type of amines as well as the type of
support/adsorbent. These mechanisms include: (i) nucleophilic
reaction with formation of a zwitterion or carbamate, (ii) base-
catalysed hydration of CO, with formation of bicarbonate and
(iii) cooperative adsorption process between adjacent amine
molecules.>**?%* Functionalisation typically enhances CO, uptake
and selectivity but can limit gas diffusion when large organic
molecules are used to modify the adsorbents. Chemical leaching is
another typical issues that occur when N-containing compounds
are only physically impregnated on the adsorbent. In many cases
amine-modified adsorbents have either not been tested under
process cycling schemes or have limited lifetimes under such
testing conditions.

While the four classes of adsorbents described above typi-
cally form the core of materials used for CO, capture,
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researchers have also tried to combine them and form compo-
sites to create synergistic effects and address one or more of the
weaknesses of a given compound. Several of these composites
are made of a carbon-based nanomaterial (i.e. graphene-based
materials or CNTs) and a MOF.3>%3-%

Developments in adsorbent structures. Conventional adsorbents are
beaded or extruded of size 0.5 to 2 mm. While convenient for fixed
beds, these are poor conductors of heat and prone to gas fluidisation
or high pressure drop at high throughputs. For this reason,
adsorbent structures have been investigated for CO, capture
applications.>®>*®® These structures include monoliths,**”
laminated structures or hollow fibres.***”" The latter have been
employed effectively for very rapid temperature swing cycles
using either hot water or steam as regeneration agent. The
VeloxoTherm™ Process (discussed above) uses a rotary struc-
tured honeycomb adsorber for adsorption and desorption of
large volumes of process gas. The temperature swing adsorption
cycle is established by the rotation of the structured adsorbent,
which completes a full revolution in about 60 seconds.

Thakkar et al.®>”> recently demonstrated how 3D printing
techniques could be used to produce zeolitic adsorbent struc-
tures. 3D-printed monoliths with zeolite loadings as high as
90 wt% exhibited adsorption uptake that is comparable to that
of powder sorbents. These are modest early steps but there is
great promise for advanced manufacturing to allow creation of
cheap, integrated adsorbent/flow devices to achieve unprece-
dented advances in system performance.

4.2.5 Outlook for adsorption technologies. Since the first work
on capturing CO, with adsorbents was conducted in the 1990’s,
there has been a rapid development in adsorption processes.
Adsorption has evolved from technology readiness level (TRL) of 2
(bench scale work) in the 1990s to TRL 5 (pilot scale) today. Some
processes have even reached demonstration scale (TRL 7), for
example, the dry regenerable sorbents being trialled by KEPCO
Research Institute.*** For small scale CO, capture applications,
pressure or vacuum swing cycles have already been employed in
the industry sector to remove CO,. As adsorbents continue to
develop, it is likely that we will see further entry of adsorption
processes into areas not suited for solvent processes. For example,
the food and beverage industry cannot tolerate chemical based
solvents on site and the very low environmental footprint of adsorp-
tion processes is a strong advantage.

One key area that needs addressing is that of materials testing
and screening. As the research community understands better the
performance of adsorbents under equilibrium conditions using a
‘simple’ CO,/N, mixture, there is now a need to ‘challenge’ the
materials by running dynamic tests and use simulated flue gas
streams. The former aspect will enable to derive the kinetic
properties of the various adsorbents and hence provide a more
realistic picture of their performance. It is recognised that some
kinetic studies have already been reported but they are not yet
performed systematically.®>® A number of impurities contained in
the flue gas could potentially impair the performance of adsor-
bents and therefore testing involving multicomponent streams are
particularly informative. We highlight here recent work on the

Energy Environ. Sci., 2018, 11, 1062-1176 | 1087


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ee02342a

Open Access Article. Published on 12 margo 2018. Downloaded on 16/03/2026 20:00:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

development of a high-throughput analyser enabling multicompo-
nent equilibrium experiments.>”* Using this set-up, it was found
that of the adsorbents studied, those containing alkylamines
performed well for CO, capture in the presence of N, and H,O.
Further work around adsorber design is also crucial to allow faster
cycles since it will directly influence the overall process. While the
commonly proposed bed contactors include fixed bed, fluidised
bed and moving bed,*®” we note here the recent development of a
rotary wheel adsorber to allow fast TSA cycles.*”* Such rotary
systems are incorporated in the Inventys® CO, capture technology.

Industrial scale formulation of some of the novel advanced
adsorbents (discussed in Section 4.2.4) will become increasingly
important. To be integrated in a process, the materials must be
manufactured as structured adsorbents, e.g. pellets, beads,
monoliths, fibres. This is particularly true in the case of MOFs,
which are still largely synthesised in a powder form. There are
indications this is changing, as demonstrated by, for example,
BASF and small companies such as the MOF company, NuMat,
and Mosaic Materials. In the near future, we can expect the
emergence of a number of spin-outs and start-ups producing
MOF in different formats, e.g., Immaterial. Research studies have
also started investigating the incorporation of MOFs into struc-
tured supports such as fibres and monoliths.*”>%"

As we have amassed more knowledge concerning CO, adsorp-
tion, CO, adsorbents and their performance metrics from different
experimental and computational viewpoints, there is now a need to
consolidate that knowledge and propose a combined multi-scale
approach to the development of CO, adsorbents and adsorption
technologies. The examples of recent studies highlighted above are
beginning to move towards that direction.

For mid-size CO, capture applications, recent advances in
adsorption technology are providing low cost and low energy
options, thus potentially offering an attractive alternative to liquid
scrubbing systems. Some promising developments include adsor-
bent structures, hybrid amine sorbents, low quality steam regenera-
tion and rapid cycling. However, for large scale processes, it is
unlikely that adsorbent technology will be competitive against
established liquid scrubbing systems due to the complexity of large
scale solids handling. Hybrid sorption enhanced reactive systems
such as SEWGS have a strong role to play, particularly as hydrogen is
promoted as an energy carrier in some economies. In a relatively
short time, adsorption processes have developed rapidly and the
future looks bright for further development and deployment in a
range of CO, capture applications.

4.3 Calcium looping technology

Calcium looping (CaL) technology is a relatively new alternative
for post-combustion CO, capture, and is based on the following
reversible reaction:

CaCO; < Ca0 + CO, AH=-178 kfmol™"  (3)

Although the use of lime as a means for removing CO, from
hot gases is over 100 years old, the idea of using it in a
reversible scheme to strip CO, from flue gases is relatively

new’® and can be represented schematically by Fig. 10.

1088 | Energy Environ. Sci, 2018, 11, 1062-1176

View Article Online

Review

Implicit in such a cycle is the requirement that the lime product
be used in multiple cycles in order to minimise the costs, and
increase the overall efficiency of the process and this demands
the use of a carbonator and a regenerator, normally envisaged
as being a small oxy-fuel power plant to regenerate the spent
sorbent and produce a pure stream of CO, for storage, or
possibly use (see Fig. 11).

Three key factors distinguish CaL from the other CCS
technologies. First, because the carbonator/calciner can serve
as a heat source for a steam cycle to produce additional power,
the energy penalty associated with the technology can be
several percentage points lower than that of conventional
amine scrubbing.t$11 *#3°%* Second, the sorbent used, namely
limestone, is available in industrial quantities, and is also a
non-hazardous chemical whose price is of the order of
£10-20 per tonne (~US$13-26 per tonne). In contrast, the cost
of amine solvent MEA is much greater at US$1.8-2.9 kg~ ".?%>3%¢
The third benefit of CaL is that there is a possibility of using the
spent sorbent in industrial processes such as cement making,
which, since lime manufacture represents 50% or more of the CO,
output in cement production, offers an approach to partially
decarbonise the cement industry'>?
emissions by incorporating the technology into the cement
manufacturing process.*>**”% Finally, there exists substantial
capacity worldwide to take most of the spent sorbent from CaL
should it become a dominant technology.**° For instance, spent
CaL sorbent can be used in the production of cement clinker,>**>*
ocean liming, steel manufacturing (to make slag or capture CO,),
or for flue gas desulphurisation.**’

CaL technology has also been progressed to pilot scale.
There are two major demonstration projects, one at the Uni-
versity of Darmstadt, in Germany>*°> and one in La Pereda,
Spain,*** which have been used to extensively test circulating
fluidised bed-based technology, and a 1.9 MWy, pilot plant,
which combines a bubbling fluidised bed carbonator and a
rotary kiln calciner, in Taiwan that has been reported to have
run for over 1 year.'®® Based on its work, Industrial Technology
Research Institute (ITRI) estimated that the integrated CaL
process would offer a carbon capture cost of less than $30 per
tco2.394 These demonstration projects mean that the technology
has achieved a technical readiness level of 6.>°> Moreover, there
is now an extensive number of small pilot plant facilities
worldwide®*® being used to address various aspects of the
technology, from looking at aspects of CaL, such as sorbent
attrition, and the behaviour of modified and synthetic sorbents
to improve their overall performance, to the development of
novel configurations for CaL applications.

4.3.1 Current developments. The realisation that the lime
in the CaL processes suffered rapid deactivation has led to over
a decade of work on improving sorbent performance, and
reducing deactivation.®®” The other major issue for Cal is
that of attrition or sorbent loss due to mechanical impacts

or even to achieve near-zero

iiit This assessment was performed with 30 wt% MEA as the amine system. As
was noted in Section 4, this technology was originally proposed in 1930, with
much superior solvent systems currently available.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ee02342a

Open Access Article. Published on 12 margo 2018. Downloaded on 16/03/2026 20:00:46.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Review

CO;

CAPTURE Limestone
SORBENT CaCO;

ENERGY
TO DRIVE
CYCLE

View Article Online

Energy & Environmental Science

CARBONATE

CO, CAPTURE
CYCLE

CaCO3 « Ca0l + CO;

Lime Product
CaO

CALCINE

Fig. 10 Schematic of the calcium looping (Cal) cycle.

Air e—

Fue| m——)
(coal, gas, biomass)

Elecigzicity

Treated flue gas foEe CO, to

W|th0Iut CO, I I | l z::f?ézﬁ storage

Fresh  Spent sorbent
limestone  (to cement plant)

Caco3
Power Flue gas o Oxy-fired
Cabonator
plant calciner €0 N>
45y b oy = l
Steam cycle Steam Cycle
2 Air separatlon
Fuel 0O, unit (ASU)
35% < n < 50% 30% < n < 40% (coal, gas,
biomass)

Elezgcity

Electricit
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experienced in real fluidised beds, as opposed to the more flaws.>**” In particular, the chemical environment was unrealistic
benign testing environment which is normally provided in a as it missed both the positive effects of water addition on

thermogravimetric analyser (TGA), which is still the most capture

398400 and the negative effects of SO,. More importantly,

common tool used to investigate sorbent performance. calcination in N, or environments with low levels of CO, at
It was gradually recognised that the typical TGA environment temperatures of 850 °C or below is unrealistic and tends to
used to assess sorbent performance was associated with major overestimate sorbent performance. In real systems, it appears that

This journal is © The Royal Society of Chemistry 2018
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the water content typical of a combustion environment (10-20%)
partially compensated for the presence of SO,,*** but higher
temperatures necessary to drive calcination in the presence of
nearly 100% CO, always led to a significant deterioration in
sorbent performance regardless of the modification process
involved.**>** 1t is also interesting to note that He et al.*** have
reported a beneficial effect of steam on the ability of carbide slag to
capture CO,. Finally, it is worth noting that steam has been shown
to produce clear beneficial effects on the carbonation process; it
also appears that it can produce significant benefits in improving
sorbent performance when it is added to the calciner of a 100 kW,
pilot plant.**®® These benefits do not appear to be related to a
lowering of the calcination temperature due to the reduction in
partial pressure of CO,,**® but instead it has been suggested that
they are associated with reduction in sintering produced by the
lower CO, levels in the calciner.

Despite ample evidence to the contrary, numerous studies
on sorbent performance are compromised by the use of low
calcination temperatures and unrealistic chemical environ-
ments. This has been pointed out again recently by Clough
et al.,"”” who have suggested a novel TGA protocol to ensure
more realistic results are obtained on modified sorbent
performance.

Sorbent attrition is another area which has received atten-
tion over an extended period. Although there are limestones
that perform extremely poorly,*®® the fact that there are both
fully operational demonstration units and a large number of
pilot plants®®® is a clear indication that natural sorbents can
perform adequately in CaL processes. Nonetheless, numerous
attempts have been made to improve sorbent performance by
various kinds of treatment, most notably pelletisation with a
support material, often with mixed results (and a critical issue
in such evaluations is again that tests be performed under
realistic fluidised bed conditions).**® Another critical question
for all such attempts is that the cost of such approaches may
easily outweigh any benefit in terms of potentially superior
performance and/or mechanical resistance.*'® An interesting
result from the work of Erans et al.*'"*'? is that some additives
may actually weaken the resulting sorbent, and this is only
apparent when tests are performed under fluidised bed condi-
tions and that this phenomenon counteracts any reactivity
benefit associated with the additive, in this case flour incorpo-
rated into the pelletised matrix, to serve as a representative
form of biomass addition.

4.3.2 Sorbent enhancement and sorbent reactivation.
Erans et al.*'" have recently provided an overview of the various
approaches used to improve the performance of sorbents in Ca
looping. These range from hydration, re-carbonation, doping
with various reagents, pre-treatments by materials such as
organic acids, and re-pelletisation of spent sorbents, as well
as the use of methods such as thermal pre-treatment or
preparation of extremely active sorbents by techniques
like sol-gel or precipitation of calcium carbonate or the
preparation of nano-materials. A number of interesting
insights have been obtained from this work. Thus, for
instance, treatment with organic acids to produce reactive
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sorbents now appears to be due more to the production of a
reactive physical matrix in the sorbent rather than to the
chemical changes produced by creating a Ca salt of the
organic material.*’® Earlier work also demonstrated that
pore-size distributions of the sorbent and the changes thereof
with cycling/doping are responsible for the differences in reactivity
of different limestones.****"

The importance of the final physical matrix in terms of
ultimate performance of a Ca sorbent has been further
demonstrated by mixing low levels of biomass into a pelletised
matrix, and observing a significant improvement in sorbent
performance,*'® which as noted above does not necessarily lead
to superior performance in a real fluidised bed system as the
resulting material becomes more susceptible to fragmentation
and attrition. It should also be noted that while this discussion
is focused on limestone, there are many natural Ca-based
materials, some of which may well have superior performance,
and there is a significant body of literature on the potential of
various such materials, some of which appear to have superior
capture performance (e.g., waste marble powders*'”); however,
the key issue here will be the overall amounts of such material
available for significant removal of CO, from industrial pro-
cesses and power production, which is the primary reason for
restricting this discussion to limestone and sorbents derived
from it, rather than looking at other materials potentially
available.

Hydration to form Ca(OH), at temperatures below 500 °C is
beneficial due to the formation of cracks in the CaO particles
creating paths to the interior of the particles and, therefore,
improving CO, capture.*'®**>! Another positive effect of hydra-
tion is the formation of larger pores; unfortunately, this is also
associated with weakening the sorbent matrix, and so any
potential benefit can easily be outweighed by sorbent loss
due to attrition and elutriation. The hydration reaction:

CaO + H,0 «> Ca(OH), AH = —109 kJ mol* (4)

can be carried out at high pressure to avoid cooling the sorbent
and thus reducing the parasitic energy consumption, but this
would involve the use of a high-pressure vessel and, at least at
this time, it seems likely than any benefits associated with this
approach will be outweighed by the potential complexity and
cost of such a sub-system.

An alternative to steam reactivation is to recarbonate the spent
sorbent. This was first suggested by Salvador et al,*”® who
proposed that recarbonation in high concentrations of CO, might
be a reactivation strategy. Sun et al.*** subsequently showed that
marginally increasing the carbonation times had a positive out-
come on the capture capacity over several cycles. Chen et al.***
stated that extending the carbonation time substantially helped to
recover some capture ability of the sorbents and although this
recovery decreases with increasing number of cycles, the samples
that experienced extended carbonation time showed better reac-
tivity than those that did not. Further work demonstrated that
carbonation time has a robust effect on carrying capacity. If the
carbonation time increased, then the residual conversion also
increased.””® More recently, the benefits of a recarbonation
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strategy were explored with the 1.7 MWy, La Pereda plant in Spain,
and it was reported that an improvement in sorbent performance
of 10% in CO, carrying capacity of the sorbent was achievable, if
the solids were allowed sufficient residence time in the loop seal,
which acted as a recarbonator in this work.**®

4.3.3 Hybrid systems. Although this review focuses primarily
on the direct use of Ca looping for post-combustion capture, it
should be noted that the technology lends itself to many other
applications. Thus, for instance, CaL can be used for CO, capture
in gasification processes*”” or enhanced reforming processes for
hydrogen production.*”®**° There has also been some attempts
to explore the possibility of combining the technology in various
cycles with Chemical Looping Combustion (CLC), possibly with
the reduction of CuO providing the heat for calcination, thus
eliminating the need for an oxy-fired calciner. Initial work in
this area focused on making core-in shell pellets of combined
Ca0/CuO and testing them in a TGA environment,*** and more
recently there has been an effort to model the performance of
such particles.***

In experiments with combined CaO/CuO/calcium aluminate
cements, Rahman et al.***> have obtained results which suggest
this is possible, albeit that they reported a decline in the
oxidation potential of such pellets in a gasification environ-
ment. Duhoux et al.”®® have carried out simulations for a
process combining CaL and CLC for CO, capture and report
that a combined CaL-CLC process could show a 10% process
efficiency gain, and significantly increased power output.

Another interesting possibility is combining CaL with
thermal storage. At the simplest level, producing CaO from
CaCoO; offers the possibility of thermal storage by itself.*** In
principle, this can be combined with other thermal energy
storage options and Hanak et al.*** suggest that this option
with cryogenic O, storage has the potential to increase the
profitability of an integrated system over that of a reference
coal-fired power plant without CO, capture.

There has also been increasing interest in combining CaL
technology with solar power.*****>*3” In this case the goal would
be operate the calciner using solar energy, and if this is success-
fully achieved the calciner could serve as part of a conventional
CaL cycle and/or a source of thermal energy storage.

4.3.4 Novel configurations. Currently, most suggested
embodiments of CaL involved dual fluidised beds, although
other designs have been suggested or used for the calciner (e.g.,
rotary kilns, or fixed beds). In terms of improving the operation
of such systems the calciner seems to be the most promising
sub-system for substantial modification. Thus, Lara et al.**®
have suggested that better heat integration and the develop-
ment of a cyclonic preheater to increase the temperature of
solids entering the calciner might be one such option. Other
options might be to operate with very high oxygen levels to the
calciner and depend on the calcination reaction to control
temperatures, and this is the subject of a current Research
Fund for Coal and Steel EU project.**®

4.3.5 Outlook for calcium looping technologies. CaL is a
rapidly evolving technology, which has considerable potential
for post-combustion CO, capture. At the current stage of
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development its overall technical readiness level can be
assessed as TRL 6, based on the existence of a number of pilot
plant units at the several MWy, stage. However, developments
are progressing to allow it to be combined with CLC, or used in
thermal storage applications or for the production of hydrogen.
Significant developments are also being made to combine it
with various industrial processes, most notably that of cement
production.**”*>* However, at the current time there are no
larger demonstration units, and these are urgently needed
before the technology can become fully commercialised.

5 Next generation CO, capture
processes

This section considers next generation CO, capture techno-
logies. These have been studied extensively, however, compared
to conventional capture technologies (liquid-phase or solid-
phase sorbents), they are in the earlier stages of development.
These “new generation” technologies show particular promise
in high temperature applications, with potential opportunities
for use in process intensification.

5.1 Chemical-looping, progress and prospective

5.1.1 Background and history. The idea of chemical looping
is not new, and has pedigree dating back to the early 20th
century or earlier, and there is now an extensive body of
literature on it (see for example the reviews of Adanez et al**°
and Fan et al**"). In its most basic form, chemical looping
involves the use of a solid metal oxide (an oxygen carrier) to
transfer oxygen to a process stream, in effect allowing air
separation to be carried out by the reversible reaction:

1
MeO «— Me + 502 (5)

where Me is some reduced phase, typically a metal or a metal
oxide. Common examples include transition metals e.g. oxides of
Fe, Mn, Cu, Co. The “simple” transition metal oxides undergo a
reconstructive phase change to give up oxygen, and this is often
seen as detrimental to longevity. Other more complex mixed
oxides, such as those based on the perovskite§§§§ structure,
release oxygen without undergoing a phase change®** but are
more costly and frequently have low uptake of O,. The transfer of
oxygen using reaction (5) can be used for a number of processes
relevant to carbon capture depending on the equilibrium partial
pressure (pO,) that the reaction produces; in order of increasing
PO, air separation chemical looping with oxygen uncoupling
(CLOU) chemical looping combustion (CLC) chemical looping
hydrogen production or fuel reforming. Fig. 12 illustrates a
typical chemical looping combustion process configuration.

§§88 Perovskites have a cubic structure and formula ABO;_; where A and B are
the ions at the vertices and centres respectively (e.g., in the mineral perovskite A =
Ca**, B =Ti*"). Their usefulness in chemical looping arises from the fact that they
can show variable non-stoichiometry ¢ allowing a limited amount of oxygen to be
transferred without reconstructive phase change. The variable stoichiometry also
allows conduction of oxygen ions through the lattice.
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One of the first uses of chemical looping was the Brin
process used to manufacture gas phase oxygen (reaction (6)).
The reaction has a sufficiently high oxygen partial pressure at
~700 °C that gas phase oxygen can be produced in the forward
reaction (at 0.05 atm). The reaction is reversed by lowering the
temperature and increasing the partial pressure of oxygen.**?
The Brin process fell out of favour with the introduction of the
Linde process based on cryogenic air separation. More recently
this approach has been investigated under various names,
including ceramic auto-thermal reforming,*** and chemical
looping air separation (CLAS);**> the former using perovskite
material, and the latter using materials such as copper oxide.

1
B’d.02 «— BaO + 502 (6)

5.1.2 Motivation and current research. Why the interest after
100 years given the advantages of other commercially available
processes currently used for air separation in e.g., oxy-fuel combus-
tion? The large heat of reaction typically involved in the metal oxide
redox reaction would initially seem to rule out using reaction (5) for
air separation. Indeed, membrane processes in which oxygen is
transferred through a metal oxide structure have many similarities to
chemical looping and do not require the addition or removal of heat
to drive the cycle of oxidation and reduction.**® The answer lies in
the temperature at which these process run. Traditional carbon
capture processes are based on low temperature absorption or
oxygen production vig an air separation unit. Thermodynamics
requires work to be expended to separate gases, either the CO, from
the flue gases or O, from air. This work can be provided as heat with
a certain capacity to do work (i.e., exergy) or directly as compression
work. In low temperature processes, the work is taken directly from
the power station, for example, steam bled from the turbine is used
for amine scrubbing, steam whose exergy would otherwise have
been used to generate electricity. Running a high temperature
cyclic process overcomes this limitation in number of ways. Firstly,
the heat rejected from the cyclic chemical looping process is at a
temperature above the turbine inlet temperature (for a steam
plant), meaning that all the heat released can be recovered back
into the power cycle. Secondly, heat release from combustion
would normally be transferred from a hot flame, to a relatively
cold steam cycle, destroying a large amount of the heat’s potential
to do work. The combustion reaction itself also destroys exergy.
Using this heat instead to separate gases, before it is transferred to
the power cycle, uses work potential that would otherwise have
been lost.

A similar argument can be made for chemical looping
combustion, in which the fuel is brought into direct contact
with the metal oxide. Here, the exergy loss associated with the
combustion reaction itself is partially avoided. Chemical looping
combustion was originally proposed as a way to increase the
efficiency of fossil fuel power station because it avoided the
exergy loss associated with combustion.*”” Materials for
chemical looping combustion need to operate with an equili-
brium pO, > O (1077); this ensures that the partial pressure of
CO (or other un-combusted fuel) is low at the exit of a well-mixed
reactor. Iron oxide for example has several oxidation states
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Fig. 12 Typical chemical looping combustion (CLC) process. The metal
oxide oxygen carrier (MeO) is circulated between two fluidised reactors. In
the reducer, the MeO gives up oxygen to the fuel to produce CO, and
water. The reduced oxygen carrier (Me) is then carried over into a cyclone
where the solid is separated from the gas phase and sent to an oxidiser
where Me is regenerated, taking in oxygen from the air. The regenerated
oxide MeO is then returned to the reducer for another cycle.

which can be used to transfer oxygen, the Fe,O; to Fe;0O,
transition has a pO, of ~3.6 x 107 bar at 900 °C which means
that, at equilibrium, the ratio of CO to CO, would be ~1 x 107,
i.e. near complete combustion.

5.1.3 Chemical looping for power production and scale-up.
For power production, chemical looping combustion has gone
from small scale tests in the laboratory, through to pilot scale at
the tens of kilowatts through to a scale of around 1 MW (e.g.,
the 1 MWy, unit at Damstadt**®). Most work has focussed on
interlinked fluidised beds, in which the oxygen carrier is
circulated between a fuel reactor (where oxygen is removed
from the solid to produce CO, and water) and the air reactor,
where the oxygen carrier is regenerated. Initial research inves-
tigated the combustion of gaseous fuels, typically syngas or
methane'”®**°7*>! hut more recently the interest has shifted to
solid fuels.****>* Solid fuel combustion typically takes place in
two stages: (i) loss of volatile matter, and (ii) combustion of the
remaining char or coke. In chemical looping combustion it is
relatively easy to envisage the interaction of the gaseous volatile
matter and the solid oxygen carrier.*>* Combustion of the char
with a solid oxygen carrier is more difficult and there is some
debate about whether there is any significant interaction
between the solid char and the solid oxygen carrier.*>® Regard-
less of the solid-solid interaction, there is a very significant
interaction via gas phase gasification products. For instance, in
a reactor which is fluidised by steam or CO,, gasification of the
solid will lead to combustible gas phase intermediates (CO and
H,) which can be combusted by the oxygen carriers:

C+H,0 > CO +H, )

CO + H, + 2MeO — H,0 + CO, + 2Me (8)

This journal is © The Royal Society of Chemistry 2018
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This can mean that the rate of solid fuel conversion is
actually limited by the rate of gasification of the solid
fuel.*>**°¢ Research into the kinetics of the gasification reac-
tion has a long history, beyond the scope of this discussion,
however, two important features of relevance to chemical loop-
ing are: (i) the big differences in reactivity between different
kinds of chars, and (ii) the effect of product inhibition. CO and
H, retard the rate of gasification, so when gasification is carried
out in the presence of a solid oxygen carrier, the gasification
rate is accelerated.*>®*™**® This acceleration rate, although sig-
nificant, does not lead to an order of magnitude change in the
rate of gasification. This means that for coals which produce
un-reactive chars, the build-up of char in the system is proble-
matic. The problem is compounded by the use of interlinked
reactors if the char is recirculated to the air reactor, where it can
burn releasing CO, back into the environment.

Two strategies for dealing with the low reactivity char are to:
(i) physically separate the char from the oxygen carrier using
carbon strippers,** or (ii) increase the rate of char conversion
using CLOU combustion.*®® In the former, the difference in
density is used to separate the char from the oxygen carrier and
return it to the fuel reactor, allowing a larger inventory and
increased carbon conversion rate. In the latter, oxygen carriers
which release gas phase oxygen can be used to increase the
carbon conversion rate. Copper(n) oxide*®"**> and manganese
based materials (e.g., mixed oxides of iron and manganese*®® or
perovskites based on calcium manganate) all have an equili-
brium pO, which is significant at fuel reactor temperatures and
also allow the material to be re-oxidised by air containing 21%
oxygen at air reactor temperatures.

5.1.4 Economics and the future of chemical looping. In
terms of economics, chemical looping will usually appear
favourable compared with coal-fired power stations fitted with
first generation capture technologies. The thermodynamic
arguments put forward previously means higher efficiencies
and lower costs. However, this argument only holds if capital
and running costs, largely the cost of the replacing degraded
oxygen carrier, are competitive. In addition, for natural gas
powered systems, the chemical looping combustor must be
pressurised in order to be integrated with the CCGT, otherwise
the unabated chemical looping system would struggle to reach
the efficiency of a standard CCGT with first generation capture.
A gas-fired system would therefore be comparable to a chemical
plant in complexity, but a power station in scale. Ekstrom
et al.*** assessed the economics of various capture technolo-
gies, including CLC as part of the European ENCAP project. For
coal, CLC was found to be ~119% as costly as an unabated
reference plant, versus oxy-fuel combustion with ~137% the
cost of the reference plant. For gas systems, they found CLC
gave the lowest penalty of all technologies examined.

Economic assessments must consider the cost and lifetime
of the oxygen carrier material, and also the availability of the
plant. Paper studies will make sensible assumptions about the
availability of the plant, but will not consider the case where the
technology fails (i.e., a very low plant availability). This latter
point is perhaps what holds back chemical looping technology,
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in that a chemical looping combustion power plant will be
much more complicated than a standard power station, and
will require a massive upfront investment. For an investor the
risk versus benefit argument becomes one of confidence in the
technology at scale. Research effort has therefore been directed
at precisely these issues, both in the (i) development of materi-
als and understanding the costs, and in (ii) developing con-
fidence at scale.

The contribution of the cost of the oxygen carrier to the
overall operating cost is proportional to the supply cost and
inversely proportional to the material lifetime; cheap easily
degraded materials or expensive long lasting materials could
perform equally as well. The conceptual design of a 1000 MW
coal-fired system is given by,**®> assuming a low cost ore
(ilmenite or manganese ore) as the oxygen carrier. They
assumed a lifetime of only 200 hours and concluded that the
contribution to the cost of carbon capture of the oxygen carrier
would be €1.3-4 per tco, captured, 1€ss than cost of the final oxy-
polishing step. For coal-based systems it is hard to see how a
very expensive material could be used, since it will quickly
become contaminated with the components of the coal ash.
Natural gas systems are cleaner and therefore perhaps easier in
this regard. Porrazzo et al.*®® modelled the performance of a
natural gas-fired CLC system, operating at 10 bar with an
oxygen carrier consisting of NiO on alumina ($15.3 per kg).
Given the difficulties of presenting consistent economic data,
they explored the sensitivity to material lifetime. The levelised
cost of electricity (LCOE) fell to a plateau (at around 500-1000 h
of lifetime), at which point material cost was no longer sig-
nificant. To break even with a NGCC system fitted with an
amine scrubber, the particles would have to last around 500 to
700 hours. These lifetimes do not seem unreasonably difficult
targets to achieve, and it is likely that materials for chemical
looping can be made cost effective.

On building confidence, progress has been made on moving
from laboratory tests, through to pilot scale, in order to answer
the questions of (i) reliability, and (ii) durability of materials
over long-term trials. Recent demonstrations have focussed on
larger scale (e.g., 1 MWy, CLC using ilmenite,**® 3 MWy, Alstom
calcium sulphate process*®” or longer trials (e.g., 99 hours of
operation in a 10 kW CLC system using calcium manganate,*®®
200 hours in 25 kWy, CDCL system®®®). All the indications from
these trials suggest that chemical looping combustion and
chemical looping hydrogen production have promise.

5.1.5 Outlook for chemical looping processes. The use of a
redox reaction to transfer oxygen between from the air to a
process stream is a well-established idea, and processes making
use of these solid oxide carriers were proposed in the early 20th
Century or earlier. They fell out of favour with the development
of modern air separation technologies for the production of
oxygen, but are now of interest because of the ability of a
chemical looping cycle (operating at a high temperature) to be
heat integrated into a power plant flow sheet. Cycles based on
chemical looping, theoretically at least, allow power production
with carbon capture with very low energy penalties. Moving
from theory to practice, particularly at power generation scale,
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has been the subject of a large research effort in recent years.
With the current demonstrations at the megawatt scale,
chemical looping has already demonstrated itself to be a
promising second generation carbon capture technology.

5.2 Membrane-based technology for CCS

Membrane processes for CO, capture can, in a manner similar
to other technologies, be classified as pre-combustion, oxy-
combustion and post-combustion processes. Here, we focus
our discussion on the opportunities for process intensification
through the use of membranes in CO, capture. Inorganic
membranes are capable of high temperature operation. Inten-
sification is achieved through the integration of these
membrane processes with reforming, shift and oxidation reac-
tions. Organic membranes are unsuitable for high temperature
applications, and most are also unsuitable for low temperature
shift (LTS) processes (around 180-250 °C).*’° We confine
ourselves to the consideration of dense inorganic membranes,
as porous inorganic membranes do not currently have suffi-
cient selectivity for application to the processes of interest here.
For details on other membranes that may be applied to CO,
capture processes (e.g., organic membranes and porous inor-
ganic membranes), the reader is referred to a number of
reviews published previously.””' ™% In the case of application
to CCS processes we thus seek to exploit high temperature
membranes that are selective for hydrogen, oxygen and CO,
permeation.

Membrane permeability is considered an important prop-
erty of membrane material and not associated with geometry. If
the permeability of the membrane is known, along with its
dimensions and the driving force across the membrane, then
flux can be determined and process design calculations per-
formed. However, this is assuming that transport within the
membrane is the rate-determining step. This in general need
not be the case; the rate may be determined by surface
exchange processes or indeed mass transfer processes.

In Section 5.2.1 we describe the properties of a membrane
that are important in conferring such CCS-relevant selectivity.
Furthermore, we summarise the kinetic behaviour of such
membranes through the use of permeabilities. Section 5.2.1
also discusses the classes of membrane that have the potential
for use in process intensification of CCS. Section 5.2.2
describes how such membranes may fit into CCS processes,
and the work that has been conducted to date. We conclude
with the future outlook for membrane-based CCS processes.

5.2.1 Dense inorganic membranes for CCS

Metallic membranes for hydrogen permeation. Hydrogen-
selective membranes have potential applications in pre-
combustion CO, capture.””> Hydrogen selectivity is a result of
the greater propensity for hydrogen, over other permanent
gases, to dissolve and diffuse in metals.*®' In addition to Pd,
hydrogen will also diffuse through other transition metals such
as Ti, V, Nb, Zr, Mn, Fe, Co and Ni.*”® However, Pd and its alloys
are most commonly used in membranes due to the ability of Pd
to rapidly dissociate hydrogen while possessing the ability to
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incorporate a large amount of hydrogen and maintaining
structural integrity.**' Pd-Ag is the most common alloy to use.

The permeability of the membrane simply depends upon the
product of the solubility of hydrogen in the membrane, Sy, and
an appropriate diffusion coefficient, Dy;:

Permeability; = SyDy 9)

where the solubility of hydrogen in the membrane relates
hydrogen partial pressure to hydrogen concentration in the
metal through a power-law relationship. In the case of hydro-
gen in a metal, concentration depends upon partial pressure
raised to the value of one-half; and the solubility relationship is
known as Sievert’s law.

Pd and Pd-alloy membranes usually have permeabilities of
around 10" ®* mol m™ ' s™! Pa~°> (e.g., at 350 °C). Clearly, such
membranes can be expensive. The cost of the materials is
dependent upon the thickness of the active membrane layer,
subsequently, most of the research tends to focus on fabricat-
ing membranes that are as thin as practical. For more informa-
tion on hydrogen permeation in metals, the reader is referred
to the review by Al-Mufachi et al*®' Also, the prospects for
commercialisation of Pd membranes has been reviewed by
Gallucci et al.*®

Ion-transport membranes for oxygen and CO, permeation.
Materials exploiting solid-state ion conduction can also be used
to fabricate highly selective membranes for use at high tem-
perature. Selectivity is conferred by the fact that, e.g., an oxygen
ion vacancy within an ionic oxideqqqq is unlikely to be occu-
pied by any species other than an oxygen ion due to the very
specific chemical environment of that vacancy. However, it may
be possible for similarly sized ions such as hydroxyl ions, or
