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Numerous carbon capture, utilization, and storage (CCUS) technologies are under
development to reduce CO2 emissions. To evaluate the status of a CCUS technology
under development and identify potential gaps for further advancement, we have
established a new technology assessment framework and are developing a decision-
making tool, the technology development matrix (TDM), starting with available carbon
capture technology (CCT) data. TDM is a data inventory system and screening tool. As a
screening tool, it can be used for resource allocation decisions in research, development,
and deployment (RD&D) by academia, government, and industry. It shares data with
techno-economic analysis (TEA) and life-cycle assessment (LCA) tools as an inventory
system. By using available data, this TDM framework has been demonstrated on amine-
based (monoethanolamine) absorption post-combustion CO2 capture, for pulverized coal
(PC) power plant flue gas, as the best available technology (BAT) for comparison. Three
groups of promising post-combustion CCTs under development are presented as
Alternative Technology (Alt Tech) case studies, including membrane, solid adsorption,
and calcium-based chemical looping. By using available data, preliminary analysis enabled
technology benchmarking and highlighted knowledge, data, and technology gaps, all
providing potential future RD&D focus.

Keywords: carbon capture, decision-making tool, monoethanolamine, membrane, solid adsorption, calcium
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1 INTRODUCTION AND CONTEXT

Carbon capture, utilization, and storage (CCUS) technologies are critical for achieving net emissions
reductions (Haszeldine et al., 2018) and realizing the Paris Agreement Commitments (Board et al.,
2019). However, due to the diverse characteristics of several components in the CCUS value chain,
systematic planning for large-scale deployment of these technologies becomes a challenging task. The
availability of various options for CO2 emission sources (e.g., fossil fuel sources and industrial
plants); capturing methods (i.e., pre-combustion, oxy-fuel combustion, chemical looping
combustion, and post-combustion); utilization and storage technologies {including chemical
synthesis [e.g., carbonates and cyanates]; energy products [e.g., methanol and hydrocarbons];
CO2 injection [e.g., Enhanced Oil Recovery (EOR)]; oil and gas reservoirs; unmineable coal
beds; deep saline aquifers; and CO2 mineralization} can all be mentioned in this context.
Furthermore, in integrated CCUS planning, to maximize economic profits while minimizing
CO2 emissions, several scalability issues (such as matching system components’ time-based and
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spatial features, integration of CCUS into the energy grid,
construction of pipeline infrastructure, coping with
uncertainties in storage site’s geophysical characteristics, social
recognition, and legal framework) that can be addressed at
various technological scales should also be considered (Tapia
et al., 2018). Therefore, for the success of CCUS projects, there is a
substantial need for developing planning frameworks and
decision-making tools to help and facilitate identifying optimal
solutions. The following paragraphs will review existing CCUS
decision-making tools in the literature and give an overview of
both commercial CCUS technologies, specifically Carbon
Capture Technologies (CCTs), as well as promising ones
under development. CCT for pulverized coal (PC) fired power
plant flue gas was chosen because it has a complete data set.

First, a bibliometric analysis of CCUS literature reveals that,
due to a lack of maturity, CCUS research is not as extensive as that
of other low-carbon technologies such as solar and wind (Tapia
et al., 2018). A few articles discussed how optimization tools can
aid in CCUS planning. Tian et al. (2016) conducted a survey of
process models to demonstrate how each component of CCUS
can be modeled, highlighting unresolved issues for future
progression in this field. A more recent review by Tapia et al.
(2018) provided an in-depth overview of the advances in the
planning of CCUS solutions, with a particular emphasis on
process systems engineering methodologies that help in
decision-making while taking multiple scalability issues into
account. According to their survey, most CCUS planning tools
used in the literature can be classified as mathematical
programming, pinch-based analysis, automated targeting, and
other computational approaches, such as numerical simulation
and P-graph. While mathematical programming techniques have
the advantage of simultaneously considering multiple factors that
must be incorporated into a single model, they face some
difficulties in communicating optimal model solutions to
decision-makers, particularly when these solutions contradict
common expectations (Tapia et al., 2018). On the contrary,
pinch-based analyses require little computational effort
because they are only capable of considering limiting factors at
the same time, making finding solutions for larger problems
difficult, whereas quick insights can be easily obtained for
simplified or stylized problems by this method.

Generally, a comprehensive CCUS decision-making
framework should mainly consist of i) energy models
(focusing on an energy balance of CCUS systems), ii) pipeline
infrastructure design focusing on a CO2 distribution network),
and iii) CO2 source–sink matching, which can be further broken
down into several subcategories (Huang et al., 2013). Attempting
to address all these issues simultaneously by means of a single
mathematical model can lead to over-complexity and
unnecessary computational effort (Biegler and Grossmann,
2004). As an alternative, a multi-step approach can be
adopted, with the results of each phase used to customize and
simplify the subsequent step of model formulation (Tapia et al.,
2018). In such a case, more accurate and realistic CCUS system
planning can be accomplished for large-scale implementation
through flexible and customizable tools created by the integration
of individual component models. These individual assessment

tools that can be related to planning and decision-making for the
CO2 capture, transport, utilization, and storage components of a
CCUS system should be able to be integrated to produce a single
model. With this background, the present study focuses on
establishing a technology assessment framework and
developing a decision-making tool using available data to help
experts develop/select an appropriate CCT as an important
component of assessing a CCUS system’s economic and
environmental impacts.

Second, CCTs could be classified into two groups depending
on where the carbon is captured: directly from the atmosphere or
at the point of emission. The first group consists of direct air
carbon capture, often referred to as DAC (Haszeldine et al., 2018).
This technology is relatively new, with limited field data available
in peer-reviewed literature. The second group consists of
technologies enabling CO2 capture at the point of emission
from fossil fuel-based electricity production and industrial
processes. In this second group, four CO2 capture design
approaches have been used for large-scale CO2 emitters,
including pre-combustion, post-combustion, oxy-fuel, and
chemical looping combustion (Leung et al., 2014). Point
emission, post-combustion, and chemical looping CCTs (the
focus of this study) are the most widely developed, have
available data, and are ready to deploy through retrofitting
existing emitters.

Depending on the pre-capture and the required post-capture
conditions and parameters, different groups of CO2 capture
approaches are available for post-combustion (Board et al.,
2019), including cryogenic, absorption, membrane, adsorption,
and chemical looping. Each of these CO2 capture approaches
consists of multiple process steps with options for optimization
and hybrid approaches combining different technologies [such as
membrane/liquefaction (Anantharaman et al., 2014) or
membranes with scrubbing (Scholes et al., 2013; Freeman
et al., 2014)]. When considering both diversity in CO2 input
characteristics (affected by the source of CO2 emissions, such as a
cement plant) and CO2 output requirements (affected by the
target CO2 application, including sequestration), these different
options give rise to a multitude of pathways at different research,
development, and deployment (RD&D) Technology Readiness
Levels (TRLs) of lab, pilot, and demonstration. In such a complex
task, assessment frameworks and decision-making tools can
substantially help technology developers in academia,
government, and industry to recognize knowledge, data, and
technology gaps to make better resource allocation decisions
in order to accelerate RD&D of new CCTs and improve their
competitiveness. Moreover, identification of the optimal CCT can
also provide valuable feedback throughout RD&D in optimizing
detailed engineering, techno-economic analysis (TEA), and life-
cycle assessment (LCA), all using a shared data inventory.

After reviewing planning frameworks and decision-making
tools, a few, if any, provide quantitative assessments based on
specific data for comparing among different CCTs. The five-step
sequence depicted in Figure 1 summarizes the hierarchical
process presented in this study to identify, assess, and
optimize suitable CCTs among different options and find
current knowledge, data, and technology gaps. Although early
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steps deal mostly with strategic and tactical decisions, later steps
are more operational and less tactical. The preliminary strategic
and tactical steps (stages 1 and 2, which are the focus of this
study) enable comparing, ranking, and selecting among different
technology candidates (mostly based on the input/output
characteristic of CO2), as well as identifying current
knowledge, data, and technology gaps. This is done with
available data, including modeling and simulation, lab
experiments, and preliminary TEA and LCA studies. Detailed
engineering, cost (TEA), and life-cycle (LCA) assessments (stages
3 and 4) help design and optimize the selected CCUS technology
before construction (stage 5).

This study aims to establish a new technology assessment
framework, develop a decision-making tool, namely, a
Technology Development Matrix (TDM) (Malek and
Nathwani, 2015), and apply it to CCT assessments. Excel is
used to initiate TDM tool development; then, validation is
done using available CCT data. As a research and
development (R&D) decision-making tool and a data
inventory system, TDM will help assess the current state of
CCTs, benchmark them, and then help determine the next
steps in ongoing TEA and LCA work (Zimmermann et al.,
2018). Kearns et al. recently updated CCT-specific TRLs for
various technologies, some specific to unique manufacturers
(Kearns, 2021). Three different Alternative Technologies (Alt
Techs) at different TRLs or phases of RD&D, including
membrane, solid adsorption, and calcium looping, are
investigated as case studies. Monoethanolamine (MEA)
absorption was selected as the best available technology (BAT)
because it is the only CCT currently demonstrated at a
commercial stage. Hence, MEA is used in this work to

demonstrate the TDM’s concept applied to CCTs and provide
qualitative comparisons with CCT Alt Techs using radar plots.
Details for the studied BAT and Alt Techs are summarized in
Table 1. The TDM’s quantitative comparisons, including
technology ranking and benchmarking the three Alt Techs
against the BAT, are the subject of ongoing work. Here, the
BAT and three other Alt Techs are applied to flue gas from an
operating, commercial PC-fired power plant as the base case or
baseline. Knowledge, data, and technology gaps, as well as next
steps, are summarized.

2 MATERIALS AND METHODS

In the following sections, the TDM framework’s structure and
overall approach (§2.1), the required steps to establish a TDM
tool (§2.2), and TDM linkage to TEA and LCA (§2.3) are
discussed in more detail.

2.1 TDM Framework Structure and Overall
Approach
The TDM makes it possible to compare CCTs based on key
criteria in three categories of performance, cost, and lifetime that
can be measured through appropriate index metrics called key
indicator parameters (KIPs). Performance, cost, and lifetime are
broad categories of KIPs defined by technical operation, financial
installation and operation, and years of operation, respectively.
Three data sets of inputs for these KIPs are considered: the BAT,
the user’s Alt Tech, and a Target needed to be achieved. The Alt
Tech is a CCT under development that the TDM user would like

FIGURE 1 | Proposed five-step process to identify, assess, and optimize suitable CCTs among different options and find current technology gaps.

TABLE 1 | Details for the BAT and three Alt Tech case studies investigated in this work.

BAT Alt Tech 1 Alt Tech 2 Alt Tech 3

CCT MEA absorption Membrane Solid adsorption Calcium looping
TRL 9 7 4–5 6–7
Description Monoethanolamine, amine-based

absorption
Polymeric membrane
“Polaris”

Solid adsorbent, benzylamine pellet
technology

Chemical looping, case 3 of calcium
looping

Organization US DOE, National Energy Technology
Laboratory (NETL)

Membrane Technology
Research (MTR)

ADA South China University of Technology
and Cornell University

References Ciferno (2007) Baker et al. (2018) (Sjostrom et al. (2016); Stevenson and
Armpriester (2016))

(Zhao et al. (2013); Tang and You
(2018))
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to compare to both the BAT and Target. The Target is the set of
KIPs that both the BAT and Alt Tech need to reach in order for
R&D to achieve commercial deployment. Targets can be defined
by a commercial market or application of the technology, as well
as a goal defined by leading academic, industrial, or governmental
organizations. The values of the KIPs for the BAT and Target can
be affected by variables such as CO2 target application and
emission source, as well as the scale of capture technology.
Therefore, in the first steps, these variables should be specified.
The TDM is populated and designed in a way that the
corresponding KIP data values for the BAT and Target will be
retrieved from the database after the selection of the mentioned
variables. Then, in the next step, the user will enter the KIP data
values for the Alt Tech under study. The user can also change the
TDM suggested KIP data values for the Target to a default value
defined by users such as governmental organizations or R&D
consortiums. In the absence of a Target for a particular KIP, the
BAT KIP can be used as a guide.

The next stage is making qualitative and/or quantitative
relative comparisons among BAT, Target, and Alt Tech using
these three sets of KIP data. In a qualitative comparison (the
scope of this study), a radar chart is generated that visualizes how
close (in terms of KIPs) the user’s technology (Alt Tech) is to the
BAT and the Target. These results can be used to find R&D gaps
and aid in decision-making for resource allocation. Regarding a
quantitative technology ranking (the aim of our ongoing study),
the ranking score of different user technologies will be calculated
by analyzing and objectifying the relationships among the KIPs
using a suitable method (e.g., combined scoring factor).

Figure 2 depicts the overall approach of the TDM, which is
sorted by seven successive key blocks. This flow of information
starts with selecting: i) the scale or size of the CCT, ii) the CO2

emission source, and iii) the target CO2 application. After
selecting the above-mentioned variables, iv) the KIP data
values for the BAT and Target will be retrieved by the TDM
from its’ database, and then. v) the user will enter the
corresponding KIP data values for the Alt Tech under study.
As mentioned before, in this step, the user also has the option to
start with the default peer-defined Target values. The next step is
related to vi) data processing by the TDM tool through
qualitative/quantitative analysis of the three sets of data.
Finally, vii) the results (radar charts/ranking scores) are
produced, which could further be used for R&D decision-
making purposes, as well as providing feedback for more
detailed TEA/LCA analyses.

2.2 TDM Tool Development Steps
Creating a TDM tool entails five steps, as depicted in Figure 3,
which will be discussed further in this section. For their initial
development, the TDM tool and database were created using
Excel.

2.2.1 Identifying KIPs
The first step is related to identifying appropriate metrics,
allowing comparisons of CCTs based on three data categories
of performance, cost, and lifetime, with all KIP data at the same
TRL, and representing the entire CCT process being studied.
These three data categories cover the main criteria required for

FIGURE 2 | Structure and overall approach of TDM tool. Note: items marked with * in columns 4, 6, and 7 are enhancements in the next generation of our TDM
study.
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technology commercialization. As far as specific KIPs in each of
these three categories, we are following the approach developed
by the University of Michigan’s Global CO2 Initiative (GCI)
(Zimmermann et al., 2018) and using available CCT data.
Data categories of performance, cost, and lifetime were
identified in the context of TDM development for grid scale,
Front of the Meter Electrical Energy Storage (Malek and
Nathwani, 2015; Malek, 2019; Shi, 2020), and National
Research Council (NRC) of Canada’s previous TDM work in
Proton Exchange Membrane Fuel Cell (PEMFC) R&D. These
three categories are further broken down into individual KIPs,
measuring the CCT under study. The question in this step is,
“What are the best representative KIPs for each category?” These
parameters should cover plant energy efficiency before and after
CO2 capture (e.g., lower heating value (LHV) efficiency, higher
heating value (HHV) efficiency, CO2 capture penalty), CO2

capture efficiency and capacity, investment effort [e.g., capital

expenditure (CapEx) including Total Capital Required (TCR)],
processing effort [e.g., operational expenditure (OpEx)], cost of
CO2 (captured and avoided), electricity costs (Levelized Cost of
Electricity (LCOE) before and increase with CC), and plant
technical and economic lifetimes. Table 2 shows an example
of the main TDM data table with detailed KIPs for each category
of performance, cost, and lifetime.

All masses are listed in metric tonnes of CO2 or tCO2. Because
available data are published in different years, the largest cost
component—Carbon Capture Compression and Liquefaction
(CCCL) TCR—is inflation adjusted from the costing year
indicated in the publication to the most recent complete
calendar year, which is 2020 at the time of this publication.
Currencies are US dollars ($) or US cents (c).

A sub-level of technology-specific KIPs can be added to make
comparisons within one CCT. Future work could explore
comparisons among one CCT and include technology-
specific KIPs.

2.2.2 Data Standardization
Data are critical for proper technology evaluation. A lack of
standardized and systematic assessment methods prevents an
accurate technology evaluation and makes benchmarking quite
challenging. Newly detailed frameworks for systematic TEA and
LCA of CO2 capture and CCUS technologies have been published
(Rubin et al., 2013b; Zimmermann et al., 2018). The work was
coordinated by the GCI and supported by Europe’s EIT Climate-
KIC (Zimmermann et al., 2020a). This work did not assess the
economic and environmental impact of different capture
technologies.

A reliable and meaningful assessment of different pathways
cannot be achieved without a similar (if not the same) project
scope, system boundaries, KIP calculation methods, and
technology maturity (Rubin et al., 2013b; Zimmermann et al.,
2020b). Furthermore, a reasonable overlap between temporal and
geographical conditions, affecting the corresponding
assumptions and design parameters, is also required
(Zimmermann et al., 2020b). Therefore, data from various
studies must be finally reviewed and harmonized to ensure
that the same units, calculation methods, cost year
(i.e., accounting for inflation), CO2 compression pressure and
purity, and plant scales are used (Kuramochi et al., 2012).

FIGURE 3 | Steps of creating TDM tool.

TABLE 2 | TDM KIPs for BAT, Target, and user’s Alt Tech or studied CCT.

Unitsa

KIPs Performance Category
Scale of CC Process tCO₂/day
CC Energy Efficiency kWh/tCO₂_cap
CO₂ Recovery Efficiency %CO₂ Rec
Net Energy/tCO2 Emitted before CC kWhenet_wo CC/tCO2_wo CC
Net Energy/tCO2 Emitted after CC kWhenet_w CC/tCO2_w CC
HHV Efficiency before CC %
HHV Efficiency after CC %
% Loss Efficiency %
LCOE before CC c/kWh
LCOE Increase with CC c/kWh
% LCOE Increase with CC %
CO₂ Capture Cost $/tCO₂ Capt.
CO2 Avoidance or Mitigation Cost $/tCO₂ Avoid.

Cost Category
CCCL TCR $/tCO2/day
Variable O&M $/tCO2

Fixed O&M $/tCO2

Tech Replacement Costs $/tCO₂
Lifetime Category
Maximum Plant Life Years
Levelization Period Years
Key Tech Lifetime Years

at indicates a metric ton or tonne.
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2.2.3 Identifying Options for Technology Scale, CO2

Emission Source, and CO2 Application
As seen in Figure 2, options for technology scale include
laboratory and bench (Research: TRL of 1–3), pilot
(Development: TRL of 4–6), and finally demo/commercial
(Deployment: TRL of 7–9) scales (Buchner et al., 2018;
Zimmermann et al., 2018). Laboratory and bench scales can
be gram production of novel carbon capture (CC) materials
and would serve to determine the disruptive potential of new
absorbents, membranes, or adsorbents. For TRL 1–3, a
simplification of the entire process can be used. Starting at
TRL 4, all necessary equipment for that same process is
included. This is the main CCT unit plus the Balance of Plant
(BoP) or Balance of System (BoS). Pilot plants can be anywhere
from <1% to 10% of the intended scale of application and would
encompass all ancillary processes. The key technology from the
laboratory and bench would be developed further to validate the
concept and start scale-up preparation. At TRL 5–6, there would
be well-established process diagrams, heat and energy balances,
and process simulations. Finally, at TRL 7–9, demo/commercial
can also vary widely, where conventional coal-fired power plants
range from 200 to 600 MW, with the accompanying range of CO2

emissions. The options for CO2 sources can be found in §2 in the
Supplementary Material.

2.2.4 Building the TDM Database for BAT and Target
In order to create the TDM’s database of KIP values for the BAT
and Target, data can be collected from complete TEA and LCA
studies (at the same TRL) in available literature and reports based
on the experimental or operating plant and process simulation
results. In this work, published CCT data were used to create an
Excel database. For details, see §3 in the Supplementary
Material.

2.2.5 Constructing Data Analysis Model and Radar
Plot
Qualitative radar plot outputs compare the user’s Alt Tech, the
BAT, and an aggregate of the Target application or goal. Radar
plot outputs can be used by technology developers, such as
academia, government, and industry (including small-to-
medium-sized enterprises). Here, Excel was used to construct
the initial data analysis model and radar plot.

For each KIP, the Alt Tech is first compared to the BAT, as
shown in Eq. 1. Then, BAT and Alt Tech are compared to Target,
as shown in Eqs 2, 3, respectively. Using Cost CO2 Captured
($/tonne) as an example KIP,

Alt Tech

BAT
� Alt TechCost CO2 Captured

BATCost CO2 Captured
(1)

BAT

Target
� BATCost CO2 Captured

Target Cost CO2 Captured
(2)

Alt Tech

Target
� Alt TechCost CO2 Captured

Target Cost CO2 Captured
(3)

Different quantitative methods can be used for analyzing
and objectifying the relationships among the KIPs (e.g.,
combined scoring factor) (ES-Select™, 2012). However,

these quantitative assessments require more data than
available at the time of this report and are thus the subject
of ongoing work. Quantitative methods include the analytical
hierarchy process, mathematical programming, data
envelopment analysis, and fuzzy logic.

2.3 TDM Linkage to TEA and LCA
TEA and LCA tools are used to assess CCUS technologies based on
technical, economic, and environmental performance indicators.
TEA is often performed to assess the economic (e.g., cost) impact of
technologies identified based on a set of technical criteria along with
CAPEX and OPEX data. Often done separately, LCA is used to
assess environmental impact where energy efficiency and
greenhouse gas (GHG) emissions are the most widely reported
environmental indicators for those identified technologies. The
inputs and outputs from these two tools are key in building the
proposed TDM components (KIPs) required to provide
preliminary technology screening. Separately, the CCT under
study can be modeled to extract mass and energy flows,
equipment, and operating and maintenance requirements for a
specific scale to provide the necessary input data for TEA/LCA
tools. Moreover, data can also be obtained from experiments and
operating plants. After the initial screening of the CCTs by the
TDM, in the next step, the potential successful deployment of the
down-selected CCT(s) could be assessed by detailed TEA and LCA.
As shown in Figure 4, in this way, the TDM tool, along with TEA
and LCA tools, integrates within an overall framework enabling
preliminary screening and final technology benchmarking. For the
initial Excel TDM tool, data are exchanged manually with TEA and
LCA tools. However, NRC has also developed an LCA and life-cycle
inventory-based webserver, the Economic and Environmental
Evaluation of Carbon Conversion (NRC, 2022). Future versions
of the TDM tool will be integrated into (thus be able to share data
with) NRC’s webserver using a more automated process.

It is worth mentioning that, to exchange data among TEA,
LCA, and the corresponding TDM, they must be standardized as
outlined in §2.2.2 (Zimmermann et al., 2018). In this way, data
sharing could result in accurate and better decision-making as
technology progresses in scale and TRL from lab or bench top to
pilot, demonstration, and finally commercial deployment.

The current embodiment of the TDM does not account for
CO2 credits/debits based on LCA or sales of CO2 or reagents,
such as spent CaO in calcium looping. Tang and You
performed both TEA and LCA for different calcium looping
scenarios but did not add CO2 accounting from the LCA
analysis to the metrics calculated for the CO2 capture
process (Tang and You, 2018). Just as the CO2 avoided cost
is usually higher than the CO2 capture cost because the former
accounts for additional CO2 produced and changes in power
output for the CCT, LCA would assign additional CO2

penalties to a CCT. These are all within the system
boundary and can only be completely accounted for in the
second and higher iterations of the process in Figure 4.
However, other CO2 penalties could be accounted for in the
first iteration. Examples could be CO2 emissions associated
with MEA production and breakdown products or mining of
CaO/CaCO3.
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3 RESULTS

Three examples of alternative CC technologies, namely,
membrane, solid adsorption, and calcium looping, all using
flue gas from a baseline PC-fired power plant, are investigated
in this section. Amine-based (MEA) absorption scrubbing
retrofitted to a PC-fired power plant is considered the BAT
(Ciferno, 2007) to assess the feasibility of Alt Techs. The three
aforementioned promising CCTs are assessed using a qualitative
radar plot in this study and compared to MEA.

The basic principles are provided in §3.1. Then, the selected
MEA absorption as BAT is described in §3.2. An overview of the
technological fundamentals of each post-combustion CCT
followed by identification of the specific characteristics of the
selected Alt Tech in that category is discussed in §3.3. Finally, the
knowledge and data gaps in applying TDM to the selected Alt
Techs are discussed in §3.4.

3.1 Baseline System Boundary
Generally, in a conventional coal-fired power plant, steam (which
is generated through burning fossil fuel with air in a boiler) is
transformed into electricity using a steam turbine. In the next
steps, before emitting the flue gases into the atmosphere, NOx,
particulate matter (PM), mercury, and SOx are removed. While in
a retrofitted power plant with CCT, the flue gas, which mainly
consists of N2, is emitted into the atmosphere after CO2 capture.
Therefore, in a retrofitted power plant, more resources (requiring
additional energy and materials) must be used to enable CO2

capture. This includes material treatment and circulation, heat
exchangers, solvent/sorbent regeneration, and CO2 purification
and compression (Ciferno, 2007).

As mentioned in §2.2.2, a meaningful and accurate
comparison among different CCTs that can be used for
retrofitting a CO2 emission source plant (e.g., a PC-fired

power plant) cannot be achieved unless sufficient alignment
in the overall system boundaries, major assumptions, and KIP
measurement methods has been considered. A commonly used
system boundary for assessing a retrofitted power plant
includes the main constituents and auxiliaries from flue gas
desulfurization (FGD) to CO2 conditioning (CO2 purification
and compression). This means that, in addition to the CO2

capture unit, the required flue gas pre-treatment, in particular
expansion of the FGD unit, if required, and the changes to the
boilers are also considered. Furthermore, purity, temperature,
and pressure of the final compressed CO2 product, CO2

capture rate, year of cost estimate, plant size (gross power
output), plant capacity factor, type of fuel used in the power
plant, and conversions between LHV and HHV are some
examples of major assumptions that should be suitably
aligned and harmonized for a proper technology
assessment. CO2 storage and maintenance charges are
recommended but are normally not applied in most studies
(Rubin et al., 2013a).

3.2 MEA Absorption as the BAT
Amine-based absorption technology is the most mature and
commercially available process to capture and separate CO2

from flue gas; as such, it is often used as a benchmark
(Alstom UK, 2011; Anantharaman et al., 2016). MEA is the
most widely deployed amine-based absorption technology.
Although MEA is presently the most cost-effective CCT, it has
drawbacks. MEA incurs a considerable energy penalty during
solvent regeneration, has a narrow operating temperature range,
and produces substantial waste during cycling, and the spent
materials are difficult to dispose of (US DOE/NETL, 2015a).
Currently, research is focusing on developing new amines and
mixtures to improve energy efficiency and thus cost and reduce
the overall carbon footprint.

FIGURE 4 | TDM linkage to TEA and LCA. Overall framework for preliminary screening and final CCT benchmarking.
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Other potential scrubbers exist and are used on large scales.
Selexol (dimethyl ethers of polyethylene glycol), Purisol
(n-methyl-2-pyrrolidone), and Rectisol (methanol) are viable
alternatives. These are used to remove CO2 from natural gas
wellheads or where H2S is involved because H2S can be removed
from CO2. Physical solvents, Selexol and Purisol, require high
pressure and high CO2 concentrations to achieve reasonable
CO2 loading. As a result, they are generally applied to CO2 and
H2S removal in integrated gas combined cycle (IGCC) power
plants (Chen, 2022). Rectisol is ideal for processes where gases
are already at the right conditions for methanol to solubilize/
absorb H2S and CO2 (Hochgesand, 1970). Methanol
spontaneously releases CO2 when pressure is released and
avoids the parasitic power losses associated with MEA. These
scrubbers are better suited to IGCC power plants and natural
gas well heads than PC power plants.

The NETL study (Ciferno, 2007) of the Conesville #5 unit in
Ohio is a rare example of studies reported in great detail. The
Conesville #5 unit, shown in Figure 5, is a 460 MWe gross PC
power plant producing 9,440 tCO2/day. The study considers pre-
existing flue gas treatment and its expansion to meet MEA
requirements, physical restrictions at the site, changes to
boilers, waste disposal, and other factors. The TDM
parameters (KIPs) relevant for this process as the BAT are
shown in Table 4.

3.3 Alternative Carbon Capture Technology
Case Studies
MEA is a relatively mature CCT with numerous large-scale
demonstration plants. However, limited field data on
alternative CCTs are available. Often, these Alt Techs are at

lower TRLs, and any available data come from lab and
occasionally pilot scales, combined with data from process
simulations and TEA studies. As a result, there are limited Alt
Tech data from operational units that include the entire process
and use the same KIPs across all CCTs. Three promising CCT Alt
Techs are presented below, for which there are enough data from
lab and pilot scales combined with simulations and TEA studies.
In the case where KIPs were not the same, the authors
recalculated KIP values from the data.

3.3.1 Alt Tech 1: Membrane Technology
Although not yet commercialized but operated as large-scale
pilots, 20 tCO2/day and 200 tCO2/day planned, membrane
technologies are a relatively mature technology combining
attributes related to scalability and potential future
improvements (Merkel, 2018). The Polaris membrane
developed by MTR is undoubtedly the most advanced system
for CO2 capture (Merkel et al., 2010; Baker et al., 2018).
Membrane development consists of several stage gates,
including the following:

• Development of a material for the actual CO2/N2 separation,
• Preparation of this material in a form suitable for large-scale
production while achieving high throughput and defect-free
production,

• Implementation of the membrane in an appropriate pressure
vessel (module) and addressing the mass transfer of CO2 and
N2 in the membrane module (Merkel et al., 2009),

•Optimization of the process flow diagram using these
membranes (Wei et al., 2015),

•Demonstration of long-term flux and separation
performance (Kniep et al., 2018).

FIGURE 5 | Process flow diagram for a pulverized coal power plant retrofitted with MEA absorption technology for CO2 capture. Adapted from Ciferno (2007).
Note: the new equipment is shown in green; ESP, Electro-Static Precipitator; SCAH, Steam Coil Air Heater; FGD, Flue Gas Desulfurization; and MEA,
Monoethanolamine.
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The Polaris™ membrane is a multilayer thin-film composite
(TFC) prepared in flat sheets and enclosed in spiral-wound
modules to separate feed and CO2-rich product streams. The
separation is affected at the top layer, which has a low
permeability, but the high flux is achieved via the ultrathin
thickness of this layer, under 100 nm. TheMTR design is like the
more familiar spiral wound modules used for reverse osmosis
desalination of seawater but with critical modifications to the
permeate side to avoid CO2 build-up and allow for a “sweep
gas,” which dramatically improves the overall CC performance
of Merkel et al. (2010). MTRs approach to improving its
technology is toward developing higher throughput rather
than selectivity. The first generation Polaris™ membrane
(Gen-1) achieved 1,000 gas permeation units (GPU) and a
CO2/N2 selectivity of 50. Gen-2 membranes with a
permeance of 2,000 GPU have been fabricated in prototype
modules. Gen-3 membranes have achieved 3,000 GPU at the lab
scale, with all three generations maintaining the initial
selectivity (Kniep et al., 2018). Further improvements to the
module design have reduced pressure drops and are projected to
reduce power consumption by 15 MWe on a full-scale plant
(Merkel, 2018).

Other approaches to ultra-high permeance membranes are
achieved by using materials with higher permeability and thicker
separation layers (Shao et al., 2013). Recent developments have
seen further dramatic improvements, where CO2/N2 selectivity
increases up to 242, with 823 GPU achieved (Wang et al., 2020).
Further increases in permeance to 3,000 GPU, with an excellent
selectivity of 78, have also been obtained (Qiao et al., 2019). Both
of the latter membranes are still at the lab scale but have been
prepared in large areas (100 cm2) for this stage of development,
using polymers with reduced defects. While still at an early
development stage, improvement in membrane quality is
expected to be integrated into higher TRL CCT systems.

Other dramatic improvements in membrane technology were
reported byMcNeil et al. (2020). In this novel design, silver-based
dual-phase ceramic-based membranes are used, giving rise to the
selectivity of 1,000 and permeability of >200,000 Barrer. This
class of membranes has great potential, as explained
Anantharaman et al. (2014) in process simulations with IGCC
and coal gasification-based power generation. However, these
novel membranes are probably less suited to conventional coal-
fired plants. The dual-phase membranes require >600°C
operating temperatures and, like Rectisol processes, can take
advantage of process conditions to permeate CO2 and retain
combustible gases at high pressure. Cost and scale up to areas
required for CCUS are to be overcome, and the TRL for these
membranes must be considered low, 1–2, may not advance
quickly, and likely never reach the costs of polymeric TFC
membranes (Merkel et al., 2010). However, they may be the
only CCT option for IGCC.

Hollow fiber membranes are usually the design of choice
because the membrane area/volume is typically 10 times that
of spiral wound modules. This benefit of hollow fiber packing
density was negated when membranes for CO2/N2 separations
saw 10–100-time increase in flux with the Polaris™ membrane.
Hollow fiber modules with such high GPU ratings have yet to be

produced from any polymer. Furthermore, concentration
polarization (poor mixing on the feed side of hollow fibers on
the shell side) is exacerbated with high flux membranes, and
1,000 GPU membranes (now 2,000 and potentially 3,000 GPU
membranes) with a CO2/N2 selectivity of 50 would not see the
theoretical performance in practice.

The MTR studies indicated that improved economics lie in
the direction of increased flux after a given selectivity is
obtained. This finding is specific to their approach, where
low feed pressure and partial vacuum on the permeate side
of the membrane are used as driving forces for CO2 permeation.
The study by Anantharaman et al. (2014) benefited from higher
selectivity, but only at the very high operating pressures in that
particular application, those pressures in a conventional PC
post-combustion capture scenario would consume too much
power.

This initial MTR study for 90% capture and liquefaction of
CO2 from a 600 MW coal-fired plant (producing 11,040 tCO2/
day) was later updated for a cost-optimized case as 80% overall
capture (Baker et al., 2018) and used in this work. At the time of
publication, Dillon reported on a cost estimate for retrofitting
MTR’s second-generation Polaris™ membrane based on a DOE
field study of an existing coal-fired power plant (Dillon, 2021).
The basic block diagram of theMTR process is shown in Figure 6.
A key process modification is using a sweep gas on the membrane
stage before the stack, which returns a portion of the CO2 to the
boiler. This increases the overall flux and CO2 concentration in
permeates of the other membrane stages, thereby reducing
CAPEX and OPEX. Similar approaches are used with natural
gas turbine power plants, where the exhaust gas recirculation is
used to increase the exiting CO2 concentration for all CCTs, not
only membranes.

3.3.2 Alt Tech 2: Solid Adsorption
CO2 capture using solid adsorbents is another method in the
category of post-combustion CCTs, which provides several
advantages over the traditional commonly used liquid
scrubbing (such as aqueous MEA absorbents). Compared to
an aqueous solvent-based process, considerable reduction in
the regeneration energy penalty (due to the solid adsorbents’
lower specific heat capacity and decreased water evaporation), a
wider range of operating temperatures (from ambient
temperatures to 700°C), less waste production during cycling,
and easier disposal of spent materials, are advantages of solid
adsorbent-based technology (US DOE/NETL, 2015a). However,
for large-scale CO2 capture, in many or most cases, the
adsorbent-based technology is still not as cost-effective as the
solvent or membrane alternatives. The high cost of solid
adsorbents [e.g., zeolites and Metal–Organic Frameworks
(MOFs)] and adsorbent attrition are examples of the main
challenges associated with this technology (US DOE/NETL,
2015a).

Solid adsorbents for CO2 capture are typically categorized
based on the operating temperature regimes for adsorption and
desorption (regeneration). Indeed, they fall into three categories
of i) low temperature (<200°C, such as supported solid amine-
based, zeolite-based, MOF-based, carbon-based, and alkali metal
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carbonate-based); ii) intermediate temperature [200°C–400°C,
such as layered double hydroxide- (LDH-) based]; and high
temperature (>400°C, such as CaO-based and alkali ceramic-
based) solid adsorbents (US DOE/NETL, 2015a).

The performance of solid adsorbents can be evaluated
based on different attributes such as their equilibrium CO2

adsorption capacity, adsorption/desorption kinetics, CO2

selectivity, multicycle durability (affected by their tendency
for moisture uptake, tolerance to impurities, and mechanical
strength), and regeneration (Samanta et al., 2012; Krutka
et al., 2013).

Several research groups have investigated this subject in
recent years, with many of them focusing on new material
development (Samanta et al., 2012). However, to
commercially use solid adsorbents for CO2 capture, research
on the development of the effective process, including gas-solid
contactors (e.g., fixed-bed, fluidized-bed, and moving-bed),
adsorbent regeneration process, and the overall process
integration (primarily thermal integration with the emission
source plant) is also required. In order to meet the technical and
economic constraints, it is expected that researchers’ focus will
be more on investigating the use of innovative gas-solid
contactor configurations (e.g., structured bed, fast-fluidized-
bed, circulating bed, and transport-bed) (Samanta et al.,
2012), adsorbent performance under actual operating
conditions, reducing solid adsorbents’ cost and operability
issues (such as adsorbent degradation and associated
emissions), and performing more precise and reliable process
design and economics analysis (US DOE/NETL, 2015a;
Pardakhti et al., 2019).

NRG Energy, Inc. (NRG), in collaboration with Svante
(formerly Inventys), using Svante’s VeloxoTherm™ CCT
(Stevenson and Armpriester, 2016), evaluated their solid
adsorbent at a scale of 10 MWe. Their target was 90% CO2

capture efficiency with a purity greater than 95% (Target
defined by a solicitation (DE-FOA-0001190) from the U.S.
DOE) (US DOE/NETL, 2015b). The VeloxoTherm™ uses a

rotary adsorption machine, an evolution of well-developed,
large-scale, rotary air preheaters. This technology relies on
three key innovations: i) an intensified rapid cycle
temperature swing adsorption (TSA) process, ii) a patented
architecture of structured solid adsorbents, and iii) a rotary
embodiment (Rezaei and Webley, 2009; Stevenson and
Armpriester, 2016). Important advantages compared to
traditional TSA processes are a low-pressure drop,
immobilized adsorbent (eliminating mechanical
degradation), high heat and mass transfer, and high heat
retention. The NRG study identified shortfalls in the
performance of the structured bed solid adsorbents, leading
to reduced capacity and increased steam consumption.
Recently, Hovington et al. reported the development of a
zinc triazolate MOF adsorbent at large production volumes
(Hovington et al., 2021) and demonstrated the technology on
cement flue gas (Lin et al., 2021). The new adsorbent’s
properties surpass those of the ideal material in the NRG
study, but the TEA for PC power plants has not yet been
revised.

The study by ADA (Sjostrom et al., 2016), which is used as
the Alt Tech for solid adsorption in the current study, evaluated
benzylamine immobilized on pellets. The solid adsorbents were
benchmarked against MEA, and two costing methods were
presented, based on DOE guidelines and ADA best
experience, where the latter TCR was 32% higher than DOE
guidelines. The process flow diagram is shown in Figure 7. A
preliminary plant design and TEA were based on lab-scale
performance for a power plant with a net electrical output of
550 MW before and after CC. The adsorbent capacity for the
initial TEA was 15 gCO2/100 gadsorbent and a contact time of
10–15 min, requiring four parallel adsorption/desorption trains.
Pilot studies (Sjostrom et al., 2016) at a scale of 1 MWe were
performed and showed reduced CO2 capture performance with
a reduced adsorbent capacity of 5.4 gCO2/100 gadsorbent and an
increased contact time of up to 65 min. The TEA study was
repeated based on the downrated pilot plant performance: the

FIGURE 6 | A simplified process flow diagram illustrating the impact of a selective recycle membrane on a two-stage membrane system. The recycle step raises the
feed gas concentration while simultaneously lowering the discharge CO2 concentration to 3.7% (80%CO2 capture). Power consumption is reduced by 30 kWe/tonne of
CO2 captured. The CO2 condensation column operates at 30 bar and −25°C. Adapted from Baker et al. (2018).
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number of parallel adsorption/desorption trains increased from
4 to 44. The TDM in our work uses costing data based on the
ideal adsorbent performance and the DOE guidelines. Both
ADA and Svante studies had promising TEA results based
on lab-scale data, but performance decreased at the pilot
scale. Kearns et al. ranked the new solid adsorbent TRL from
Svante at 5–6 in a CO2 from capture scenario from cement
production. As a result, we ranked the TRL for ADA’s Solid
adsorption at 4. However, future improvements in ADA’s
performance at the pilot scale are possible; if so, the TRL
would increase.

3.3.3 Alt Tech 3: Calcium Looping
CaO/CaCO3 (or calcium) looping technology emerged over a
decade ago as one of the promising technology pathways to
achieve low-cost post-combustion CO2 capture in the near
future. In this process, the reversible reaction of calcium
between its carbonate and oxide forms allows CO2 separation
from flue gases coming from either power plants or any other
industrial CO2 emission sources as follows:

CaO(s) + CO2(g)
~

����������������→Carbonation ~ 650℃ CaCO3(s)ΔHr
298K � −179 kJmol−1

(4)
CaCO3(s) ~

��������������������→Calcination ~ 850−950℃ CaO(s)+CO2(g)ΔHr
298K �+179 kJmol−1

(5)

Shimizu et al. were the first to propose the use of a high-
temperature CaO sorbent for post-combustion CO2 capture,
and it has since become widely used in calcium looping process
research (Shimizu et al., 1999). A typical process flow diagram
abstracted from the work of several active groups in this field is
shown in Figure 8 (Zhao et al., 2013). Flue gas containing a
low-to-medium concentration of CO2 is fed to the circulating
fluidized bed (CFB) carbonator, containing refreshed solid
CaO sorbents, where the exothermic carbonation reaction
(Eq. 4) happens at around 650°C. The CaCO3 formed is
then passed to a CFB calciner where the endothermic
calcination reaction (Eq. 5) occurs around 850°C–950°C,
resulting in regeneration of CaO (which is passed back to
the carbonator) and the formation of an almost pure stream of
CO2. The CO2-depleted flue gas is emitted into the
atmosphere, whereas the CO2-rich stream is released for
further purification and compression before being utilized
or stored. Due to temperature differences between the
carbonation and calcination reactions (650°C vs.
850°C–950°C), heat from exothermic carbonation cannot be
directly used to provide the heat needed for endothermic
calcination in the calciner. As a result, fuel (powdered coal)
can directly be burned with oxygen provided by an air
separation unit (ASU) in the calciner (as a fluidized-bed
oxy-fuel combustor) to provide the necessary heat for
calcination.

FIGURE 7 | Process flow diagram of the ADAsorb solid adsorption carbon capture process. Adapted from Sjostrom et al. (2016).
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Compared to the market-ready MEA absorption process,
lower capital cost, energy penalty, CO2 capture cost, and less
complex integration with the CO2 emission source plant can be
achieved by the calcium looping process (Cormos and Simon,
2013; Zhao et al., 2013). This happens due to i) the high
availability of low-cost, non-hazardous, limestone-derived CaO
sorbent from natural sources (Zhao et al., 2013), ii) no need for a
separate FGD unit (as CaO itself can act as the desulphurization
agent) (Zhao et al., 2013), and iii) the potential of spent CaO to be
used elsewhere (mostly in the cement industry) (Dean et al.,
2011a; Dean et al., 2011b). As a result, this technology emerged as
a near-term alternative to the current MEA-based post-
combustion CCT (Zhao et al., 2013).

The main concerns about the calcium looping process are
the rapid decay in the CO2 carrying capacity of CaO-based
sorbents over multiple calcination-carbonation cycles and an
efficient process design with optimal heat integration.
Regarding sorbent deactivation, the decrease in the
reactivity of CaO can be attributed to the i) sintering of
particles during high-temperature carbonation—calcination
processes, ii) particle attrition in fluidized beds, and iii)
poisoning by sulfation/sulfidation reactions with SOx,
resulting in an outer sulfated layer forming on the particles,
which prevents CO2 uptake (Sun et al., 2007; Manovic and
Anthony, 2009; Wang et al., 2010). However, it has been
reported that the presence of steam under real operating
conditions significantly increases CaO sorbent activity,
making CaO activity loss less of a concern (Manovic and
Anthony, 2010; Donat et al., 2012). Regarding the necessity

of heat integration, it should be mentioned that providing the
required heat for calcination through direct fuel burning under
oxy-fuel conditions (by oxygen rather than air) prevents CO2

dilution with N2 and facilitates its purification. However, this
coincides with the large energy consumption needed for the
ASU, which results in a ~6% energy penalty (comparable with
~5% for CO2 compression) (Abanades et al., 2007).
Fortunately, excess heat recovery and integration into new
steam cycles are possible through the process configuration
presented in Figure 8, which can keep the energy penalty at an
economically satisfactory level (Zhao et al., 2013). It has been
reported that an 82% reduction in energy penalty and a 50%
decrease in the cost of electricity increase of calcium looping
can be achieved by integrating the potential heat that can be
recovered from a calcium looping process used for post-
combustion CO2 capture from a power plant (Yang et al.,
2010).

An alternative calcium looping process has been suggested
(Junk et al., 2016) that could eliminate the need for an ASU; the
combustion of additional fuel in a second combustor provides
indirect heat for the calciner. The additional flue gas/CO2 is
combined with that of the main power plant. The cost of the heat
transfer equipment is offset by the elimination of the ASU. The
indirect heating methodology has been tested at a 300 kWth scale
with plans for 20 MWth pilot plant (Hilz et al., 2019; Ströhle et al.,
2021).

In this study, Tang et al.’s third case (Tang and You, 2018) is
considered the representative Alt Tech for calcium looping
technology.

FIGURE 8 | Schematic presentation of the calcium looping process for post-combustion CO2 capture. Adapted from Zhao et al. (2013). Note: FGD, Flue Gas
Desulphurization; and ASU, Air Separation Unit. Possibilities for heat recovery include heat that can be released from i) exothermic carbonation reaction (Q1), which is
higher than what is required tomaintain the CFB carbonator’s temperature; ii) and iii) hot CO2-depleted flue gas (Q2) and hot CaO/CaCO3 streams (Q3) leaving carbonator
cyclone at a temperature >600°C; and finally iv) very hot CO2 rich gas (>800°C) leaving oxy-fuel CFB calciner’s cyclone (Q4). Q2 and Q4 can generate steam cycles
for extra electricity output.
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3.4 Qualitative Comparison Results (Input,
Output, and Scoring)
Data entry for each CCT pathway is a key step in TDM
development and is summarized in §3.4.1. Next, the key
characteristics of each pathway are obtained, organized, and
entered (§3.4.2). Finally, a radar plot comparing each Alt Tech
to the BAT is generated (§3.4.3). The TDM tool and database
were initially developed using Excel (§2.2, §2.3).

3.4.1 TDM Implementation-Data Input/Output
User data entry is in two areas, as shown in Figure 2. In the first
steps (the first three columns on the left side of Figure 2), the user
should select among different available options from the drop-
down menus for the project scale, CO2 source, and CO2 target
application, whereupon the TDM tool retrieves the corresponding
KIP data values for the BAT and Target. The second data entry step
is related to the KIP data values for the user’s CCT Alt Tech to be
studied (column 5 of Figure 2) and the year of the costing. Once
there is enough data for all KIPs in the tables, relative comparisons
can be made for the Alt Tech or user’s CO2 capture under study to
the BAT and Target. Output results will be generated for further
analysis to see where R&D resources could be reallocated. Samples
of the qualitative outputs are presented in §3.4. As per §2.2.1, an
inflation index is applied to CCCL TCR in generating the radar
plots for the BAT and Alt Techs.

3.4.2 BAT and Alt Tech Database Generation
Key characteristics of the BAT and three Alt Techs described in the
previous paragraphs are summarized in Table 3. This comparison
highlights the importance of ongoing development to address
current technology gaps. For each Alt Tech, a TRL range has
been identified because it is quite difficult to precisely assign
specific TRLs for non-commercial technologies. There are several
criteria when identifying TRL (Buchner et al., 2018; Kearns, 2021).

These attributes need to be translated into measurable KIPs so
they can be qualitatively and quantitatively analyzed by the TDM

to support RD&D resource allocation decisions. The KIPs for the
BAT and three Alt Techs are shown in Table 4 and represent a
subset of the KIPs extracted from available studies on these
technologies. KIP values that had to be recalculated from TEA
data in the publications referenced are indicated by underlined
text. In addition to §2.2.2, this was to align KIPs and their units of
measurement across CCTs studied in the TDM.

3.4.3 BAT and Alt Tech Comparison
By combining data from lab and pilot scales with those from
simulations and TEA studies and then recalculating any missing
KIP values from existing data, there is sufficient data in the
literature for the BAT (Ciferno, 2007) and three Alt Techs
(Sjostrom et al., 2016; Baker et al., 2018; Tang and You, 2018).
However, knowledge and data gaps for the end application Target
prevent a complete comparison of the Alt Techs against the BAT
and Target. In terms of knowledge gaps, a few, if any, KIPs have
been defined for performance, cost, or lifetime and then
prioritized for a given application or desired market. In terms
of data gaps, only a handful of Target values were found for those
KIPs. One comparison can be made for the DOE target of no
more than a 20% LCOE Increase with CC (US DOE/NETL,
2015b). In descending order and relative to the 20% LCOE
Increase with the CC target: the BAT is 108% or a little more
than five times; solid adsorption is 99% or a little less than five
times; membrane is 78% or a little less than four times; and
calcium looping is 42% or about double. Although the relative %
LCOE Increase with CC is the least for calcium looping, the BAT
and three Alt Techs all exceed the DOE target (US DOE/NETL,
2015b). The other Target, 90% CO2 Recovery Efficiency, was only
achieved for the BAT and solid adsorption. For membrane and
calcium looping, their CCT performed best at CO2 Recovery
Efficiencies, less than 90%. A detailed explanation is given later in
this section.

Any KIPs can be selected from Table 4, with at least three
needed to generate a Radar Plot. Among the three equations

TABLE 3 | Summary of BAT and three post-combustion CCTs as user’s Alt Techs, TRL ranges, and pros and cons for those CCTs.

BAT Alt Tech 1 Alt Tech 2 Alt Tech 3

MEA absorption Membrane Solid adsorption Calcium looping

TRL 9 7 4–5 6–7
Pro Commercially available Cost-effective Reduced energy penalty in

regeneration
Any industrial CO2 sources
Lower capital cost
Lower energy penalty

Wider range of operating temp Lower CO2 capture cost
Simple integration CO2 emission plant

Less waste during cycling FGD unit may not be needed
Spent CaO as commodity for cement industryNear commercial production Easier disposal of spent materials

Economies of scope, similar technology to
commercial RO

Low/no sorbent attrition in fixed
beds

Cost-effective

Con Energy cost to
regenerate MEA

CO2 N2 selectivity Solid adsorbents not yet cost-
effective

Rapid decay in CO2 carrying capacity of CaO

MEA corrosive to plant Need heat integration to drive Ca reactions
Huge volumes waste product if industrial sink
not nearby

High level of desulfurization
required

Still relatively high power consumption Sorbent attrition in recirculating
beds

High cost of captured CO2
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shown in §2.2.5, Eq. 1 has been used. The BAT is normalized to
serve as a comparison point in the radar plot. Table 5 shows
relative comparisons of each Alt Tech to the BAT using Eq. 1. In
Table 5, six KIPs are chosen: CCUS Energy Efficiency, Net
Energy/tCO2 Emitted after CC, LCOE Increase with CC, CO2

Avoidance/Mitigation Cost, CCCL TCR, and Tech Replacement
Costs.

Comparisons can now be made among the KIPs for BAT, and
three Alt Techs from Table 4 are shown in Table 5 and the radar
plot in Figure 9.

Before progressing further in comparing the three Alt
Techs based on Table 5 and Figure 9, it is worth noting
that the difference in TRLs could affect the relative quality of
data inputs. Indeed, although the membrane technology is
tested at a pre-commercial stage, this is not the case with
calcium looping, which is often based on simulation and pilot
scale data. In Figure 9, the KIP CCCL TCR is similar to all the
CCTs studied. However, the other five KIPs showed
differences in CCT performance and cost relative to the
BAT. For CC Energy Efficiency, all Alt Techs were lower or
more efficient than MEA, and membrane technology used 89%

of the energy per tonne of CO2 captured. Calcium looping
used 75% compared to MEA, and solid adsorption (based on
benzyl amide’s ideal performance) consumed only 41% of the
energy of MEA. All the Alt Techs had similar net energy
production per tonne of CO2 emitted before CC, from
approximately 1,100–1,220 kWhenet/tCO2 emitted. For Net
Energy/tCO2 Emitted after CC, solid adsorption is best,
generating the most saleable power for a given amount of
CO2 emitted, approximately 20% more than MEA. Membrane
technology and calcium looping are similar at 60% of MEAs
performance. Note that both MEA and solid adsorption use the
DOE Target of 90% CO2 Recovery Efficiency, whereas
membrane and calcium looping do not. The “poor”
performance of both membrane technology and calcium
looping with this KIP is directly linked to the lower CO2

capture rates of 80% and 83%, respectively. This halves the
numeric value of this KIP because the energy production is
normalized by the CO2 emitted, not captured, or 20% rather
than 10% for MEA and solid adsorption. However, membrane
technology’s CC Energy Efficiency, the first KIP, was minimized
at 80% capture, not 90%. Junk et al. and Abanades et al. used

TABLE 4 | TDM KIPs for the selected MEA scrubbing (BAT) and three post-combustion CCTs as user’s Alt Techs of this work.

Units BAT Alt Tech 1 Alt Tech 2 Alt Tech 3 Target

MEA Absorptiona Membraneb Solid Adsorptionc Calcium
loopingd

DOEe

KIPs Performance Category
Scale of CC Process tCO2/day 8,507 8,832 12,715 13,114 —

CC Energy Efficiency kWh/tCO2_cap 368 328 152 275 —

CO2 Recovery Efficiency %CO2 Rec 90 80 90 83 90
Net Energy/tCO2 Emitted before CC kWhenet_wo CC/

tCO2_wo CC
1,101 1,221 1,165 1,047 —

Net Energy/tCO2 Emitted after CC kWhenet_w CC/tCO2_w CC 7,702 4,792 9,343 4,850 —

HHV Efficiency before CC % 35.0 35.0f 36.8 37.2 —

HHV Efficiency after CC % 24.5 27.5 29.5 29.8 —

% Loss Efficiency % 30.0 21.5 19.9 19.9 —

LCOE before CC c/kWh 6.40g 5.00h 7.21 5.27 —

LCOE Increase with CC c/kWh 6.92 3.92 7.15 2.23 —

% LCOE Increase with CC % 108 78 99 42 20
CO2 Capture Cost $/tCO2 Capt. 59.0 46.9 74.2 22.7 —

CO2 Avoidance or Mitigation Cost $/tCO2 Avoid. 89.0 64.1 95.2 30.5 —

Cost Category
CCCL TCRi $/tCO2/day 53,129 42,230 36,447 31,970 —

Variable O&M $/tCO2 31.58 22.80 29.85 17.16 —

Fixed O&M $/tCO2 27.64 24.10 44.22 5.52 —

Tech Replacement Costs $/tCO2 3.88 2.09 1.19 8.16 —

Lifetime Category
Maximum Plant Life Years — 25 30 30 —

Levelization Period Years 20 25 35 30 —

Key Tech Lifetime Years — 3.00 2.76 0.0057 —

Underlined text indicates values that the authors recalculated from TEA data in publications referenced.
aData from Ciferno (2007).
bData from Baker et al. (2018).
cData from Sjostrom et al. (2016).
dData from Tang and You (2018).
eData from US DOE/NETL, 2015b).
fAssumed to be the same as BAT.
gNew build on site.
hElectricity purchased from grid.
iInflation adjusted from the year of cost estimate in publication to 2020.
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CO2 capture rates of 80% and 86%, respectively (Abanades et al.,
2007; Junk et al., 2016). Therefore, the calcium looping penalty
on this KIP is not unique to Tang and You’s study (Tang and
You, 2018).

Regarding LCOE Increase with CC, calcium looping was
the lowest at 32% of BAT, then membrane technology with a
57% increase, and finally solid adsorption at 103%. When
normalized by the % LCOE Increase for MEA as the BAT
(108%), the relative performance between the Alt Techs is, of
course, unchanged and is similar because the % LCOE
Increase of the BAT was close to 100%.

The same trend can be seen for CO2 Avoidance or
Mitigation Cost. Calcium looping is dramatically lower at
34% than the BAT. The membrane is also lower than the
BAT at 72% but more than double that for calcium looping.
Solid adsorption is slightly more than the BAT at 107%. The
similarity between the LCOE Increase with CC and CO2

Avoidance or Mitigation Cost is not surprising because the
LCOE is a component in the equation to calculate CO2

Avoidance or Mitigation Cost.
CCCL TCR based on the CC rate of 1 tCO2/day was the

lowest for calcium looping at 60%, followed by solid

adsorption at 69% of the BAT, respectively. The membrane
was the highest at 79% of the BAT. The BAT and solid
adsorption studies listed the Bare Erected Cost (BEC), Total
Installed Cost (TIC), and, finally, the highest TCR. The
membrane and calcium looping studies listed total capital
or TIC, and so it is assumed for the purposes of
comparisons in this work that they also used the same cost
basis because these costs were used to determine their capture
or avoided CO2 costs. However, if the membrane and calcium
studies did not include contingencies and overhead costs, the
TCR for these may be underestimated.

The greatest relative difference is for Tech Replacement Costs,
where calcium looping is more than double, or the most
expensive, relative to MEA, whereas the other two Alt Techs
have lower costs relative to MEA. The membrane has high initial
costs, but its technology lifetime was specified at 3 years by MTR
(Baker et al., 2018). The solid sorbent cost is very high, $US
10,100/tonne, compared to limestone, $US 25/tonne, but the
makeup of limestone per tonne of CO2 is much higher due to
CaO deactivation.

The next step is to confirm what is causing the relative
differences seen in the radar plot. Particularly for new

TABLE 5 | Relative comparisons of three Alt Techs of this study to BAT using Eq. 1 for the selected KIPs from Table 4.

Units BAT/BAT Alt Tech 1/BAT Alt Tech 2/BAT Alt Tech 3/BAT

KIPs CC Energy Efficiency % 100 89 41 75
Net Energy/tCO2 Emitted after CC % 100 62 121 63
LCOE Increase with CC % 100 57 103 32
CO2 Avoidance or Mitigation Cost % 100 72 107 34
CCCL TCR % 100 79 69 60
Tech Replacement Costs % 100 54 31 210

BAT is MEA absorption, Alt Tech 1 is membrane, Alt Tech 2 is solid adsorption, and Alt Tech 3 is calcium looping.

FIGURE 9 |Qualitative radar plot showing carbon capture performance using six KIPs for the BAT and Alt Techs. BAT is MEA absorption, Alt Tech 1 is membrane,
Alt Tech 2 is solid adsorption, and Alt Tech 3 is calcium looping. BAT/BAT Alt Tech 1/BAT Alt Tech 2/BAT Alt Tech
3/BAT
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research fields and low TRLs, one must ask if TEA source data,
calculations, equations, and assumptions are valid and equal. It
follows that TDM qualitative outputs are another tool to check
for knowledge and data gaps, or how the TEA was done and how
it compares to those for similar technologies. This enables
standardization or consensus among CCUS researchers and
serves as a way to make more accurate, transparent
comparisons of knowledge, data, and technology gaps and
hence another way to help accelerate CCUS RD&D. Future
work could explore validating TEA source data used in Figure 9
to see if and how differences in TEA assumptions among CCT
affect results used in the TDM.

For example, potential variations in the TCR (or
overnight costs, investment costs, etc.) were discussed
above. However, it is not always clear if all contingencies
are included or what factors are used for those contingencies.
The BAT contained detailed costs for, using that studies
terminology, major Capital Costs, BEC, and Total
Investment Cost (not TIC). The BEC was 212%, and the
Total Investment Cost was 370% of the major Capital Costs,
based on rates for that study. The process and project
contingencies were 25% and 18% of the BEC in that
study. Different values may be used in different TEAs and
for different technologies, and Total Investment Cost and
TCR are interchangeably used in different studies.

Similar questions regarding comparisons with different
assumptions were raised when the KIPs for CO2 Avoidance or
Mitigation Cost and LCOE Increase with CC were calculated. The
TCR will impact the LCOE in terms of not only the capital value
but also the Fixed Charge Factor (FCF). The FCF is a multiplier
for the TCR, accounting for the levelization or financing period
and the interest rate assumed.

The impact of these different financial assumptions is
summarized in Table 6. The Tang calcium looping TEA
used a levelization period of 30 years and an interest rate of

7.0%, or an FCF of 0.0806 (Tang and You, 2018). The BAT
baseline reported an FCF of 0.1750, corresponding to 15 years
and 15.5% interest (Ciferno, 2007). The BAT also applied
levelization charge factors of 1.157 to their Variable
Operation and Maintenance (VOM) and Fixed Operation
and Maintenance (FOM). When those BAT financing
assumptions are used for the calcium looping case, the CO2

Avoidance or Mitigation Cost increased from 29.8 to 72.2
$/tCO2. Changes to other KIPs are in column “BAT.” In order
to compare the effect of different financial assumptions on
CO2 Avoidance or Mitigation Costs in Table 6, values were
calculated using Tang et al.’s LCOE equations and CO2

produced. Therefore, the CO2 Avoidance or Mitigation Cost
in Table 6 is different from that in Table 4. The calculated
LCOE values, however, matched the reported values to within
1 c/kWh.

The % LCOE Increase with CC did not change dramatically
because the BAT financial parameters were also applied to the
new reference power plant without CC. Furthermore, the
impact of the VOM and FOM Charge Factor is greater than
that of plant financing. Assuming the BAT FCF and Tang’s
value of 1 for VOM and FOM Charge Factor, the CO2

Avoidance Cost increased from 29.8 to 36.7 $/tCO2, column
“BAT, Tang.”

In the previous paragraphs, we used several KIPs to
compare different CCTs and generated Tables 4–6 for this.
We need an additional step to capture and integrate all the
outputs to facilitate decision-making. The whole TDM
process of determining KIPs, units of measurement,
measurement standards, tabulating KIP data, and then
making qualitative comparisons in radar plots can be
useful for RD&D at each TRL stage. It can be a facile
process for users to check data from TEA and or measured
data to uncover knowledge gaps at lower TRLs (1–3) through
measurement and data gaps at mid-TRLs (4–6) and, finally,
technology gaps at higher TRLs (7–9). Thus, at each stage of
RD&D, researchers can use the TDM to make valid
comparisons, support decision-making, and accelerate
commercial deployment of the most promising
technologies for a given end application.

The current TDM assumes a relative weighting of 1.0 for each
KIP. Future TDM versions could include adding a range of KIP
weightings to correspond to prioritizing KIPs for a given CCT
application. Some decision-making tools include KIP
weightings of 0.0–2.0 in increments of 0.5, and something
similar could be done for the CCT TDM (ES-Select™, 2012).
Another approach is to 1) identify the minimal requirement for
each KIP and 2) use cost per unit CO2 capture (additional cost of
per unit electricity production) as the final ranking. A recent
IEA report showed this approach (Baylin-Stern and Berghout,
2021).

Of interest, the US DOE has updated its CCUS target using a
new indicator based on the cost of per unit CO2 mitigation
(DOE/EE-2362, 2021). Often referred to as Levelized Cost of
Carbon Abatement (LCCA) (Friedmann et al., 2020), this
provides a good indicator to compare different technologies,
including CCUS. This indicator is more suitable for assessing

TABLE 6 |Comparison of calcium looping KIPs as a function of various levelization
periods, interest rates and VOM, FOM charge factors.

Units Calcium looping financial
assumptions

Tang BAT BAT, Tang

Levelization Period years 30a 20b 20b

Interest Rate % 7.0a 16.7b 16.7b

Fixed Charge Factor n/a 0.0806a 0.1750b 0.1750b

VOM & FOM Charge Factor n/a 1.000a 1.157b 1.000a

CO2 Avoidance Costa $/tCO2 29.8 72.2 36.7
CO2 Capture Costa $/tCO2 22.7 54.8 27.9
LCOE Before CCa c/kWh 5.265 8.789 7.919
LCOE Increase with CCa c/kWh 2.234 2.631 2.749
% LCOE Increase with CCa % 42.4 36.1 34.7

Column “Tang” uses Tang’s published values. Column “BAT” uses Tang’s capital, VOM,
and FOM, but with the BAT’s interest rates, amortization period, and VOM/FOM charge
factors. Column “BAT, Tang” uses the BAT interest and amortization period and no VOM/
FOM charge factors as per Tang.
aData from Tang and You (2018).
bData from Ciferno (2007). Bold values indicate KIPs from Table 5 and Figure 9 that
change depending on different financial assumptions used for FCF and VOM & FOM
Charge Factor.
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policy incentives for CO2 mitigation. However, this indicator
could not be used in this study as CO2 capture needs to be
combined with CO2 storage and utilization stages. This work is
ongoing at NRC to integrate utilization and storage technology
options in the proposed TDM. As shown in Figure 2, the
proposed TDM framework is designed to compare different
CCUS pathways.

All four CCTs discussed in this study have progressed past the
lab scale (TRL 1–3), so their fundamental technologies are
essentially unchanged from the pilot scale (TRL 4–6) onward.
Thus, there are limited opportunities for disruptive or step-
change improvements. However, commercial deployment and
resulting economies of scale could still lead to per-unit cost
reductions while decreasing GHG emissions. System
optimization could lead to marginal reductions in cost and
GHG emissions. Materials’ cost alone will have some impact
on the CO2 Capture Cost. Furthermore, future improvements in
both cost and performance of functional materials could have a
significant, step-change impact when incorporated into existing
high TRL systems.

As an example, the impact of the key technology’s materials
cost is discussed first, and its performance is second. First, MTR
membrane materials account for 6.4 $/tCO2 captured or 13.6% of
the total 47 $/tCO2 captured. If the membrane cost were halved to
3.2 $/tCO2 captured, then the CO2 capture cost would decrease by
at least 6.8%. However, the 47 $/tCO2 capture cost also includes
19 $/tCO2 captured of interest or depreciation. Because
membranes represent 31% of initial capital cost and the total
capital expenses, a 50% reduction of membrane costs also
corresponds to 50% of 31% of 19 $/tCO2 captured or 2.95
$/tCO2 captured representing an overall reduction of 3.2 +
3.0 = 6.2 $/tCO2 captured, which is a more significant
contribution.

Second, additional improvements could be achieved through
increased materials performance. Again, using the MTR
membrane includes a higher capture rate (permeance and/or
specificity), longer lifetime, and/or lower temperature. These
parameters could reduce energy input requirements. MTR has
already developed second- and third-generation membranes,
which have double and triple the throughput with the same
selectivity. Doubling the throughput is analogous to the
discussion above, where the specific membrane cost is halved
but also has an additional impact on capital costs with fewer
pressure vessels and the associated installation infrastructure, as
well as piping.

Ciferno’s study, used as the BAT, compared the cost of three
generations of amines with different regeneration energy
requirements and their impact on the PC power plant’s net
power output (Ciferno, 2007). Case 1 in the 2007 study is
used in this study, and Case 1a is the same plant but with
lower regeneration energy. The new amine reduced the LCOE
incremental cost from 69.2 to 63.2 $/MWh, and the CO2 avoided
cost decreased from 89 to 81 $/tCO2 (currencies in US dollars
from the year of the study) (Ciferno, 2007). In summary, adding
up these material costs and performance improvements could
result in significant improvement in CCT’s overall cost and GHG
emissions. This indicates the relative importance of improving

functional materials cost and performance in future commercial
CCT deployment.

4 DISCUSSION

The concept, framework, and methodology were established, and
a new decision-making tool, a TDM, was developed using Excel
and then applied to CCUS and specifically to CCTs. The TDM is a
technology screening and data inventory tool to perform
complimentary analysis and assessment with TEA and LCA
tools to evaluate the cost, GHG, and market impacts of both
disruptive CCUS technologies and their novel materials. The
TDM can also be used to cross-check several CCTs and support
continuous improvement of the respective TEA methods,
calculations, and data.

KIPs across three categories of performance, cost, and lifetime
at the same TRL, representing the entire CCT process being
studied, were introduced to measure and compare among CCTs
consisting of the BAT, Alt Tech under study, and the end
application Target or Goal it will be used for. A PC-fired
power plant retrofitted with commercially available
monoethanolamine (MEA) CO2 capture absorption technology
served as the BAT. Three promising CCT Alt Techs were
presented: membrane, solid adsorption, and calcium looping.

Collecting KIP data for the BAT, Alt Techs, and Target
revealed knowledge (how to measure a technology) and data
(corresponding data measurement) gaps. Although there are
international organizations active in this field, a knowledge
gap is at this relatively early stage of CO2 capture research.
There is not yet an agreed set of KIPs, and neither the units
of measurement nor the measurement standards have been
finalized. The corresponding data gaps are limited operational
or in situ data at the lab bench top, pilot, or demo scales for both
promising CCTs Alt Techs under development and CCT Targets.
Specifically, a lack of a complete data set for CCT end application
Targets or goals prevented TDM comparisons among BAT, Alt
Tech, and Target.

The TDM’s KIP data table and resulting qualitative radar
chart were demonstrated using available data for the BAT and
three Alt Techs. This was accomplished by combining data
from lab and pilot scales with those from simulations and TEA
studies and then recalculating any missing KIP values from
existing data. Relative comparisons were then made by
normalizing each Alt Tech to the BAT for six KIPs to
generate the radar plot. CCT performance and cost were
compared among the four CCTs, and differences were easily
visualized. However, these apparent differences must then be
cross-checked against the original TEA data to understand if
they are due to the CCT itself (technology gaps) or from the
experimental or operational measurements (data gaps), or
assumptions, equations, and KIPs used to generate the TEA
(knowledge gaps). An examination of TEA financial
assumptions revealed knowledge gaps of how different
levelization periods, interest rates, FOM, and VOM charge
factors impact CO2 Avoidance Cost and LCOE increase.
Future work includes further TDM development, including
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using software other than Excel, integrating the TDM with
NRC’s webserver, validating across TEA source data, TDM
comparisons within the same CCT, improving KIPs,
introducing KIP weighting, and introducing quantitative
TDM outputs, including technology ranking based on a
combined scoring factor, obtaining end application Target
or Goal data, and finally expanding the TDM to include
carbon conversion and utilization.
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NOMENCLATURE

Alt Tech(s) Alternative Technology(ies)

ASU Air Separation Unit

BAT Best Available Technology

BEC Bare Erected Costs

BoP Balance of Plant

BoS Balance of System

CAPEX CAPital Expenditure

CC Carbon Capture

CCCL Carbon Capture Compression and Liquefaction

CCUS Carbon capture, utilization, and storage

CCT(s) Carbon Capture Technology(ies)

CFB Circulating Fluidized Bed

DAC Direct Air (carbon) Capture

DOE Department of Energy

EOR Enhanced Oil Recovery

ES Energy Storage

ESP Electro-Static Precipitator

FCF Fixed Charge Factor

FGD Flue Gas Desulfurization

FOA Funding Opportunity Announcement

FOM Fixed Operation and Maintenance

GCI Global CO2 Initiative

GHG Green House Gas

GPU Gas Permeation Units

HHV Higher Heating Value

IEA International Energy Agency

IGCC Integrated Gas Combined Cycle

KIP(s) Key Indicator Parameter(s)

LCA Life-cycle assessment

LCCA Levelized Cost of Carbon Abatement

LCOE Levelized Cost of Electricity

LDH Layered Double Hydroxide

LHV Lower Heating Value

MEA MonoEthanol Amine

MOF Metal–Organic Framework

MTR Membrane Technology Research

NETL National Energy Technology Laboratory

NRC National Research Council of Canada

O&M Operation and Maintenance

OPEX Operational EXPenditure

PC Pulverized Coal

PM Particulate Matter

PEMFC Proton Exchange Membrane Fuel Cell

R&D Research and Development

RD&D Research, Development and Deployment

SCAH Steam Coil Air Heater

TDM Technology Development Matrix

TEA Techno-Economic Analysis

TFC Thin Film Composite

TCR Total Capital Required

TIC Total Installed Cost

TRL(s) Technology Readiness Level(s)

TSA Temperature Swing Adsorption

US United States

VOM Variable Operation and Maintenance
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