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h i g h l i g h t s

� This work defines the minimum work of separation (MWS) for a capture process.
� Findings of the analysis indicated a MWS of 0.158 GJ/t for post-combustion.
� A review of commercially available processes based on chemical absorption was made.
� A review of learning models was conducted, with the addition on a novel model.
� A learning curve for post-combustion carbon capture was successfully designed.
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a b s t r a c t

Carbon capture is one of the most important alternatives for mitigating greenhouse gas emissions in
energy facilities. The post-combustion route based on chemical absorption with amine solvents is the
most feasible alternative for the short term. However, this route implies in huge energy penalties, mainly
related to the solvent regeneration. By defining the minimum work of separation (MWS), this study esti-
mated the minimum energy required to capture the CO2 emitted by coal-fired thermal power plants.
Then, by evaluating solvents and processes and comparing it to the MWS, it proposes the learning model
with the best fit for the post-combustion chemical absorption of CO2. Learning models are based on earn-
ings from experience, which can include the intensity of research and development. In this study, three
models are tested: Wright, DeJong and D&L. Findings of the thermochemical analysis indicated a MWS of
0.158 GJ/t for post-combustion. Conventional solvents currently present an energy penalty eight times
the MWS. By using the MWS as a constraint, this study found that the D&L provided the best fit to the
available data of chemical solvents and absorption plants. The learning rate determined through this
model is very similar to the ones found in the literature.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The scientific literature has recently emphasized the analysis of
carbon capture in energy facilities [1–4], which is considered to be
one of the most important alternatives for mitigating greenhouse
gas emissions [2,5]. Its application is being widely assessed in
the scientific literature, mostly in industrialized countries [6–10],
although emerging countries such as China [11–15], India [16],
and Brazil [3,16–19] are also evaluating this option. Actually, in
2012, a pilot plant was designed to demonstrate carbon capture
in an already planned coal-fired plant in Brazil [17].

There are currently three routes for carbon capture: post-
combustion, pre-combustion and oxy-combustion. The most

studied case is the retrofitting of existing thermal power plants
in order to integrate the carbon capture facility [4,12,13,20]. This
alternative is usually based on the chemical absorption of the
CO2 diluted in the flue gas of the thermal power plant – the
so-called post-combustion capture route [21,22].

This paper focuses mainly on the post-combustion route, since
it is the most well-established one, being already used in the
chemical sector. It is also the main option for the retrofitting of
power plants. Even though it appears to be an outdated and fully
developed process, in fact there is still considerable room for
improving it, as will be shown further.

All capture processes essentially involve at least one separation
facility, which raises the need of new equipment and the increase
of the final energy consumption. This energy cost can be consider-
ably high for capture purpose and is evaluated as an energy penalty
in the power plant. Typically, in post-combustion capture plants,
the regeneration of the solvent and release of carbon dioxide is
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responsible for the most part of the energy penalty, up to 60%
[23,24].

Hence, in order to compare the various capture processes
available today for retrofitting thermal power plants, it is worth
estimating the minimum energy required to capture the CO2 emit-
ted, in a conceptual unit. This study estimates this ‘‘minimum work
of separation’’ (MWS), as the lowest amount of energy required for
the separation of one or more components of one or more mass
flows. The MWS will be used both as an indicator and a threshold
for the energy penalty.

The objective of this study is to correlate the energy require-
ments regarding the regeneration of the absorption-based carbon
capture process with the learning trend of this same technology.
Initially, it presents the methodology used for calculating the ther-
modynamic limit of carbon capture. Then, it reviews different
learning models available in the scientific literature and develops
a novel learning model. Afterwards, the study determines the
MWS for the chemical absorption of carbon dioxide. Several sol-
vents and processes are, then, compared to the MWS, and the study
details the nature of the energy penalty. Finally, the study indicates
the learning model with the best fit for the post-combustion
chemical absorption of CO2.

2. Methodology

This section presents the methodologies used to relate the
thermodynamic limit of absorption based carbon capture process
and the models that simulate technological learning. Firstly,
the methodology for calculating the thermodynamic limitation of
the energy penalty (in other words, the MWS itself) is presented.
The MWS is then used as an indicator of the current status of the
available and promising absorption technology, based on the per-
formance deviation of the real solvents from the theoretic MWS.
Afterwards, the use of learning models is discussed. These models
are a powerful planning tool, widely used in the energy sector
[1,25–30], for it allows the evaluation of scenarios regarding the
cost reduction of different technologies. As will be thoroughly
shown, in cases such as the chemical absorption there may be con-
ceptual advantages in using models that allow a minimum thresh-
old. Finally, this paper presents a learning curve for the carbon
capture plant based on the historical evolution of the chemical
absorption process and the MWS.

2.1. Thermodynamic limits of capture processes based on chemical
absorption

Basically all capture processes (post-combustion, pre-
combustion and oxy-combustion) involve at least one separation
step that is strongly linked with the energy penalty. In recent years,
the development of absorption-based capture processes focused
mainly on the reduction of the energy penalty, either with the
development of new solvents or designing processes with entirely
new concepts [24,31]. The separation step of the absorption pro-
cess is the most energy intensive one, particularly the solvent
regeneration in the reboiler. For this purpose, this is the main focus
of research and development in absorption and is regularly used as
an indicator for comparing absorption processes [24,31].

In order to compare the various available capture processes, it is
worth knowing the minimum energy required of a conceptual cap-
ture unit. As a general simplification, all capture process can be
divided into two major steps: separation and compression of CO2.

Even though some systems (such as pre-combustion capture
systems) can produce a CO2 stream at high pressures [3], since
the main option currently accepted for the sequestration of

large quantities of carbon dioxide is the geological storage of
CO2, a stage of compression is always required [17,20].

The minimum work of separation (MWS) was calculated
through the exergy difference of the process streams involved, as
such:

Wmin ¼ DB ¼
X

in

B�
X
out

B ð1Þ

Two different methodologies were used for calculating the exergy
of the streams. The first method considered an ideal solution of
the components and the exergy was calculated by the following
equation:

B ¼ �R � To �
Xnc

i¼1

xi ln xi ð2Þ

where R is the universal constant, To is the reference temperature
(298 K) and xi is the molar fraction of the component ‘‘i’’.

The second method uses an equation of state (EOS) to calculate
precisely the streams’ properties at the process conditions [32],
specially the entropy and enthalpy. The EOS used in this paper
was the Peng–Robinson. Both properties can be used to calculate
each stream’s exergy by the following relation:

Wmin ¼ DB ¼ DH � To � DS ð3Þ

There are some studies that have taken a similar approach for
calculating the exergy of a process stream. For instance [33,34] uses
an approach based on the first method, while [32] based their find-
ings on the method similar to the second. In the current study, both
methods were used and the results were compared. The basic dif-
ference between the two models is related to how these methods
account for the non-ideal behavior of the components. The first
method, considers an ideal solution of components, while the sec-
ond one, by applying an equation of state, is able to represent the
non-idealities with higher degree of accuracy.

To calculate the MWS, one can define a general conceptual cap-
ture system with chemical absorption reactions as the one shown
in Fig. 1. Firstly, it is assumed a standard capture rate of 90%
[13,17,20]. As this is used throughout this study, we can safely
compare different solvents/processes with the MWS. Assuming a
flue gas stream with a certain amount of CO2, the capture process,
whichever it is, should generate a rich-CO2 stream (to simplify, let
us consider this stream as pure CO2) and another stream, contain-
ing the remaining CO2, that was not captured, and the remaining
contaminants.

Generally, the last step of the capture process is the compression
of the captured CO2. This can also be an energy intensive step, espe-
cially for low pressure systems, such as post-combustion carbon
capture systems. As for the MWS, the Minimum Work of Compres-
sion (MWC) is also calculated according to two methods. The first
considers the work of an isothermal compression of an ideal gas.
The second method uses an EOS, just as the second method for

Fig. 1. Conceptual separation process.
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