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Assessment of the potential
for CO, capture
using post-combustion methods

The combustion of fossil fuels in the process of generating electricity causes the emission
of carbon dioxide, which is considered the main anthropogenic reason for global warm-
ing. The paper’s subject is to assess the potential for CO, capture using post-combustion
methods. Post-combustion methods such as chemical absorption, physical separation,
membrane separation, and chemical looping, are described. The thermodynamic mod-
eling of a coal-fired supercritical power plant integrated with a post-combustion carbon
capture installation using the solvent method is performed. The results obtained from
the model are used to investigate the impact of the power plant when carbon capture is

performed.
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1. INTRODUCTION

Reducing CO, emissions is a crucial part of con-
temporary energy policy. To reduce the negative im-
pact of climate change, 195 countries signed the Paris
Agreement. This agreement defines achieving cli-
mate neutrality by 2050 as essential [1]. Considering
all greenhouse gases, CO, is perceived as the main
emission caused by human activity, in which 40% of
the global emissions of CO, are connected with fossil
fuel-fired power generation [2]. Despite a significant
increase in the share of renewable energy power gen-
eration in total energy production, global CO, emis-
sions from power generation and industrial processes
reached the highest level in 2022: 36.8 Gt CO, [3].
Considering the last several years in Poland, a signifi-
cant decrease in CO, emissions of 16% from fossil
fuel-fired power generation and a slight increase
in CO, emission of 2% from industrial processes can
be observed, respectively, by comparing the years
2021 and 2005 [4]. The European Union introduced

an emission trading system to promote a gradual and
rational reduction of greenhouse gas emissions. The
system is based on a financial mechanism (the pur-
chase and sale of emissions) that forces countries to
develop and use low-emission technologies.

The aforementioned ecological and political fac-
tors make the reduction of CO, emissions one of the
most important scientific and research challenges. In
countries where power is mainly produced based on
fossil fuels, CCUS (Carbon, Capture, Utilization and
Storage) technology is a promising option to over-
come this problem. This technology aims to reduce
emissions by capturing carbon dioxide and then stor-
ing or converting it into other useful products [5]. In
the case of CCUS technology, three basic methods
of CO, capture can be distinguished: pre-combustion,
post-combustion, and oxy-combustion [6, 7].

The post-combustion method is the most suitable
for use in existing installations. This solution seems
to be particularly important in the Polish power sys-
tem, where coal and lignite-based units predominate.
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Despite the rapid development of renewable energy
systems, fossil fuels will be the basic energy carrier in
the Polish power system for a long time [8].

2. POST COMBUSTION CO,
SEPARATION TECHNOLOGIES

Post-combustion carbon capture methods are based
on capturing carbon dioxide from the exhaust gas
from fuel combustion. The technology scheme is pre-
sented in Figure 1. Exhaust gas produced as a result
of fuel combustion is initially purified by the removal
of nitrogen, sulfur and dust, and then directed to the
CO, capture installation. The gas consists mainly of
nitrogen and carbon dioxide, with a concentration
of carbon dioxide about 4-14% [9]. This results in
a low CO, partial pressure in the gas mixture and
complicates the separation process. An additional
challenge related to the design of this type of installa-
tion is the high temperature of the exhaust gases.

The main advantage of the post-combustion meth-
od is the possibility of using it in both new and exist-
ing installations without introducing drastic changes
[10]. In addition, it is possible to achieve purity of the
produced carbon dioxide above 99% [11]. Units with
post-combustion installation are highly flexible: it is
possible to regulate the amount of the captured CO, as
well as to completely disable the capture, which enables
the control of power plant power per market demand [12].
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Post-combustion installations should be designed to
achieve the lowest possible carbon dioxide emission at
the lowest energy cost. Depending on the method of
carbon dioxide capture, the following separation meth-
ods can be distinguished in the post-combustion technol-
ogy: chemical absorption, physical separation, membrane
separation and chemical looping.

Physical separation uses the phenomenon of ab-
sorption, adsorption or cryogenic separation [7].
Physical adsorption is based on the use of porous
materials such as activated carbon, silica, zeolites or
organometallic frameworks (MOFs) [13]. In case of
membrane separation, a membrane is used for the
separation or absorption process. Membrane separa-
tion is usually connected with low energy consumption,
low operating costs and the possibility of easy scal-
ability [14]. The method of fuel combustion in a chemi-
cal loop is based on the use of two reactors: air and
fuel, and a metal oxide compound circulating between
them. The metal oxide is a source of oxygen during
the combustion reaction. As a result of combustion in
pure oxygen, the flue gases consist mainly of carbon
dioxide and steam [15].

Carbon dioxide separation using chemical absorp-
tion uses a chemical reaction between CO, and sol-
vent. This method is characterized by high invest-
ment and operating costs [16]. Chemical absorption
based on the use of amines is considered to be the
most mature CO, separation technology [17]. It ap-
plication covers mainly pilot power plants [18-21].
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Fig. 1. Post-combustion technology scheme [6]

3. CHEMICAL ABSORPTION

Separation of carbon dioxide using chemical ab-
sorption is based on the reaction between the carbon
dioxide contained in the flue gas and the chemi-
cal solvent in the absorption column. Amines, aque-

ous ammonia solution and potassium carbonate are
used as solvents [22]. The reaction products of
amines and carbon dioxide are carbamates or bicar-
bonates.

Considering power-generation and industrial pro-
cesses, the following ethanolamines are widely used:
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MEA monoethanolamine, DEA diethanolamine and
MDEA methyl diethanolamine. The main advantage
of ethanolamines is their high ability to capture CO,,
while the main weakness is the high energy consump-
tion of the regeneration process. In addition, amines
are easily oxidized, which results in the formation of
corrosive compounds such as carboxylic acids or am-
monia. It is necessary to use the appropriate concen-
tration of amines to avoid their degradation. Re-
search is being conducted on improving the efficiency
of capture and reducing the energy consumption of
the process by selecting appropriate mixtures of chemi-
cal solvents [23].

The scheme of the chemical absorption process
using amines is shown in Figure 2. After passing
through the boiler, flue gases are directed to the ab-
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sorber chamber. A chemical reaction takes place with
the solvent, which absorbs CO,. The solvent is typi-
cally a 30% aqueous solution of ethanolamies [24, 25].
The solvent enriched with carbon dioxide is directed
to the stripper (desorber), where the regeneration
process takes place. The stripper is made of two verti-
cal columns. After passing through one of them and
preheating, the solvent is directed to the reboiler. By
supplying steam, the temperature of the solvent rises
to a level that allows separation. Water vapor and car-
bon dioxide flows upwards, and the regenerated liquid
solvent flows downwards, before being cooled and di-
rected back to the absorber. The mixture of steam
and carbon dioxide is cooled, which allows for steam
condensation and separation. Next, the carbon diox-
ide is compressed to a storage pressure level.
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Fig. 2. Scheme of the PCCS installation using the chemical absorption method with the use of amines

4. CALCULATIONS OF CO, CAPTURE
FROM A SUPERCRITICAL
COAL-FIRED POWER PLANT
USING AMINE TECHNOLOGY

Calculations of CO, capture using the PCCS in-
stallation with amine technology were carried out
based on the results of CO, emissions from the super-
critical coal-fired power plant presented in [6]. Simu-
lation results for different load conditions are pre-
sented in Table 1. For a 100% load, a power plant
produces 808.96 MW with coal consumption of
92.31 kg/s and the amount of exhaust gases emitted is

879.38 kg/s. By reducing the load, the output power,
coal consumption, gross and net efficiency decrease.

Table 2 shows the composition of the coal which is
used in the calculations of the exhaust gas composi-
tions directed to the CO, capture installation. The
exhaust gas content (mass and molar shares) is pre-
sented in Table 3. The flue gas consists mainly of ni-
trogen (69.5% mass fraction) and carbon dioxide
(20.98% mass fraction). The mass fraction of oxygen
and water are 3.39% and 5.50%, respectively. For dif-
ferent loads of the unit, the composition of the ex-
haust gases remained the same (the mass flow of gas-
es changed).
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Table 1
Parameters of supercritical coal-fired power plant under different load conditions [6]
Load Total power Efficiency . Exhaust mass
condition generation Gross Net Coal consumption flow

[70] [MW] [%] [70] [kg/s] [keg/s]

100 809.96 48.02 46.43 92.31 879.38

90 734.33 47.79 46.38 83.20 793.24

80 657.25 47.51 46.28 74.24 707.23

70 584.12 47.39 46.26 65.53 624.23

60 509.14 47.23 46.20 56.79 540.94

50 434.52 47.14 46.15 47.73 454.67

40 356.39 46.92 45.98 38.62 367.85

Table 2 The model developed of the CO, capture installa-

Content of coal used for analysis

Content Mass fraction [%]

C 0.5497

H 0.0350

0] 0.0463

N 0.0100

S 0.0080

Cl 0.0000

Moisture 0.1275

Ash 0.2235

Total 1.0000

Table 3
Exhaust gas content
Content Mass [%] Mol [%]

Nitrogen (N) 69.489460 73.169940
Oxygen (Oy) 3.388145 3.123258
Argon (Ar) 0.402427 0.297147
Water (H,0) 5.501076 9.007125
Carbon dioxide (CO,) 20.984630 14.064830
Sulphur dioxide (SO,) 0.166130 0.076492
Elemental carbon (C) 0.057712 0.141735
Elemental hydrogen (H) 0.003675 0.107536
Elemental oxygen (O) 0.004861 0.008962
Elemental nitrogren (N) 0.001050 0.002211
Elemental sulphur (S) 0.000840 0.000773
Total 100.000000 | 100.000000

tion using the amine method is shown in Figure 3.
The main components of the installation are the sys-
tem for supplying and discharging the treated flue
gases, the absorber-desorber system enabling CO,
capture and solvent regeneration, and the CO, sepa-
ration and compression system. The fuel mass flow as
well as the fuel composition, are input data. The sol-
vent used in the study is a 30% aqueous monoethano-
lamine (MEA) solution. The supercritical power plant
only produces electricity, therefore, the heat needed
to regenerate the PPCS solvent is taken from the aux-
iliary boiler, producing steam at a temperature of
135°C and a pressure of 3 bar. Steam is delivered to
the reboiler.

Table 4 shows the simulation results of CO, cap-
ture with the PCCS installation for various super-
critical coal-fired power plant load conditions. CO,
capture capacity decreases as the load is reduced,
which is connected with a lower stream of exhaust
gases. The maximum achieved capture is 166.06 kg/s
of CO, at 100% load and 89.32 MW electric power
consumption.

Electric power for the installation’s needs is taken
from the power plant, directly affecting the overall ef-
ficiency. This can be noticed in Figure 4, where the
efficiency of the power plant with/without the PCCS
installation for different unit load conditions is pre-
sented. By reducing the load, the gross efficiency is
decreasing from 48.02% at 100% load to 46.92% at 40%
load. As the load decreases, the net efficiency without
the PCCS installation falls, respectively 46.43% and
45.98% for 100% and 40% loads. The net efficiency of
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the unit with the PCCS installation remains relatively
constant at 41.1%. The steam supplied to the reboiler
is generated by the auxiliary boiler. The input power

5
1

needed to generate it at full load is 647.1 MW. It is as-
sumed that this power is supplied from outside the sys-
tem and does not affect the operation of the installation.
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Fig. 3. Model of PCCS amine-based chemical absorption installation

Table 4

Simulation results of CO, capture with the PCCS installation for different loads of
a supercritical coal-fired power plant — mass streams and power consumption

co:;zl)?t(iion Lean amine Rich amine Reboiler steam COI:I(;:;V;Z d Cagt(l)l:ed
[%0] [kg/s] [kg/s] [kg/s] [t/h] [MW] [MW]
100 1724.24 1890.30 300.80 1082.880 89.32 422.26
90 1554.06 1703.73 271.12 976.032 80.53 380.58
80 1386.70 1520.24 241.90 870.840 71.83 311.02
70 1224.00 1341.88 213.53 768.708 63.41 299.75
60 1060.75 1162.90 185.05 666.180 54.95 259.77
50 891.53 977.38 155.53 559.908 46.20 218.33
40 721.36 790.83 125.84 453.024 37.37 176.66
= 48.02

47.79

48 47.39 47.51
46.92 47.14 RES
47

o 46
% 46.38 46.43
= 45 4598  46.15 46.2 4626  46.28
o
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Fig. 4. Efficiency of a power plant with and without PCCS
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The net power and efficiency reduction for differ-
ent loads are presented in Table 5. The efficiency re-
duction due to the operation of the PCCS installa-
tion ranges from 5.30 to 4.92 pp. (i.e. 11.41-10.70%).
The higher the load, the greater the decrease in effi-

The inlet, captured and emitted CO, mass flow for
different loads is presented in Figure 5. The lower the
load, the smaller the CO, mass flow, which is directly
related to the amount of exhaust gas. For a 100%
load, the captured CO, mass flow is 166.06 kg/s and
the emitted CO, mass flow is 16.46 kg/s.

ciency.
Table 5§
Comparison of the net power with/without PCCS and the reduction of the plant’s efficiency
for different load conditions
Load Net power Net power . .
condition | without PCCS |  with PCCS Efficiency reduction
[%] [MW] [MW] [pp-] [%]
100 783.14 693.82 5.30 11.41
90 712.66 632.13 5.24 11.30
80 640.23 568.40 5.19 11.22
70 570.19 506.78 5.14 11.12
60 498.04 443.09 5.10 11.03
50 425.39 379.19 5.01 10.86
40 349.25 311.88 4.92 10.70
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Fig. 5. Inlet, captured and emitted CO, mass flow for different load conditions
5. SUMMARY installation using an amine-based chemical absorp-

The paper presents an assessment of the possibility
of capturing CO, using post-combustion methods
based on the review of the current state of technology
development and the results of thermodynamic anal-
ysis of the operation of the supercritical coal-fired
power plant. The power plant is equipped with a PCCS

tion method. The social and economic factors that
accelerate the development of technology were dis-
cussed. The amine-based PCCS technology is indicat-
ed as the most mature and suitable for existing power
plants. Based on the assumed coal composition, the
composition of exhaust gases directed to the PCCS
installation was calculated. For different power plant
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load conditions, the captured CO, mass flow and the
efficiency drop due to the presence of the PCCS in-
stallation were calculated. Under nominal load con-
ditions (block capacity 809.96 MW), CO, capture was
166.06 kg/s with an electric power consumption of
89.32 MW. In this case, the efficiency of the power
plant compared to the efficiency without the PCCS
installation decreased by 11.41%. For lower load val-
ues, the efficiency reduction slightly decreased to 10.7%
at 40% load. The analyzed technology of CO, capture
using amines is characterized by high CO, capture
efficiency, but this is strictly connected with a sig-
nificant decrease in efficiency. The CO, capture pro-
cess requires a large amount of energy to be supplied
to the reboiler, which will also reduce the effective-
ness of the post-combustion installation in power
units. Further development of the technology for ap-
plication in large power plant units should focus on
reducing the energy consumption of carbon dioxide
capture.
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