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Abstract

Limiting carbon dioxide (CO.) emissions from large point sources such as thermoelectric plants is a
central challenge for mitigating global warming. Among post-combustion capture methods, amine-
based absorption using CESAR-1, a blended (AMP) / (PZ) solvent, has been widely used due to its
higher CO, loading capacity and lower regeneration energy. However, the presence of nitrogen oxides
(NO, NO,) in flue gas imposes a critical limitation: during solvent regeneration, nitrogen oxides
promote degradation of CESAR-1, leading to the formation of carcinogenic nitrosamines and
nitramines, which are known to be toxic. This paper reviews the distinct characteristics of AMP and
PZ, the two components of CESAR-1, as well as the reaction mechanism underlying CO, capture in
CESAR-1 system. Also, it focuses on the solvent degradation pathway that occurs in the presence of
nitrogen oxides, and the mechanism of selective catalytic reduction (SCR). Building on these
concepts, we propose an integrated SCR-CESAR-1 system that combines SCR with CESAR-1, an
amine-based solvent, to reduce CO, emissions while minimizing the risk of undesired byproduct
formation. Furthermore, by optimizing the catalyst used in the SCR system, the suggested system
aimed to minimize energy consumption across the system.
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Introduction

Due to rapid industrialization and rising global energy consumption, carbon dioxide (CO,) levels in
Earth's atmosphere have been increasing rapidly. CO, accounts for the largest share of human-
generated greenhouse gases, and its concentration has continued to increase due to human activities
[1], [2]. Not only had its share of greenhouse gas emissions increase over the past 250 years, but the
absolute amount of CO, has increased as well. This increased CO, acts as a significant greenhouse
gas, trapping the heat radiated from the Earth [3], [4]. Figure 1 illustrates the historical increase in CO,
emissions and atmospheric concentrations, particularly since the Industrial Revolution.
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Figure 1. Increase of CO, after the Industrial Revolution. (a) The comparison of global
greenhouse gas concentrations is shown between the 1980s and 2022. In the 1980s, CO;
accounted for about 65% of total global greenhouse gas emissions, but in 2022, its share
had increased to over 75% [1], [2]. (b) The actual amount of CO> continued to increase since
the start of the Industrial Revolution in 1750, with a rapid increase between 1960 and 2010
[3], [4]- (c) The graphical scheme for the greenhouse effect. Greenhouse gases, including
H,O, CH4, COg, etc., are atmospheric gases that absorb and emit infrared radiation
particularly well, thereby significantly contributing to global warming [5]. (adopted from
Schmidt et al., (2010))

Among the several technologies aimed at reducing excess atmospheric CO,, the post-combustion
method is the most well-suited and efficient way to capture and process industrial emissions, given its
high compatibility with existing processes. Capture is accomplished by separating and capturing the
CO, emitted with flue gas from industrial plants. The post-combustion method can also be adapted to
the existing plant without changing the basic operating procedure (Figure 2) [6].
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Figure 2. Structure of post-combustion system. The graphical scheme of the post-
combustion system [6] (adopted from Ros et al., (2025)). When the flue gas initially enters
the absorber, it reacts with the amine-based solvent, capturing carbon dioxide (COy). The
COg-depleted gas is then released into the atmosphere. Then, the COz-retained solvent is
transported to the Stripper, and heat treatment allows the rich solvent to separate into two
substances: concentrated (or highly purified) CO, gas and CO-lean solvent.

The post-combustion strategy combines an absorber with a stripper. The absorber is designed to
capture CO, from the plant's flue gas using an amine-based solvent, and the stripper is designed to
re-emit CO, from the CO,-rich solvent in a highly purified state, allowing it to be used as a source of
future energy resources. The post-combustion method can minimize additional equipment costs and
construction time, as it does not require altering the fundamental structure. Additionally, since this
system can operate independently of the combustion process that forms flue gas, post-combustion
methods have been receiving increasing attention for decarbonizing thermoelectric power plants and
industrial processes. Post-combustion methods use amine-based solvents, thanks to their high
reactivity with CO, [7]. Table. 1 represents each amine-based solvent’s structure, relative carbon
capture efficiency, and brief descriptions of its properties. [8], [9], [10]

Table 1. Structure and categorization of MEA, MDEA, AMP, and PZ, based on functional
groups [8], [9], [10]. The efficiency in carbon capture varies with the concentration of each
solvent, the amine circulation rate (cubic meters/hour), and, in many cases, the mixing and
utilization of the solvents.

Amine-based solvent Struciure caplure sifick Properties/Mechanism
~~_-OH Rapid absorption rate and high solubility
MEA H,N High = ! -
HO%N"“\-\/OH ow Tertiary amine, Form bicarbonate, Slow
Lz | absorplion rate. Rare lo use it alone
OH Primary amine, Form carbamate, excellant
L H,N B in liems of thermal stabilibyregenerstion
pz (\NH Very hich Strong nuclecphile, Form carbamate rapidly,
HN \./J ¥ hig Vry fast reaction rata
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Among others, MEA (Monoethanolamine) has been traditionally utilized as a primary amine-based
solvent. According to Bottoms (1930), MEA was originally utilized for separating acidic gases (CO,,
SO,, and H,S) from gas mixtures [11]. It is a water-soluble aliphatic amino alcohol that reacts
chemically with acidic gases at low temperature and releases them upon heating. It has been broadly
adopted in the initial industrial field due to its relatively high reactivity with CO,. MEA has been
developed since the early industrial era, so it has sufficient technological maturity. However, the MEA
simultaneously has distinct disadvantages due to its high corrosivity and requires high regeneration
energy, approximately 3.6-4.2 GJ/t CO, [12], [13].

To address these problems, MDEA or mixtures of individual amines, such as AMP with PZ (CESAR-
1), were developed [14]. One alternative, MDEA (Methyl diethanolamine), absorbs CO, via the
bicarbonate pathway rather than carbamate formation. MDEA has high thermal stability and low
regeneration energy requirements, but a slow CO, absorption rate. Therefore, it is rare for MDEA to
be used alone. During initial plant commissioning, MDEA was chosen for its ability to remove H,S and
retain a portion of the CO, in the residue gas. Its greater selectivity for H,S than for CO, can be helpful
once H,S is removed as an acidic gas, but to remove CO,, it can only be captured via a bicarbonate
pathway, which is a slow reaction and ultimately undesirable for its sole use in CO, capture [15].
Furthermore, in the presence of oxygen and metal cations, MDEA undergoes oxidative degradation,
forming corrosive byproducts such as formate and peroxide.

Even single-component amine solvents, such as MEA and MDEA, still involve a trade-off between
absorption performance and regeneration energy. As a result, many researchers have turned to
blended amine systems, in which one amine complements the shortcomings of the other. To maximize
performance in both processes, recent research has widely used a mixture of amines to compensate
for each solvent's weaknesses by combining two amine-based solvents with complementary
properties. One of the representative amines is the CESAR-1 solvent, or a mixture of AMP (2-amino-
2-methyl-1-propanol) and PZ (piperazine).

According to Mertdag et al. (2023), the reboiler duty, which is the amount of heat to regenerate CO,
from solvent, of CESAR-1 is about 20% lower than MEA and 10-15% lower than MDEA/PZ, together
with a low heat of absorption and reduced solvent circulation rate (L/G) [16].

Solvent circulation rate (L/G) is expressed as two factors: liquid and gas. In the CO, capture process,
the solvent is circulated throughout the overall system, which consists of the absorber and stripper.
When a certain amine solvent possesses a high CO, loading capacity, the whole system can circulate
a smaller amount of liquid amine to capture the same amount of CO,. As CESAR-1 has a high CO,
loading efficiency, it requires less liquid solvent to circulate, thereby reducing the additional energy-
consuming operations of pumps, heating, cooling, etc. Therefore, CESAR-1 delivers improved energy
efficiency while maintaining CO, absorption capacity equal to or above that of other systems.
According to the modeling result, CESAR-1 shows higher CO,-rich loading. When the system absorbs
90% of CO, from flue gas, the AMP-PZ system needs approximately 2.7 GJ/t CO,; on the other hand,
the MDEA-PZ system needs a high energy requirement, 2.9 GJ/t CO,, while regenerating the CO,-
rich solvent [17].

CESAR-1 has recently attracted attention as a replacement for the MEA due to its high energy
efficiency and stable operation; however, it still has intrinsic limitations when NOx is present in the flue
gas, as NOx promotes its degradation in the CESAR-1 system. In this context, x is restricted to 1 and
2 only.

Apart from NOx influx into the system, the solvent can be degraded through two steps: thermal
degradation and oxidation. NOx, especially, affects this oxidation step, forming carcinogenic
substances such as nitrosamines and nitramines even at low concentrations, 0.5 - 2.35 ppm [18].
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Byproducts formed during the degradation steps have been reported to reduce overall carbon capture
efficiency.

The Selective Catalytic Reduction (SCR) system is designed to resolve this issue and can utilize this
flue gas, especially for NOx. Engelhard Corporation first patented SCR technology in 1957, and since
the early 1970s, SCRs have been widely used for both nitrogen oxide control from stationary
combustion sources burning fossil fuels and for reducing solvent degradation in post-combustion
carbon capture applications.

Taken together, CESAR-1 offers distinct advantages in energy efficiency compared to traditional MEA-
based solvents; however, it also has critical drawbacks (nitrosamine/nitramine formation in a stripper
process and solvent degradation), which serve as a barrier for utilization in industry sectors. This paper
proposes a new flow design for the post-combustion carbon capture method, incorporating a SCR
system upstream to prevent the formation of such carcinogenic substances in advance. As a review
article, this paper focuses on the absorption and regeneration mechanism of CESAR-1, the
degradation pathways under NOx exposure, a SCR mechanism and associated catalyst, and proposes
an integrated flow diagram of the overall process (SCR-CESAR system).

The Post-combustion Capture mechanism using CESAR-1
Mechanism in Absorber

In the CESAR-1 solvent system, CO, can be captured by amine species, which can be carboxylated
to bicarbonate or carbamate, as shown in Figure 3.
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Figure 3. Carbon capture mechanism in the absorber. CO: is stored either in carbamate or
bicarbonate form with an amine-based solvent. For (a) — (d), there are depicted brief results
of the reaction mechanism in CESAR-1. Each reaction is conducted via carboxylation to
capture CO; in the solvent. Even if AMP is still under the impression of steric hindrance by
two methyl groups, a small amount of AMP-carbamate is present in stable form. For (e) — (g),
more detailed processes of the reaction mechanism. Fundamental reactions involve
nucleophilic attack of the lone electron pair of nitrogen on the electrophilic site, forming a
protonated or zwitterionic form with charged ions [19], [20], [21].

The AMP (2-amino-2-methyl-1-propanol) and PZ (piperazine) blend acts cooperatively via two distinct
mechanisms during the CO, capture process. AMP is mainly involved as a bicarbonate, whereas PZ
tends to be reserved for the carbamate form.

For the pathway involving bicarbonate formation (Figure 3a), AMP is highly favored. The steric nature
of both methyl substitutions (-CHs) near the amine nitrogen accounts for the unfavorable nature of
carbamate formation with AMP by hindering the approach of CO, near the Nitrogen atom. Therefore,
AMP unfavorably reacts with the amine, but it does interact with water. Proton transfer equilibrium with
water gives free hydroxide ions (OH™), which attack dissolved carbon dioxide to form bicarbonate, as
shown in Figure 3e [19], [20]. However, as seen in Figure 3b, the AMP-carbamate formation process
is undeniably present, and it is as stable as MEA-carbamate due to a similar hydrolysis barrier, which
prevents the carbamate from easily breaking apart. Nevertheless, AMP-carbamates are unlikely to be
observed in the CESAR-1 system due to the kinetic preference in the bicarbonate pathway [20]. The
methyl groups increase the negative charge density and polarizability of a nitrogen atom. They
stabilize the binding of the hydrogen atoms in the amine group and the oxygen atom of the interaction
between H,O and AMP and destabilize the binding of CO,. The charge redistribution also stabilizes
the binding of the nitrogen atom of AMP with the surrounding H,O molecules and makes CO, less
accessible to the nitrogen site of the amine. Thus, the AMP-carbamate is less favorable than hydrated
bicarbonate. [20]

Piperazine (PZ) reacts directly with CO, to form carbamate and dicarbamate species (Figures 3c—d
and 3f-g). Given that there are two secondary amine centers on PZ, these nucleophilic sites react
readily with CO,, forming both carbamate and dicarbamate. This allows it to form a zwitterionic
intermediate (a neutral species with both positive and negative charges), which is rapidly deprotonated
to form piperazine carbamate (Figure 3f) [21]. The second amine site binds a CO, molecule, forming
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a dicarbamate (Figure 3g). These reactions indicate the direct CO, capture pathway, which proceeds
via carboxylation and deprotonation.

Overall, the AMP/PZ combination shows a synergistic effect in CESAR-1. In particular, while AMP
ensures a low energy conversion of CO, into bicarbonate via water-assisted hydrolysis, PZ guarantees
rapid carbamate formation via direct carboxylation, improving the solvent's absorption kinetics, stability,
and reducing the regeneration energy compared to conventional MEA-based solutions.

Mechanism in Stripper and degradation process
The staple regeneration mechanism is shown in the Figure 4.
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Figure 4. Regeneration mechanism in the stripper. Regeneration mechanism of each amine-
based solvent (adapted from Li et al. (2023)) is described [22].

CO, is detached from the CO,-rich solvent by infusing a certain range of heat into the stripper phase.
This process, called regeneration, is the reverse of an absorption mechanism that restores contained
CO, as bicarbonate in AMP and carbamate in PZ. Unlike the single-amine mechanism, the blended
amine has multiple proton-transfer pathways to regenerate the original amine and produce CO,.
Furthermore, the presence of bicarbonate, which serves as a proton transfer path, is responsible for
less regeneration energy than the independent use of each amine, according to Li et. al. (2023) [22].
Through these regeneration pathways, the recovered amines are transferred to the absorber and
continuously undergo the same process until their life span is over.

Although the operating temperature and pressure generally vary depending on the operating
conditions, the absorber operates under mild conditions around 40 °C, 1.1 bar, where CESAR solvent
can stably perform, and the stripper operates under relatively harsh conditions around 120-125 °C,
0.9 bar, which facilitates CESAR solvent regeneration [23], [24]. Since the CESAR-1 system operates
over a wide temperature range and in the presence of oxygen-containing substances in the flue gas,
it inevitably exhibits side effects, such as thermal degradation or oxidation, under these conditions.
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The maijor byproducts derived from both thermal degradation and oxidation are depicted in Table 2.

Table 2. Chemical structures of byproducts generated from AMP, PZ, and AMP/PZ mixed
solvent systems. The byproducts are formed during the regeneration process, in which
CESAR-1 solvent unintentionally degrades into a few byproducts, taken from Buvik et al
(2025) [25]. Interestingly, some degradation products do not form when AMP or PZ degrades
individually but become prominent only when the two amines are mixed.
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For the byproducts formed during the thermal degradation and oxidation of CESAR-1, the likelihood
of returning from the CO,-rich solvent to the lean solvent is low, which in turn reduces the CO,
absorption capacity. Also, some organic acids, such as formic acid, acetic acid, and acetone, have
been identified as major oxidation products at higher CO, loadings. A large amount of corrosion has
been reported due to such acids produced by degradation, causing material damage and leading to
equipment failure. These drawbacks from inherent thermal degradation and oxidation can serve a
pivotal role in further usage of CESAR-1 in the Post-combustion carbon capture system. Researchers
suggested maintaining the temperature in the stripper within a certain range of approximately 120 °C
[24].

However, the presence of NO, in the stripper, which reacts to form N-nitrosopiperazine (MNPZ), poses
a major problem due to its negative effects on the environment and humans. Specifically, increasing
the risk of liver, lung, and gastrointestinal cancers upon prolonged exposure to MNPZ, and
contaminating aqueous environments, was reported in Vikram et al. (2024) [26]. Furthermore, in
mixtures rich in PZ, re-arrangement and hydrolysis of carbamate intermediates produce MNPZ and
related nitrosamines even in the presence of low concentrations of NO, (30-50 ppm). These
unexpected byproducts not only lead to solvent loss in the regeneration process, but also hazardous
effects within or near the post carbon capture system. These impacts cannot be reduced or regulated
by changing the reaction conditions, such as temperature or pressure [26]. Consequently, limiting NOx
concentrations is critical to minimize solvent loss and the associated environmental impact.

Selective Catalytic Reduction (SCR)

In SCR, NOx is converted into harmless N, and H,O with a reductant (traditionally, ammonia) by
reaction on a supported catalyst's surface. The catalyst structure can reduce the associated activation
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energy and steer the reaction toward the N-N coupling pathway, minimizing the formation of undesired
byproducts, such as NH; or N, O, especially N,O, which is considered a more potent greenhouse gas
than CO,.

In post-combustion CO, capture, the upstream SCR reduces the amount of NOx entering the
absorber/stripper loop, thereby reducing nitrosamines and oxidatively degrading the solvent. In
general, ammonia-based SCR follows the reactions shown in Figure 5 [27].

(a) Similar concentration of NO, NO, (Fast SCR)
NO + NO, + 2NH; — 2N, + 3H,0

(b) NO dominant (Standard SCR)
4NO + 4NH, + O, — 4N, + 6H,0

(c) NO, dominant
BNO, +9NH, — 7N, +12H,0

Figure 5. Ammonia based SCR reaction mechanism. This set of reactions was taken from
Iwasaki et al. (2010) [27] (a), Mechanism of fast SCR reaction. Fast SCR reaction becomes
dominant when NO and NO; is at similar concentration (b), Mechanism of standard SCR
reaction. Standard SCR reaction occurs when NO is dominant among NOx substances (c),
Mechanism of NO2-dominant SCR reaction.

Based on the flue gas concentration, the tendency among the three reactions varied. According to
Saito, Fujiwara (2023), the key factors in forming NOx in a fossil fuel power plant are classified into
Steam Flow Rate, Furnace Pressure, Combustion Air Temperature, and Steam Temperature near the
furnace wall [28]. These factors function with either a positive or negative tendency to form NOx. Based
on these factors, the NOx production mechanism is classified into Thermal NOx, Fuel NOx, and Prompt
NOx, as shown in the Figure. 6. Thermal NOx occurred regardless of the presence of fuel and
underwent a chain reaction rather than a direct reaction to form nitric oxide, because the boiler’s
temperature was not high enough for N-N bonding to be easily broken. On the other hand, Fuel NOx
results from the reaction of nitrogen-containing fuels with radicals, such as hydroxyl radical, oxygen
radical, and hydrogen radical. At first, the nitrogen-containing fuel, in this case, ammonia, breaks one
of its N-H bonds to form the NH, radical. This radical can help form NO by being oxidized by oxygen
gas, an oxygen radical, or nitroxyl (HNO). Both Thermal NOx and Fuel NOx involve flame radicals,
which facilitate the reactions. Prompt NOx reaction mechanism is not considered significant, as the
research stated that prompt NOx can be negligible in the conventional combustion of pulverized coal
[29], [30].
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third-body efficiencies
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Figure 6. NOx formation mechanism in power plants. There are two factors involving in NOx
formation. (a), Thermal NOx formation occurs due to the high-temperature environment in the
furnace/boiler [29]. (b), Fuel- NOx formation comes from the nitrogen-containing species. In
this case, ammonia was considered as the fuel [30].

Therefore, NO is accounted for the major portion of NOx, while NO, accounts for below 10% of the
total concentration. Thus, the Standard SCR reaction mechanism is the dominant process among the
three SCR reaction mechanisms.

According to Kiani et al. (2024), evidence indicates that Standard SCR is best described by the
Langmuir-Hinshelwood (L-H) mechanism, which is a process in which both reactants (and/or their
activated species) are pre-chemically adsorbed on the catalyst before the reaction occurs. Unlike the
L-H mechanism, both the Langmuir-Rideal (L-R) mechanism and the Eley-Rideal (E-R) mechanism
are reactions where one chemisorbed species reacts with non-chemisorbed species. The difference
between L-R and E-R mechanisms is how such non-chemisorbed species react with chemisorbed
species. In the L-R mechanism, the gas-phase species directly collides with the chemisorbed species
to initiate the reaction. On the other hand, for the E-R mechanism, the physisorbed species, which are
usually formed by van der Waals bonding with the catalyst surface, indirectly react with the
chemisorbed species, as shown in the Figure. 7 [31].
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Figure 7. SCR system and its catalytic mechanism. In traditional ammonia-based SCR,
ammonia gas is added to the flue gas before it enters the SCR system. Among three different
catalytic mechanisms, ammonia SCR is known to follow the Langmuir-Hinshelwood (L-H)
mechanism based on spectroscopic evidence and kinetic results. The graphical scheme of
those catalysts’ mechanisms was extracted from the 2024 work by Kiani and Wachs [31].

In addition, Kiani stated that the L-H mechanism accounts for higher reaction rates due to its secondary
dependence on site density, whereas the E-R and L-R mechanisms typically exhibit first-order
dependencies and are less commonly dominant pathways [31].

Specifically, the L-H mechanism’s second-order dependence on catalytic site density was confirmed
by spectroscopic evidence for the presence of surface intermediate species such as NH,NO. Even
though non-idealities, such as site heterogeneity and adsorbate-adsorbate interactions, can seemingly
indicate that the kinetic is followed by the E-R mechanism, the L-H mechanism is accepted as the
primary route for the ammonia-based SCR. That is the main reason why so many researchers are
conducting research to maximize active-site exposure and increase geometric surface area to
enhance overall catalytic performance. This could be achieved by considering catalyst structure, such
as microstructure, pore texture, and surface area [32].

Regarding catalyst type, the activation temperature of each catalyst is an important consideration for
maximizing overall system energy efficiency. According to Table 2, the traditionally used and prevalent
catalyst is a Vanadium (V)-based catalyst, which is only useful for power plants that emit high-
temperature flue gas [33].
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Table 2. Summary of operating conditions for each catalyst. Taken from Wei et al. (2024),
ultra-low-temperature SCR catalysts, such as Mn-based and Ce-based catalysts, are

suitable for fossil fuel power plants due to their lower operating temperatures compared with
conventional V-based, Zeolite, and Fe-based catalysts.

NO, Conversion
Catalyst Type Operaling Temperaiure Range (°C) Characteristcs
\basad Approximately 200- 400 More tham 90%
Zeolite catalysts Appraximataly 200-800 More tham 90%
Fe-basad Appraximataly 200-580 BO-35%
Mn-based Appraximately 100-250 More tham 80%
Ce-based Appraximataly 150-350 More than 90%

However, such V-based catalysts’ operating temperature range doesn'’t fit well with municipal waste
incineration power plants, which usually emit flue gas at around 100-200 °C. Ultra-low-temperature
SCR catalysts, such as Mn-based and Ce-based catalysts, are suitable for use in these types of power
plants. Therefore, catalysts should be selected based on the types of plants.

Suggestion of revised Post Carbon Capture system, integrating CESAR-1 with
SCR

The distinct advantage of the CESAR-1 is its ability to effectively eliminate CO, from flue gas. However,
as mentioned in Section 2.2, even a small amount of NOx in the flue gas can facilitate degradation in
the stripper, forming carcinogenic substances, which in turn form additional byproducts that serve as
a foundation for further degradation. To minimize this effect, this proposal suggests a revised CESAR-
1 system with the SCR method, hereafter referred to as a SCR-CESAR-1 system. (Figure 8.) To briefly
introduce our system, flue gas, which typically contains 120,000-150,000 ppm CO, and 158 ppm NOx,
is heated to 150°C - 250 °C in the heater. [34], [35] To undergo reaction at low temperature effectively,
the catalyst should be chosen among the Ultra-low-temperature SCR catalysts [33]. After NOx is
removed, flue gas is cooled to the absorber's operating temperature (around 40°C) via a heat
exchanger and then is introduced into the absorber. The measured temperature of flue gas from coal-
fired power plants is around 100-150 °C. To react NOx effectively with the catalyst in the SCR Reactor,
the heater should be adjusted before the flue gas enters the SCR reactor to deliver a specific amount
of energy for reaction. To undergo reaction at low temperatures effectively, the catalyst should be
chosen from Ultra-low-temperature SCR catalysts. Once the NOx is removed from the flue gas, leaving
nitrogen gas and water, it should be cooled to the absorber’s operating temperature via a heat
exchanger, and then the treated flue gas is introduced into the absorber. CO, is absorbed with the
CESAR-1 solvent to form carbamate, bicarbonate, Protonated-AMP, and Protonated-PZ. CO,-free
gas (clean gas) is emitted to the atmosphere, while CO,-rich solvent is transported to the stripper for
regeneration. During the regeneration process, the CO,-rich CESAR-1 solvent, in the form of
carbamate, bicarbonate, and each protonated amine, is heated with an electrical heater to release
CO, from the solvent. The detached solvent is captured and returned to the absorber until the solvent's
life span is over, and the generated CO; is stored in the CO, container.
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Figure. 8. SCR-CESAR system flow diagram. Flue gas containing CO, and NOx goes into
the SCR system. Within the system, a significant amount of NOx is converted to N, and H>O
within the SCR reactor. The remaining gas, which contains non-disrupted CO; is cooled and
enters the absorber to proceed post-combustion carbon capture process. CO; is captured
and stored in a container after this reaction.

This combined system (SCR-CESAR system) has several advantages.

First, the SCR—CESAR system is achieved by maintaining similar operating temperatures throughout
the entire process—from the thermoelectric power plant to the ammonia-based SCR unit and finally
to the CESAR-1 absorber & stripper—while minimizing the effort required for wide temperature
changes. This is especially achieved by the usage of ultra-low-temperature SCR catalysts in the
design.
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Second, the use of Mn-based catalysts not only saves the required energy but also reduces toxicity
compared with V-based catalysts, thereby contributing to green chemistry and sustainable industrial
processes. [36] Furthermore, the Mn-based catalyst reported that it can be activated in less toxic

solvents - such as oxygen molecules and hydrogen peroxide — in which the water is produced as a
byproduct, which is also an environmentally friendly substance.

Finally, even though not all the injected ammonia for SCR operation is fully utilized and some remains
as ammonia slip, the introduction of an ammonia slip catalyst (ASC) at the end of the SCR system
enables the remaining ammonia to react with NOx. This reduces the need for additional ammonia
injection, thereby lowering the overall ammonia consumption and associated costs [37].

Conclusion

Since CO, is the greenhouse gas largely produced by human activity, measures to limit these
emissions have often been described as an environmental imperative. Among the different types of
carbon capture processes, post-combustion capture is widely used, as it can be retrofitted into existing
industrial plants and processes. Amine-based absorption using CESAR-1, a blended (AMP) / (PZ)
solvent widely applied in post-combustion CO, capture, has gained attention due to its higher CO,
loading capacity and lower regeneration energy, since each amine compensates for the other's
weakness.

However, since CO, is not the sole constituent of the flue gas, the presence of other constituents,
especially NOx (where x is mostly 1 or 2), in post-combustion CO, capture also poses potential
problems, including (1) generation of MNPZ, a harmful byproduct to human health and the surrounding
aqueous environment, and (2) solvent loss during regeneration. This can be addressed by installing
an SCR system upstream of the CESAR-1 process to remove NOx from the flue stream before it
passes through the CESAR-1 absorber. The SCR-CESAR-1 combined system includes the SCR
reactor, CO, absorber, and stripper that comprises the CESAR-1. The system's advantages include a
similar reaction temperature across all stages, which limits heat losses from heating and cooling. The
proposed system also uses manganese-based ultra-low-temperature catalysts in the SCR, which are
considered less harmful than prevalent yet toxic catalysts such as vanadium.

Additionally, an Ammonia Slip Catalyst (ASC) system can be used to consume unreacted ammonia
that may remain after the SCR reaction, thereby reducing the amount of ammonia that must be injected
into the flue gas, saving costs and reducing emissions.

For a process or plant with (1) a large NOx emission, (2) ammonia in the flue gas and (3) temperature
of the flue gas within a certain range of 100-200 °C, such as a thermoelectric power plant and a
chemical plant, the SCR-CESAR-1 system is particularly suitable. This combined system enables
cost-effective, environmentally friendly reaction mechanism for NOx and CO, emission reduction.
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