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ABSTRACT

The steady build-up of greenhouse gases in the atmosphere is fast becoming one of the
major environmental problems of our time. Among these gases, carbon dioxide (COz) accounts
for over three-fourths of the global gas emissions, with power generation and other energy-
intensive sectors being largely responsible for its emissions. Cement production is a very
relevant industry, accounting for 2.4 Gt of CO; emissions, representing about 7% of total global

emissions of COa.

Monoethanolamine (MEA) has had wide acceptance as a solvent in carbon capture,
whereas it requires a large amount of energy for solvent regeneration; therefore, another solvent
known as CESAR-1, which is an aqueous solution of 2-amino-2-methyl-1-propanol (AMP)
and piperazine (PZ), has been studied by FP7 CESAR (Framework Programme) project to
provide higher uptake of CO; and low regeneration energy requirement. This study aims to
develop a carbon capture model based on the flue gas data obtained from a previous European

consortium project CEMCAP.

The system, which has not yet undergone commercial validation, is modelled within the
process simulation software Aspen Plus™. The process model was initially developed using
the CESAR-1 solvent. Following this, process modifications, including absorber interstage
cooling (AIS), were implemented to reduce energy consumption. Subsequently, a comparative
assessment was carried out against the benchmark solvent MEA, focusing on solvent

consumption, reboiler duty, and utilities requirements for the entire plant.

Because of its high CO; loading capacity, CESAR-1 solvent requires less solvent for the
same capture efficiency than MEA, which results in lower regeneration energy and utility
demands. Overall, this study shows that CESAR-1 solvent offers better performance with lower
energy consumption and utility requirements. This suggests that it is a viable choice for

improving the sustainability and efficiency of carbon capture in the cement sector.
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1. INTRODUCTION

Climate change is one of the most severe challenges that are facing our planet. It is mainly
caused by the upsurge in the concentration of greenhouse gases (GHGs) in the atmosphere, of
which methane (CH4), nitrous oxide (N20), chlorofluorocarbons (CFCs), water vapor (H20),
and carbon dioxide (CO») are the most important constituents [1]. These gases serve the
function of trapping heat within the atmosphere, thus resulting in an increase in global
temperature, which is later followed by severe weather events, melting ice caps at the poles,

and raising sea level.

Climate change poses not only profound environmental challenges but also significant
social and economic implications across global communities. Economically, it undermines
agricultural productivity, disrupts energy systems, and damages infrastructure, leading to
reduced GDP (Gross Domestic Product) growth and increased costs, especially in developing
countries where vulnerability is highest [2] .On the social side, climate change worsens poverty
and inequality through increased food insecurity, adverse health impacts, and forced
displacement, especially in areas with limited adaptive capacity. This combined burden poses

serious risks to social cohesion and public health, making climate resilience a global policy

priority [3].

Power Industry I Transport B waste
M Industrial Combustion and Processes Ml Fuel Exploitation ==GHG/cap
¥ Buildings B Agriculture

Gt COzeq
t COzeqfcap

Figure 1. Global GHG emissions by sector and per capita [4].
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According to Crippa et al. [4], global greenhouse gas emissions have risen dramatically
since 1970. Figure 1 illustrates this expansion in all of the key sectors, including electricity,
industry, transportation, and agriculture. Emissions hit a record high of more than 53 Gt of CO»
equivalent in 2023 [4]. The largest contribution comes from the electricity sector, followed by
transportation and industrial activities. Although emissions per person, as shown by the graph's
black line, have been relatively constant, overall emissions have increased due to population

and economic expansion.
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Figure 2. CO; emissions and emission intensity of cement production [5].

As shown in Figure 2, from 2015 to 2023, CO; emissions from the cement industry
remained relatively steady, ranging between 2.3 and 2.5 Gt of CO». Emissions intensity during
this period peaked near 0.58 t CO»/t cement and then gradually declined. Looking ahead to
2030, emissions are projected to fall around 1.8 Gt of CO,, with approximately 0.2t of CO;
expected to be captured through carbon capture technologies [5]. With innovations in energy
efficiency and decarbonization strategies for their processes, emissions intensity is expected to

lower to around 0.45 t CO»/t cement.

CO; emissions from cement industry mainly result from three steps during its production
cycle. Calcination process accounts for nearly 50% of total CO> emissions, which starts as

limestone (CaCOs3) undergoes thermal decomposition into lime (CaO) along with CO; as a
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byproduct at 890°C. According to Hofman et al. [6], the corresponding reaction is (CaCO3 «»
CaO + CO2) AH® = 178 kJ mol'. Burning fossil fuels such as coal and natural gas, the source
of ~40% of emissions, occurs at high temperatures (~1450°C) in the rotary kiln for the clinker
formation. According to Ige et al. [7], the remaining 10% of CO> emissions are an outcome of
electricity consumption in raw material grinding and cooling, as well as transport. As shown in
Figure 2, approximately 0.5 to 0.6 t of CO» are emitted for every tonne of cement produced in
recent years, rendering it one of the heaviest materials in carbon terms. To align with the IEA
(International energy agency) Net Zero Emissions by 2050 scenario, the cement sector must,
by 2030, make drastic emission reductions of overall CO» output below 2 Gt and emissions

intensity below 0.45 t CO»/t cement.

N3 . A [ R P . [
+71%

2 P PR B AP —- B
-26%

Gt CO

+
=
S

2022 2030 2050

Mitigation measures
Activity increase @ Material efficiency Energy efficiency @ Bioenergy
® Hydrogen @ Electrification @ Other fuel shifts @ CCUS

Figure 3. Emissions reductions by mitigation measure [8].

Reducing carbon emissions from cement production is a complex challenge, driven by
the sector’s reliance on carbon-intensive raw materials and the need for high-temperature
processes. Figure 3 shows the range of mitigation measures required to decarbonize the cement
industry. In the near term, improvements in energy efficiency, material efficiency, use of
bioenergy, electrification, and fuel shift can work for meaningful emissions reductions [9].
Nevertheless, these solutions will be crucial for restraining the growth of emissions,
particularly as the global demand for cement is on an upward trend. It is expected that by 2030,

a 7% increase in demand will take place.

At this point, carbon capture, utilization, and storage (CCUS) are of great importance. In

the cement industry, CCUS can direct target process emissions associated with the calcination



of limestone, a source that cannot be mitigated solely through energy measures. In the path to
net-zero cement production, CCUS plays an indispensable role, alongside the development of

low-carbon cements and alternative raw materials [8].



2. CARBON CAPTURE TECHNOLOGIES

Carbon capture (CC) has three major techniques for capturing carbon: pre-combustion
capture, post-combustion capture, and oxy-fuel combustion with CC [10].The biggest
difference between the processes lies in the position of CO; separation during the process,
where the latter, implies combustion carried out using an oxygen-rich mixture instead of air.

Different types of carbon capture techniques are shown in the Figure 4.

Amine scrubbing

—  Absorption

_ Pre-combustion Chilled amonia

CC process
—  Adsorption
Carbon capture _|  Post combustion _|
technologies CC Membrane
Oxy-fuel separation
~ combustion CC

— Calcium looping

Figure 4. Type of carbon capture techniques [11].

Currently, post-combustion capture and oxy-fuel combustion are among the most
promising CC technologies within the industry, while pre-combustion treatment is particularly
associated with relatively lower efficiencies because it focuses on controlling CO> emissions
from energy use rather than direct emissions. Gadogbe [12] points out that the adoption of these
technologies would be through the incorporation of new gasification schemes in the plants that
would assist in producing syngas or hydrogen-based fuels as energy sources. Yet hydrogen
flames are less radiant than their conventional counterparts thus making it incompatible with

the conventional clinker production processes within cement kilns.

According to Gerbelova et al. [13] and Hanifa et al. [14], post-combustion CC is
considered to be the most matured technology that can be made commercially viable because
it can be adapted into existing plants with relative ease. The cost of capital expansion (CAPEX)
and high solvent circulation remain some of the main challenges of post-combustion CC. In
contrast to these disadvantages, oxy-fuel combustion CC has the benefit of no NOx emissions,
since oxygen is combusted in air with no nitrogen in combustion and has lower energy demands

than post-combustion capture, but on the other side has high costs for oxygen generation and



into-system retrofitting [13, 14]. Thus, this study follows post-combustion CC technology and

various post-combustion methods are discussed in a following section.

2.1 Cement plant without CC

The procedure of a modern cement plant without a carbon capture mechanism is
exhibited in Figure 5. Cement manufacturing comprises a few key thermal and material
handling stages contributing to total energy use and CO; emissions [15]. At the raw mill, where
raw materials with an approximate 8% moisture content are ground and preconditioned to
prepare for air-dry conveying into the preheater. The preconditioned raw meal is designed to
be fed through hot exhaust gases from downstream, elevating its temperature to approximately

330°C while lowering its moisture content to about 1% [16].

I

Exhaust " Exhaust
Fuel
Gas

" Exhaust W Exhaust

Gas Gas — 5 Gas
Preparation

Cleaning Condition Cleaning

Cleaning

10%

1% moisture

——Fuel (Solid)
——Raw Meal
— Inert air
———Non-inert air
——Dust

-250°C

60%

Preheater

8% moisture 1% moisture, 100 °C

T

Airintake Airintake

Airintake

Figure 5. Schematic of cement plant without CO; capture [15].

In the precalciner, raw meal is introduced at about 650°C, where up to 60% of the fuel,
most often pulverized solid fuel, is injected. At this point, the calcination reaction-contributing
to about 50% of the cement industry's total CO> emission-converts calcium carbonate to
calcium oxide with attendant release of CO> [16]. The material is then fed into the rotary kiln
where clinker formation occurs at temperatures of 1100—-1300°C. The remaining 40% of the
fuel is fed in at this point, contributing to further CO; emissions from high-temperature
reactions. The hot clinker is then cooled in the cooler unit, falling from about 1300°C to 100°C,

with the heat recovery being utilized for preheating the incoming air and the raw meal.

The process integrates multiple exhaust gas cleaning systems, positioned after the kiln

and raw mill to manage dust and gaseous emissions. As shown in Figure 5, exhaust gases exit

6



at approximately 250°C and are directed through exhaust gas conditioning and fuel preparation,

improving energy integration and emission control.

The first two obvious conditions for the generation of CO; during the process are the
combustion of fuels in the pre-calciner and the kiln, and the decarbonation of limestone during
calcination. Barker et al. [15], illustrate that capturing these gases is a major opportunity for
the decarbonization of the cement sector; however, the operation presents some limitations to
integrating the CO» capture technologies. Heat integration between the current cement process
to the CC system, especially in post-combustion, could provide some advantages in

performance.

2.2 Post-combustion carbon capture in the cement industry: Industrial examples

Post-combustion carbon capture includes different techniques to remove CO> from flue
gases after cement production. The techniques currently being used in an industrial plant are

shown in Figure 4.

2.2.1 Amine scrubbing

Post-combustion CO: capture by means of amine scrubbing is one of the most established
and widely applied technologies in industrial practice. Amine scrubbing application in a cement
plant is illustrated in Figure 6, wherein flue gases from cement production are first cooled in a

Direct Contact Cooler (DCC) and treated to remove SO2, NOx, and dust.

I—ﬂ——‘ Pure CO2
Exhaust Gas compressor

—
Removed CO2 Separator
g4q 7
@
2z
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e
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uel
Contact l rectl
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'\
Raw material Flue Gas |
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ol N Flue Gas
Package Lean Water
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C02
Steam

Heat recovery

Figure 6. Generic flow sheet of an amine scrubbing in a cement plant [11].
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Flue gas from the top of DCC column, it passes into absorption column, where CO> is
selectively captured by an aqueous amine solution. Subsequently, the CO»-loaded solution is
further processed in a heat exchanger and passed to the stripper column at 100-120°C and 1.5-
2 atm pressure, where the solution is regenerated to release high-purity CO,. The lean solvent
is recycled back to the absorber. Application of this process and relevant their data as shown in

Table 1.

2.2.2 Chilled ammonia process

The chilled ammonia process (CAP) is a post-combustion carbon CC technology that
absorbs CO; using chilled aqueous ammonia at a relatively low temperature of approximately
12-13°C and ambient pressure. Figure 7 shows, the flue gas is initially cleaned in direct contact
cooler where it is cooled and treated with ammonia to remove sulfur dioxide, forming
ammonium sulfate ((NH4)2SO4), which can be used as fertilizer. This step is followed by a CO>
absorption column, where carbon dioxide contacts with the chilled ammonia solution. In order
to minimize ammonia slip, a water wash column is introduced above the absorber to capture

excess ammonia.

Exhaust Gas

\Water purge @:
sl
Iiake-up
50,
Rich
Hy); MHy
((NH;504) i Solvent
Flue Gas = H
Water 2 Heat ||'Fut
NH 2 “Pigma
- 502 : 1
- capt . !
— Steam - P
— Iy eat input
: o i
Fuel z !
]
o—L |
o :
5 Filier I
Raw material Flue Gas Ncl‘zse Lean :
—————#| Cementplant Solvent i
= ]
== S 0o 4

l cement

Figure 7. Process flow diagram of a CAP process [11].

The captured ammonia is then stripped from the water and recycled. An additional acid

wash step, using sulfuric acid (H2SO4), removes residual ammonia before the treated flue gas



is released through the stack. The absorbed COx is released in the stripper column using high-
temperature stream, typically around 160°C, regenerating the ammonia solution for reuse. A

separate appendix stripper treats the wash water purge to further reduce emissions [11].

2.2.3 Calcium looping

Calcium looping (CaL) is a one of CC techniques for the cement industry, which is highly
efficient in terms of capture effciency and has a potential for process integration. It can be
implemented through two main configurations: Tails-end calcium looping and integrated

calcium looping, which both have been demonstrated in cement industry [11].
2.2.3.1 Tails-end calcium looping

Figure 8 shows a process flow diagram of tail-end calcium looping process. This method
of CO» capture after combustion uses two fluidized bed reactors: a carbonator and a calciner.
According to Plaza et al. [11], the flue gas release from the cement industry is directed to the
carbonator, where calcium oxide (CaO) reacted at 600 to 700°C with CO; to form calcium
carbonate. Then, it transported to the calciner, where it is regenerated at 890-930°C, with

removing of CO; and regenerating CaO for reuse.
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Figure 8. Process of tail-end calcium looping at Ho Ping cement plant [11].



2.2.3.2 Integrated calcium looping

Figure 9 illustrate a process diagram of the integrated calcium looping process (adapted
from Plaza et al. [11]). This configuration incorporates the CO» capture system directly into the
cement manufacturing process. Instead of operating a separate calciner, the cement kiln’s
entrained flow calciner is utilized for the calcination of calcium carbonate. This results in
higher efficiency, as the system takes advantage of shared heat and raw materials. The sorbent,
typically the same raw meal used for clinker production, reacts with CO> in the carbonator, and
the generated CaCOs is then sent through integrated calciner to release pure CO». This method

eliminates the build-up of inert materials and avoids the need for fresh sorbent input.
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Figure 9. Simplified process diagram of the CaL process: integrated configuration [11].

2.2.4 Membrane-assisted carbon capture

Membrane-assisted CC is a post-combustion CO2 capture technology wherein the
selective permeation of CO2 occurs through a membrane material assisted by pressure gradient
considerations. Membrane-based CC process as shown in Figure 10. The method is suited to
the cement industry because of the high CO; concentration in the flue gases, increasing the
partial pressure driving force for separation. The flue gases from the cement plant are first
filtered through a coalescing filter and cooled to remove particulates and moisture, as outlined
in Figure 10. The conditioned gas is then compressed and passed through an additional filter

before entering a humidifier, where make-up water is added to maintain optimal humidity.
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Figure 10. Process of membrane-based carbon capture [11].
The superheated, humidified gas is introduced into a heated membrane chamber, where
CO; selectively permeates through the membrane. A vacuum pump extracts the CO»-enriched

stream, while decarbonized flue gas exits to the stack [11].

2.2.5 Sorbent-based CO; capture

Plaza et al. [11] explained that solid sorbent-based CO> capture employs materials such

as amine-functionalized silica-zeolites or MOFs that chemically or physically bind COx. In the
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Figure 11. Process flow diagram of sorbent technology [11].
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sorbent-based CC, as illustrated in Figure 11, flue gas from the cement plant goes through a

caustic scrubber and particulate filter before reaching the CO» adsorber, where the sorbent

selectively captures CO; while being cooled with water. The saturated sorbent is then moved

to the CO desorber, where steam regenerates the sorbent and releases concentrated CO». The

cyclic operation between the adsorber and desorber enables continuous CO> removal with

minimal environmental impact [11].

Different technologies for post-combustion carbon capture in cement plants along with

their respective data have been tabulated in Table 1. In particular, the specific reboiler duty for

these technologies falls within the range of 2.4-4.4 GJ/t CO., depending on such factors as

solvent or sorbent use, configuration of process design, and capture efficiency [11] as indicated

in Table 1.

Table 1. Real-world application of various post-combustion carbon capture technologies with relevant data [11].

Method

Amine

Scrubbing

Chilled
Ammonia
Process

Adsorption

Membrane
separation
Calcium
looping
(Integrated)
Calcium
looping
(tail-end)

Project

Longship

CEMCAP

RTI
MAL

(CEMCAP)
CEMCAP

HELCOT

Solvent or

sorbent

S26

Amine

Ammonia

PEI on

silica

PEBAX

CaO

CaO

SRD
(GJ/t COy)

2.70 to 3.0

2.37 to

3.75

24

3.22

4.07 to
4.42

NA

12

Plant

name

Norcem
cement
plant
Pilot plant
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center)

Pilot plant

Pilot plant
at TNO
Pilot plant
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Ho ping
cement

plant

Location
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Norway
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Sweden
Brevik,

Norway

Netherland

Spain
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Taiwan
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efficiency
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Table 2. Advantages and disadvantages of each post-combustion carbon capture technique [11].

Method Advantages Disadvantages
High CO; capture efficiency, High energy requirement for solvent
Amine Mature technology with industrial regeneration
Scrubbing experience Solvent degradation and corrosion
issues.
Chilled Lower energy demand than MEA Risk of ammonia slipping into the
Ammonia  due to reduced solvent temperature environment.
Process Higher CO; loading capacity. Requires efficient cooling and
recovery systems.
Potential for low-energy operation. Lower CO; capture efficiency for
High selectivity for CO». low partial pressure.
Adsorption
Lower energy requirement for Less mature and limited industrial
regeneration application.
Compact systems, potentially low =~ Requires high CO; partial pressure.
Membrane cost, and simple operation Limited selectivity and durability of
separation No solvent use membranes under cement flue gas
conditions
Synergy with cement kiln (CaO  High temperature operation increases
Calcium available from raw materials). thermal stress.
looping Suitable for retrofitting with Sorbent degradation.

moderate integration effort.

As shown in Table 2, the distinct advantages and disadvantages of various CO; capture
techniques have been discussed with respect to their feasibility for cement production.
Adsorption and membrane separation are promising, but they currently face obstacles related
to efficiency and large-scale implementation. Calcium looping offers compatibility with
cement processes but operates at high temperatures and suffers from sorbent degradation. Due
to high capture performance, technological maturity, and widespread industrial application,
amine scrubbing has been selected as the preferred CO; capture method for this research,

despite its higher energy requirements.
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2.3 Available solvents for carbon capture

The crucial factor in an absorption process is selecting the most suitable solvents.
According to Borhani et al. [17], three primary classes of solvents are chemical, physical, and

mixture solvents.

2.3.1 Chemical solvent

Chemical solvents are reactive liquids that chemically interact with CO2 molecules,
rendering them highly efficient even at low CO» partial pressures, such as those present in
cement plant exhaust gases. The primary benefits of these solvents include their relative
insensitivity to the partial pressure of acid gases, the ability to collect acid gases at levels up to
ppm, and a high mass transfer coefficient for absorption and desorption. The primary
drawbacks of chemical solvents are substantial energy demands for solvent regeneration,
inadequate selectivity among acid gases, high material costs, significant heat of absorption, and
pronounced corrosion issues. The predominant chemical solvents are amines, which are
categorized into primary, secondary, and tertiary amines, hindered amine, piperazine, and
aqueous ammonia [17]. The advantages and disadvantages of chemical solvents are shown in

Table 3.

Table 3. Advantages and disadvantages of chemical solvents [17, 18, 19, 20, 21, 22, 23]

Solvent Name Type  Density Boiling Advantages Disadvantages
(g/cm®)  point
at 20 ©0O)
(°C)
Mono- Primary 1.01 170 High CO; High regeneration
MEA ethanolam  Amine reactivity, low energy, corrosive,
ine cost, widely and volatile
used
Di- Seconda 1.09 271.1  Low volatility, Forms
DEA  ethanolam ry lower degradation
ine Amine corrosiveness products, less
than MEA. effective at high
CO2
concentrations.
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Solvent Name Type Density Boiling Advantages Disadvantages
(g/cm®)  point

at 20 ©0O)
°O)
MDEA  Methyl Tertiary  1.038 247.1 Selective H2S Slow CO»
diethanola = Amine absorption, low reaction, needs an
mine regeneration activator.
energy.
2-amino-  Hindere @ 0.934 165 High CO» Low mass
AMP  2-methyl- d Amine loading, good transfer rate.
1- regeneration.

propanol

Cyclic 1.10 146 High Capacity,  Low solubility,
PZ Piperazine

Amine fast kinetics. volatile.
0.681 -33.34 Low cost, Ammonia slip,
Ammo i
Ammonia captures high volatility.
nia )
multiple
pollutants.

2.3.2 Physical solvent

Physical solvents differ from chemical solvents in that they dissolve CO2 without reacting
with it chemically. They are especially effective under high-pressure conditions, which makes
them more common in pre-combustion or syngas applications. Still, they are also studied for
integration into cement plant capture processes under high CO»-rich gas streams and clean or
pretreated flue gas. Common physical solvents are Methanol, DPEG (Dimethyl Ether of
Polyethylene Glycols), Propylene carbonate, and NMP (N-Methyl-2-Pyrrolidone) [17].
Physical solvents exhibit high vapor pressure, resulting in greater solvent loss during operation
and necessitating very low operating temperatures (from -59.5°C to -73.3°C). It requires
significant electrical energy to powers the vapor-compression refrigeration cycle, which

remove heat from process stream to maintain very low temperature.

2.3.3 Mixture solvent

Mixture solvents consist of two or more solvents formulated to enhance CO> capture

efficiency. Common examples of mixture solvents include MDEA-PZ (Methyldiethanolamine-
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Piperazine), MEA-MDEA (Monoethanolamine-Methyldiethanolamine), and AMP-PZ [17].
These blends leverage the rapid absorption capabilities of one solvent alongside the high CO-
loading capacity or lower energy requirements of another. Benefits include enhanced kinetics,
increased efficiency, reduced energy required for regeneration, and minimized solvent
consumption. Conversely, drawbacks include increased system complexity, potential

corrosion, difficulties in maintaining solvent stability, and possibly elevated operational costs.

2.4 CESAR-1 solvent

An increase in consideration for energy efficiency and environmental sustainability has
initiated the introduction and development of advanced solvent systems for post-combustion
CO; capture over and above traditional reference systems such as monoethanolamine (MEA).
Amongst others, the most promising alternative is the CESAR-1 solvent built under the
European CESAR (CO; Enhanced Separation and Recovery) project. CESAR-1 is an aqueous
blend containing approximately 3 M of 2-amino-2-methyl-1-propanol (AMP) and 1.5M of
piperazine (PZ) [24]. Morgan et al. [24] explained that the combination of AMP and PZ was
strategically designed to reduce the energy required for CO; capture regeneration, while
enhancing mass transfer rates and mitigating degradation and corrosion issues compared to

MEA.

According to Budzianowaski [25], AMP shows lower reactivity with CO> than MEA,
which means lesser heat of absorption and lesser solvent loss due to degradation. Its steric
hindrance avoids carbamate formation, allowing higher CO. loading capacity, although
achieving such ideal stoichiometric loading is challenging under low partial pressure
conditions. However, when AMP is blended with PZ, a fast-reacting diamine known for its
high reaction kinetics and stability, the system compensates for AMP’s slower kinetics. PZ
serves as a rate promoter, enhancing the absorption efficiency while maintaining efficient
regeneration performance. The piloting tests have successfully validated CESAR-1, but it has

not been applied on the full scale in the cement industry.

2.5 Comparison of CESAR-1 solvent over MEA

With focusing on improving post-combustion CO> capture technologies, CESAR-1 has
become a promising alternative to conventional MEA solvent. In this regard, some pros and

cons of CESAR-1 over MEA are listed in Table 4.
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Table 4 .Advantages of CESAR-1 solvent over MEA [26].

Aspect CESAR-1 (AMP+PZ) MEA
Solvent composition 27 wt% AMP + 13 wt% PZ. 30 wt% MEA
CO2 loading High (~2.1 mol CO2/kg solution) = Moderate (~1.8 mol COx/kg
capacity solution)
Heat of absorption Fast (due to PZ promoter) Low
Regeneration Lower (2.8-3.2 GJ/t CO,) Higher (3.5-4 GJ/t CO»)
energy
Corrosion tendency Lower Higher
Degradation by- Fewer harmful products Forms heat-stable salts and
products ammonia derivatives

CESAR-1 has higher loading capacity, required lower energy for solvent regeneration
and low degradation than MEA, however CESAR-1 has a few disadvantages compared to
MEA, such as higher solvent cost, increased foaming tendency due to the piperazine content,
and is still undergoing commercialization and scale-up in the cement industry. These
limitations are relatively minor in comparison to its performance benefits. Therefore, despite
the few challenges, CESAR-1 solvent was chosen for this study due to its overall superiority

and suitability for large-scale CO; capture systems.

According to Freeman et al. [27], the mechanisms responsible for solvent degradation
can be divided into two main categories: thermal degradation, being the result of an extended
exposure to elevated temperatures, and oxidative degradation, which can occur due to dissolved

oxygen and free radicals in the flue gas.

(a) Fe in CESAR-1 & MEA versus time (b) Total nitrosamine andHSS CESAR-1 & MEA versus time
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Figure 12. (a) Fe concentration of for CESAR-1 and MEA and (b) Total nitrosamine and HSS for CESAR-1 and
MEA [28].
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So far, not much research has been devoted to CESAR-1 solvent degradation products,
whereas numerous studies have investigated and evaluated the possible degradation
mechanisms of PZ and AMP. Heat-stable salts are the main degradation products of CESAR-
1. A degradation comparative study compared MEA and CESAR-1, the results of which are
presented in Figure 12. According to Campbell et al. [28], there is a comparatively lower
concentration of Fe in CESAR-1 than in MEA. Therefore, CESAR-1 is subjected to much less
amine degradation through oxidative and thermal processes. While MEA produces
significantly higher amounts of heat-stable salts than CESAR-1, the opposite trend observed
for total nitrosamines (TONO).
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3. LITERATURE STUDY

This section of the report will provide an overview of studies on carbon capture,
highlighting important parameters that affect the efficiency of capture and specific reboiler

duty.

3.1 Specific reboiler duty

The specific reboiler duty (SRD) is defined as the thermal energy needed to regenerate
the solvent per unit of COx capture, which is shown in equation 1. SRD acts as a key design
indicator for evaluation of carbon capture processes by direct influence on energy efficiency

and hence, operational costs.

reboiler duty

m . X re r:
€Oy inlet capture rate

SRD =

(1)

Where micg, , . refers to the mass flow rate for carbon dioxide entering via the flue gas,

typically given in tonnes per hour (t/h). Reboiler duty is expressed in kW or MW. The capture
rate represents the fraction of CO; separated from the flue gas at the top of the stripper column.
As aresult, SRD is expressed in terms of energy consumed per tonne of CO; captured, usually

in GJ/t COa.

Neerup et al. [29] explained that typical SRD figures for a conventional 30 wt%
monoethanolamine (MEA) solvent will be around 4.0 GJ/t CO;. Thus, a CESAR-1 solvent
blend that consists of AMP and piperazine highly improves energy functionality. According to
Loge et al. [30], pilot plant and simulation studies reported SRD values between 2.03 and 3.39
GJ/t CO,, depending on the capture rate efficiency and implementation of advanced process
configuration. For instance, Kvamsdal et al. [31] studied that optimal lean solvent loading
could achieve a specific reboiler duty of around 3.02 GJ/t CO». In comparison, pilot tests

conducted at a cement plant reported a base-case SRD of about 3.39 GJ/t COa.

3.2 Capture efficiency

Carbon capture efficiency is a measure of how effectively a capture system removes CO>
from flue gas. Carbon capture efficiency can be defined in multiple ways depending on the
system boundary and data available. According Faramadrzi et al. [32], there are different
method for calculating carbon capture efficiency. The most widely used formula is the mass
flow rate of CO> removed from the incoming gas stream in stripper section by the inlet CO2

mass flow rate, which is shown in equation 2.
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. m Product
Carbon capture efficiency = Mco, (Product

)

Mo, (Flue gas)

3.3 L/G ratio

The liquid-to-gas ratio is a key factor in carbon capture processes, as it directly affects
efficiency and energy consumption. L/G is the ratio of solvent mass flow rate to flue gas flow
rate, which is shown in equation 3. An increase in the L/G ratio implies a higher solvent flow
relative to the gas stream, which can enhance the absorption capacity and improve CO> removal
efficiency. However, it requires high energy demand in the reboiler, as a larger volume of rich
solvent must be heated and regenerated. Consequently, the specific reboiler duty tends to rise
with higher L/G ratios.

. kg
L Mgplvent (f)

. kg
G Mflye gas(f)

= 3)

In a recent study, Cremona et al. [33] explained that the required liquid L/G ratio for
solvent circulation is largely affected by the choice of solvent. In the case of MEA (30 wt%)
requires an L/G ratio ranging from 6.5 to 7.5 kg solvent per kg of dry flue gas, with a typical
value of 7.22kg/kg observed under base-case conditions. In comparison, CESAR-I
demonstrates more efficient solvent usage, operating within a lower L/G range of 4.0 to
4.6 kg/kg. This reduction in solvent circulation for CESAR-1 reflects its higher CO; absorption
capacity, leading to improved thermal performance, reduced reboiler duty, and lower

operational costs.

3.4 Packing height of absorber and stripper

The packing height plays a key role in the performance of post-combustion CO» capture
systems. A bigger absorber column allows for enhanced gas—liquid contact, leading to better
CO; absorption efficiency, while an optimized stripper height supports effective solvent
regeneration and lower energy demand. However, increasing column height also brings higher
capital costs, larger equipment footprint, and greater pressure drop, which can raise operational
complexity and energy consumption. Therefore, column height must be carefully balanced to

achieve efficient performance without unnecessary cost or design challenges.

According to Luo and Wang [34], absorber packing heights ranging from 13.6 m to
30.6 m and stripper packing heights from 7.6 m to 28.2m is generally used in industrial
applications, depending on capture efficiency. CESAR-1 solvent systems at the Technology
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Centre Mongstad were tested with absorber packing heights of 12, 18, and 24 meters, allowing
flexible operation under different flue gas conditions [24]. The stripper column in the same
setup was modeled to reflect standard pilot-scale dimensions, although exact stripper height
values were not disclosed in the CESAR-1 model study. In contrast, MEA-based CO» capture
in cement plants that the absorber packing height was fixed at 30 meters, and the stripper

packing height at 12 meters, optimized for high CO; concentration flue gas [33].

3.5 Rich & lean loading

In solvent-based CO» capture systems, loading refers to the amount of CO; absorbed by
the solvent, typically expressed in mol of CO; per mol of amine (mol CO2/mol amine). During
the absorption process, the solvent comes into contact with the CO»-rich flue gas and becomes
progressively saturated; the concentration of CO; in the solvent after this stage is known as the
rich loading. Once the solvent is regenerated in the stripper by releasing the absorbed CO», the

remaining concentration of CO; in the regenerated solvent is termed the lean loading.

According to Chen et al. [35], MEA has a theoretical maximum rich loading capacity of
approximately 0.5 mol CO2/mol MEA, determined by carbamate formation, while tertiary and
sterically hindered amines (like AMP or MDEA) can achieve loadings up to 1.0 mol CO2/mol
amine, owing to their formation of bicarbonate species upon absorption. For 30 wt% MEA,
typical values under high CO, conditions show a lean loading of around 0.20 mol CO>/mol
MEA and a rich loading of up to 0.48 mol CO2/mol MEA, as confirmed in pilot-scale tests at
the Technology Centre Mongstad [32].

In comparison, the CESAR-1 solvent system, tested under similar conditions,
demonstrated a range of lean loading from 0.049 to 0.176 mol CO2/mol (AMP + PZ) and a rich
loading between 0.312 and 0.454 mol CO»/mol (AMP + PZ) [24]. However, these values can
vary depending on several operational parameters, such as absorber temperature, CO> partial

pressure, reaction kinetics, and the contact time of gas-liquid.

3.6 Absorber and stripper pressure

The operating pressures of the absorber and stripper columns important parameter in
terms of performance and energy efficiency of post-combustion CO> capture systems. In the
absorber, maintaining a pressure close to atmospheric conditions (typically 1.0—1.05 bar) is
standard, as higher pressures can increase CO- solubility but also raise equipment costs and

energy demand for flue gas compression. In contrast, increasing stripper pressure can
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significantly improve thermal efficiency by raising the boiling point of the solvent and
enhancing CO» desorption, thereby reducing specific reboiler duty. However, elevated stripper

pressure also requires stronger column materials and may increase solvent degradation rates.

CESAR-1 solvent system tested at the Technology Centre Mongstad (TCM), the absorber
was operated close to ~1.01 bar). The stripper pressure ranged from approximately 192 kPa to
221 kPa (1.92-2.21 bar) across various steady-state test cases [24]. These conditions were
optimized to balance CO> desorption efficiency with thermal energy requirements. According
Xue et al. [36], pressure effects in MEA-based post-combustion CO; capture systems and
reported that absorber pressure is typically maintained near atmospheric levels (~1.01 bar). For

the stripper, an optimal pressure range of 1.5 to 2.0 bar was identified.

3.7 Minimum temperature approach

In post-combustion CO; capture systems, the rich-lean heat exchanger presents a key
parameter in improving energy efficiency by recovering heat from the lean solvent releasing at
bottom of the stripper to preheat the rich solvent entering it. ATmin in heat exchanger defines
the smallest temperature difference between the two streams and directly impacts the system’s
thermal integration. A smaller ATmin (€.g., 5-10°C) increases heat recovery and reduces reboiler
duty, but requires a larger heat exchanger area and higher capital cost. Conversely, a larger
ATmin results in less heat transfer and higher energy consumption. Therefore, selecting an

appropriate ATmin 1 essential to balance operating cost and equipment size.

Several studies have investigated the optimal minimum temperature approach (ATmin) for
the rich-lean heat exchanger in MEA-based CO> capture processes. Shirdel et al. [37]
performed a sensitivity and cost analysis using Aspen HYSYSS, and tested ATmin values between
5.5°C and 15°C; their results indicated that the lowest total cost was achieved at ATmin = 15°C
under both evaluation methods. In a separate study, Andreasen et al. [38] explored the
optimization of a waste-to-energy flue gas capture system and identified the optimal ATmin
within the 5-15°C range. At an L/G ratio of 2.2 and stripper pressure of 1.85 bar, the system
performed best at a ATmin of 5°C, highlighting how optimal temperature approach values can

vary depending on process conditions and integration strategies.
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4. PROCESS DESCRIPTION

This part of the report goes into further information about carbon capture. Process

description and modifications for process improvements within the system.

4.1 Base case using CESAR-1 solvent

Figure 13 represents the process of absorption-based post-combustion carbon capture
from cement industry flue gas using CESAR-1 solvent, that simulated in Aspen Plus™. The
ELECNTRL (Electrolyte Non-random Two-Liquid) is selected as the thermodynamic property
method because it accurately represents electrolyte systems with strong ion interactions,

making it suitable for CO2 absorption in aqueous solvents.
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Figure 13. Process description [39].

Table 5. Flue gas data [40].

Parameter Unit
Mass flow rate  kg/h = 236470
Temperature °C 314
Pressure bar, 1

Gas composition, wet basis

CO; Vol%  32.0
N Vol% 58.8
0: Vol% 3.0

HO Vol% 6.2
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Flue gas characteristics of the cement plant, as shown in Table 5, were taken from Gazzani
et al [40]. List of components included in simulation is illustrated in Table S 2 in appendix B.
Cooling utility and hot utility used in the simulation is shown in Table 6. The equilibrium
reaction involved in the case of CESAR-1 during the process is shown in Table S 3 in appendix

B (taken from Yi et al. [41]).

Table 6. List of utilities specified in the simulation

Name Inlet conditions Outlet conditions
Cooling water 20°C, 1.01 bar, 25°C, 1.01 bar,
LP steam 3 bar,, superheated 3 bar,, condensate

4.1.1 Direct contact cooler

The DCC column is modelled as a ‘Radfrac’ column, with its specifications shown in
Table 7 The flue gas goes into the DCC column from the bottom of stage (15" stage). Cooling
water at 20°C is passing from the top stage of the column to decrease the temperature of flue

gas to 26°C for improving the absorption efficiency.

Table 7. Specification of absorber and stripper column without water wash column

Parameter DCC Absorber Stripper
Number of stages 15 26 11
Packing height (m) - 30 15
Packing Diameter (m) - 9 7
Top stage temperature(°C) 26.1 72.6 95.3
Bottom stage temperature(°C) 51.5 55.2 122.7
Condenser duty (kW) 0 0 1766
Reboiler duty (kW) 0 0 76389
Packing type - Mellapak 750Y = Mellapak 750Y
Pressure (bar,) 1 1 1.9
Calculation type Equilibrium Rate based Rate based

4.1.2 Absorption column

The absorber is modelled as a ‘Radfrac’ column, with its specifications shown in Table
7. A total of 30 stages are used in the absorption column. The column operates at 1 bar. In the
bottom part of the tower, the CESAR-1 solution at 40°C enters from the 5™ stage and contacts

the flue gas, which enters from the 30" stage in a counter-current flow. Some reactions occur,
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as specified in Table S 4 in appendix B, along with the kinetic rate constant and activation

energy [41].

Water-wash systems are introducing in the upper part of the tower for cleaning the flue
gas, particularly of any solvent carryover. Water enters from the 1% stage at 30°C and is
scrubbed out from the 4™ stage, before re-entering the column from the 5% stage. The CO»-
depleted flue gas exits from the top of the absorption column to the atmosphere while
maintaining AMP and PZ concentrations of 0.562 and 0.006 ppm, respectively. According to
Languille et al. [42], Limitations of releasing AMP and PZ concentration in the atmosphere 1
to 2 ppm and 0.5 to 1 ppm respectively. The rich solvent (CO;-loaded) exits via the bottom of

the absorber.

4.1.3 Rich-lean heat exchanger

Rich COs-loaded stream is sent to the pump for increasing pressure to 1 bar. The
temperature of the rich solvent is increased to 98.5°C by cooling the hot lean solvent exiting
the stripper from 122.54°C to 60°C. The heat recovery mechanism is simulated with the help
of a HeatX unit block.

4.1.4 Stripper column

The stripper is modelled as a ‘Radfrac’ column with their specification shown in Table
7. In the stripper section, there are two regions. The stripper section operates at 1.9 bar with a
pressure drop of 5 kPa. In the bottom region, rich solvent enters from the 5 stage, and the
reflux from the overhead condenser is also recirculated back from the 5™ stage. Kettle-type
reboiler is used for generating vapour by providing saturated steam. The reaction is specified
in the reaction tab inside the specification of the stripper section. Reactions are shown in Table
S 3 and Table S 4 are specified between the 1% stage and the 14" stage because the last stage is
counted as a reboiler. The lean solvent leaves from the bottom of the stripper at 122.5°C and

goes through the rich-lean heat exchanger.

The water-wash system is installed to recover the solvent. Water enters from the 1% stage
at 30°C and is scrubbed out from the 4™ stage. Then, it goes into the pump for increasing
pressure to 1.98 bar, and it cools down to 30°C by circulating cooling water at 20°C. Then, it
recycles back into the column from 1% stage. Packing MELLAPAK 350X is used in the water
wash section, with a packing height of 6 m and a packing diameter of 4 m. The stream exiting

from the top of the stripper contains mostly CO, and H>O.
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4.1.5 AMP and PZ make-up

Even after the temperature of the lean stream leaving from rich-lean heat exchanger is
cooled down to 60°C, it further cools down to 40°C by cooling water using a cooler, which is
modelled as HeatX. Then, before the recycle stream goes into the make-up block, its pressure
is decreased to 1 bar using pressure pressure-releasing valve. The makeup section is necessary
to adjust the concentration of the AMP and PZ to 27 wt% and 13 wt%, respectively, before
entering the absorber. This is done by utilizing the Makeup unit block, in which we have to
target the mass flow rate and concentration of AMP and PZ by adding manipulated variables

of AMP, PZ and H»O.

4.1.6 Multi-stage compression

The modelling method for multistage compression was taken from the CCSI toolset [43].
The top stream leaving from water wash of the stripper section goes into the heat exchanger to
cool down the temperature from 90.34°C to 30°C by cooling water at 20°C. Then, it goes into
the separator, which acts as a condenser with specification of 1.01 bar and 0 kW. For getting
pure CO; and maintaining the conditions for transportation of CO; in a pipeline, multistage
compressors are used. For that, the top stream from the separator goes into 1% compressors.
The compressor is modelled as M-compr with its specification as shown in Table 8. Polytropic
efficiency using the ASME method is specified in the compressor. Then, it goes into a heat
exchanger for cooling down the product stream to 40°C by passing cooling water at 20°C. The
product stream is sent into the separator to remove liquid water. The separator is modelled as a
Flash column. In the separator, pressure 0 bar with 0 duty is specified. The top stream from the
separator goes into 2" compressor. For transporting CO> through the pipeline, it is necessary
to have COz in a supercritical state. For that pure CO> stream leaving from the top of the TEG
column is sent into 3™ compressor. The product stream outlet from the compressor is at 83.82°C

and 152.89 bar.

Table 8. Multistage compressor specifications and simulation results

Compressor 1 Compressor 2 Compressor 3
Number of stages 3 4 3
Pressure, bar 7.43 50 152.89
CO:2 mole fraction 0.9817 0.9972 0.99995
H20 mole fraction 18293.6 ppm 2737.72 ppm 4.65 ppm
Pressure ratio 7.335 6.728 3.057
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4.2 TEG system

TEG (Triethylene Glycol) system is used to remove moisture content below 30 ppm from
the stream for avoiding hydrate formation in pipelines and corrosion issue [44, 45]. The
absorption column is modelled as a ‘Radfrac’ column and operated in equilibrium mode. A
total of 5 stages are used. Rich CO; stream enters from the bottom stage (5 stage), while TEG
enters from the top stage (1st stage) of the column. From the top of absorption, 99.99% pure
COaz is captured at 42°C and 50 bar pressure [43]. A mixture of TEG and H>O is taken from the

bottom of the column and sent for solvent purification.

For recovery of TEG solvent, before entering into separator, it is first heated from
41.41°C to 112.46°C in the heater. Heater is modelled as a heater. The separator is modelled as
a Flash column. Separator is operating at 121°C and 1.103 bar. From the top stream, H>O is
released in vapour form, while TEG is recovered from the bottom of the separator. Before
making up TEG into a make-up block, it was cooled down from 121°C to 50°C in the cooler.
Heat generated from the cooler is supplied to the heater block to heat the stream from 41°C to
112°C. The makeup section is necessary to adjust the concentration of the TEG to 100 wt%
before entering the absorber. This is done by utilizing the Makeup unit block, in which we have

to target the mass flow rate and concentration of TEG by adding a manipulated variable of

TEG.

4.3 Absorption interstage cooling (AIS)

In cement plants, CO: capture is particularly challenging due to the high flue gas flow
rate and relatively high CO; concentration. To enhance the thermal efficiency of this energy-
intensive process, interstage cooling has emerged as a valuable technique for process

optimisation.

A pump-around in an absorption column extracts heat between stages to maintain the
solvent's temperature as it absorbs gas. This enhances gas solubility and increases the absorber's
efficiency, as absorption processes generate heat that may normally elevate the solvent
temperature and diminish its capacity to absorb additional gas. In the absence of interstage
cooling, this heat remains within the system, diminishing efficiency and frequently

necessitating additional solvent [46].
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Figure 14. Diagram of absorber with interstage cooling configuration

Figure 14 illustrates interstage cooling within the absorption column. To maintain the
temperature inside the absorber column, three pumps are arranged around. The first pump-
around has been done from 30 to 22 stages with the outlet temperature at 40°C. The second
pump-around has been done from 21 to 13 stages with the outlet temperature at 30°C. The third
pump-around has been done from 12 to 5 stages with the outlet temperature at 30°C. This
technique helps to maintain the temperature along the absorption column by removing heat
produced during the exothermic reaction between CO2 and CESAR-1. According to Loge et al.
[30], by maintaining a lower and more uniform temperature within the column, interstage
cooling enhances the solvent’s absorption capacity, reduces solvent circulation and decreases

the energy required for solvent regeneration.
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5. RESULTS AND DISCUSSION

This part of study presents the results carbon capture, comparing MEA and CESAR-1
solvents, and analysing the impact of intercooling between absorption stages on energy

consumption, solvent circulation, and utility requirement.

5.1 Result of CESAR-1 base case

Table 9 summarises the simulation results employing the CESAR-1 solvent without using
absorber interstage cooling (AIS). The system demonstrates stable operation under standard
design conditions, achieving 95.09% CO- capture efficiency with a 979150 kg/h solvent flow
rate. The results of this study are compared with Cremona et al. [33], who carried out a detailed
simulation of MEA-base in a cement plant. Although their work uses MEA solvent and this
study CESAR-1, flue gas data and capturing efficiency are quite similar. As shown in Table 9,
less reboiler duty is required in case of CESAR-1 compared to MEA, which makes CESAR-

1’s suitability as more efficient alternative.

Table 9. Simulation result for the case of CESAR-1

Parameter CESAR-1 MEA (Reference) [33]
Flue gas flow rate (t/h) 236.47 239.68
CO; concentration in flue gas (vol%) 32 313
Solvent flow (t/h) 979.15 1730.52
L/G ratio (kg/kg) 4.14 7.22
Rich loading (mol/mol) 0.57 Not specified
Lean loading (mol/mol) 0.075 0.2
CO; capture efficiency (%) 95.09 95
Total CO; captured (t/h) 97.04 96.6
Flue gas Temperature (°C) 314 263
Minimum T approach at HX (°C) 5 10
Reboiler duty (GJ/t CO,) 3.15 3.80
Stripper duty (MW) 84.96 101.90
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5.1.1 Characteristics of CO: at different stages of the plant

Table 10 presents the key characteristics of the captured CO; stream at different stages
of the process, including after the TEG (Triethylene Glycol) system, compression section, and
top stream of the stripper section. Parameters such as mass flow rate, moisture content,
pressure, and temperature are highlighted. This data is essential for evaluating CO quality in
terms of pipeline specifications and further utilisation or storage. The consistency of these

properties is critical to ensuring efficient downstream processing and transport.

Table 10. Characteristics of CO> at different stages of the plant

Characteristics
Characteristics | Characteristics | Characteristics | of CO; after full
of cement flue | of CO; after of COz just compression
gas the stripper before TEG and TEG
Pressure(bar.) 1 1.9 50.77 152.89
Temperature(°C) 314 95.25 40 83.82
Mass flow(t/h) 236470 129989 97170.8 97044.9
COz (mole
fraction) 0.32 0.5473 0.997222 0.9999
0)) 0.03 2.02 ppm 3.68 ppm 3.69 ppm
H>O 0.062 0.4526 2737.72 ppm 4.81 ppm
N2 0.588 21.76 ppm 39.66 ppm 39.77 ppm
AMP 0 0.22 ppm 0 0
Pz 0 1.4E-08 ppm 0 0

As shown in Table 10, the TEG (triethylene glycol) system plays a vital role in removing
moisture from the CO; stream before compression. Before the TEG system, the stream
contained a water concentration of around 2737.72 ppm. The TEG unit efficiently reduces this

to just 4.81 ppm, ensuring the gas is dry enough to prevent pipeline corrosion, hydrate
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formation, and operational issues during transport. Along with water, trace amounts of oxygen

and nitrogen are also minimised, improving the purity and safety of the CO; stream.

After the TEG system, the CO» undergoes multistage compression, increasing its pressure
from 50.77 bar to 152.891 bar. These changes place the CO» in a dense-phase condition, which
is ideal for pipeline transportation due to its high energy efficiency and stability. The
compression process ensures the gas meets the necessary pressure and thermal conditions for

long-distance transmission to storage or utilisation sites.

5.1.2 Temperature and hydraulic profile within the column in case of CESAR-1

The temperature profile of the absorption column in the case of the CESAR-1 solvent
system exhibits a characteristic trend influenced by the heat released during CO> absorption.
The uppermost stages (1 to 4) function as the water wash section, maintaining relatively stable
temperatures between 72°C and 74°C, as no chemical absorption occurs in this region.
Beginning at stage 5, where the CESAR-1 solvent enters, the temperature increases sharply,
reaching a maximum of approximately 85°C on stage 7, because of the exothermic nature of
the CO; absorption reaction. After this point, the temperature gradually decreases along the
column, reaching around 54°C at the bottom (stage 30).
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Figure 15. Temperature profile of the absorption column without pump around in the case of CESAR-1

Figure 15 illustrated, the temperature curves for the liquid, vapour, and interface phases

closely follow one another, indicating efficient thermal interaction within the absorber. The
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absence of a pump-around system results in a pronounced temperature peak, which can be

mitigated by implementing intercooling strategies to improve carbon capture efficiency.

Moreover, Figure 16 shows a hydraulic plot, illustrating the relationship between vapour

and liquid mass flows across the column stages. The operating points lie within acceptable

hydraulic limits, confirming that the column operates well below its flooding, weeping, and

ultimate capacity.
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Figure 16. Hydraulic plot of the absorption column in the case of CESAR 1
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Figure 17 illustrates the temperature variations along the stripper column for the CESAR-
1 solvent. The graph shows a steady increase in temperature from stage 1 (bottom) to stage 15
(top), starting at approximately 96°C and reaching a maximum of around 122°C near the
reboiler. This rising trend reflects the heat input from the reboiler at the bottom of the column,

which facilitates the desorption of CO from the rich solvent.

Stages View ege ! =

Stages Vapor Liquid 45e+05 Ultimate capacity
4e+05 —

3,5e+05 =

= .--'_-‘-—____
Je05 | 4,98 mbar/m

/ConStant
17 mbar/m

/

— 0,94 mbar/m =% Operating point,

2,5e+05 —

2e+05 =

Vapor Mass Flow (kg/hr)

1,5e+05 =

L L '
Minimum liquid rate

1e+05 —

d Ermrmssisrsr s - -l 0‘41 mbar/m ---------------------------------------------------
T T T I ' T T T T T

0 Te+04 2e+04 3e+04 4e+04 Se+04

All Stages | Stages with Errors/Warnings

6 7

Figure 18. Hydraulic plot of the stripper column in the case of CESAR-1

Figure 18 illustrates the hydraulic profile and internal configuration of the stripper
column. The rich solvent enters at stage 1. The uppermost stages (1 to 4) function as the water
wash section. The hydraulic plot indicates that the operating point lies well within safe limits,
with a pressure drop of approximately 0.94 mbar/m, which is far below the flooding and
capacity constraints. The stage-wise plots confirm stable flow conditions without any hydraulic
warnings. The counter-current flow of vapour and liquid supports efficient solvent regeneration

through consistent heat and mass transfer.

This stable hydraulic behaviour ensures effective CO; desorption and minimises energy
loss. It also indicates that the stripper design is well-optimised for the operating range used in

CESAR-1-based post-combustion carbon capture.

5.1.3 Total utilities and electricity requirement in the case of CESAR-1

Table 11 presents the cooling water requirements across various sections of the CO:

capture plant. The total cooling duty required approximately 86.66 MWih, corresponding to a
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cumulative cooling water usage of 14.92 kt/h. Overall, the temperature increased in COM1,
COM2 and COM3 blocks. Multistage used in each compressor which specified in Table 8§,
Therefore, cooling water is used to reduce the temperature after each stage of compressor.
Locations, block name, and functions of Block ID used in Table 11, Table 12, and Table 13 are
shown in Appendix A.

Table 11. Cooling water and duty requirements in each section of the plant

Block ID Stream flow rate ~ Temperature profile Duty (kW)  Usage (t/h)
(t/h) of stream (°C)

ABSCOOL 30 74 — 30 1505.08 259.26
HEATEX 129.89 95.25 — 25 24213.00 4170.89
HXCOM1 97.8 91.01 — 40 1475.43 254.16
HXCOM2 97.1 77.43 — 40 1210.77 208.57

HXDCC 753.9 51.49 — 26 22310.43 3843.15
HXSTR 25 93.03 — 30 1936.61 333.60
LEANHXCO 967.5 65 — 40 24553.30 4229.50
COMPI 98.3 25 —-91.1 3040.11 523.68
COMP2 97.5 40 — 77.42 3650.09 628.75
COMP3 97.04 42 — 84 2764.66 476.23

Total 86659.48 14927.79

Table 12 shows hot utility usage and duty requirements in the stripper and separator of

the TEG system. Hot utility is defined as low-pressure steam at a temperature of 133.625°C

and 3 bar, pressure, which is specified in table 6.

Table 12. LP steam and duty requirements in each section of the plant

Block ID Duty (kW) Usage (t/h)
STRREB 84959.700 141.413
SEP 21.675 0.036
Total 84981.375 141.449

Table 13 presents the total power requirement in the different section of the plant, among

the most of power-intensive processes utilised in the compression of CO; in the compressor.
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Table 13. Total electricity requirement in each section of the plant

Block ID (kW)
PUMPRICH 32.37
PUMPSTR 1.47
STRWATER 0.085
COM1 4137.7
COM2 3555.8
COM3 1487.6
Total 9215.1

5.2 Comparison of base case CESAR-1 and CESAR-1 with AIS

This section presents a detailed comparison among two process configurations: the base case
with CESAR-1, and CESAR-1 with absorber interstage cooling (AIS). The analysis includes
key performance indicators such as reboiler duty, CO: capture efficiency, and solvent
circulation rate, as well as operational factors like utilities requirements (e.g., cooling water,
steam) and electricity consumption. This comparison assumes a constant CO: capture
efficiency, as well as the same packing height, and number of stages in both the absorber and

stripper sections in both configurations.

Figure 19. Comparison of the liquid-to-gas ratio
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Figure 19 shows the comparison of solvent circulation across the two configurations. It
is evident that the CESAR-1-based system, especially when integrated with AIS, achieves a

lower liquid-to-gas ratio compared to CESAR-1 base case. This reduction indicates improved
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absorption efficiency and lower solvent requirements by maintaining optimal temperature

inside column.

Figure 20. Comparison of specific reboiler duty
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Figure 20 Highlights a clear reduction in specific reboiler duty when implementing AIS
into CESAR-1 compared to the base case, indicating improved thermal efficiency. One of the
key reasons for the reduced energy demand in the CESAR-1 with AIS configuration is its lower
liquid-to-gas (L/G) ratio, which results in less solvent circulation and consequently reduced

heating requirements in the reboiler to regenerate the solvent.

Figure 21. Comparison of rich and lean loading
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Figure 21 demonstrates that the application of CESAR-1 with AIS yields a high rich
loading compared to CESAR-1 base case. The increased rich loading is mainly attributable to
the reduce solvent necessity with the introduction of AIS, which improves CO> absorption
efficiency, enabling greater CO; absorption per mole of solvent. Consequently, the system

attains enhanced loading capacity.

5.2.1 Temperature profile comparison: AIS and base case

Figure 22 presents a comparative analysis of temperature profiles throughout 30 stages
for the CESAR-1 scenario and the application of interstage cooling in the absorption column,
emphasizing both vapor and liquid temperatures. In the CESAR-1 scenario (orange and dark
blue lines), vapor temperature reaches a maximum at stages 6—7 (~86°C) before progressively
declining, and the liquid temperature exhibits a comparable but marginally have lower
trajectory. The implementation of interstage cooling (shown by light blue and green lines)
reveals three pumparound sections: the first pumparound between stages 30 to 22, the second
from stages 21 to 14, and the third from stages 13 to 5. These sections exhibit substantial

decreases in vapor and liquid temperatures.
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Figure 22. Comparison of temperature profile with base case and AIS using CESAR-1

In the case of CESAR-1 with AIS, the process control and thermal efficiency are
improved. Figure 22 demonstrates that interstage cooling reduces the overall temperature
profile, which is advantageous in processes such as CO> absorption, as it improves gas

solubility and minimises solvent degradation. This technique offers enhanced absorption
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efficiency and diminished energy requirements for solvent regeneration. Nonetheless, the
disadvantages include added design and operational complexity, decrease equipment life due
to corrosion in piping, increased capital and maintenance costs, and higher utility requirements
compared to the base case. Overall, the Figure 22 effectively visualizes how strategic pump

around placement shapes the thermal profile for better performance.

5.2.2 Utility demand and electricity consumption between CESAR-1 and CESAR-
1 with AIS

Figure 23 illustrates a comparison of heating and cooling duties for CESAR-1, and
CESAR-1 with AIS configuration. CESAR-1 with AIS demonstrates an increased cooling
demand owing to the presence of three surrounding pumps. Conversely, the heating duty is
markedly reducing in this instance, as the AIS-enhanced system necessitates a reduced quantity
of solvent, thereby lowering the energy requirements for solvent regeneration. Overall, the
Figure 23 illustrates that whereas AIS elevates cooling demands, it simultaneously enhances

thermal efficiency by diminishing heating duties throughout the two scenarios.

Figure 23. Comparison of cooling duty and heating duty
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Figure 24 indicates that CESAR-1 with AIS exhibits the greatest need for cooling water.
During absorption, the reaction in-between CO2 and CESAR-1 releases a substantial quantity
of heat, elevating the temperature within the absorber. Given that CO2 absorption is more

effective at reduced temperatures, it is imperative to eliminate excess heat to sustain the
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appropriate temperature profile for effective capture. Consequently, an increased volume of

cooling water is necessary in the AIS-enhanced system to regulate the reaction heat

Figure 24. Comparison of cooling water usage
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Figure 25. Comparison of steam usage
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Figure 25 shows the steam demand for solvent regeneration across two scenarios:
CESAR-1, and CESAR-1 with AIS. Among them, CESAR-1 combined with AIS required the

less steam for solvent regeneration. The diminished steam consumption in the AIS-enhanced
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system is because of lower solvent required, which lowers the total energy required for

desorption. This makes CESAR-1 with AIS more advantageous for energy conservation.

Figure 26. Comparison of electricity needed
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Figure 26 illustrates a comparison of the electricity requirements for CESAR-1 and
CESAR-1 with AIS. CESAR-1 with AIS exhibits an almost similar electricity consumption
than CESAR-1 base case. This slightly increase is primarily attributable to the functioning of

three surrounding pumps, which require additional electrical power.

5.3 Comparison of the CESAR-1 base case with MEA and available reference

Table 14 illustrates a comparison of the base case using the CESAR-1 solvent with the
benchmark solvent MEA and the literature on both solvents. For the reference of CESAR-1
solvent, Loge et al. [30] conducted a pilot plant test of CESAR-1 using cement industry flue
gas, and for the reference of MEA, Cremona et al. [33] performed a techno-economic

assessment of MEA-based carbon capture using cement industry flue gas.

For the comparison of CESAR-1 and MEA, develop a carbon capture model using the
same flue gas conditions and process parameters such as absorber and stripper packing heights,
column diameter, and assuming constant 95% COx> efficiency. As shown in Table 14, when
compared with the benchmark solvent MEA, CESAR-1 requires less solvent to capture the
same amount of CO». This indicates that CESAR-1 has a better absorption capacity than MEA.
The L/G ratio for CESAR-1 is higher than for the reference due to different flue gas conditions;
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for instance, in this study, the CO; concentration in the flue gas is higher (32 vol%) compared

to the reference (20 vol%). Therefore, a larger amount of solvent is needed to absorb more COx.

Table 14 Comparison of the CESAR-1 case with MEA and the literature of both solvents

Parameter CESAR-1 MEA Reference [30] Reference [33]
CESAR-1 MEA
L/G (kg/kg) 4.14 4.36 2.5 7.22
Specific reboiler duty 3.14 3.99 3.05 3.80
(GJ/t CO2)
Total cooling demand 14927.8 17432.3 Not specified Not specified
(t/h)
Total steam demand 141.45 179.32 Not specified Not specified
(t/h)

Table 14 highlights a clear reduction in specific reboiler duty when using CESAR-1
compared to MEA, indicating improved thermal efficiency. Since MEA has a lower CO2
absorption capacity, it necessitates a higher solvent circulation rate to achieve equivalent
capture efficiency, which in turn increases the energy required for solvent regeneration in the
stripper. Although the SRD of CESAR-1 appears higher than that in a prior reference study,
this discrepancy can be attributed to a higher liquid-to-gas (L/G) ratio used here, influenced by

differing flue gas conditions.

The current analysis provides a utility consumption comparison between CESAR-1 and
MEA, in contrast to previous studies that do not specify overall cooling and steam
requirements. Because the larger SRD causes a higher amount of stream to condense at the top
of the stripper column. Therefore, in the case of MEA, high cooling water is required than in
CESAR-1. Furthermore, because of a higher amount of solvent circulation, high steam is
needed to regenerate the solvent. That’s why high amount of steam is used in the case of MEA

than CESAR-1.
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6. CONCLUSION AND FUTURE WORK

This study focused on the innovative solvent CESAR-1 and used Aspen PlusTM software
to simulate a large-scale CO: capture process for cement industry flue gas. This work addresses
the pressing need for effective and scalable carbon capture systems, given the cement industry's
large contribution to total CO emissions. The purpose of the simulation model was to evaluate
CESAR-1's performance under realistic cement flue gas operation conditions. The simulation
also concentrated on optimizing important process variables that affect specific reboiler duty
(SRD), an important parameter for evaluating the energy efficiency of CO; capture systems.
Factors like solvent loading (rich and lean), absorber and stripper conditions, and solvent

circulation rates were meticulously assessed.

In comparison to the traditional MEA solvent, CESAR-1 provides significant
enhancements in energy and process efficiency for post-combustion carbon capture in cement
facilities. It reduces the specific reboiler duty (SRD) from 3.99 GJ/t CO> (MEA) to 3.14 Gl/t
CO2 (21.3% reduction), concurrently reducing steam demand, cooling water consumption of
14.9 kt/h compared to 17.4 kt/h (14.36% reduction). The integration of absorber interstage
cooling (AIS) with CESAR-1 system further enhancement, allowing for increased CO> loading
and diminished solvent circulation, culminating in a reduced specific energy demand (SRD) of
2.78 GJ/t CO2 (11.46% further reduction). This configuration marginally increases cooling duty
(106.61 MW), cooling water demand (18.27 kt/h), and energy consumption (9.23 MW) owing
to enhanced heat extraction and pumping necessities. The utilization of CESAR-1 solvents
decreases the reboiler duty from 3.80 GJ/t CO», as shown for MEA in Cremona et al. [33], to
3.14 GJ/t CO2. CESAR-1 solvent exhibits superior energy efficiency compared to MEA and is

appropriate for extensive industrial applications.

Future studies should examine the deterioration of CESAR-1 performance under real
operational situations. Although CESAR-1 has enhanced thermal performance, its solvent
deterioration over time may diminish capture efficiency and elevate expenditures. It is
imperative to measure the degree of degradation and identify its primary locations, including
the absorber (impacted by oxygen and contaminants), the stripper (due to elevated
temperatures), and the lean-rich heat exchanger (resulting from thermal cycling). Analyzing
degradation products, their production rates, and potential mitigation measures will be essential

for guaranteeing long-term stability and constant process performance.
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In addition to solvent degradation, future research should focus on adopting improved
process designs to enhance energy efficiency. Integrating technology such as heat pumps might
significantly reduce or eliminate the necessity for external thermal energy by utilizing low-
grade waste heat within the cement facility. Utilizing internal heat sources, such as kiln flue
gases, clinker cooler streams, or other waste heat recovery locations, can facilitate solvent
regeneration and diminish total energy use. These advances would enhance the sustainability

and cost-efficiency of CO; capture systems in cement production.

Overall, this study illustrates that CESAR-1, particularly with the incorporation of
absorber interstage cooling, provides a more energy-efficient and high-performance solution

for COz capture from cement flue gas than MEA.
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Appendix A: Location and functions of block ID
The Aspen Plus™ block IDs presented in Table 11,Table 12, and Table 13, with their respective

locations and their functions described in this part of appendix.

Figure S 1. Location of the block IDs specified in this study

3-Stage
Compression

4-Stage

Compression
—@—@‘L —

Exhaust Gas com1 HXCOM1 T coMz HXCOM2 T
Removed CO2 Separator B B
5 < HEATEX Il !
Flue Gas 2 o
—_— Water 22 ABSCOOL 3-Stage
\ )— Compression
CESAR Solvent HXSTR
—— c02 /—I'\ LEANHXCO Pfess;:ﬁiifozm —
e
——————  Steam @I coms
o Jid
é Rich 9 le— TEG Drying Section
9 Solvent % PUMPSTR
—
a z Steam
Water < w
O]
]
—/ o
HXDCC l
(; > e
Direct —m’@ l l
Flue Gas Contact |
PUMPRICH
Cooler STRREB

—

Lean
Solvent

Table S 1. Block name and function of block IDs used in this study

Block ID Block Name Model specification Function
ABSCOOL Cooler Flash specifications: Cooled down the
Temprature: 30°C, Pressure: 1 bar temperature of the water
Utility: Cooling water e heEvate Ak
section of the Absorber
column
HEATEX Heat Model: Shortcut, flow direction: Cooled down the
exchanger ~ countercurrent, Calculation mode: temperature of the top
design, hot stream outlet stream of the stripper
temperature = 30°C, MTD: 1°C. section to get pure CO;
Utility: Cooling water
HXCOM1 Heat Model: Shortcut, flow direction: Cooled down the
exchanger ~ countercurrent, Calculation mode:  temperature of the stream

vi



design, hot stream outlet
temperature = 40°C, MTD: 1°C.
Utility: Cooling water
HXCOM2 Heat Model: Shortcut, flow direction:
exchanger ~ countercurrent, Calculation mode:
design, hot stream outlet
temperature = 40°C, MTD: 1°C.
Utility: Cooling water
HXDCC Heat Model: Shortcut, flow direction:
exchanger countercurrent, hot stream outlet
temperature = 26°C, MTD: 1°C.
Utility: Cooling water

HXSTR Heat Model: Shortcut, flow direction:
exchanger countercurrent, hot stream outlet
temperature = 30°C, MTD: 1°C.

Utility: Cooling water

LEANHXCO Heat Model: Shortcut, flow direction:
exchanger countercurrent, hot stream outlet
temperature = 40°C, MTD: 1°C.
Utility: Cooling water
COMPI Compressor Mode: compressor, type: polytropic
using ASME method, stages: 3,
efficiency for stage 1,2 and 3 are
0.859, 0.843 and 0.807
respectively, utility: cooling water
COMP2 Compressor Mode: compressor, type: polytropic
using ASME method, stages: 4,
efficiency for stage 1,2,3 and 4 are
0.857, 0.855, 0.834 and 0.808
respectively, utility: cooling water
COMP3 Compressor Mode: compressor, type: polytropic
using ASME method, stages: 3,

efficiency for stage 1,2 and 3 are

vil

for the Separation of H>O
from CO>

Cooled down the
temperature of the stream
for the Separation of H>O

from CO2

Cooled down the
temperature of the water
used in the cooling of the

flue gas

Cooled down the
temperature of the water

used in the water wash
section of the stripper
column

Cooled down the

temperature of lean

solvent

Compressed the CO> to
maintain the condition for

transportation

Compressed the CO> to
maintain the condition for

transportation

Compressed the CO> to
maintain the condition for

transportation



0.857, 0.858 and 0.848

respectively, utility: cooling water

STRREB Stripper Mode: reboiler of stripper column, Provide heat to release
Utility: LP steam CO; from the rich solvent
SEP Separator Flash type: temprature: 121°C, For recovering pure TEG
pressure: 1.103 bar, utility: LP
steam
PUMPRICH Pump Discharge pressure: 1.98 bar For increasing the
pressure of the rich
solvent
PUMPSTR Pump Discharge pressure: 1.98 bar For increasing the
pressure of the reflux
STRWATER Pump Discharge pressure: 1.98 bar For increasing the

pressure of the water
used in the water wash of

the stripper column
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Appendix B: List of component and reactions included in the simulation

ID
AMP

AMPH"*

AMPCOO-

PZ
PZH"
PZH"?
HPZCOO
PZCOOr
PZCOO*
H20
CO:
H2S
H3O"
OH-
HCOs5"
CO3?
HS-

N2
(0))
TEG

Name

2-Amino-2-Methyl-1-
Propanol
AMPH"

AMPCOO"
Piperazine
PZH"
PZH"™
Piperidine, 1-Nitro-
PZCOO
PZCOO™
Water
Carbon dioxide
Hydrogen sulfide
H;0"

OH"
HCO5"
C0O3>

HS

S-2
Nitrogen
Oxygen
Triethylene-glycol

X

Table S 2. List of components included in the simulation

Formula

C4HiINO™!

CsHiaNO'
CsHi1iNO3
C4HioN2
CsHiN2"
CsHiIN2™
CsHioN202
CsHoN2Oo
CeHsN204*
H>O
CO2
H2S
H;0"
OH"
HCO5"
C03

CsH 1404

CAS Number
124-68-5

110-85-0
7119-94-0

7732-18-5
124-38-9
7783-06-4

7727-37-9
7782-44-7
112-27-6



Table S 3. List of equilibrium reactions included in the simulation

X Reaction
1 2H,0 < H30" + OH"
2 HCO3 + H20 < CO32+ H3;0"
3 PZH' + H,O < PZ + H3;0*
4 PZHCOO + H,0 < PZCOO + H;0"
5 AMPH™ + H,O < AMP + H3;0"
6 CO> +2H>0 < HCO3 + H30"
7 PZ + HCO3 < PZCOO™ + H,0O
8 PZCOO + HCO; «» PZCOO? + H,0
Table S 4. List of kinetics reactions included in the simulation
Sr No. Reaction k E
(sh (kJ.mol ™)
1 CO; + OH — HCO3" 1.33 x 10" 55.5
2 HCO3; — CO; + OH" 6.63 x 10'° 107.4
3 PZ + CO+ H,O — PZCOO™ + H3O" 1.7 x 10'° 1.33
4 PZCOO + H30"— PZ + CO»+ H,O 3.4 x 10?3 59.2
5 PZCOO™ + CO2+ H,0 — PZ(COO), + H30" 1.04 x 10 3.63 x10°
6 PZ(COO), + H;0"— PZCOO + CO; + H,O 3.2 x 10%° 36.3
Calculator block

Table S 5. Calculator block added in the simulation

CO2 FLUE Import variable Mass-Flow Stream=FLUEGAS
Substream=MIXED Component=CO2
Units=kg/hr

CLEANCO2 Import variable = Mass-Flow Stream=CLEANGAS
Substream=MIXED Component=CO2 Units=kg/hr



Mole-Frac Stream=CLEANGAS Substream=MIXED

Mole-Frac Stream=CLEANGAS Substream=MIXED

Mole-Frac Stream=STRVAP Substream=MIXED

Mole-Frac Stream=STRVAP Substream=MIXED

Parameter Parameter no.=3 Physical type=Mass-

Stream-Prop Stream=STRVAP Prop-Set=WAPPCO2

Stream-Prop Stream=STRLIQ Prop-Set=LOADTOT
Block-Var Block=STRIPPER Variable=REB-DUTY

Parameter Parameter no.=4 Physical type=Usr-

CO2CAPTU  Export variable = Parameter Parameter no.=1 Physical
type=Dimensionles Units=Unitless
AMPCLEAN Import variable
Component=AMP
PZCLEAN Import variable
Component=PZ
AMPSTR Import variable
Component=AMP
PZSTR Import variable
Component=PZ
CO2RICH Export variable
Flow Units=kg/hr
CO2STVAP  Import variable
Units=kg/hr
CO2CAP Export variable  Parameter Parameter no.=2 Physical
type=Dimensionles Units=Unitless
RICHLOAD  Import variable = Stream-Prop Stream=ABSRICH Prop-
Set=LOADTOT
LEANLOAD Import variable
STRDUTY Import variable
Sentence=RESULTS Units=GJ/hr
REBOLIER  Export variable
Dummy1 Units=base-units
Formula

CO2CAPTU=(CO2FLUE-CLEANCO2)/CO2FLUE
CO2RICH=CO2FLUE-CLEANCO2
CO2CAP=CO2STVAP/CO2RICH
REBOLIER=STRDUTY/(CO2STVAP/1000)

X1





