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Abstract

Carbon capture, use and storage (CCS) technology, particularly post-combustion capture, has established itself as a key
solution in strategies to reduce COz emissions from thermal power plants. The present work aims to study different
combinations of solvents to identify the one which allows an efficient COz elimination process on the one hand and to
carry out a technical and economic analysis of the entire process on the other hand on the Maria-Gléta 2 thermal power
plant with a capacity of 127 MW in Benin. A model of the CO2 capture process was produced using Aspen Hysys version
11 software and simulated based on the weight combinations of the solvents mon ethanolamine (MEA) and methyl
diethanolamine (MDEA). The investment and operating costs of the system were estimated. It appears that the mixture
of 30% MEA and 10% MDEA is energetically and economically profitable. The results obtained in this work offer
promising prospects for the energy industry in the fight against climate change.
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1. Introduction

The emission of carbon dioxide (CO2) is considered one of the main causes of global climate change. Electricity
production from fossil fuels is the main CO2 emitting sector (1). Thermal power plants, primarily on fossil fuels such as
coal, natural gas and oil, are among the largest contributors to CO, emissions globally. In 2019, they represented around
42% of energy-related CO, emissions. The Maria Gléta 2 thermal power plant in Benin produces 585 g/kWh of COz on
gas and 650g/kWh of CO2z on heavy fuel oil. Producing on average 87.23 kWh, it releases 441 t/year of CO: into the
environment per year. Its emissions alone represented 5% of the country's emissions in 2021 (2). Given their
significance in the energy transition, many countries are striving to limit their use in favor of renewable energies and
cogeneration to enhance efficiency and lower carbon emissions.

To reduce footprints, carbon capture, utilization and storage (CCS) technology has emerged as a key solution in
decarbonization strategies (3) (4) (5). This technology makes it possible to capture the CO, produced during the
combustion of fossil fuels and then transport it to storage sites to prevent it from entering the atmosphere. Beyond
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reducing emissions, captured carbon can become a valuable resource for various industrial sectors, contributing to a
circular carbon economy. CO2 can be used in construction materials, the production of synthetic fuel and chemicals or
in agriculture (6) (7).

CCS in thermal power plants relies on several techniques (Figure 1), including post-combustion capture, pre-
combustion capture, and oxy-combustion capture (8) (9) (10).
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Figure 1 Classification and generic schematics for carbon capture technologies (11)

Although representing significant potential for reducing the carbon footprint of thermal power plants, these
technologies require continuous improvements to be economically viable and minimize their environmental impacts.
The cost of installing CCS technologies in a thermal power plant is very high, with estimates varying between $60 and
$120 per tonne of CO, captured (12). This figure includes the cost of materials (CAPEX), labor, and operating costs
(OPEX) related to maintenance, additional energy required for CO, capture and transport. Furthermore, integrating
carbon capture units into thermal power plants substantially increases water consumption for cooling and chemical
processes. In some cases, the water consumed can double compared to a plant without CCS.

This challenge is especially critical in water-scarce regions, where it can lead to conflicts with other essential uses, such
as agriculture and domestic consumption (13).

Used after combustion, post-combustion capture makes it possible to capture the carbon dioxide (CO,) contained in the
fumes leaving the boiler using chemical solvents. These solvents capture CO, and release it during their regeneration.
The main difficulty is the energy required for solvent regeneration, which reduces the efficiency of the plant by around
20-30% (14). Research has focused on improving solvents to reduce this parasitic load (8). In oxy-combustion
technology, combustion takes place with pure oxygen instead of air, producing exhaust gases mainly composed of CO,
and water vapor, which makes it easier to capture carbon dioxide (CO;). However, this method requires expensive
equipment for oxygen separation, further increasing the total cost of CCS technology. The pre-combustion capture
approach consists of gasifying the fossil fuel to produce a mixture of H, and CO,. The CO, is captured before combustion,
and the dihydrogen (H,) is used to produce electricity. The main challenge here is the complexity of the equipment
required for gasification and gas separation, which increases initial and maintenance costs (8). As a result, post-
combustion capture systems are among the most commonly used in thermal power plants.

Alkanolamines are the most frequently used solvents for CO, absorption (15). These include primary amines, such as
Monethanolamine (MEA) (3), secondary amines, such as Diethanolamine (DEA), tertiary amines, such as Methyl
Diethanolamine (MDEA) (16), as well as cyclic amines, notably Piperazine (PZ) (17). Primary and cyclic amines are
distinguished by high reaction enthalpy and reaction rate with CO,, while tertiary amines offer high absorption capacity
and low regeneration cost (14). Therefore, the development of amine mixtures has led to improved performance of the
CO, absorption process compared to pure amine solvents (18) (19) (20).

Several researchers have studied the use of mixed solvents for flue gas treatment. Idem et al. (21) tested MDEA/MEA
and MEA solvents for thermal power plants, while Zhao et al. (22) evaluated the PZ/MDEA blend for coal-fired power
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plants. Tan and Chen (23) investigated the application of PZ/MEA in packed-rotary column, while Tobiesen et al. (24)
utilized the same mixture for treating blast furnace gases. These works highlight the strong potential of mixed amines
to reduce energy consumption in carbon capture applications. Additionally, researchers like Hosseini-Ardali et al. (25)
and Dubois and Thomas (26) concentrated on process simulation and optimization to further reduce the energy
consumption associated with mixed amine absorption. However, these studies remain focused on the energy aspect,
without offering a complete analysis or evaluation of the entire process.

The main objective of the present work is to study different combinations of solvents to identify the one that allows an
efficient COz elimination process on the one hand and to carry out a technical-economic analysis of the entire process.
For this purpose, Aspen HYSYS version 11 was used to model the capture process. A basic scenario where the solvent is
composed of 30% MEA was defined (27) after choosing the equipment with the input and output flows associated with
each of them. The results of this scenario were compared to MDEA and its mixture with MEA.

2. Material and methods

2.1. Presentation of the thermal power plant

Located in Maria Gléta in the Municipality of Abomey-Calavi, approximately 20 km from downtown Cotonou, the Maria
Gléta 2 power plant (Figure 2) is a 127 MW dual-fuel power plant. It is made up of 7 MAN 18V60DF engines with a unit
power of 18.5 MW, a 161 kV evacuation station expandable to 400 MW capacity, a 161 kV interconnection station with
400 MW capacity, a connection system to the gas network and a 3 km access road. It covers approximately one-third
(1/3) of the country's peak-hour demand.

Figure 2 Maria Gléta 2 thermal power plant

2.2. Specifications and process simulation

The simulation started by selecting the properties of the components involved in the process. This stage involves
selecting the substances to be used. Next, a set of parameters was defined to structure the program. In this work, the
focus is on amines and their mixtures. The process involves defining the equipment as well as the incoming and outgoing
flows for each of them. To assess the impact of using alternative solvents and their mixtures, it is essential to first
establish a feasible base case.

2.2.1. Process description of a standard process

Figure 3 shows a typical process for CO2 capture using an amine absorbent. The system includes a low temperature
absorption column, where carbon dioxide is absorbed effectively and efficiently from the flue gases using CO2-free MEA.
After undergoing partial heating in a cross-flow heat exchanger by the high-temperature CO2-free MEA exiting the
stripper, the CO2-rich MEA enters the stripper column, where carbon dioxide is thermally separated from the amine.
The reboiler provides heat to the stripper via low pressure steam, and the COz separated from the MEA is released into
the upper section of the stripper. In the present study, the captured CO: is released for future use in an agricultural
greenhouse.
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Figure 3 Process flow diagram of a standard amine-based CO: capture process from Aspen

2.2.2. Specifications and simulation of base case CO2 capture process

The base case for this work is defined from the work of @i, (28) where an optimized process with 30% MEA solvent
makes it possible to eliminate CO: from the combustion gas. The removal efficiency is 85% and the minimum approach
temperature is 10°C in a lean atmosphere. The specifications for the base case are given in the Table 1, 2 and 3. base
case are given in the Table 1, 2 and 3. The composition of the exhaust gas at the entrance to the capture process is
collected in the control room of the Maria Gléta 2 thermal power plant.

Table 1 Exhaust gas composition

Composition | Molar fraction
CO: 0.29

02 0.21

H20 0.12

SOs3 0.0659

SO: 0.065

NO 0.072

NO: 0.1771

Table 2 Base case solvent composition (25)

Composition Molar fraction
CO2 0.0169

02 0.0005

H-0 0.7676

MEA 0.3
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Table 3 Gas and solvent parameters at the equipment inlet.

Settings Values | Units
Inlet flue gas temperature to be treated 500 °C
Flue gas temperature after cooling 40 °C
Pressure of inlet combustion gases to be treated 100 kPa
Flow rate of combustion gases at the inlet 9.663 |Kmol/h
Content in the inlet gas 029 |%
Water content in inlet gas 0.12 %
Lean amine temperature before and after the pump | 40 °C
Amine pressure before rich pump 1.202 |kPa
Amine pressure after rich pump 1.202 |kPa
Lean amine pressure to absorb 1.202 |kPa
COz2 content in lean amine 0.0169 | %
Number of stages in the absorber 10 -
Number of stripper stages 36 -
Reboiler temperature 165 °C

2.2.3. Specifications to another solvent and blends

Another solvent, MDEA, along with its blends such as MEA+MDEA, has been employed to simulate the standard removal
process. The same base case specifications have been utilized for these processes. The simulated cases are summarized
in the table below. All scenarios achieve a removal efficiency of 85% with a minimum approach temperature difference
of 10°C. All simulated processes are grouped into seven classes:

Removal process with 30% by weight of MEA amine mixtures;

Removal process with 35% by weight of MEA amine mixtures;

Removal process with 30% by weight amine mixtures of MEA and 5% MDEA;
Removal process with 40% by weight of MEA amine mixtures;

Removal process with 35% by weight amine mixtures of MEA and 5% MDEA;
Removal process with 30% by weight amine mixtures of MEA and 10% MDEA;
Removal process with 45% by weight of MEA amine mixtures.

All simulations were performed using Aspen HYSYS version 12. The main goal is to find amine mixtures that provide
lower regeneration energy to reduce total disposal facility costs.

2.3. Sizing of main captation equipment

2.3.1. Absorption/desorption column

In the carbon capture and utilization process, the absorption column and the desorption column constitute the major
equipment. The absorption column is designed to allow intimate contact between the gas containing carbon dioxide
(CO2) and the absorbing solvent and separate it from the rest of the exhaust gas. The desorption column releases the
carbon dioxide (COz) previously captured by the solvent in the absorption column. Characteristic parameters such as
gas volume flow, number of stages, stage height, column height and construction material are from Aspen Hysis.

The diameter and total packing volume of the column are calculated as follows (Eq1 and 2):
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where
D : column diameter ; V : Volumetric flow rate; Vyaz + gas velocity

nD?

Vemp: - hstage . Nstage —
Nsiage : Number of stages; hgage ¢ height of stages

2.3.2. Lean/rich heat exchanger

The lean/rich heat exchanger is involved in both the absorption and desorption processes. It is designed to maximize
the thermal efficiency of the carbon capture process. It allows the transfer of heat from the rich gas, loaded with COz, to
the lean gas, less concentrated in COz. This heat transfer is essential to heat the lean gas in the desorption column and
thus facilitate the release of COz from the solvent.

The heat exchange units were sized based on the heat exchange areas calculated from the thermal functions. The overall
heat transfer coefficient of 500 W/(m2.K), was specified (27). Its size is determined by equations 3 and 4:

= o 3)
AToyut—AT;;
ATl‘m = W ................... (4)

ATy

With S: total air of the heat exchanger; Q: Heat exchanged; U: Heat exchanger coefficient; ATj,,,: Logarithmic average
temperature difference in °C; AT,,,,: Difference between the hot heat flow and the cold heat flow at the outlet (T}, in-
Teo1q,in) ; AT : Difference between the hot heat flow and the cold heat flow at the input (Thor oue-Teota,out) s ATour # ATip.
These settings come from Aspen Hysis.

2.3.3. Reboiler

The reboiler, a type of heat exchanger located at the base of the desorption column, provides the heat necessary for the
process. It was sized following the same previous approach (Eq 3 and 4). The overall heat transfer coefficient of 800 W/
(m2. K), was specified (27).

2.3.4. Condenser

The condenser is another type of heat exchanger where the gas phase of the substance cools and transforms into the
liquid phase. It was sized using equations 3 and 4. The overall heat transfer coefficient of 1000 W/ (m2. K), was specified
27).

2.3.5. Lean Amine Cooler

The lean amine cooler, also known as the lean amine heat exchanger, primarily serves to cool the lean amine mixture
before it is reused in the CO2 absorption process. The required heat transfer area for the cooler is determined using
formulas 3 and 4. The overall heat transfer coefficient of 800 W/ (m?2. K) has been specified (27).

2.3.6. Pump

The pump is used to circulate the amine (or other solvent) through the system, including both the absorption and
desorption column. Its characteristics (power, volume flow, pressure height) are determined by Aspen Hysys. It was
specified as a centrifugal pump with an adiabatic efficiency of 75% (29).

2.3.7. Compressor

It is used to boost the pressure of gases released during the carbon capture process. Its power, volume flow, and inlet
and outlet pressures are determined using Aspen Hysys, while its adiabatic efficiency is sourced from the literature
(29).
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2.3.8. Separator

A vertical separator was chosen to separate the two-phase flow leaving the desorption column. The sounder-Brown
approach is applied for sizing (27).

Vymax= Ks pr—ch .......... (5)
4ra
Dpin = /"— 6
min FgVgmax ( )
Lyp =25 (7)

With V.4t The maximum speed ™/ ; K: Sizing parameter /g ; p,: Density of the liquid phase Kg/m3 ; pe: Density

of the gas phase kg /m3 ; Qa (m3/s) : gas flow rate at the actual flowing condition and Fg: fraction of cross section area

available for gas flow; D,,;, : diameter and L: length. Parameter values are taken from Aspen Hysys and the literature
(Ali et al., 2019).

2.3.9. Sizing of greenhouse

The current concentration of CO, in the atmosphere is 426 ppm (parts per million) while that recommended in a
greenhouse is 1200 ppm (30).

COsppm = £ X 10° ... (8)

With CO2,,,,: Concentration of COz in the air, measured in parts per million; V¢: Volume of CO2 produced, m? and V;:
Total air volume, m3.

The gas flow rate at the plant outlet is 4200 m3/h. COz represents 30% of this gas, the gas flow rate of COz is 1260 m3/h.
The additional concentration of CO2 necessary to reach 1200 ppm is 774 ppm and the estimated volume of the
greenhouse is 1,658,914.72 m3. With a greenhouse 5 m high, the surface area of the greenhouse will be 331,782.94 m?
or 33 ha. The total area of the plant site being 20 ha, the allocation of half seems appropriate for greenhouses, i.e. 10 ha.

2.4. Process economic evaluation

The main economic measure considered in the present work is the annualized total cost (TAC), of the CO2 capture
process which combines the annualized investment cost (ACC) and the operating cost (A0C). Calculations are based on

dimensions obtained from simulation in Aspen Hysis V12. The cost estimation procedure follows a similar approach to
that of @i et al (28).

2.4.1. Investment cost

Investment costs were estimated using the Enhanced Detailed Factor (EDF) method (29) (27). The total cost of capital
is the sum of direct costs (COz capture and use equipment, assembly, piping, electrical equipment, instrumentation, civil
engineering, steel and concrete, insulation) and indirect costs (administration, engineering, contingencies and
commissioning).

The acquisition costs of each capture equipment were determined using the Aspen In-Plant Cost Estimator version 11
tool based on the equipment sizing parameters for the base case. Depending on the construction material, a material
factor was applied to the different equipment. Stainless steel (SS316) has been specified for all equipment. Welded
equipment has a material factor of 1.75, machined equipment has a material factor of 1.3 and glass-reinforced plastics
1 (29). A traditional factorial method for cost estimation is based on an array of factors multiplying the cost of
purchasing each type of equipment unit. In a detailed factorial method, the total factor for each type is the sum of
contributions from, for example, plant, electricity, instrumentation, administration, etc. Since the costs obtained in
Aspen In-Plant Cost Estimator version 11 are based on 2021 data, they have been updated for 2023 using the Chemical
Engineering Plant Cost Index (CEPCI).
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Twenty (20%) percent of the total cost is added to account for unlisted equipment such as direct contact cooler, mixer
and control valve. All these costs are added the cost of installing the greenhouse. Capital expenditures were annualized
based on the discount rate and lifetime (29). The lifespan is set at 21 years. The discount rate is assumed to be 7.5%.

2.4.2. Operating cost

Operating costs correspond to expenses related to the operation and management of the system. They are subdivided
into fixed and variable costs. Fixed costs are expenses that are virtually constant from year to year and do not vary
widely with changes in the rate of production. These costs mainly include maintenance costs. The factor method is
adopted to calculate the maintenance cost over its lifespan, set at 21 years. They are taken as a percentage (4%) of the
CAPEX (29).

Variable costs encompass electricity, steam, water, and solvent expenses. They are calculated simply as the sum of the
product of the annually consumed quantity of each utility and its unit price. Unit prices for solvents are taken from the

literature. The price of electricity is that applied by the Maria Gléta 2 thermal power plant, which is $0.073. The annual
operating time is set at 8760 hours.

3. Results and discussion

3.1. Equipment dimensions

The results obtained are presented in Table 4.

Table 4 Dimensions of main equipments

Settings Symbol | Units | Specification | Source

Absorption column

Package volume Vemb m3 | 707 Calculated
Column diameter D m 3 Calculated
Construction equipment SS316 Hysys

Desorption column

Package volume Vemb m3 | 12.66 Calculated
Column diameter D m 1.27 Calculated
Construction equipment SS316 Hysys

Heat exchanger

Total air S m? 391x103 Calculated
Logarithmic mean temperature difference ATy, °C 90.55 Calculated
Manufacturing equipment SS316 Hysys
Reboiler

Logarithmic mean temperature difference ATy, °C 80.38 Calculated
Total air S m? | 13x103 Calculated
Manufacturing equipment SS316 Hysys
Condenser

Logarithmic mean temperature difference ATy °C 40,2 Calculated
Total air S m? | 696.517 Calculated
Manufacturing equipment SS316 HYSYS

Lean amine cooler
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Logarithmic mean temperature difference ATy, °C 95.28 Calculated
Total air S m? | 21.659x103 Calculated
Manufacturing equipment SS316 HYSYS
Pumps

Power P KW | 1.331x10° HYSYS
Volume flow Q. L/, | 793.055 HYSYS
Compressor at the inlet of the capture cycle

Power p w 2.352x10° HYSYS
Volume flow Qy L), | 1188.88 HYSYS
Compressor at the outlet of gases released from CO2

Power P w 1,427x10° HYSYS
Volume flow 0, L/, | 403.055 HYSYS

A conventional process consisting of an absorber, an economizer and a stripper, and operating with a 30% solution of
my ethanolamine (MEA) as the reference solvent; was notably installed on the industrial pilot of the European CASTOR
project, operated in Esbjerg in Denmark, on a power plant of the company DONG Energy. It appears from this project
that with a gas flow rate of 150 m3 /h it is necessary to have an absorber 17 meters high and 1.1 meters in diameter and
a desorption column 10 meters high and 0.8 meters in diameter (31). Likewise, a feasibility study on the installation of
a capture process, based on MEA and sized to recover 5,800 tons of COz per day, from a 600 MW liquid natural gas power
plant was carried out. It appears from this study that it is necessary to have an absorption column that would have a
diameter of 4.7 meters and a height of 44 meters. As for the regeneration column, its height would be limited to 25
meters (13).

Table 5 compares the dimensions of the absorber and regeneration column from these studies with those of the current
work.

Table 5 Comparison of the dimensions of the absorber and the regeneration column

Source Height Diameter Mass flow rate of | Volume flow rate of the | Volume of the
(m) (m) €02 (g/h) formed (m3/h) column

Absorber

Present 50 3 4x10° 4260 353.43

works

(31) 10 0.8 - 150 16.15

(13) 25 4,7 241 666,66 - 763.37

Regeneration column

Present 20 1.27 4x10° 4260 2533

works

(31) 17 1.1 - 150 16.15

(13) 25 - 241 666,66 -

The small difference in the size of the desorption column can be explained by the fact that the desorption column
receives the COz-rich solvent from the absorption column. The flow rates at the inlet of the desorption column are
therefore more stable and require columns whose sizes vary less. The absorption columns receive smoke from a source
outside the capture system such as a gas plant or a factory. The flow rate at the entrance of the absorption column
fluctuates significantly, which in turn affects the required capacity of the absorption column to handle it.
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On the other hand, the study of the table shows that the mass flow of CO2 of Amann and Bouallou (13) is 16.55 times
that of the current work. However, the absorber is only 2.16 times larger in volume. This small difference in size can be
explained by the old age of the project given that it was implemented in 2004. Reducing the size of the absorption
columns is also one of the key points of Amann and Bouallou (13). As for the desorption column, although its diameter
is not mentioned in the project, its height of 25 m is relatively close to that of 20 m of our work. This confirms our
observation made above that the size of the desorption column is less influenced by the flow rate of gas treated than the
absorber. The method used for sizing can therefore be considered reliable.

3.2. Energy consumed
There are two main sources of energy expenditure. This pertains to the thermal energy required for regeneration and

the electrical energy needed to power the various components of the process.

The simulation revealed that the heat obtained during the cooling of the exhaust gases is greater than that necessary
for regeneration. Thus, this expense item will be eliminated because the heat recovered from this cooling can be
redirected for reuse in the reboiler. The study focused on the impact of different mixtures on the electrical performance
of the system. Table 6 presents the results for the various concentrations tested compared to the base scenario.

Table 6 Electrical energy consumed for each mixture

Solvent (% by weight) Electrical energy | Improvement compared with
consumed [10* kWh] | standard base scenario [%]

30 % MEA (basic scenario) | 1.49 -

35% MEA 1.407 5.57

30 % MEA+ 5 % MDEA 1.419 4.765

40% MEA 1.99 -33.55

35% MEA+5% MDEA 1.468 1.4765

30 % MEA+ 10 % MDEA 1.376 7.65

45 % MEA 1.542 -3.49

It appears that the mixture of 30% MEA + 10% MDEA is the least energy consuming.

3.3. Economic analysis

The cost of installing the capture system is estimated at USD 313.687.140,67 for the base scenario. Figure 4 illustrates
the cost distribution (in dollars) for the other analyzed scenarios.

After accumulating the data, we observed that the different mixtures of solvents result in different annualized operating
expenses. The highest is the mixture consisting of 40% MEA with an annualized OPEX of $46 980 704.48, an increase of
21.57% compared to the base case whose OPEX is $38, 644, 540.54. The mixture consisting of 30% MEA + 10% MDEA
has the lowest OPEX with a value of $37, 224, 171.16. This mixture therefore allows a reduction in the operating cost of
the plant by 3.67%. Adopting this mixture will save $29, 827, 756.98 over the 21 years of operation of the plant.
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Figure 4 Distribution of total costs of the different scenarios

It thus emerges from this study that the solvent composed of 30% MEA and 10% MDEA is the most economical.

4., Conclusion

This work aimed to study different combinations of solvents to identify the one that allows an efficient CO2 elimination
process at the Maria Gléta 2 thermal power plant in Benin. The various characteristics of the COz capture system were
determined. The simulation made it possible not only to predict the behavior of the CO2 capture system but also to
identify optimization strategies with the Aspen Hysys software, showing that the solvent mixture consisting of 30%
MEA and 10% MDEA in bulk is less energy intensive and more economical. The results obtained in this work offer
promising prospects for the energy industry. This information is crucial in a context where reducing carbon dioxide
emissions plays a central role in the fight against climate change.
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