	[bookmark: _Hlk145068772][image: cetlogo]CHEMICAL ENGINEERINGTRANSACTIONS

VOL.xxx,2026
	A publication of
[image: aidiclogo_grande]

	
	The Italian Association
of Chemical Engineering
Online at www.cetjournal.it

	Guest Editors:Leonardo Tognotti, Rubens Maciel Filho, Viatcheslav Kafarov
Copyright © 2026, AIDIC ServiziS.r.l.
ISBN979-12-81206-xx-x;ISSN 2283-9216


Techno-Economic Evaluation of CO2 Capture in Biomass Boilers: A Comparison between MEA and DEA
Caio H.O. Costa*a, Victor H.S. Ramos, Rubens Maciel Filho, Maria R. Wolf Maciel, Leonardo V. Fregolente.
aFaculty of Chemical Engineering, University of Campinas (UNICAMP), Cidade Universitária Zeferino Vaz, Av. Albert Einstein, 500 Campinas, SP, Brazil
*c168274@dac.unicamp.br

The increase in carbon dioxide (CO₂) emissions has driven the development of mitigation technologies, with Bioenergy with Carbon Capture and Storage (BECCS) standing out as a promising alternative for achieving negative emissions. Among the available technologies, chemical absorption using amines presents a high level of industrial maturity. In this context, this study performed a technical and economic assessment of CO₂ capture from the flue gas of a sugarcane bagasse–fired boiler with a flow rate of 200 t/h, corresponding to a steam production of 100 t/h. Monoethanolamine (MEA) and diethanolamine (DEA) were evaluated as solvents through simulations carried out in Aspen Plus®, considering both absorption and desorption stages. The results indicated a capture efficiency of 90% and a CO₂ purity of 99%. The optimal liquid-to-gas mass ratio was 2.5 for MEA and 3.25 for DEA, corresponding to loadings of 0.30 and 0.40 mol CO₂/mol solvent, respectively. The reboiler energy requirements were 4.4 and 4.8 GJ/tCO₂. The economic analysis indicated a CAPEX between 6.7 and 7.6 MUS$/year and an OPEX between 19 and 20 MUS$/year, resulting in capture costs ranging from 81 to 88 US$/tCO₂. The results confirm the technical feasibility of the process and the superior economic performance of MEA under the evaluated conditions.
Introduction
In the current global scenario, climate change intensified by the increasing concentration of carbon dioxide (CO₂) in the atmosphere represents one of the major environmental challenges of our time. Anthropogenic greenhouse gas emissions have increased significantly, leading to pronounced climate changes and rising global average temperatures (Singh and Dhar, 2019). Among these gases, CO₂ stands out as the main contributor, followed by methane, nitrogen oxides, and fluorinated gases (Forster et al., 2023), highlighting the need for technologies aimed at mitigating its emissions.
In this context, several strategies have been proposed to reduce carbon emissions, including carbon capture, utilization and storage (CCUS), the expansion of renewable energy sources, and improvements in energy efficiency (Moioli and Pellegrini, 2019). Among these alternatives, Bioenergy with Carbon Capture and Storage (BECCS) stands out for enabling negative emissions by combining renewable energy generation with CO₂ capture.
Biomass-based energy systems play a strategic role in this scenario, particularly in the sugar–energy sector, where sugarcane bagasse is widely used. Although renewable, biomass combustion generates significant CO₂ emissions, making the application of capture technologies a relevant alternative for emission mitigation (Wiesberg et al., 2021).
Among the available technologies, post-combustion capture by chemical absorption using amines presents a high level of industrial maturity. Monoethanolamine (MEA) is widely employed due to its high reactivity, while diethanolamine (DEA) exhibits lower degradation rates, with distinct energy requirements during the regeneration step (Madugula, 2024). However, studies comparing the technical and economic performance of these amines in biomass combustion systems remain limited.
In this context, the present work aims to perform a technical and economic assessment of CO₂ capture from the flue gas of a biomass-fired boiler using aqueous solutions of MEA and DEA. The simulations were carried out using Aspen Plus®, allowing the evaluation of process performance, energy consumption, operating costs, and the specific cost of CO₂ capture per tonne, contributing to the assessment of the technology’s feasibility for industrial applications.
Exhaust Gas
Flue gases resulting from combustion present a composition that depends on the type of fuel used and the operating conditions. In general, they are mainly composed of nitrogen (N₂), water vapor (H₂O), carbon dioxide (CO₂), and residual oxygen (O₂), along with small amounts of contaminants such as NOₓ, SOₓ, and CO (Laubscher and De Villiers, 2021), which are neglected in the technical analysis of this study. In coal combustion, the flue gas typically contains a molar composition of 12–14% CO₂, 8–10% H₂O, and 3–5% O₂, with the remainder consisting primarily of N₂ (Song, 2004). In contrast, natural gas combustion results in lower CO₂ concentrations (8–10%) and a higher fraction of water vapor due to the higher hydrogen content of the fuel (Song, 2004).
In the case of biomass, particularly sugarcane bagasse, the molar composition of the flue gas presents intermediate values, with approximately 12–15% CO₂, 10–15% H₂O, 5–8% O₂, and the remainder mainly composed of N₂ (Hugot, 2014; Wiesberg et al., 2021; Batlle, 2013). It should be noted, however, that the composition of biomass-derived flue gases may vary significantly depending on the fuel origin, moisture content, and combustion conditions. Even so, sugarcane bagasse represents a suitable reference for CO₂ capture studies due to its wide availability in Brazil and its significant role in the national energy matrix.
Process Description
Several amine-based CO₂ capture flowsheets have been reported in the literature, but detailed configurations including CO₂ purification and solvent management are less common. Here, an enhanced process configuration is proposed, aiming to reduce steam demand in the stripping section and to lower solvent make-up requirements. It should be noted that the process involves reactive mass transfer in an ionic medium, which increases modeling complexity.
First, the flue gas is cooled to prevent solvent degradation and to remove part of the water content, a particularly important step for biomass-derived flue gas due to its high humidity. The cooled gas is then fed to the absorber, where it contacts the solvent countercurrently and undergoes simultaneous mass and heat transfer with chemical reaction. Treated gas leaves the column overhead, while the CO₂-rich solution is withdrawn from the bottom and sent to regeneration.
In the stripper, reboiler heat breaks the chemical bonds between CO₂ and the solvent, releasing a CO₂ plus water-vapor stream at the top and producing a CO₂-lean solution at the bottom. The regenerated solvent is cooled, adjusted by adding solvent and water, and recycled to the absorber. The released CO₂ is sent to cooling and compression, where condensed water is removed and reused in the process. This configuration improves energy performance because upstream water removal limits solvent dilution, and operating the stripper without reflux reduces thermal demand while maintaining adequate solvent regeneration.
Case Study
The case study refers to a sugarcane bagasse-fired boiler producing approximately 100 t/h of steam and generating about 200 t/h of flue gas. The flue-gas composition was set to 60 mol% N₂, 20 mol% O₂, 10 mol% CO₂, and 10 mol% H₂O, with a flow rate of 200 t/h, pressure of 1.05 atm, and temperature of 168°C. This setup is representative of sugarcane biorefineries, where bagasse is widely used as a renewable fuel.
The flue gas was treated in a post-combustion CO₂ capture system based on chemical absorption using 30 wt% aqueous MEA and 30 wt% aqueous DEA. The process includes flue-gas cooling, CO₂ absorption, and solvent regeneration in a stripping column. Simulations were performed in Aspen Plus® targeting a 90% CO₂ capture efficiency.
The assessment covered technical and energy performance as well as an economic evaluation, including reboiler heat demand, liquid-to-gas ratio (L/G), and specific capture cost, enabling a direct comparison between the evaluated solvents.
Methodology
2.1 Technical Analysis

The technical assessment was carried out in Aspen Plus® V14. The process components were defined as CO₂, H₂O, N₂, O₂, MEA or DEA, including their ionic species, and the ELECNRTL (Electrolyte Non-Random Two-Liquid) property method was selected, as recommended for non-ideal electrolyte systems with ions in the liquid phase (Madeddu et al., 2018). A reaction set was then implemented by inputting the kinetic parameters for each reaction from the literature (Madeddu et al., 2018), where the full reaction scheme and parameter values are reported.
Finally, process streams (with their specifications) and equipment blocks were built in the simulation flowsheet. Both the absorber and stripper were modeled using RadFrac coupled to the reaction set under the rate-based approach. The main specifications adopted for each simulation block are summarized in Table 1.

Table 1: Important information in the simulation environment.
	Equipment/Stream
	Description
	Information

	Absorber
	Column responsible for capturing CO2 in a chemical absorption process using an amine solvent in countercurrent flow.
	Pressure = 1atm, Height = 6m and Diameter = 4m
Rated Based Model with 30 partitions
Rashig model in mass transfer and holdup
MELLAPACK packed from Sulzer

	Stripper
	Column responsible for releasing the absorbed CO2 into the gaseous phase using energy from the vapor.
	Pressure = 1atm, Height = 5m and Diameter = 2,5m
Rated Based Model with 50 partitions
Rashig model in mass transfer and holdup
MELLAPACK packedfromSulzer

	HE1
	Flue gas cooler
	U = 27 Btu/h.m².ºF* and T= 50°C for gas outlet

	HE2
	Solvent cooler
	U = 170 Btu/h.m².°F and T= 40°C for solvent outlet

	HE3 (Intermediary)
	Preheater for the desorption column feed stream

	U = 170 Btu/h.m².°F
Temperature varies between 66-74 °C

	HE4
	1st condenser
	U = 150 Btu/h.m².°F and T= 40°C for gas outlet

	HE5
	2st condenser
	U = 50 Btu/h.m².°F and T= 40°C for gas outlet

	HE6
	3st condenser
	U = 50 Btu/h.m².°F and T= 40°C for gas outlet

	Reboiler
	responsible for providing energy for the release of CO2 into the gaseous phase
	
U = 200 Btu/h.m².°F
Vaporized fraction varying from 0.05 to 0.9**

	P1
	Feed the desorption column
	Isentropic efficiency = 90%***, Pout = 1.2 bara

	P2
	Solvent recycling
	Isentropic efficiency = 90%***, Pout = 2 bara

	P3
	Water recycling
	Isentropic efficiency = 90%***, Pout = 1.5 bara

	C1
	1st stage of compression
	Isentropic efficiency = 75%***, Pout = 1.87 bara

	C2
	2st stage of compression
	Isentropic efficiency = 75%***, Pout = 3.5 bara

	MEA/DEA
	Amine solvent 
	Pressure = 2 bara, T = 40°C and %wt = 30%

	Utilities
	Water, electric energy and vapor
	Twater = 30 to 38°C,Pvapor = 10barg and Tvapor = 178°C


* U values were taken from Towler and Sinnott (2021).
**Care was taken regarding the degradation temperature of the solvents.
*** Pump efficiencies were taken from Cooper et al. (2008), and compressor efficiencies from Green and Perry (2008).
Finally, to minimize steam consumption while maintaining the same CO₂ capture efficiency and product purity, different liquid-to-gas mass flow ratios (L/G) were evaluated and an optimal value was identified. In addition, the effect of reboiler steam demand on the process indirect CO₂ emissions was assessed using Aspen Plus® Carbon Tracking, which quantifies the CO₂-equivalent associated with steam generation. This approach enabled identification of the operating condition that simultaneously minimizes energy use and emissions linked to solvent regeneration. Furthermore, this makes it possible to verify the global capture of the process. The implemented simulation is shown in Figure 1.
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Figure 1: Representation of the simulation performed in Aspen Plus using MEA.
0. Economic Analysis
Preliminary cost estimates can be obtained using literature correlations, typically within about 30% accuracy (Towler and Sinnott, 2021). In this work, CAPEX was estimated as the sum of purchased equipment costs multiplied by the Lang factor (FL) and a location factor (FLo) of 1.14 for Brazil (Towler and Sinnott, 2021). Costs were also escalated using the Chemical Engineering Plant Cost Index (CEPCI), from a reference value of 525 (2007) to 797.1 (2025) (Chemical Engineering, 2025), as shown in Equation (1).

	
	(1)



For comparison against operating costs, CAPEX was annualized, assuming a 10% discount rate and a 20-year plant lifetime (Towler and Sinnott, 2021). 
[bookmark: _GoBack]OPEX was calculated assuming 350 operating days per year. Utility prices were set to US$ 0.067/t for water and US$ 0.12/kWh for electricity, representative values for Brazil (ANA, 2026; ANEEL, 2026), and US$ 29.59/t for steam (Turton et al., 2008). For reference, steam from biomass boilers typically ranges from US$ 20 to 30/t (Pérez-Uresti, 2019). Solvent costs were assumed as US$ 1015/t for MEA and US$ 1030/t for DEA (Accio, 2026).
Finally, using the estimated CAPEX and OPEX, the specific CO₂ capture cost (US$/tCO₂) was calculated for each solvent according to Equation (2). A sensitivity analysis was also performed to quantify the effect of steam price on capture cost by varying steam cost from US$ 15 to 38/t.
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Results
Technical Assessment
The outlet pressure of the purified CO₂ stream was set to meet a 99% purity target, a minimum requirement for downstream use or disposal (e.g., refrigeration, as a reactant, storage/transport, or geological sequestration). Under the simulated conditions, the lowest pressure achieving this specification was 3.5 bara for both solvents, requiring two compression stages as previously discussed. Next, for each solvent, the optimal L/G was identified to minimize reboiler duty and, consequently, CO₂-equivalent emissions, while keeping capture at 90% and CO₂ purity at 99% (Table 2). L= Solvent Flow Rate (t/h); G=Gas Flow Rate (t/h).

Table 2: L/G Analysis information.
	Solvent
	L/G
	Solvent Flow Rate (t/h)
	Steam Reboiler (t/h)
	Qreboiler(MW)
	CO2e(t/h)
	CO2 Global Capture (%)

	MEA
	1.8
	350
	263.4
	146.3
	52.6
	35%

	
	1.9
	380
	153.6
	85.3
	30.7
	47%

	
	2.0
	400
	94.5
	52.4
	18.9
	57%

	
	2.5
	500
	64.8
	35.9
	12.9
	65%

	
	2.8
	550
	67.7
	37.6
	13.5
	64%

	
	3.0
	600
	67.6
	37.5
	13.5
	64%

	
	3.5
	700
	69.9
	38.9
	13.9
	63%

	DEA
	3.15
	630
	426.3
	236.7
	85.2
	25%

	
	3.2
	640
	72.6
	40.3
	85.2
	25%

	
	3.25
	650
	70.1
	38.9
	14.0
	63%

	
	3.3
	660
	71.8
	39.9
	14.4
	63%

	
	3.5
	700
	73.9
	41.1
	14.8
	62%

	
	3.75
	750
	76.4
	42.4
	15.3
	61%

	
	4.0
	800
	79.1
	43.9
	15.8
	61%



Overall, both solvents show a clear L/G–reboiler-duty trade-off. At low L/G, solvent capacity becomes limiting, increasing the reboiler duty required to meet the target capture. At high L/G, the larger liquid circulation raises the heating demand and again increases reboiler duty. Therefore, an optimum exists that balances solvent driving force and regeneration energy, which occurred at L/G = 2.5 for MEA and L/G = 3.25 for DEA.
Global CO₂ capture was also evaluated by accounting for indirect emissions associated with steam consumption. Although the absorber achieves about 90% capture, reboiler steam generation introduces additional CO₂ emissions. In the analyzed case, with 32.9 t/h of CO₂ in the flue gas, about 29.6 t/h are captured; however, indirect emissions of approximately 14 t/h reduce the overall capture efficiency to around 60%. From the solvent performance assessment, the CO₂ loading per mole of solvent and the associated energy demand were estimated. The results were 0.30 mol CO₂/mol MEA with an energy consumption of 4.38 GJ/tCO₂, and 0.40 mol CO₂/mol DEA with a demand of 4.72 GJ/tCO₂. These values align with literature ranges of 0.20 to 0.50 mol CO₂/mol solvent and typical energy requirements of 3.6 to 4.2 GJ/tCO₂ for amine-based capture systems (Wiesberg et al., 2021; Xue et al., 2017; Wu et al., 2024).
Economic Assessment
Based on the optimal conditions identified in the simulations, capital (CAPEX) and operating (OPEX) costs were estimated. Figure 2 summarizes the CAPEX breakdown by equipment and the total CAPEX and OPEX for each solvent.
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Figure 2: CAPEX(a) e OPEX(b) values for MEA and DEA.

A comparative assessment shows that the MEA-based process yields lower capital and operating costs than the DEA case. For CAPEX, the main contributors are the columns, the compressor, and the flue-gas cooler, consistent with the larger size and complexity of these units. Solvent purchase is higher for DEA, as a larger solvent flow rate is required to reach the same capture efficiency. For OPEX, utilities dominate, with steam consumption as the main cost driver. Utility water has a secondary contribution, while solvent make-up has a minor effect on annual cost and is even lower for DEA due to its lower solvent loss rate over the process.
Under the evaluated conditions, the MEA system resulted in a total CAPEX of US$ 6.77 million (annualized CAPEX of US$ 0.79 million per year) and an OPEX of US$ 19.59 million per year. For DEA, the total CAPEX was US$ 7.63 million (annualized CAPEX of US$ 0.89 million per year) and the OPEX was US$ 20.89 million per year, confirming MEA as the most cost-effective option.
The total CO₂ capture cost was estimated at US$ 81.9 per tCO₂ for MEA and US$ 87.5 per tCO₂ for DEA, indicating higher techno-economic viability for MEA. Wiesberg et al. (2021) reported BECCS capture costs in the range of US$ 88 to 288 per tCO₂. This assessment excludes CO₂ transport, storage or utilization, as well as solvent degradation, equipment corrosion, and environmental impacts, and should therefore be interpreted as a strictly technical and economic evaluation. Due to the strong influence of steam demand, a sensitivity analysis was performed to quantify the effect of steam price on the final capture cost. For the proposed steam cost range, the sensitivity analysis showed a variation of US$50 to US$100/tCO2 and the results show a linear relationship, highlighting the dominant role of steam in the overall cost and reinforcing it as a key constraint on the economic viability of amine-based CO₂ capture.
Conclusions
CO₂ capture from sugarcane bagasse boiler flue gases via amine absorption proved to be technically feasible, but it is associated with high energy consumption, mainly due to the steam demand in the solvent regeneration step. Among the solvents evaluated, MEA showed better technical and economic performance than DEA, resulting in lower capital and operating costs. Despite the economic challenges, implementing CO₂ capture in biomass-based systems constitutes a BECCS route, enabling net-negative emissions. Therefore, this process has significant potential for mitigating greenhouse gas emissions.
Acknowledgments
This study was financially supported by the Human Resources Training Program of the Brazilian National Agency for Petroleum, Natural Gas and Biofuels (PRH-ANP), under the management of the São Paulo Research Foundation (FAPESP), Brazil, Process No. 2025/20378-5; by CENPES/PETROBRAS; by National Council for Scientific and Technological Development (CNPq), grants numbers 302888/2023-3; 308672/2025-9; 311193/2020-0; by the Program of Academic Excellence (PROEX), grant number 33003017034p8 and, also, this study was financed by the São Paulo Research Foundation (FAPESP), Brazil. Process Number #2022/16379-8. 
References
Accio, 2026. Chemical price database: Monoethanolamine and Diethanolamine. <www.accio.ai> accessed 20.01.2026.
Agência Nacional de Águas e Saneamento Básico (ANA), 2026. Water resources management in Brazil: Annual report (in Portuguese). <www.gov.br/ana> accessed 22.01.2026.
Agência Nacional de Energia Elétrica (ANEEL), 2026. Brazilian electricity tariff report (in Portuguese). <www.aneel.gov.br> accessed 22.01.2026.
Batlle, E. A. O., 2019. Thermodynamic and environmental assessment of integrated biorefinery complexes using sugarcane and palm, PhD thesis, Universidade Federal de Itajubá, Minas Gerais, Brazil (in Portuguese).
Chemical Engineering, 2025. Chemical Engineering Plant Cost Index (CEPCI). Chemical Engineering Magazine.
Cooper P., Tchobanoglous G., Garbus R.O., Hart R.J., Reh C.W., Sloan L.G., Smith E.C., 2008, Performance of centrifugal pumps, Chapter In: Pumping Station Design, Butterworth-Heinemann, 10–1.
Forster P.M., Smith C., Walsh T., Lamb W.F., Lamboll R., Hall B., Zhai P., 2024, Indicators of Global Climate Change 2023: annual update of key indicators of the state of the climate system and human influence, Earth System Science Data, 16, 2625–2658.
Green D.W., Perry R.H. (Eds.), 2008, Perry’s chemical engineers’ handbook, McGraw-Hill, New York, USA.
Hugot E., 2014, Handbook of cane sugar engineering, Elsevier.
Laubscher R., De Villiers E., 2021, Integrated mathematical modelling of a 105 t/h biomass fired industrial watertube boiler system with varying fuel moisture content, Energy, 228, 120537.
Madeddu C., Errico M., Baratti R., 2018, CO₂ capture by reactive absorption-stripping: modeling, analysis and design, Springer.
Madugula A.C.S., Jeffryes C., Henry J., Gossage J., Benson T.J., 2024, A simulation-based model studying monoethanolamine and aprotic heterocyclic anion ionic liquid (AHA-IL) mixtures for carbon capture, Computers & Chemical Engineering, 183, 108599.
Moioli S., Pellegrini L.A., 2019, Operating the CO₂ absorption plant in a post-combustion unit in flexible mode for cost reduction, Chemical Engineering Research and Design, 147, 604–614.
Pérez-Uresti S.I., Martín M., Jiménez-Gutiérrez A., 2019, Estimation of renewable-based steam costs, Applied Energy, 250, 1120–1131.
Singh J., Dhar D.W., 2019, Overview of carbon capture technology: microalgal biorefinery concept and state-of-the-art, Frontiers in Marine Science, 6, 29.
Song C., Pan W., Srimat S.T., Zheng J., Li Y., Wang Y.H., Zhu Q.M., 2004, Tri-reforming of methane over Ni catalysts for CO₂ conversion to syngas with desired H₂/CO ratios using flue gas of power plants without CO₂ separation, Chapter In: Studies in Surface Science and Catalysis, Vol. 153, Elsevier, 315–322.
Towler G., Sinnott R., 2021, Chemical engineering design: principles, practice and economics of plant and process design, Butterworth-Heinemann.
Turton R., Bailie R.C., Whiting W.B., Shaeiwitz J.A., 2008, Analysis, synthesis and design of chemical processes, Pearson Education.
Wiesberg I.L., de Medeiros J.L., de Mello R.V.P., Maia J.G.S., Bastos J.B.V., Araújo O.D.Q.F., 2021, Bioenergy production from sugarcane bagasse with carbon capture and storage: surrogate models for techno-economic decisions, Renewable and Sustainable Energy Reviews, 150, 111486.
Xue B., Yu Y., Chen J., Luo X., Wang M., 2017, A comparative study of MEA and DEA for post-combustion CO₂ capture with different process configurations, International Journal of Coal Science & Technology, 4, 15–24.
Wu C., Huang Q., Xu Z., Sipra A.T., Gao N., de Souza Vandenberghe L.P., Zhou H., 2024, A comprehensive review of carbon capture science and technologies, Carbon Capture Science & Technology, 11, 100178.

image2.jpeg
AIDIC




image3.png
HEl

MEAMAKE
Ipesicx-spec|





image4.png
Water
p3 (a) (b)
HE6
HES

Pl

P2
Solvent

HE4 W DEA Water make up

HE3 B MEA

Solvent make up
Reboiler

HE2 Electrical energy

Stripper Column mDEA W MEA

.-TA

Water Utility
Compressor

HEL Steam

Absorption Column

Total

Total

<
G
o

U$ 2,000,000 U$ 4,000,000 U$ 6,000,000 U$ 8,000,000 uso U$5,000,000 U$ 10,000,000 US$ 15,000,000 U$ 20,000,000




image1.jpeg




