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Abstract 

Waste-to-energy (WtW) systems constitute a complex thermochemical interface between energy 
production and waste management. This can be done by generating CO2 streams of mixed biogenic 
and fossil origin. Net-negative emissions can be achieved by integrating carbon capture and storage 
(CCS) into WtE plants. However, the physical chemistry of the capturing process under 
heterogeneous conditions is not yet fully understood. This review analyzes the molecular and 
thermodynamic foundations of CO2 capture in WtE contexts and emphasizes solvent-solute 
interactions, reaction equilibria, and energy landscapes governing sorption and regeneration. 
Moreover, the chemistry of amine-based systems, ionic liquids, and solid sorbents will be examined, 
with respect to flue gas composition, impurity tolerance and degradation pathways, as well as the 
thermodynamic and kinetic frameworks for CO2 compression, phase behavior and geochemical 
storage reactions. The present review presents WtE–CCS as a particular field where the principles of 
physical chemistry contribute substantially to the development of sustainable approaches to 
environmental management. 
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1. Introduction 

Waste-to-energy (WtE) facilities are at the point where modern waste management methods go 
hand in hand with sustainable energy production. [1] With the rapid expansion of cities and the 
increase in material consumption, the production of municipal solid waste worldwide is increasing, 
intensifying the pressure on traditional landfill methods. WtE plants provide an excellent solution by 
recovering the chemical energy stored in residual, non-recyclable waste streams and converting it 
into heat, electricity, or district heating.  [2] Their function is not limited to energy production: 
Waste-to-Energy (WtE) plants are critical infrastructure that reduces reliance on landfills, limit 
methane emissions and strengthens local energy resilience. In many countries, WtE plants are part of 
climate and circular economic strategies, as they simultaneously address waste management, 
resource recovery and energy security. Unlike intermittent renewables, WtE plants provide 
controlled, stable baseload power, helping to stabilize grids with a high share of variable energy 
generation. [3–5] They also serve as critical infrastructure components that reduce landfill 
dependency and enhance local energy resilience as well. WtE capacity is often integrated into climate 
and circular-economy strategies by some countries, due to the simultaneous waste treatment, 
resource recovery and energy security. [6,7] In comparison with the intermittent renewables, WtE can 
offer controllable continuous power, that can stabilize grids with high shares of variable generation. 
[8,9] However, the strategic value of Waste-to-Energy (WtE) plants is now being assessed not only in 
terms of energy production, but also in terms of their environmental footprint. As climate targets 
become more demanding, attention is turning to the carbon emissions of WtE facilities and the 
potential for integrating carbon capture technologies to align their operation with long-term 
decarbonization goals. [10,11] 
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The CO₂ emitted from WtE plants has a distinctive composition that sets it apart from 
conventional fossil-fuel power stations. Municipal solid waste contains a heterogeneous mixture of 
materials, such as plastics and synthetic polymers derived from mineral sources, as well as paper, 
food waste, textiles and other biogenic components derived from recent biomass. [12] As a result, 
waste incineration produces a dual stream of CO₂ emissions: one from fossil-based materials, which 
directly contributes to net anthropogenic emissions, and a biogenic stream, which feeds into the 
short-term carbon cycle. This combination creates both challenges and opportunities. [10] The overall 
carbon intensity of WtE is generally lower than that of coal or oil but still significant due to the 
presence of non-renewable waste fractions.  

Integrating carbon capture and storage (CCS) into WtE systems is becoming a central strategy 
for driving substantial decarbonization in the waste sector. Since a significant portion of WtE CO₂ 
comes from biogenic sources, capturing and permanently storing it can produce net-negative 
emissions, effectively extracting CO₂ from the atmosphere. [13] This positions WtE-CCS among the 
new scalable negative-emission technologies available today, especially in urban regions with high 
waste throughput. Also, CCS can reduce the fossil-derived portion of emissions, to a great extent, 
aligning WtE operations with stringent climate targets and emissions trading frameworks. [14] 
Coupling carbon capture with utilization pathways like synthetic fuels, mineral carbonating or 
polymer precursor synthesis, can also contribute to a circular carbon economy and atoms can be 
continuously recycled rather than emitted. [15–17] This can link waste management, energy 
generation and carbon valorization into a single integrated system.  

This paper focuses on the physical-chemistry foundations that rule carbon capture in the specific 
context of WtE flue gas environments. Even though many CCS technologies have been evaluated in 
conventional or industrial settings, WtE flue gases have unique characteristics, like higher moisture, 
variable oxygen levels, acidic contaminants and fluctuating CO₂ concentrations, that can affect 
capture performance at a molecular level. [18,19] A physical chemistry perspective can help in better 
understating of sorbent-CO2 interactions, reaction energetics, transport phenomena, solvent stability 
and the thermodynamics of separation, under WtE-specific conditions. This approach can also 
highlight how the molecular-level mechanisms can be translated into process-level behavior, 
affecting energy penalties, capturing efficiency or long-term operational stability. The study 
combines insights from adsorption science, solution chemistry, gas–solid interface interactions, and 
phase equilibrium modeling to provide a comprehensive understanding of how to optimize CCS for 
heterogeneous waste-derived flue gases. By focusing on these fundamental principles, it aims to 
guide material selection, process integration, and system-level design for advanced WtE-CCS 
applications. 
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2. Flue Gas Chemistry in WtE Plants 

2.1. Composition of WtE Flue Gas  

Waste-to-energy (WtE) incineration treats around 63% of European waste and requires careful 
monitoring of flue gas composition and emissions. This study compares two emission evaluation 
methods during the design phase: an Excel-based calculation model and Ebsilon 13.2 simulations. A 
flue gas cleaning system was proposed for a simulated Jordanian WtE plant. Ebsilon results for a 
25 kg/s load and 1.5 excess air ratio showed CO₂, NO₂, SO₂, and HCl emissions of 258,514, 749.9, 890.2, 
and 717 mg/Nm³, respectively. SNCR reduced NO₂ to 180 mg/Nm³, and Ca(OH)₂ injection cut SO₂ 
and HCl to 44 and 7.16 mg/Nm³. Carbon absorption achieved a 91% CO₂ reduction. The calculation 
model was validated as effective for predicting flue gas volume, oxygen demand, and emissions at 
the design stage. [19] 

Waste-to-Energy (WTE) plants produce fly ash (FA) as a hazardous air pollution control residue. 
This study examined FA formation, chemical/mineral composition, and heavy metal leachability 
under high- and low-moisture ash processing conditions. FA mainly contains CaO (40%), Cl (15%), 
SO₃ (8%), and CO₂ (8%), with 45–50% crystalline phases (carbonates, chlorides, sulfates, aluminates, 
silicates) and 50–55% amorphous material. High-moisture processing favored stable hydrates (e.g., 
ettringite) and C–S–H phases. Heavy metal leachability was assessed using LEAF (pH-dependent) 
and TCLP tests per RCRA standards. [20] 

2.2. Implications for Sorbent Stability, Selectivity, and Degradation 

Aminopolymer sorbents, like PEI/Al₂O₃, are effective for direct air CO₂ capture due to high 
capacity and selectivity, but long-term stability is crucial for scalable use. This study examines their 
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degradation under continuous and cyclic dry and humid conditions at 70 °C, focusing on the effects 
of CO₂ and O₂. Analyses (TGA, elemental, and in situ HATR-IR) show that CO₂ with O₂ accelerates 
deactivation via oxidative cleavage of secondary amines, forming excess primary amines. Bound CO₂ 
species likely catalyze this degradation by lowering activation energy. After 30 cycles, sorbent 
stability declined by 29% (dry) and 52% (humid), with cyclic loss less severe than continuous 
deactivation. [21] 

3. Molecular Mechanisms of CO2 Capture 

Efficient, low-energy CO₂ capture remains challenging because conventional amine absorbents 
have limited reaction efficiency and high energy demand. This study modifies MEA, DEA, and 
MDEA using the surfactant AEO-9 and evaluates their CO₂-capture performance, reaction products, 
and molecular interactions. Adding AEO-9 lowers surface tension by 41.4%–49.1%, enhances 
foaming, and improves CO₂ removal by 22.3%–41.5%. Several foamed amine blends outperform pure 
MEA, indicating potential for lower energy use and reduced corrosion. ¹³C NMR and FTIR confirm 
product formation, while molecular dynamics simulations show that AEO-9 strengthens molecular 
cooperation by altering solvation-shell density and dynamics, increasing hydrogen-bond length and 
angle, and improving mobility. Overall, the work demonstrates that surfactant-induced foaming and 
interfacial regulation can significantly enhance amine absorbents, offering a promising route to more 
efficient CO₂-capture technologies. [22] 

Global warming driven by CO₂ emissions, much of it from post-combustion sources, demands 
efficient flue-gas CO₂ capture. This study introduces an ionic-liquid/ethanol mixed solvent for post-
combustion capture, with the [C1Py][CF₃COO]-ethanol blend optimized using a CAILD-based 
MINLP model. Its performance was evaluated through detailed process simulations, and an oil-based 
metric was used to assess energy-use quality. Results show that this solvent can cut carbon emissions 
by 62.33%–75.51%, energy consumption by 64.71%–72.7%, and total annual cost by 53.6%–61.7% 
relative to MEA/MDEA systems. Overall, the IL–ethanol process offers a highly efficient, cost-
effective, and environmentally promising route for post-combustion CO₂ capture. [23] 

The review outlines major CO₂ capture routes (pre-, post-combustion, and oxy-fuel), recent 
advances, and remaining challenges. It then summarizes CO₂ utilization pathways, chemical, 
biological, and mineralization, and their emerging benefits. Geological storage options such as saline 
aquifers and depleted reservoirs are examined with emphasis on monitoring, safety, and long-term 
risks. The paper also evaluates integrated CCUS systems through techno-economic analysis and case 
studies, addressing feasibility, scalability, and policy barriers. It concludes that CCUS is vital for 
climate mitigation and requires ongoing innovation, supportive policies, and lower costs for broad 
deployment. [24]  

3.1. Post-Combustion Solvent Capture 

3.1.1. Amine Chemistry: Carbamate Formation, Bicarbonate Pathways, Reaction Kinetics 

To develop efficient, reusable solvents for industrial CO₂ capture, this study synthesized three 
alcohol-amine deep eutectic solvents (DESs) and analyzed them using experiments, molecular 
simulations, and machine learning. DES1, composed of TBAB and ME, showed the best performance, 
achieving a CO₂ uptake of 0.198 g/g at 30 °C and maintaining over 95% regeneration efficiency after 
seven cycles. Machine-learning analysis (CatBoost) identified ESPmin and Farthest_Distance as key 
molecular descriptors. Combined with DFT and molecular-dynamics results, the findings show that 
DES1’s electron-rich amino nitrogen and strong electrostatic complementarity with CO₂ promote 
chemisorption, while its low viscosity enhances mass transfer. In contrast, DES3’s –CH₃ steric 
hindrance in MDEA limit’s reaction activity, resulting mainly in physical absorption. Overall, the 
integrated experiment–simulation–data approach reveals how electronic effects, sterics, and mass-
transfer properties jointly control performance, offering guidance for designing next-generation low-
carbon solvents. [25] 
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Post-combustion CO₂ capture with amine solvents remains a practical option for cutting 
emissions from fossil-fuel industries. This study evaluates five amines, MEA, DEA, TEA, MDEA, and 
DGA, using an Aspen-Hysys model to compare energy demand, CO₂ removal, and solvent make-up 
rates. MEA shows the best overall performance, requiring the least energy (70,466.83 kJ/kg CO₂) with 
acceptable replenishment needs. TEA minimizes solvent make-up but has the highest energy use 
(94,396.55 kJ/kg CO₂), reducing its suitability. The results highlight the trade-offs among energy 
efficiency, solvent stability, and operational constraints, emphasizing the need to select amines that 
match specific process requirements for effective industrial CO₂ capture. [26] 

Conventional amine absorbents used for post-combustion CO₂ capture face challenges such as 
high regeneration energy, corrosion, and limited recyclability. This study examines whether 
nanoparticles and additives can enhance amine performance through microgelation and mixing. Two 
nanoformulations were developed: an MEA-based solvent (NF-1) and a DEA-based solvent (NF-2). 
Tests in an interfacial contact reactor at ~300–320 K show that both nanoformulations increase CO₂ 
absorption by 10–15% and boost capture rates by 20–60%, especially at higher temperatures. They 
also exhibit better recyclability and higher volumetric loading over three cycles compared with 
standard 30 wt% MEA or DEA. Enhanced performance is linked to Brownian-motion-induced 
micromixing and synergistic chemical effects from additives. NF-1 provides higher volumetric 
loading at equal concentrations, while NF-2 offers greater molar absorption capacity and more 
efficient regeneration, supported by NMR and COSMO-RS predictions. [27] 

Fossil-fuel power plants will continue to supply much of the world’s electricity, making effective 
carbon-reduction technologies essential. Aqueous amine absorbents especially MEA are the current 
standard for post-combustion CO₂ capture, but their high capital and regeneration energy costs limit 
broader use. Biphasic solvents offer a promising lower-energy alternative, yet most studies have 
focused on coal flue gas rather than the more dilute exhaust from natural-gas systems. Two biphasic 
blends, diethylenetriamine (DETA) and triethylenetetramine (TETA), are evaluating for CO₂ capture 
from a natural-gas flue-gas simulant. Both solvents showed substantial regeneration-energy savings 
compared to MEA: 46% less for DETA and 35% less for TETA. Molecular-dynamics simulations 
reveal that phase separation arises from strong interactions between CO₂-reaction products and 
water, with separation intensity depending on CO₂ loading (Figure 2). [28] 

 

Figure 2. Methodology of emission specification for the proposed waste incineration plant (LCV denotes the 
lower calorific value and λ, the excess air) [19]. 
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3.1.2. Degradation Mechanisms in the Presence of WtE Flue Contaminants (SO₂, HCl,  
Heavy Metals) 

As full-scale CO₂ capture deployment approaches, understanding solvent degradation and 
emissions is increasingly important. This study monitored a 30 wt% MEA system at a mobile pilot 
treating waste-to-energy flue gas in Denmark. Nitrosamine and nitramine emissions were below 
detection limits. Initial results indicate that an acid wash can remove up to 83% of gaseous MEA 
degradation products, though further evaluation is required. Emissions of CO, NO, NO₂, SO₂, NH₃, 
and HCl varied with wash-tower temperature and process configuration, but levels in the CO₂ 
product stream remained below 5 mg/m³. Over four months, heat-stable salts, mainly formate and 
acetate,accumulated in the solvent, while iron levels stayed under 10 mg/L. Overall, the findings 
clarify emission behavior in waste-to-energy CO₂ capture systems, highlighting heat-stable salt 
buildup as the primary challenge for MEA-based solvents. [29] 

3.1.3. Solvent Regeneration Thermodynamics (Enthalpy, Entropy Considerations) 

Solvent-based CO₂ capture remains one of the most promising decarbonization strategies 
because liquid solvents offer high selectivity, capacity, and efficiency. However, conventional 
thermal regeneration suffers from high energy use, solvent degradation, and emissions, motivating 
the search for alternatives. Electrochemical regeneration is especially attractive due to its potentially 
higher energy efficiency, low-temperature operation, and modular, plug-and-play design suitable for 
retrofitting existing systems. This review summarizes electrochemical regeneration methods applied 
to solvents such as alkali hydroxides, amines, ammonia, and amino acids. It outlines key design 
principles and recent progress in electrolytes, electrodes, membranes, and process configurations. A 
comparative assessment of performance and techno-economics highlights the promise of 
electrochemical methods relative to thermal regeneration. Although still at the R&D stage, these 
approaches show strong potential to improve the cost, efficiency, and flexibility of CO₂ capture, 
particularly when powered by renewable energy, supporting the shift toward a low-carbon future. 
[30] 

3.2. Blended Amines, Ionic Liquids, Phase-Change Solvents 

3.2.1. Blenden Amines, Ionic Liquids, Phase-Change Solvents 

Solvent-based absorption is currently the only commercial technology for post-combustion CO₂ 
capture, but its high cost has driven research into alternatives such as advanced solvents, membranes, 
and sorbents. Although sorbent-based capture offers lower energy use due to the absence of water, 
it has received less attention than solvent systems. [31] 

Amines reversibly react with CO₂, making them attractive for CO₂ capture from gas streams 
such as flue gas. Although aqueous alkanolamine absorption is the most established technology, it is 
energy intensive and causes corrosion. These drawbacks can be reduced by selective chemical 
adsorption using solid amine sorbents, which consist of amines immobilized on porous supports. 
This review summarizes recent developments in solid amine-based CO₂ adsorbents. It examines 
mesoporous silicas (MCM-41, SBA-15, KIT-6) and polymeric supports (PMMA, PS), focusing on their 
synthesis, modification, and characterization. Methods for amine impregnation and grafting are 
compared, along with adsorption mechanisms, material properties, and preparation strategies. The 
review also presents original data and critically evaluates CO₂ adsorption capacities, cyclic 
performance, and stability of key systems, including PEI- and TEPA-impregnated adsorbents and 
APTES-grafted materials.[32] 

Solid amine adsorbents were synthesized by functionalizing silica nanoflowers (MSN) with 
large pore volume using Pluronic P123 (P123) and Polyethyleneimine (PEI) to explore their 
synergistic effect of CO2 capture. At the optimal loading of 65 wt% PEI and 5 wt% P123, the adsorbent 
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(65PEI/5P123-MSN) displayed peak adsorption performance of 4.12 mmol/g under the dry condition. 
[33]  

Ionic liquids have emerged as promising next-generation functional materials and have drawn 
considerable attention since the late 1990s due to their potential for CO₂ capture and conversion. As 
substitutes for aqueous amine scrubbers, they provide enhanced stability and efficiency. [34] 

3.2.2. Solid Adsorbents (Zeolites, Metal-Organic Frameworks (MOFs), Porous Carbons): Adsorption 
Isotherms, Selectivity, Regeneration Energetics 

This study evaluates an internally circulating fluidized bed (ICFB) reactor for direct air CO₂ 
capture using solid sorbents, specifically Al₂O₃ and K₂CO₃/Al₂O₃, under ambient conditions. Reactor 
performance and adsorption behavior were optimized using a 2³ factorial design. Al₂O₃ showed a 
higher initial adsorption rate, while K₂CO₃/Al₂O₃ achieved greater CO₂ capacity due to 
chemisorption. Kinetic analysis confirmed physisorption for Al₂O₃ and multi-step chemisorption for 
K₂CO₃/Al₂O₃. Characterization verified sorbent stability and effective K₂CO₃ dispersion. The ICFB 
reactor enhanced gas–solid contact and continuous operation, demonstrating its potential as an 
efficient and scalable platform for direct air CO₂ capture using solid sorbents. [35] 

Rising atmospheric CO₂ from fossil fuel use drives climate change, creating an urgent need for 
energy-efficient capture technologies. Using an interpenetration strategy, a new microporous 
fluorinated metal–organic framework, dptz-CuTiF₆, shows high CO₂ uptake and much lower 
regeneration energy than aqueous amine systems. Its superior performance arises from efficient CO₂ 
packing and strong cooperative host–guest interactions. [36] 

3.2.3. Chemical Looping & Redox-Active Materials 

Waste incineration and waste-to-energy plants are vital for waste management but produce 
large CO₂ emissions, creating a need for affordable capture technologies. Many current options 
remain uneconomical under existing carbon taxes. This study compares two calcium (carbonate) 
looping CO₂ capture concepts for a German WtE plant processing 200 kt of waste annually. [37] 

Achieving global carbon neutrality by 2050 requires major reductions in CO₂ emissions. Carbon 
capture is a key strategy, but conventional wet scrubbing relies on large amounts of amines and high 
energy input. Electrochemical direct carbon capture (EDCC) using redox-active materials offers a 
lower-energy alternative capable of capturing CO₂ from dilute sources such as air or oceans. 
Developing cost-effective and energy-efficient redox-active adsorbents is therefore essential for 
advancing EDCC technologies (Figure 3). [38] 

 

Figure 3. Comparison between simulation and experiment from the 0.1 MWth plant: (a) molar fraction of CO2 
and O2 [%]; (b) SO2 and CO emission [mg/MJ] [39]. 
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3.3. Oxy-Fuel and Alternative Approaches 

3.3.1. Thermodynamics of Oxy-Fuel Combustion for Waste Streams 

Fossil fuels dominate energy production, driving CO₂ emissions and climate change, which must 
be reduced. Oxyfuel combustion, a process using oxygen and recirculated gas to produce 
concentrated CO₂ and watershows promise. Although research is ongoing, knowledge is still limited. 
[39] 

This study proposes a blue ammonia process using oxy-fuel combustion to simplify CO₂ capture. 
By utilizing surplus O₂ from the air separation unit, high-purity CO₂ can be separated via water 
condensation, avoiding energy-intensive amine regeneration and distillation. Compared to 
conventional air-combustion with amine capture, the process cuts CO₂ emissions by 61% and 
achieves a 19.5% ROI, highlighting oxy-fuel combustion’s potential for low-carbon blue ammonia 
production. [40] 

3.3.2. Cryogenic Separation Principles 

Rising energy demand from non-renewable sources increases GHG emissions, driving climate 
change. Cryogenic carbon capture (CCC) offers a solvent-free method to extract CO₂ by cooling it into 
liquid or solid forms. This review highlights recent experimental, simulation, and technology 
developments in CCC. Modern methods, including packed beds, external loops, and CryoCell 
technology, can capture over 99% of CO₂, mainly using liquid nitrogen and integrated cooling 
systems. While mostly at small-scale or simulation stages, CCC shows promise. Future work should 
improve efficiency, integrate renewables, explore hybrid systems, and convert CO₂ into valuable 
products to enhance economic viability and reduce industrial emissions. [41] 

Rising economic growth is depleting natural resources, harming air quality, and driving climate 
change. Carbon capture and storage (CCS) can help reduce industrial CO₂ emissions, with cryogenic 
carbon capture (CCC) offering high recovery and purity. This review examines CCC methods, their 
advantages, challenges to commercialization, and potential small- and large-scale applications, 
including blue hydrogen and direct air capture. It assesses technological readiness, compares 
competing technologies, and outlines future R&D directions for CCC systems. [42] 

3.3.3. Hybrid Capture Systems 

Rising CO₂ emissions require urgent reduction. Post-combustion capture is widely used, and 
hybrid processes offer higher efficiency and capacity than standalone methods like absorption or 
cryogenic separation. Membrane technology is ideal for hybridization, with three main 
configurations, in-series, parallel, and integrated, applied for CO₂ capture. [43] 

Increasing demand for clean energy, water, and hydrogen requires efficient multi-generation 
systems, but current solutions face low energy recovery and high costs. This study presents a hybrid 
biogas–solar system that produces electricity, freshwater, hydrogen, and cooling while integrating 
post-combustion CO₂ capture. It combines an ORC and Kalina cycle for power, uses waste heat via 
ERC and HDH units, and employs a solar-assisted MEA capture unit to reduce CO₂ emissions and 
carbon footprint. [44] 

4. Integration Challenges in WtE Context 

4.1. Effect of Solvent Regeneration Steam on WtE Efficiency 

First of all, integrating CCS into WtE plants requires careful consideration of heat and mass 
balance. Large amounts of low-pressure steam are demanded, for solvent-based capture systems, for 
solvent regeneration. [45] This steam is often extracted from the turbine, reducing the net electricity 
output and overall plant efficiency. [46] Balancing the energy demand of the capture systems with 
the plant’s power generation profile is critical to maintain economic feasibility. WtE plants function 
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with fluctuating waste streams that lead to fluctuations in flue gas temperature and flow, further 
complicating energy management. [47] Efficiency losses can be minimized by optimization strategies 
like heat recover from flue gas and staged steam extraction. [48] 

The captured heat can be reused in district heating, offsetting energy penalties, through thermal 
integration. [49] The accurate modeling of the mass flow, CO2 capture rates and energy streams is 
very important, to ensure that CCS integration does not undermine the plant’s primary energy 
recover function. [50] The interplay between flue gas volume, steam availability, and CO₂ 
concentration must be continuously monitored. Overall, the challenge lies in maintaining high 
capture efficiency without compromising electricity or heat delivery. [51] 

4.2. Corrosion and Fouling in WtE CCS Systems 

WtE flue gas contains high moisture, acid gases, particulate matter and heavy metals that can 
induce severe corrosion and fouling in capture equipment. Solvents such as monoethanolamine 
(MEA) are strongly affected by acidic impurities, which lead to their degradation and consequently 
to a reduction in both the efficiency of the solvent and its ability to absorb CO₂. [52] The maintenance 
needs can be increased, by particulates and aerosols that deposit on heat exchangers or piping, 
reducing transfer efficiency. [53] The cost may also be increased by corrosion-resistant and coting 
materials. Pre-treatment systems like wet or dry scrubbers can remove some contaminants but add 
complexity to plant operations. Large-scale operation and molecular level chemistry can be affected, 
due to the interactions between metal ions, flue gas acids and solvents that can produce precipitates, 
scaling or amine degradation products. [54–56] Temperature fluctuations and high moisture further 
accelerate corrosion, particularly in carbon steel components.  [57,58] To avoid unplanned 
downtime, it is critical to monitor and predict maintenance. Advanced solvent compositions or 
additional inhibitors can reduce some of the degradation, but long-term operating data on CCS in 
waste-to-energy (WtE) plants is limited. Ensuring the reliability and long-term operation of 
equipment under these demanding conditions remains a key challenge for industrial use (Figure 4). 
[53,56,57] 

 

Figure 4. Schematic diagram of electrodialysis purification [54]. 

4.3. WtE CCS Scale-Up and Integration Issues 

Integrating CCS into existing WtE plants often presents some scale-up challenges, in comparison 
to designing new-built facilities. Retrofitting demands careful accommodation of capture units, 
absorbers and reboilers into already existing layouts, that may have limited space and constrained 
flue gas pathways. [11] Exploiting steam for solvent regeneration can disrupt existing turbine cycles 
and power generation, requiring extensive redesigns or adjustments to operation. [59] The energy 
integration, flue gas routing and thermal efficiency from the outset can be optimized by new-built 
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plants that can be incorporated into CCS in the initial design. [48,60] Both retrofit and new-build 
projects must address regulatory compliance, emissions monitoring, and potential impacts on local 
heat networks or electricity grids. [61,62] Moreover, detailed computational modeling is important 
in scale-up, to predict the solvent performance flue gas variability and heat integration effects. [60,63–
65] Also, operational flexibility must be sustained to handle variable waste streams, while ensuring 
CO2 capture targets are met.[66] Lastly, for the successful full-scale implementation, workforce 
training, safety protocols and monitoring systems are critical. 

5. Thermodynamics and Kinetics of Storage Pathways 

The effectiveness of CCS in WtE plants is also controlled by the thermodynamic stability and 
kinetic robustness of CO2 storage pathways, not only by the capture efficiency. The CO2 that is 
separated from flue gas, undergoes compression, transport and injection into geological formations 
that interacts with the reservoir fluids and minerals over the years. In order to ensure storage 
integrity, minimize the leakage risk and assess the environmental sustainability, it is important to 
understand these processes from a physical chemistry point of view. [67,68] 

5.1. CO₂ Compression and Phase Behavior 

Once captured, CO2 from WtE plants typically compresses pressures above their critical point 
(7.38 MPa, 31.1 °C), forming a supercritical fluid. Supercritical CO2 can combine gas-like diffusivity 
with liquid-like density. [69]  This is crucial for efficient pipeline transport and enhanced injectivity 
into geological formations. The phase behavior of CO2 can be affected by the temperature, pressure 
and composition. [70] 

The CO2 that comes from flue-gas streams of the WtE plants, may consist of impurities like N2, 
O2, NOx, H2O or trace organics. This can lead to a modification of the phase equilibria, density, 
viscosity, and compressibility, that may increase the risk of corrosion or alterations of the storage 
behavior. [71,72] For instance, SOx and water can lead to the formation of acids under compression, 
while the critical parameters that can affect the pipeline design can be shifted by non-condensable 
gases. [73] 

To understand and predict multi-component CO2 behavior during compression and transport, 
it is important to mention some equations of state (EoS) like Peng-Robinson and SAFT-based models. 

5.1.1. Peng-Robinson Equation (PR) 

Peng-Robinson is one of the most used models in CCS studies and pipeline design. It is very 
useful to predict the CO2 density near the critical point and is also widely validated for supercritical 
CO2. However, some of its limitations are the limited accuracy for strongly associating fluids and its 
low reliability for electrolytes and reactive systems. [74–76] 

The Peng-Robinson equation: 𝑃 = 𝑅𝑇𝑉௠ − 𝑏 − 𝑎ሺ𝑇ሻ𝑉௠ሺ𝑉𝑚 + 𝑏ሻ + 𝑏ሺ𝑉௠ − 𝑏ሻ (1) 

With P=pressure, T=temperature, Vm=molar volume, R=gas constant, a(T), b=substance-specific 
parameters related to attractive and repulsive forces. 

The function of α on temperature, also referred as a(T) is often expressed  𝑎ሺ𝑇ሻ = 𝑎௖𝑎ሺ𝑇ሻ   (2) 

with: 

𝑎ሺ𝑇ሻ = [1 + 𝑘(1 −ට𝑇 𝑇𝑐ൗ )ଶ (3) 

5.1.2. Soave-Redlich-Kwong (SRK) 
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The Soave-Redlich-Kwong (SRK) equation is a former equation for Peng-Robinson, that is less 
accurate than Peng-Robinson but is still used on some pipeline and transportation models. [77] 

Soave-Redlich-Kwong equation: 𝑃 = 𝑅𝑇𝑉௠ − 𝑏 − 𝑎(𝑇)𝑉௠(𝑉𝑚 + 𝑏) (4) 

5.1.3. Basis of SAFT 

SAFT treats molecules as chains of interacting pieces, with explicit consideration of the 
dispersion forces, association, chain formation and polar interactions. 

Helmholtz free energy is written as: 𝐴 = 𝐴௜ௗ௘௔௟ + 𝐴௦௘௚௠௘௡௧ + 𝐴௖௛௔௜௡ + 𝐴௔௦௦௢௖௜௔௧௜௢௡ (5) 

There are many SAFT Variants relevant to CCS. First of all, there is SAFT-VR (Variable Range) 
that is accurate for phase equilibria and can be used in fundamental CO2 mixtures. Moreover, PC-
SAFT (Perturbed-Chain SAFT) is widely used in CCS research, because it is very accurate for CO2-
H2O systems, it can predict the density, solubility and phase envelopes, and lastly, handles impurities 
and associating components. Finally, ePC-SAFT is an extension to electrolytes, critical for modeling 
CO2-brine systems in reservoirs storage. 

Depending on the application, it is important to choose the most appropriate EoS for WtE-CCS, 
otherwise it can lead to underestimated compression of energy, incorrect pipeline pressure drops, 
errors, or even misjudgment of storage capacity and safety (Table 1). [78–80] 

Table 1. represents the most suitable EoS for each application. 

Application Suitable EoS 
CO2 compression and pipelines Peng-Robinson 

Phase behavior near critical point Peng-Robinson/PC-SAFT 
CO₂ + H₂O + impurities PC-SAFT 

CO₂–brine solubility ePC-SAFT 
Reactive transport modeling SAFT-based 

5.2. Transport Properties and Long-Term Stability Mechanisms 

Transport properties including viscosity, density, diffusivity and solubility in brine control the 
migration and stabilization of CO2 in geological formations. Supercritical CO2 is slightly related to 
formation water, driving upward migration until structural or capillary trapping mechanisms 
immobilize it (Figure 5). [68,69,81]  
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Figure 5. The main trapping mechanisms used in CO2 geological storage: structural trapping, residual trapping, 
solubility trapping, and mineral trapping (The blue line represents the direction of CO2 injection) [78]. 

There are 4 primary long-term trapping mechanisms that contribute to storage security: 
structural trapping beneath impermeable caprocks, residual trapping via capillary forces, solubility 
trapping though dissolution into brines and mineral trapping via geochemical reactions. Each of 
them operates in different timescales and is affected by thermodynamic and kinetic constraints.  
[82,83] 

Transport processes, both diffusion and convection, play a key role in solubility trapping, with 
convection causing density differences significantly enhancing CO₂ dissolution. Predicting long-term 
stability and assessing leakage risks requires kinetic models that combine multiphase flow with 
geochemical reactions[84,85]  In the context of WtE plants, the implementation of decentralized or 
smaller-scale CCS systems requires careful adjustment of injection rates at the base of the reservoir 
to ensure stable CO₂ plume behavior. [86]  

5.3. Monitoring Approaches for Storage Integrity 

To understand in situ processes and build public and regulatory confidence in CCS deployment, 
reliable monitoring of stored CO2 is essential to verify containment. A combination of spectroscopic, 
geophysical, and geochemical techniques is most commonly used. 

In situ characterization of CO2 phase state and dissolved species in monitoring walls can be done 
via Spectroscopic methods, including infrared absorption and Raman spectroscopy. [87,88]   

Techniques such as seismic reflection, electrical resistivity tomography, and gravity measurements 
provide spatially resolved data on plume movement and changes in saturation. [89,90]  Geochemical 
tracers, both intrinsic like isotopic signatures of carbon and oxygen, but also added like noble gases 
or perfluorocarbons, can provide insights into transport pathways, leakage detection, and reaction 
progress. [91,92]  

6. Environmental and Energetic Trade-Offs 

Carbon capture and storage (CSS) integration into waste-to-energy plants propose a complex set 
of environmental and energetic trade-offs, that extend beyond simple capture efficiency metrics. 
These trade-offs can be controlled by thermodynamics of CO₂ separation, the molecular energetics of 
capture materials, and the broader system-level implications for emissions and resource use. All of 
these can evaluate whether the CCS-enhanced WtE systems can contribute to climate mitigation and 
sustainable energy transitions. 
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6.1. Gibbs Free Energy and Practical Work in WtE CO₂ Capture 

The minimum theoretical energy for the CO2 separation from flue gas streams is dictated by the 
Gibbs free energy mixing. [91] 

General definition: 𝛥𝐺௠௜௫ = 𝐺௠௜௫ − ∑𝑛௜𝐺௜(௣௨௥௘) 
For ideal mixture: 𝛥𝐺௠௜௫ = 𝑅𝑇∑𝑛௜𝑙𝑛𝑥௜ 
Non ideal mixture:  𝛥𝐺௠௜௫ = 𝑅𝑇∑𝑛௜𝑙𝑛(௫௜ఊ௜) 
For typical WtE flue gas compositions (8-14vol% CO2), the Gibbs free energy of separation is 

about 5-10 kJ·mol⁻¹ CO₂, making this thermodynamic limit ideal for reversible process and serves as 
a standard to evaluate capture technologies. [93] 

However, irreversible losses associated with heat transfer, mass transfer resistance, solvent 
regeneration and compression can make the energy demand of CO2 capture processes significantly 
higher. Physical chemistry analysis points that this gap between theoretical and real energy 
consumption can be linked to enthalpy-entropy trade-offs, reaction kinetics or phase equilibria.[94] 

WtE plants face additional limitations due to the fact that the capture energy is typically drawn 
from steam extracted from the power cycle, leading to a reduction in net electrical efficiency. 
Quantifying this energy penalty in terms of lost exergy or reduced plant efficiency can contribute to 
a more physically meaningful comparison than gross energy consumption alone. This way, the 
importance of developing capture systems with optimized binding energies that minimize 
regeneration enthalpy while maintaining enough CO2 selectively can be highlighted. [10,95,96] 

6.2. Lifecycle Assessment of Solvents and Sorbents in WtE CCS 

The embodied energy and material intensity of capture media can also influence the 
environmental footprint of CCS in WtE plants. The synthesis, purification and degradation of 
solvents and solid sorbents reflect increasing energy investments at the molecular level, looking at it 
from a physical chemistry perspective. [97,98]  

For example, amine-based solvents may require higher energy chemical synthesis routes and 
are subject to oxidative and thermal degradation under WtE flue gas conditions, that most of the time 
contain oxygen, moisture acidic gases or trace metals. [99,100] The need to continuously replace 
degraded solvent contributes to indirect carbon emissions and resource depletion. Advanced 
sorbents like metal-organic frameworks or functionalized carbons can reveal favorable adsorption 
thermodynamics, but their large-scale production can involve high-temperature processing or scarce 
precursor materials. [101,102]  

The comparison of capture pathways not only on capture efficiency but also on molecular 
stability, recyclability, and cumulative energy demand can be done by evaluating CCS options 
through lifecycle assessment (LCA), informed by physical chemistry. This reveals that capture 
chemistries with slightly lower performance, but lower embodied energy may lead to superior 
environmental outcomes at the system level (Figure 6). [97,103–105]  
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Figure 6. The CO2% in clean flue gas with concentration of amine solvents (monoethanolamine, diethanolamine, 
diglycolamineand and methyldiethanolamine) at 200 m3/h permission.[100]. 

6.3. Carbon Capture Chemistry and Its Influence on WtE Emissions 

The net emissions profile of WtE plants can be influenced by the choice of CO2 capture chemistry. 
Capture processes can cause secondary emissions through solvent degradation products, auxiliary 
fuel consumption for regeneration and increased electricity demand. These effects are based on 
reaction pathways, degradation kinetics or side reactions, that happen under real flue gas conditions. 
[10,29] 

For instance, heat-stable salts formed in amine systems can not only reduce capture efficiency 
but can also necessitate solvent reclamation processes that increase energy use and waste generation. 
On the contrary, capture technologies rely on weaker physical adsorption mechanisms may exhibit 
lower regeneration energy, but they are lagging from reduced selectivity or sensitivity to moisture. 
[106–109] 

In order to quantify these impacts, coupling chemical reaction modeling with process-level 
emission accounting is required. Such integrated analyses help identify capture chemistries that 
minimize unintended emissions, while the performance in the chemically complex environment 
characteristic of WtE flue gases is maintained. [110] 

6.4. Net-Negative Potential of Biogenic CO₂ Capture 

WtE plants can be used in municipal solid waste treatment, a substantial fraction of which is 
biogenic in origin like food waste, paper or wood. The overall system can achieve net-negative 
emissions, when CO2 derived from this biogenic fraction is captured and permanently stored. [13,111] 

Physical-chemistry speaking, the capture process itself does not differentiate between fossil-
derived and biogenic CO2 molecules. However, isotopic and computational analysis can be used to 
quantify this biogenic share of captured CO2. Therefore, the net-negative potential depends on the 
capture efficiency, storage performance and the additional emissions associated with capture and 
compression (Figure 7). [111–113] 
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Figure 7. Various precursor-derived porous carbon materials for CO2 adsorption [107]. 

Excessive energy penalties could offset the climate benefits of biogenic CO2 removal. So, 
thermodynamic and kinetic optimization of capture systems can be very important. Hence, properly 
designed CCS integration in WtE plants represents a rare convergence of waste management, energy 
production and carbon dioxide removal (CDR), positioning WtE-CCS systems as potentially 
significant contributors to long-term climate stabilization strategies. [96,114] 

7. Advanced Energy Systems in Energy-Resilient and Zero/Positive Energy 
Buildings, Communities, and Districts 

The integration of advanced, multi-vector energy technologies capable of delivering reliability, 
flexibility, and net-zero or net-positive performance is the main key to transitioning towards climate-
neutral energy systems. [115,116]  WtE with CCS can play a strategic role beyond centralized power 
generation by supporting energy-resilient buildings, communities, and district-scale energy systems, 
because they can contribute to both decarbonization and energy security, coupled with advanced 
thermal, electrical and carbon management, while enabling circular resource flows. [117,118] 

7.1. Integration of WtE-CCS in Energy-Resilient Energy Systems 

As mentioned before, the transition to climate-natural urban systems requires energy 
infrastructures, combining flexibility, reliability and deep decarbonization. WtE-CCS systems can 
provide dispatchable heat and electricity while reducing net greenhouse gas emissions at the same 
time. [119,120] Unlike sporadic renewable sources, WtE facilities operate as baseload units, that 
stabilize energy supply and enhancing resilience against demand fluctuations and external 
disruptions. These systems can deliver low-carbon or even net-negative energy, especially when 
biogenic carbon fractions dominate the waste stream, when CCS is integrated into them. [121,122] 
Furthermore, thermal energy recovered from capture processes can be effectively utilized within 
district heating networks, improving overall system efficiency and reducing waste heat losses. 
[123,124] 

7.2. Advanced Energy Systems for Zero- and Positive-Energy Buildings 

In order to achieve zero-energy and positive-energy buildings, balance between energy 
efficiency, renewable generation and system-level flexibility is required to maintain the annual net-

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 February 2026 doi:10.20944/preprints202602.1095.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1095.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 31 

 

zero or net-positive performance. However, there are some challenges concerning seasonal 
variability, storage limitations, and intermittent renewable production. Such buildings can be 
supported by supplying stable low-carbon electricity and carbon-neutral district heating, reducing 
reliance on fossil-based backup systems. [125,126] From a thermodynamic and transport point of 
view, the overall energy balance can be preserved by optimizing heat integration, minimizing solvent 
regeneration energy, and enhancing mass and heat transfer within capture units. Efficient integration 
ensures that carbon capture processes do not impose excessive energy penalties, thereby maintaining 
the performance targets of advanced zero- and positive-energy built environments. [127,128] 

7.3. Sector Coupling and Smart Energy Communities 

Sector-coupled systems that integrate electricity, heat, fuels and carbon flows into unified multi-
energy networks are important for energy-resilient communities. In this context, WtE-CCS can 
operate as a central hub that connects waste management, power and heat generation, hydrogen 
production and carbon storage or utilization. [129,130] Synthetic fuel production can be achieved by 
the integration of captured CO2 with renewable hydrogen, while thermal and electrical storage can 
improve system flexibility under variable renewable supply. So, these hybrid configurations can lead 
to enhanced local energy autonomy, reduce carbon intensity and support circular resource 
utilization. [127,129,130] Advanced control, digital monitoring, and predictive optimization further 
strengthen the system’s resilience by enabling real-time balancing of energy flows, improving 
operational efficiency, and supporting adaptive responses to disturbances. [127,129,130]  

8. Case Studies and Emerging Research 

There are recent operational experiences and pilot-scale studies that provide critical insights into 
the performance of carbon capture technologies in waste-to-energy (WtE) facilities, that highlight 
both the opportunities and the challenges associated with treating complex flue gases. These are 
extremely important because WtE flue gases contain not only CO2, but also high moisture, variable 
oxygen content and trace contaminants like Sox, Nox, heavy metals and particulate matter. It is 
important to understand how capture systems respond to real-world conditions, for evaluating their 
feasibility, sustainability and integration into existing plant frameworks. 

8.1. Fortum Oslo Varme, Norway 

At the Fortum Oslo Varme plant in Oslo Norway, pilot-scale operation of an amine-based CO2 
capture system, supplied extensive data on solvent performance under authentic WtE flue gas 
conditions. The plant’s flue gas consisted of a mixture of domestic waste firing products. This leads 
to operational challenges like solvent degradation of emissions or secondary pollutants. More than 
5.000 hours of operational demonstrative studies conducted and conclude to the fact that amine-
based solvents can achieve high CO₂ removal efficiency, often exceeding 90 %, but their long-term 
performance is sensitive to fluctuations in flue gas composition, temperature, and contaminant levels. 
To mitigate oxidative and thermal degradation, regular solvent monitoring and regeneration are 
required, and can lead to increased operational costs and reduce capture efficiency over time. This 
experience shows the importance of sturdy solvent management strategies, and also the need for 
integration of the capture systems with already existing heat and flue gas management networks 
(Figure 8). [129,130]  
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Figure 8. Coupling principal model diagram [130]. 

8.2. ARC, Copenhagen  

Similarly, in Denmark, the Amager Resource Center (ARC) has also implemented pilot-scale 
carbon capture tests. This is important to investigate the scalability and strength of capture 
technologies under real WtE conditions. Both conventional solvent systems like monoethanolamine 
(MEA) and emerging solid sorbent degradation have been evaluated. The data that was collected 
consist of capture efficiency, energy consumption, solvent degradation, and operational stability over 
several months of continuous operation. Trials indicated that while solvent-based systems offer high 
CO2 removal rates, they are prone to operational fluctuations and the presence of impurities, leading 
to accelerated degradation. On the contrary, solid sorbents demonstrated greater resistance to 
contaminants and can also reduce chemical degradation, even though they often require higher heat 
for regeneration and may have lower CO2 loading capacity. Pilot-scale data like these are important 
for guiding process optimization, including heat recovery, sorbent regeneration, and flue gas 
pretreatment. [127,129,130]  

8.3. Stockholm Exergi, Sweden 

Likewise, Stockholm Exergi in Sweden has been running pilot and demonstration projects under 
the BECCS@STHLM initiative. Capturing biogenic CO2 from waste and biomass combustion is the 
main focus, integrating pilot-scale data into the design of future large-scale facilities. These pilot 
efforts provide real-world measurements of capture efficiency, energy demand and operational 
reliability, offering insights that are directly transferable to other WtE plants considering CCS 
deployment.   

8.4. Comparing Solvent and Sorbent Performance for CO₂ Capture 

The comparison of solvent and solid sorbents under real WtE flue gas conditions disclose distinct 
advantages and limitations for each technology. In amine-based solvents, high CO2 removal 
efficiency can be provided, but oxidative and thermal degradation can be caused, especially in the 
presence of flue gas contaminants, like Sox and Nox.  Solid sorbents, like amine-impregnated 
materials and carbonated-based systems, tend to be more resilient under such conditions, even if 
their lower CO2 loading capacity and higher thermal regeneration requirements can pose design and 
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energy challenges. When choosing between these technologies, energy consumption, operational 
stability, and life-cycle sustainability must go through consideration (Figure 9). [132] 

 

Figure 9. Sotacarbo pilot plant platform layout, including the CO2 absorption and regeneration section [144]. 

Collectively, all these case studies highlight the importance of pilot and full-scale testing to 
identify operational challenges and optimize integration strategies. Even if both solvent and sorbent-
based technologies are important for WtE CCS, system performance is mainly influenced by the flue 
gas composition, solvent and sorbent stability and the design of heat and gas management 
subsystems. Understanding these factors is critical or scaling CCS solutions in a way that is both 
energy-efficient and sustainable. 

9. Outlook and Research Gaps 

The deployment of carbon capture and storage (CCS) technologies in waste-to-energy plants is 
an evolving field, that can be further improved and investigated, to optimize capture efficiency, 
reduce energy consumption and ensure long-term sustainability. Progress has been made in both 
solvent and sorbent-based capture systems, but several critical research gaps should be addressed to 
maximize the potential of CCS in WtE contexts. 

9.1. Advanced Material Development 

The development of capture media that are resilient under demanding conditions of WtE flue 
gas, that often contains high temperatures, acidic components and trace contaminants, is a major 
challenge that needs to be addressed. Current sorbents and solvents can degrade over repeated 
cycles, and this can affect their performance while increasing the operational costs. [133,134] 

More research should be done on designing degradation-resistant sorbents with high selectivity 
for CO2, so they can be able to maintain their performance over long periods of time. This can also 
minimize the cost.[135–137]  

Moreover, solvent blends with reduced regeneration enthalpy could be developed. Solvent 
regeneration is one of the main energy sinks in CCS, so forming blends that require less heat for 
regeneration can reduce the overall energy penalty while improving the plant-level efficiency. [138–
140] 

Hybrid materials and composite adsorbents could be explored, combining the strengths of 
different material classes, like functionalized solids and supported liquids, to enhance CO2 capacity, 
selectivity and durability. Adaptivity to variable flue gas compositions can also come from these 
hybrid materials, improving overall process resilience. [141–143]  
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Finally, experimental validation under multi-component, real-world flue gases is essential to 
identify degradation pathways. By understating these mechanisms, rational design of next-
generation sorbents and solvents can be designed (Figure 10). [144] 

 

Figure 10. Exporting the steady-state model to the dynamic environment [159]. 

9.2. Molecular-Level Understanding of Carbon Capture Systems 

Molecular-level insights are crucial to accelerating material innovation and optimizinh process 
performance. Fundamental understating of solvent-gas and sorbent-gas interactions can be achieved 
by computational methods like ab initio calculations, molecular dynamics (MD) and density 
functional theory (DFT). This can also predict thermodynamic and kinetic behaviors and guide 
rational design of capture media.  
[145–147] 

Firstly, the influence of flue gas impurities on capture efficiency and material degradation can 
be quantified. Impurities like Nox, Sox or heavy metals, may interact with both sorbents or solvents, 
reducing the capture efficiency and acceleration degradation. The molecular-level simulations can 
identify these interactions and can propose ways to mitigate negative effects. [148,149] 

Future research could focus on simulating multi-component interactions in order to predict their 
real performance. Since flue gas contains a complex mixture of CO2, water vapor, O2 and trace 
contaminants, we can model these multi-component systems to allow accurate predictions of sorbent 
or solvent behavior. [150,151] 

Moving in the same direction, more research should be done on integrating molecular 
predictions with experimental validation. Computational insights should be tested under realistic 
conditions for reliability insurance. Thus, a combined modeling experimental approach can 
accelerate material discovery while reducing trial-and-error experimentation. [152,153] 

9.3. Process Integration and Digitalization 

Process integration is particularly important for the CCS performance in WtE plants. A deep 
understanding of the interplay between flue gas composition, capturing medium performance and 
plant operational conditions, can increase the CO2 capture efficiency. [154]  

Digital twins and sensor-based monitoring can anticipate changes in flue gas composition and 
adjust parameters accordingly. This can minimize energy consumption and solvent or sorbent 
degradation while enabling a consistent CO2 capture. [153] 

Also, capturing CO2 often competes with other energy needs in the plant, so advanced modeling 
and process simulation can reveal trade-offs. This can help with decision guidance that balance 
capture efficiency with the overall plant performance. [155] 
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Finally, scalable strategies for retrofitting existing plants should be further developed, since 
many WtE plants were not originally designed for CCS. Further research can focus on helping to 
identify optimal retrofitting solutions that minimize downtime, costs, and technical risks while 
maximizing carbon reduction. [11] 

9.4. Future Research Roadmap 

Many key areas have been identified as priorities for advancing carbon capture and storage 
(CCS) in waste-to-energy (WtE) plants. These areas consist of knowledge gaps, technological 
limitations, and integration challenges, forming a roadmap for both academic research and industrial 
development. 

First of all, future research could focus on designing capture media that maintain high CO2 
selectivity and capacity over extended periods of time. Experimental and computational approaches 
will be critical. This can allow researchers to explore new materials and solvent blends systematically. 
The operational costs can be reduced by reducing regeneration energy requirements, which are 
important to improv plant efficiency.  Also, materials should be resilient to the variable composition 
of WtE flue gas, including moisture, trace contaminants and acidic components. This can ensure 
consistent performance, with no frequent replacements or technical treatment. [98,156,157]  

The efficient CCS deployment can be increased by bridging the gap between molecular-level 
understanding and full-scale plant operations. By integrating physical chemistry knowledge into 
process models and digital twins, the control strategies can be predicted, allowing operators to 
respond dynamically to change flue gas composition or plant conditions. This approach supports 
more reliable, flexible, and cost-effective CCS integration in existing and new WtE facilities. [158,159] 

Moreover, CCS deployment should be evaluated in the context of sustainability and economic 
feasibility as well. To quantify environmental benefits and potential trade-offs, life-cycle assessments 
of carbon footprint, water consumption and energy use are also necessary. More research should be 
done on economic analysis, including capital costs, operational expenditures, and potential revenue 
from carbon credit, guiding to a policy development. Together, these evaluations ensure that CCS 
adoption contributes meaningfully to climate mitigation without introducing unintended 
environmental or economic burdens. [160–163] 

To conclude, these research gaps are critical for the next generation of CCS technologies in WtE 
plants. Future research can enable CCS systems that are not only highly efficient but also durable, 
economically viable and fully aligned with circular economy or climate goals. This can be achieved 
by combing innovations in material design, molecular level understanding, process integration, and 
sustainably assessment. This roadmap provides a structured pathway for transforming WtE plants 
into low-carbon, sustainable energy systems that actively contribute to global decarbonization efforts. 

10. Conclusions 

To conclude, carbon capture and storage (CCS) in waste-to-energy (WtE) plants, represents a 
critical convergence of waste management and climate mitigation strategies. Key insights have been 
provided from a molecular and thermodynamic perspective, which helped in understanding gas-
solid interactions, solvent-based capture processes and reaction energetics, into the efficiency and 
selectivity of CO₂ capture technologies. The importance of process conditions like temperature, 
pressure and flue gas composition, can be highlighted through thermodynamic modeling, to 
determine capture performance and energy penalties. This can guide the design of more robust and 
optimize CCS systems for WtE applications. 

WtE-CCS occupies a unique position at the interface of negative emissions and sustainable 
resource management. WtE plants can contribute to more carbon-negative energy solutions, while 
reducing landfill dependence, by coupling the energy recovery from municipal and industrial waste 
with CO₂ capture. This double role highlights the potential of WtE-CCS to serve as an integrated 
platform and not merely as a mitigation technology. This is important for circular economic strategies 
and climate-responsive waste management. 
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Finally, physical chemistry provides the foundational framework necessary for scaling CCS in 
WtE systems sustainably, since molecular-level understanding informs the selection of sorbents, and 
catalysts, while thermodynamic and kinetic analyses, forming the basis for integrating and 
optimizing processes. Future research could focus on combining experimental insights with 
predictive modeling, which will be crucial in order to reduce cost and minimize the environmental 
impact, making CCS deployment across WtE facilities more widely achievable. In the end, the 
synergy of waste-to-value processes, energy production and carbon removal establishes CCS-enabled 
WtE as a crucial element of the sustainable energy landscape. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

BECCS Bioenergy with Carbon Capture and Storage 
CCS Carbon Capture and Storage 
CCUS Carbon Capture, Utilization, and Storage 
DEA Diethanolamine 
DES Deep Eutectic Solvent 
DFT Density Functional Theory 
DGA Diglycolamine 
EfW Energy from Waste 
EoS Equation of State 
ePC-SAFT Electrolyte Perturbed-Chain Statistical Associating Fluid Theory 
ERC Ejector Refrigeration Cycle 
FA Fly Ash 
FTIR Fourier Transform Infrared Spectroscopy 
GHG Greenhouse Gas 
HCl Hydrochloric Acid 
HDH Humidification–Dehumidification 
ICFB Internally Circulating Fluidized Bed 
IL Ionic Liquid 
LCA Life Cycle Assessment 
LEAF Leaching Environmental Assessment Framework 
MD Molecular Dynamics 
MDEA Methyldiethanolamine 
MEA Monoethanolamine 
MOF Metal–Organic Framework 
NMR Nuclear Magnetic Resonance 
NOx Nitrogen Oxides 
ORC Organic Rankine Cycle 
PC-SAFT Perturbed-Chain Statistical Associating Fluid Theory 
PR Peng–Robinson Equation of State 
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RCRA Resource Conservation and Recovery Act 
SAFT Statistical Associating Fluid Theory 
SNCR Selective Non-Catalytic Reduction 
SRK Soave–Redlich–Kwong Equation of State 
TCLP Toxic Characteristic Leaching Procedure 
TEA Triethanolamine 
TGA Thermogravimetric Analysis 
WtE Waste-to-Energy 
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