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This study presents a multi-objective optimization of a rate-based hybrid wet flue gas desulfurization (FGD) system designed for sulfur dioxide (SO₂) removal under operational constraints. A representative industrial flue gas stream was modeled using a gas–liquid absorption framework incorporating mass transfer resistance, reaction kinetics, and hydrodynamic effects. Key operating parameters, including liquid-to-gas ratio, slurry pH, droplet size, and absorber height, were systematically analyzed. The optimization simultaneously maximizes SO₂ removal efficiency while minimizing specific auxiliary energy demand and limestone usage within defined operational bounds. The non-dominated solutions were generated using the NSGA-II algorithm. The selected compromise solution increased SO₂ removal efficiency from 89.4% to 96.7%, while normalized specific limestone consumption and auxiliary energy demand decreased by 10.7% and 11.3%, respectively. 
Introduction
Sulfur dioxide (SO₂) emissions from industrial processes remain a persistent environmental and regulatory concern, particularly in regions with a high reliance on fossil fuels such as coal. SO₂ is a major precursor to acid rain, which leads to soil acidification, water body degradation, and accelerated corrosion of infrastructure (Xuan et al., 2025). In addition to its environmental impact, SO₂ exposure is associated with adverse human health effects, including respiratory and cardiovascular diseases (X. Li et al., 2022; Wang et al., 2024). As a result, increasingly stringent emission standards have been implemented worldwide, requiring industrial facilities to adopt effective and reliable flue gas treatment technologies (Turakulov et al., 2024).
Flue gas desulfurization (FGD) systems have become the primary technological solution for controlling SO₂ emissions in large-scale combustion systems (L. Li et al., 2025). Among the available options, wet FGD processes based on limestone slurry absorption are the most widely deployed due to their high removal efficiency, technological maturity, and compatibility with a wide range of operating conditions. In these systems, SO₂ is absorbed into an aqueous slurry and chemically converted into stable compounds such as calcium sulfite and calcium sulfate. Despite their widespread adoption, wet FGD systems are inherently complex due to the simultaneous occurrence of gas–liquid mass transfer, heterogeneous chemical reactions, and multiphase hydrodynamic interactions (Meng et al., 2025).
In conventional engineering practice, the design and operation of FGD systems are often based on empirical correlations and simplified equilibrium assumptions (Liu et al., 2023). While such approaches provide acceptable performance under nominal conditions, they are insufficient for capturing the detailed behavior of real systems operating under variable loads and constrained resources (Riaz et al., 2025). In particular, equilibrium-based models neglect mass transfer limitations and reaction kinetics, which are critical in determining actual absorption rates. As a result, these models may overestimate system performance or fail to identify optimal operating regimes.
A key limitation in existing studies is the tendency to optimize individual process parameters independently. For example, increasing the liquid-to-gas ratio (L/G) generally improves SO₂ removal efficiency by enhancing interfacial contact area. However, excessive liquid flow leads to higher pumping energy requirements and may reduce gas residence time, thereby offsetting performance gains (Meng et al., 2025) . Similarly, increasing slurry pH accelerates chemical reaction rates but results in higher limestone consumption and an increased risk of scaling due to calcium sulfate precipitation. These trade-offs highlight the need for a more comprehensive optimization framework that simultaneously considers multiple, often conflicting, objectives (Wei et al., 2025).
From a process systems engineering perspective, the performance of a wet FGD system is governed by tightly coupled phenomena involving transport processes and chemical equilibria. The gas–liquid mass transfer rate depends on interfacial area, diffusion coefficients, and concentration gradients, while the overall absorption capacity is influenced by reaction kinetics and slurry chemistry. Hydrodynamic factors, such as droplet size distribution and gas flow patterns, further complicate the system behavior. Consequently, any meaningful optimization strategy must account for these interactions rather than treating process variables in isolation.
Recent advances in rate-based modeling provide a more rigorous framework for analyzing gas–liquid absorption systems. Unlike equilibrium-stage models, rate-based approaches explicitly incorporate mass transfer resistances in both phases and allow for the inclusion of detailed reaction mechanisms. This enables more accurate prediction of system performance under varying operating conditions and provides a suitable foundation for optimization studies. However, the application of such models in conjunction with multi-objective optimization techniques remains relatively limited in the context of industrial FGD systems.
In addition to technical considerations, practical operation of FGD systems is constrained by economic and operational factors. These include limitations on energy consumption, reagent availability, equipment capacity, and maintenance requirements (Xing et al., 2023). For instance, excessive slurry circulation increases operational costs, while unstable pH conditions can lead to process inefficiencies and equipment fouling. Therefore, optimization must be carried out within a constrained solution space that reflects real industrial conditions rather than idealized scenarios.
This study aims to address these challenges by developing a rate-based model of a hybrid wet FGD system and applying a multi-objective optimization framework to identify an operationally optimal regime. The focus is not on maximizing a single performance indicator, but rather on achieving a balanced trade-off between SO₂ removal efficiency, energy consumption, and reagent utilization. By integrating transport phenomena, reaction kinetics, and hydrodynamic effects into a unified modeling approach, the study provides a more realistic representation of system behavior.
The novelty of this work lies in the combined application of rate-based modeling and constrained multi-objective optimization to a hybrid wet FGD configuration. Unlike conventional studies that rely on simplified assumptions or single-objective optimization, the present approach captures the complex interactions between process variables and identifies optimal operating conditions within practical limits. The results contribute to a deeper understanding of FGD system performance and provide actionable insights for improving both environmental compliance and economic efficiency in industrial emission control systems.
Methodology
The methodological framework of this study is based on the integration of detailed process modeling, parametric sensitivity analysis, and constrained multi-objective optimization. The objective is to accurately represent the physical and chemical mechanisms governing sulfur dioxide (SO₂) absorption in a hybrid wet flue gas desulfurization (FGD) system and to identify an optimal operating regime under realistic industrial constraints.
The system configuration consists of four main units: a flue gas cooling section, a spray-based absorption column, a recirculating limestone slurry loop, and a mist elimination stage. The inlet flue gas is first cooled from 165°C to near saturation conditions to enhance absorption efficiency and protect downstream equipment. The cooled gas then enters a vertical spray absorber, where it comes into contact with atomized limestone slurry droplets. The treated gas exits through a mist eliminator, which removes entrained liquid particles before discharge.
The process is modeled using a rate-based gas–liquid absorption approach, which explicitly accounts for transport phenomena and chemical reaction kinetics. 
The local SO₂ transfer rate was represented using the two-film concept:

where is the overall gas-phase mass-transfer coefficient, is the effective gas–liquid interfacial area, and is the equilibrium concentration corresponding to the liquid-phase conditions. For the optimization calculations, the rate-based model was expressed in terms of an effective number of transfer units:

where is expressed in L/m³, in m, and in mm. The reference value was obtained from the baseline SO₂ removal efficiency of 89.4%. The pH-dependent term represents the chemical enhancement of SO₂ absorption, while the droplet-size term represents the effect of interfacial area and spray hydrodynamics.
Within the liquid phase, SO₂ undergoes hydration and dissociation reactions, forming sulfite and bisulfite ions. These species subsequently react with calcium carbonate present in the slurry to produce calcium sulfite, which may further oxidize to calcium sulfate. The overall reaction mechanism is influenced by slurry pH, temperature, and solid–liquid mass transfer limitations. Reaction kinetics are incorporated into the model through pseudo-first-order rate expressions, adjusted for local pH conditions and reactant availability.
Hydrodynamic behavior within the absorber is represented through correlations for droplet size distribution, residence time, and gas–liquid contact efficiency. The interfacial area is estimated based on spray characteristics, with smaller droplet diameters leading to higher surface area but also increased risk of entrainment and pressure drop. Gas residence time is determined by absorber height and superficial gas velocity, both of which directly affect the extent of mass transfer.
The liquid-to-gas ratio (L/G) is a key operational parameter influencing both mass transfer and energy consumption. Increasing L/G enhances absorption capacity by providing more reactive surface area and higher liquid-phase buffering capacity. However, it also increases pumping requirements and may lead to hydraulic limitations. Therefore, its effect is evaluated within a constrained operational range.

A parametric sensitivity analysis is conducted to evaluate the influence of key variables on system performance. The parameters considered include L/G ratio, slurry pH, droplet diameter, and absorber height. Each parameter is varied within a physically realistic range while holding other variables constant, allowing for the identification of dominant factors and interaction effects. The analysis provides insight into nonlinear system behavior and informs the formulation of the optimization problem.
The representative operating data and the numerical bounds used in the optimization are summarized in Table 1. The inlet SO₂ concentration was estimated from the reported baseline inlet–outlet balance, while the remaining non-reported parameters were selected as representative industrial operating values.
Table 1. Baseline conditions and bounds used for optimization.
	Parameter
	Baseline
	Lower bound
	Upper bound

	Flue gas flow rate, Nm³/h
	5.0 × 10⁵
	fixed
	fixed

	Inlet SO₂, mg/Nm³
	1,840
	fixed
	fixed

	Inlet gas temperature, °C
	165
	fixed
	fixed

	L/G ratio, L/m³
	7.20
	6.00
	10.50

	Slurry pH
	5.00
	4.80
	5.80

	Sauter mean droplet diameter, mm
	2.00
	2.00
	3.00

	Effective absorber height, m
	5.50
	5.00
	6.80



The optimization framework is defined as a multi-objective problem with three primary objective functions: maximization of SO₂ removal efficiency, minimization of auxiliary energy consumption, and minimization of specific limestone usage. These objectives are inherently conflicting, requiring a trade-off analysis rather than a single optimal solution.
Limestone consumption was expressed on a specific basis relative to the amount of SO₂ removed. The theoretical CaCO₃ requirement was corrected by an effective limestone utilization factor :

with limited to a maximum value of 0.96. The normalized specific limestone requirement was calculated as:

The additional pH term accounts for the increasing reagent penalty associated with operation at elevated slurry pH.
Auxiliary energy demand was evaluated using a normalized engineering model separating slurry circulation, gas-side hydrodynamic losses, and other auxiliary loads. For the baseline case, these contributions were assumed to represent 42.2%, 35.5%, and 22.3% of the total auxiliary demand, respectively:

Because SO₂ removal changes simultaneously with auxiliary power, the energy objective was expressed as normalized specific auxiliary energy:

Thus, an increase in L/G does not imply a reduction in pumping demand. Instead, the optimization evaluates the combined effect of slurry circulation, spray hydrodynamics, and the amount of SO₂ removed.
Four decision variables were considered:

and the optimization problem was formulated as:

subject to the numerical bounds given in Table 1. The selected operating point was additionally required to provide an outlet SO₂ concentration not exceeding approximately 60 mg/Nm³.
The constrained multi-objective optimization was performed using the Non-dominated Sorting Genetic Algorithm II (NSGA-II). A population of 120 solutions was evolved over 160 generations using a crossover probability of 0.90 and a mutation probability of 0.25. At each evaluation, the rate-based model returned SO₂ removal efficiency, normalized specific auxiliary energy, and normalized limestone consumption. The final non-dominated population was used to construct the Pareto front. Each solution in the Pareto front corresponds to a feasible operating regime where no objective can be improved without degrading another. From this set, an operationally optimal region is selected based on practical engineering considerations, including robustness and ease of control.
The model equations were evaluated numerically for each candidate operating point generated by NSGA-II. Model outputs were checked for physical feasibility and consistency with the specified variable bounds. In addition, an independent random feasibility scan of 200,000 operating points was performed to verify that the selected compromise solution was not dominated simultaneously in SO₂ removal, specific energy demand, and limestone consumption. Model reliability was assessed through baseline reproduction, sensitivity checks, and comparison with the operating trends reported in the literature cited in this study. The model reproduced the baseline SO₂ removal efficiency of 89.4% exactly and predicted the expected increase in removal with increasing L/G, slurry pH, and absorber height, together with the expected sensitivity to droplet diameter. A ±10% perturbation of the principal empirical coefficients gave a 95% prediction interval of approximately 95.9–97.4% for SO₂ removal at the selected operating point. Plant-specific experimental measurements were not available; therefore, the reported optimized values should be interpreted as model-based engineering predictions rather than direct plant validation.
Overall, the methodology integrates fundamental transport theory, chemical reaction engineering, and optimization techniques to provide a comprehensive framework for analyzing and improving FGD system performance. This approach enables a more accurate representation of real process behavior and supports the identification of operating conditions that balance environmental performance with economic efficiency.
Results and Discussion
The baseline simulation of the hybrid wet FGD system indicates an SO₂ removal efficiency of 89.4%, which is below the target range required for modern emission standards. This performance level reflects the presence of mass transfer limitations and suboptimal interaction between gas and liquid phases under initial operating conditions. In particular, the relatively low liquid-to-gas ratio (L/G) and insufficient absorber height restrict effective gas–liquid contact, resulting in incomplete SO₂ absorption.
The parametric sensitivity analysis reveals that the system response is highly nonlinear and governed by coupled interactions between hydrodynamics, reaction kinetics, and mass transfer. Increasing the L/G ratio improves SO₂ removal efficiency due to enhanced interfacial area and improved buffering capacity of the slurry. However, beyond a threshold (approximately 10.2 L/m³), the marginal gain in efficiency becomes negligible while energy consumption increases significantly due to higher slurry circulation rates. This behavior indicates diminishing returns and highlights the importance of identifying an optimal operating window rather than maximizing a single parameter.
Slurry pH plays a critical role in determining reaction kinetics and absorption capacity. At lower pH values (<5.0), the availability of alkaline reactants is insufficient to sustain rapid SO₂ neutralization, leading to reduced efficiency. Conversely, higher pH values (>6.0) accelerate reaction rates but significantly increase limestone consumption and promote scaling due to calcium sulfate precipitation. The optimal pH range is identified between 5.4 and 5.8, where reaction kinetics and reagent utilization are balanced.
Droplet diameter is another influential parameter affecting interfacial area and mass transfer rates. Smaller droplets increase the effective surface area, thereby enhancing absorption efficiency. However, excessively fine droplets are prone to entrainment and may overload the mist eliminator, increasing pressure drop and operational instability. The results suggest that an intermediate droplet size range provides the best compromise between efficiency and system stability.
Absorber height directly influences gas residence time and, consequently, the extent of mass transfer. Increasing the height improves SO₂ removal up to approximately 6.8 m, beyond which the improvement becomes marginal. This indicates that the system approaches mass transfer equilibrium conditions, and further increases in height do not justify the additional capital cost.
The multi-objective optimization identified a non-dominated operating region in which higher SO₂ removal could be obtained without proportionally increasing resource demand. A representative compromise solution was obtained at an L/G ratio of 9.25 L/m³, slurry pH of 5.75, Sauter mean droplet diameter of 3.0 mm, and effective absorber height of 6.8 m. Under these conditions, SO₂ removal efficiency increased from 89.4% to 96.74%, corresponding to an outlet concentration of approximately 59.9 mg/Nm³. The normalized specific auxiliary energy demand decreased by 11.27%, while normalized specific limestone consumption decreased by 10.65%.
The decrease in the specific energy indicator despite the higher L/G ratio requires distinction between pumping demand and overall energy performance. The normalized slurry-circulation contribution increased from 0.422 to 0.542 because of the higher liquid flow. However, the larger optimized droplet diameter reduced the gas-side hydrodynamic contribution from 0.355 to approximately 0.195. As a result, total normalized auxiliary power decreased moderately to 0.960, while the larger amount of SO₂ removed reduced the specific auxiliary energy index further to 0.887.
The trade-off between efficiency and operational cost is clearly illustrated by the Pareto-optimal solution set (Table 2). High-efficiency regimes are associated with increased energy demand and reagent consumption, while low-cost regimes exhibit reduced removal performance. The selected optimal region represents a balanced solution that satisfies emission constraints while minimizing operational penalties.
Table 2. Baseline and selected Pareto-optimal operating conditions
	Parameter
	Baseline
	Selected solution
	Change

	SO₂ removal efficiency, %
	89.40
	96.74
	+7.34 percentage points

	Outlet SO₂, mg/Nm³
	195.0
	59.9
	−69.3%

	L/G ratio, L/m³
	7.20
	9.25
	—

	Slurry pH
	5.00
	5.75
	—

	Droplet diameter, mm
	2.00
	3.00
	—

	Absorber height, m
	5.50
	6.80
	—

	Normalized specific limestone use, %
	100.0
	89.35
	−10.65%

	Normalized specific auxiliary energy, %
	100.0
	88.73
	−11.27%



The results confirm that the FGD system cannot be effectively optimized by adjusting a single parameter in isolation. Instead, system performance is governed by a dynamic balance between transport phenomena and chemical reaction equilibrium. The improvement in efficiency is primarily attributed to increased interfacial contact and optimized reaction conditions, while reductions in energy and reagent consumption result from avoiding excessive operating intensities.
A key insight from this study is that operational stability and economic efficiency are achieved within a relatively narrow parameter range. Deviations from this range lead to either performance degradation or unnecessary resource consumption. Therefore, maintaining process variables within the identified optimal window is essential for sustainable operation.
Figure 1 presents the non-dominated solutions obtained directly from the NSGA-II optimization. Each point corresponds to a feasible combination of L/G ratio, slurry pH, droplet diameter, and absorber height.
[image: ]
Figure 1. Computed Pareto-optimal solutions obtained using NSGA-II

The computed Pareto solutions show a clear trade-off between removal efficiency and specific auxiliary energy. Relatively low-energy operating points provide approximately 95–96% SO₂ removal, whereas increasing removal toward 98% requires a progressively larger energy penalty. The selected solution, corresponding to 96.74% removal, was chosen as a practical compromise because it satisfies the approximately 60 mg/Nm³ outlet target while retaining reductions in both specific energy and limestone demand. Beyond this point, additional SO₂ removal is achieved primarily at the expense of auxiliary energy performance. Representative non-dominated solutions generated by NSGA-II are given in the Table 3.
Table 3. Representative non-dominated solutions generated by NSGA-II

	Solution
	L/G
	pH
	d₃₂, mm
	H, m
	SO₂ removal, %
	Specific energy, %
	Specific limestone, %

	P1
	8.17
	5.55
	2.98
	6.80
	95.01
	84.65
	90.66

	P2
	8.49
	5.70
	3.00
	6.80
	95.97
	85.30
	90.47

	P3 – selected
	9.25
	5.75
	3.00
	6.80
	96.74
	88.73
	89.35

	P4
	10.17
	5.65
	2.60
	6.75
	97.51
	98.73
	87.71

	P5
	10.48
	5.51
	2.16
	6.80
	98.01
	110.69
	86.75



The position of the optimized point demonstrates that it is possible to enhance environmental performance without incurring additional energy or reagent penalties. This is achieved through coordinated adjustment of operating parameters, which improves interfacial mass transfer efficiency and stabilizes slurry chemistry.
Conclusion
This study demonstrates that the performance of a hybrid wet flue gas desulfurization system can be substantially improved through the application of a rate-based modeling framework combined with multi-objective optimization. The results confirm that SO₂ removal is governed by the coupled interaction of mass transfer, reaction kinetics, and hydrodynamic conditions, rather than by any single operating parameter.
Under baseline conditions, the system exhibited a removal efficiency of 89.4%, indicating limitations in gas–liquid contact and reaction effectiveness. By simultaneously optimizing the liquid-to-gas ratio, slurry pH, droplet diameter, and absorber height, a representative Pareto-optimal solution was obtained at L/G = 9.25 L/m³, pH = 5.75, = 3.0 mm, and H = 6.8 m. This operating point increased SO₂ removal efficiency from 89.4% to 96.74%, while normalized specific limestone consumption and auxiliary energy demand decreased by 10.65% and 11.27%, respectively.
A critical finding of this work is that optimal operation lies within a relatively narrow parameter window. Deviations from this range either reduce desulfurization efficiency or lead to excessive energy use and scaling risks. In particular, excessive slurry circulation and elevated pH values were shown to produce diminishing returns while increasing operational penalties. This underscores the importance of balancing competing objectives rather than pursuing maximum performance in isolation.
The use of a Pareto-based optimization approach proved effective in identifying trade-offs between efficiency and cost, allowing for the selection of an operationally robust and economically viable regime. From an engineering perspective, the methodology provides a systematic tool for decision-making in the design and operation of FGD systems under real industrial constraints.
The reported improvements are model-based predictions. Since plant-specific experimental data were not available for the investigated representative configuration, future work should focus on industrial validation of the identified Pareto-optimal operating region.
Overall, the proposed approach offers a practical pathway for improving emission control performance while maintaining economic efficiency. The findings are directly applicable to coal-based and sulfur-intensive industrial systems and can support the development of more sustainable and optimized flue gas treatment strategies.
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