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Currently, there is a scarcity of studies exploring the safe operating parameters for coal-fired power units at loads below 30%.To accurately understand the operating characteristics of coal-fired units under low load conditions, and to provide a design basis for flexibility modifications, a simulation model coupled with boiler and turbine was established, which includes the flue gas and air system, steam and water system, steam turbine, and steam extraction heat recovery system, and the iterative calculation strategy for low load conditions was proposed. The simulation calculation was performed on a 350 MW supercritical coal-fired unit, with the model results showing a high degree of alignment with the unit’s design and operational parameters. Under the condition of 269MW, the maximum calculation error between the model’s predicted exit flue gas temperature of the air preheater and the actual operational results was 8.84%. This discrepancy was due to a sudden increase in the operating flue gas temperature, which may be associated with a blockage in the air preheater. And the simulation results under low load conditions indicate that when the unit load is below 20%, the furnace total airflow is controlled to no less than 30% of the airflow at Maximum Continuous Rating (BMCR) and the minimum feedwater flow rate can be reduced to 20% of that in Turbine Heat Acceptance (THA) load, and the unit switches to wet state operation around 20% load. As the unit load decreases, the coal consumption rate for power generation and steam turbine heat consumption rate both increase significantly. The coal consumption rate for power generation at 30% load is increased by 13.3% compared to BMCR load, and it is increased by 32.5% at 15% load which is operated in wet state. Under low load conditions, the coal consumption rate of the unit can be reduced by decreasing the oxygen content in the flue gas, reducing the minimum feedwater flow rate, and implementing boiler water recirculation.
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1 INTRODUCTION
Green, safe, and energy-efficient practices are parallel requirements on the path to energy transition, with fossil fuels providing a secure and economical foundation for this shift. In the context of carbon peaking and carbon neutrality goals, China’s low-carbon transition in the energy and power sectors has accelerated, with new energy sources such as wind and solar power gradually becoming the primary sources of incremental electricity generation. Traditional coal-fired power’s role in the power system is shifting from a baseload power source to a regulating power source, with flexibility enhancement becoming a key direction for coal-fired power transformation (Xu et al., 2023). Significant load variations and the realizable ability to operate at ultra-low loads are crucial goals for enhancing the flexibility of coal-fired power units. According to statistics, during the 13th Five-Year Plan period, 90 million kilowatts of flexible transformation were completed, with a batch of pure condensing units and heating units achieving minimum technical output levels of 30%–35% and 40%–50% of rated capacity, respectively. Some units have achieved short-cycle operation at 10%–15% of rated load (Pan et al., 2020).
Coal-fired power units in China are generally designed to operate at rated load, which results in significant deviations from design conditions when operating at ultra-low loads, leading to noticeable declines in the economic performance of the unit. Currently, the minimum design load for boilers is typically around 30%, and when operating below this threshold, the furnace-side feed coal, airflow, and feedwater volumes deviate from the original air-coal ratio and water-coal ratio curves (Wang et al., 2023). On the turbine side, parameters such as main reheat steam temperature and cylinder efficiency exhibit substantial uncertainty, posing significant challenges for the flexibility retrofit of the unit. Pre-compliance testing is an effective method for determining operating parameters under low-load conditions. For instance, Wang et al. through deep peak-shaving experiments, analyzed temperature changes inside the furnace, variations in SCR denitrification system inlet temperature, and key parameters during wet state operation at 20% load (Wang, 2022). However, Pre-Compliance testing carries inherent safety risks.
Currently, research at low loads predominantly concentrates on issues of combustion safety in boilers. Numerous studies use Computational Fluid Dynamics (CFD) methods to simulate the combustion scenarios within coal-fired boilers under reduced load conditions (Chang et al., 2021; Li et al., 2021; Ma et al., 2023). Additionally, there are investigations that utilize numerical modeling to replicate the operating conditions within the furnace. However, these typically concentrate on load levels exceeding 30%, neglecting a comprehensive examination of the unit’s operational parameters at even lower loads (Klaus, 2006; Jens et al., 2017). Research on the progress of simulation models for coal-fired power units has been summarized (Alobaid et al., 2017), and the existing modeling methods for transient processes in coal-fired power generation units, as well as the current research status of operational flexibility in transient processes, have been reviewed (Zhao et al., 2023). Traditional dynamic simulation methods include fuzzy neural network methods and genetic algorithms. In recent years, researchers have adopted software such as GSE and APROS to model the thermal systems of coal-fired power units, resulting in significant improvements in simulation accuracy and speed (Ralf et al., 2015).
A typical process during low-load operation of a boiler is the transition from dry to wet operation, which involves three stages: dry operation, dry/wet transition, and wet operation (Wang et al., 2022). Significant differences exist in the control methods and operational parameters of boilers during dry and wet operations. In once-through boilers, during the process of load reduction, the operation mode of the boiler transitions from dry to wet, which reduces the heat absorption by the water-cooled walls in the furnace. This transition is beneficial for stable combustion and helps maintain the appropriate flue gas temperature at the denitration inlet (Zhang, 2018). In terms of wet process simulation analysis, the characteristics of wet operation for once-through boilers were studied, and a comparison was made between the economic feasibility of two high-energy hydrothermal mass recovery technology schemes (Shi et al., 2010). However, the model did not account for changes in the furnace-side parameters.
In many simulation studies, wet operation is often classified as part of the unit startup process. A model for direct-fired power generation units capable of simulating a wide range of operating processes was developed, including both dry and wet operations (Ralf et al., 2015). A startup model was established using APROS and Aspen Plus Dynamics for power generation units, analyzing the dynamic characteristics of boiler wet operation during the startup process (Deng et al., 2017; Ata et al., 2020). The process of load reduction to the stable wet operation of boilers differs significantly from boiler startup, with parameters such as the transition point from dry to wet operation and the optimal main and reheat steam temperatures during wet operation requiring further clarification. There is also a lack of comprehensive research describing the complete impact of wet operation on boilers.
This study employs a coupled calculation model of boiler and turbine to conduct simulation calculations for unit operation at low loads which analyzes the transition point from dry to wet operation of the boiler under constraints of minimum airflow and minimum feedwater flow, and determines the main thermodynamic parameters and economic viability of the boiler and turbine sides during wet operation. The simulation method proposed in this study will provide crucial insights into the flexibility retrofitting of coal-fired units and the design of novel units.
2 CALCULATION MODEL
The modeling is conducted for a 350 MW supercritical unit. Boiler-side parameters include 25.4 MPa pressure/574°C/572°C. The boiler operates under supercritical pressure with a spiral coil furnace, featuring a single furnace chamber, primary and intermediate reheat, balanced ventilation, solid slag discharge, a full steel suspension structure, and a tower-type design. The superheater adopts a three-stage layout, while the reheater adopts a two-stage layout. Along the flue gas path in the upper part of the furnace, there are sequentially arranged primary superheater, tertiary superheater, secondary reheater, partitioned flue gas passage heating surface, and economizer. A flue gas temperature regulating baffle is installed at the top of the furnace to distribute the flue gas volume, controlling the outlet temperature of the reheated steam. The flue gas, after passing through the baffle adjustment, is directed through the rear flue to the SCR reactor, beneath which graded economizers are installed. The pulverized coal system utilizes a positive pressure cold primary air direct injection system, equipped with six medium-speed coal mills, corresponding to six layers of once-through burners.
The steam turbine is a highly efficient supercritical, single-reheat, single-shaft, three-cylinder, double-exhaust, condensing steam turbine unit, equipped with eight stages of non-regulating steam extraction. The high-pressure heater drain system employs a stepwise gravity drainage method, where the drainage flows from the heater at a higher pressure to the one at a lower pressure, eventually being discharged into the deaerator. The low-pressure heaters also utilize a sequential gravity drainage method, with the final discharge into the condenser, where it enters the condensate system.
When operating the boiler at below 30% load, there are no corresponding design parameters available as operational guidelines. Thus, it is necessary to establish a new coupled thermodynamic balance calculation model for both the boiler and turbine sides, as illustrated in Figure 1. This model encompasses the entire thermal system of the plant, including the boiler flue gas system, steam-water system, turbine power generation, extraction and reheat system, and other components.
[image: Figure 1]FIGURE 1 | Coupled calculation model of boiler and turbine.
In the heat exchange calculation on the furnace side, the challenge lies in determining the heat transfer coefficients of various heat exchange modules under different loads (Zhao et al., 2019). The standard of JB/T 8659–1997 introduces the convective heat transfer coefficients of gas, as well as water under different operating conditions. The convective heat transfer coefficients on the flue gas side are calculated using the empirical formula (Yang et al., 1998):
[image: image]
In the equation, [image: image] represents the heat transfer coefficient of flue gas passing through the cross-row tube bundle, with units of W·m-2·K−1; dd denotes the outer diameter of the tube, in meters (m); w represents the maximum velocity of the flue gas, in meters per second (m/s); v indicates the kinematic viscosity, in square meters per second (m2·s); s1 and s2 respectively denote the transverse pitch and longitudinal pitch of the tube row, in meters (m).
For the primary superheater, tertiary superheater, secondary reheater, and other heat exchangers, the influence of radiative heat transfer on the flue gas side needs to be considered. The flue gas side heat transfer coefficient can be simplified as the sum of the convective heat transfer coefficient and radiative heat transfer coefficient, without considering ash fouling thermal resistance.
From the inlet header to the outlet header of the water-cooled wall, spiral coils with low mass flow rates are employed throughout, utilizing light tubes with dimensions of Φ38 × 7.3 mm. The tube material is 15CrMoG, with a pitch of 53 mm. The convective heat transfer coefficient inside the spiral coil under supercritical pressure is calculated using the empirical formula (Yang et al., 1998):
[image: image]
In the equation, a2 represents the convective heat transfer coefficient on the working fluid side, with units of W·m-2·K−1; G denotes the mass flow rate of the working fluid, in kg·m-2·s-1; D is the equivalent inner diameter of the tube, in meters (m); H signifies the enthalpy of the working fluid, in J·kg-1; ρ stands for the density of the working fluid, in kg·m-3; λ represents the thermal conductivity of the working fluid, in W·m-1·K−1; T denotes the temperature, in Kelvin (K); u is the dynamic viscosity, in Pa·s. The subscript f indicates the working fluid temperature as the qualitative temperature, while the subscript w indicates the inner wall temperature of the tube as the qualitative temperature. θ represents the helix angle. The coefficient η is determined from the reference literature (Yong et al., 2022).
The convective heat transfer coefficient of subcooled water flowing inside helical light tubes under subcritical pressure is given by the following equation (Yang et al., 1998):
[image: image]
In the equation, Cp represents the specific heat capacity at a constant pressure of the working fluid, in J·kg-1·K−1. The correction factor for the helix angle can be determined by referring to a chart or performing linear interpolation.
In the upper furnace, vertical light tubes with a diameter of Φ38 × 6.2/7.5/8 mm and a pitch of 57.5/115 mm are selected, using 12Cr1MoVG tube material. The convective heat transfer coefficient of supercritical water in vertical upward light tubes under non-heat deterioration conditions is calculated using Equation (Yang et al., 1998):
[image: image]
The calculation formula for the power generation of a steam turbine generator unit is as follows:
[image: image]
In the equation, [image: image] represents the power generation, measured in kilowatts (kW); [image: image] denotes the main steam flow rate entering the turbine, measured in kilograms per second (kg/s); [image: image] signifies the effective enthalpy drop of steam within the turbine, measured in kilojoules per kilogram (kJ/kg); [image: image] denotes the extracted steam fraction, representing the ratio of the corresponding steam flow rate to the main steam flow rate entering the turbine; [image: image] represents the deficiency coefficient of work; [image: image] denotes the number of stages for turbine gland steam leakage; the subscript " [image: image]" indicates the extraction of reheat steam in the turbine; the subscript " [image: image]" indicates the leakage steam of the [image: image]-th stage inside the turbine; the subscript " [image: image]" represents the steam for turbine-driven feedwater pumps; [image: image] represents the mechanical efficiency; [image: image] represents the generator efficiency.
During low-load operation, adjustments to the coal supply, primary and secondary air flow rates, flue gas baffle opening, and desuperheating water flow are required on the boiler side to achieve an appropriate main and reheat steam temperature. Meanwhile, on the turbine side, it is necessary to verify the corresponding feedwater temperature and power generation corresponding to the main and reheat steam temperature. Both processes require iterative calculation, as depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Coupled calculation flowchart of boiler-turbine system.
In the simulation calculations, it is assumed that the fuel burns completely without considering the impact of wall ash on heat transfer. The primary constraints include minimum air flow requirements, minimum water flow rate restrictions, and the oversaturation constraint at the economizer outlet. These constraints are all derived from the boiler operating procedures.
Based on Formulas 1–5, the heat transfer coefficients of various modules under typical loads are calculated and used as input parameters for each module. The results are shown in Figure 3, where the variation curve of heat transfer coefficients with load closely matches the thermal design parameters of the boiler. The first-stage superheater is subjected to both convective and radiative heating on the flue gas side, while the radiative heat transfer on the flue gas side of the second-stage superheater can be neglected. The heat transfer coefficient of the first-stage superheater is significantly greater than that of the second-stage superheater and gradually decreases with decreasing load.
[image: Figure 3]FIGURE 3 | Variation curve of heat transfer coefficients with load.
3 RESULTS AND DISCUSSION
3.1 Model validation
The designed coal for combustion is Shenhua bituminous coal, The actual coal utilized comprises a blend of bituminous coal and lean coal, with industrial and elemental analyses presented in Table 1.
TABLE 1 | Different cases for analysis.
[image: Table 1]Using the BMCR condition as the model calculation design condition, and 100% THA, 75% THA, 50% THA, and 30% THA as the verification conditions, the flue gas temperature distribution at different heat exchange modules inside the furnace is calculated for each load. A comparison with the boiler thermal design parameters is presented in Figure 4. It can be observed that the furnace flue gas temperature gradually decreases with decreasing load. By adjusting the heat transfer coefficients at each load, the calculated flue gas temperature values are in basic agreement with the design parameters, with a maximum deviation of 5.3% in maximum flue gas temperature.
[image: Figure 4]FIGURE 4 | Comparison of smoke temperature distribution under different operating conditions.
The temperature distribution of the working medium on the steam side under various loads is illustrated in Figure 5. From 100% to 30% of the Total Heating Area (THA) operating conditions, a constant-sliding pressure operation mode is adopted. The set main and reheat steam temperatures are achieved by adjusting the flue gas damper and reducing the flow rate of the warm water. The calculated values of the outlet working medium temperatures of the economizer and water-cooled wall match the design values, with a maximum deviation of 3.63%. A comparison between the calculated and design temperatures of the flue gas and steam under the verification conditions indicates that the computational model accurately simulates the operational characteristics of the boiler and steam turbine under different loads.
[image: Figure 5]FIGURE 5 | Comparison of temperature distribution of working medium under different working conditions.
Further, utilizing a boiler-turbine coupling model, the distribution of flue gas temperature and working medium temperature under actual coal combustion conditions in the boiler was calculated and compared with the actual operational parameters of the unit. The inlet flue gas temperature for denitrification and the outlet flue gas temperature of the air preheater were computed for load conditions of 304 MW, 269 MW, 219 MW, and 119 MW, as shown in Figure 6. It can be observed that the calculated values of the inlet flue gas temperature for denitrification and the outlet flue gas temperature of the air preheater at all four loads are in good agreement with the operational values of the unit, with a maximum deviation of 8.84%. However, at 269 MW, an anomalous increase in the operational value of the outlet flue gas temperature of the air preheater was observed, which may be related to blockage occurring in the air preheater of the unit.
[image: Figure 6]FIGURE 6 | Comparison of simulated and operational values of inlet flue gas temperature for denitrification and outlet flue gas temperature of the air preheater at various loads.
The intermediate point temperature and the exit temperature of the second economizer were calculated under load conditions of 304 MW, 269 MW, 219 MW, and 119 MW, as shown in Figure 7. It can be observed that with decreasing load, both the intermediate point temperature and the exit temperature of the second economizer decrease. The calculated values of the working medium temperatures at these two locations are in good agreement with the operational values, with a maximum calculated error on the working medium side of 5.71%.
[image: Figure 7]FIGURE 7 | Comparison of simulated and operational values of intermediate point temperature and economizer outlet temperature at various loads.
Under actual operating conditions of the unit, the heat transfer coefficient deviates from the design conditions due to fouling on the heating surfaces, resulting in simulation errors greater than those under design conditions. However, for engineering design purposes, these differences remain acceptable. Currently, the unit can only operate at loads above 30%. To understand the operational characteristics at loads below 30%, it is necessary to conduct simulation calculations for low-load operations.
3.2 Calculation of the dry-wet transition point
When the boiler operates at low loads, the traditional water-coal ratio and air-coal ratio curves become imbalanced. Limited by the boiler blowing and induced draft fan blade openings, the furnace needs to maintain a minimum air volume at low loads (Zhang et al., 2017), ensuring that the furnace air volume remains no less than 30% of the BMCR air volume. Additionally, considering the requirements for the hydraulic safety of the boiler water-cooled wall and the safety of the heating surface, it is essential to maintain the subcooling at the outlet of the economizer and prevent overheating of the water-cooled wall. The boiler feedwater flow rate cannot be continuously reduced, there exists a minimum feedwater flow rate, typically around 30% of the rated feedwater flow rate (Sun et al., 2022), and this value is closely related to the unit’s characteristics.
The calculation of feedwater flow and air flow under different loads is conducted according to the water-coal ratio and air-coal ratio curves, as illustrated in Figure 8. When the unit load is below 20%, the total airflow in the furnace will be less than 30% of the BMCR airflow. At this point, the operation should be switched to minimum airflow mode, wherein the airflow remains constant as the load continues to decrease. When the minimum feedwater flow is set at 30% of the rated feedwater flow, the corresponding unit load is approximately 30%. This indicates that the feedwater flow remains at the minimum flow rate when the unit load is below 30%. Theoretically, as the minimum flow rate increases, the transition point from dry to wet operation also advances accordingly. To enhance the economic efficiency at low loads, efforts should be made to minimize the minimum flow rate, thereby delaying the transition to wet operation.
[image: Figure 8]FIGURE 8 | Unit load corresponding to minimum airflow and minimum flow rate.
Assuming the boiler is operating at 25% THA condition and is then unloaded to 15% THA condition, with the main steam pressure remaining constant, and the feedwater flow controlled according to the water-coal ratio, the mass flow velocity in the water-cooled wall region and the subcooling at the outlet of the economizer gradually decrease, as shown in Figure 9. By adhering to constraints such as the mass flow velocity in the spiral tube not falling below 500 kg·m-2·s-1 and the outlet subcooling of the economizer being within 10°C–15°C, while also considering a certain safety margin, the minimum flow rate can be set at 20% of the THA feedwater flow. Calculating the dry-wet transition point of the unit based on this minimum flow rate reveals that, as the load decreases, the outlet superheat of the separator gradually decreases. Around 20% THA, the outlet superheat of the separator reduces to 0°C, indicating the boiler transitions to wet operation.
[image: Figure 9]FIGURE 9 | Dry-wet transition point of the boiler.
Based on the above analysis, the boiler operates in dry mode within the load range of 30%–20%, with the feedwater flow controlled according to the water-coal ratio and the total airflow controlled according to the air-coal ratio. When the boiler load falls below 20%, it transitions to wet-recirculation operation mode, maintaining the total airflow at 30% of BMCR minimum airflow, and the mass flow within the water-cooled wall tubes at 20% THA minimum flow. In this configuration, the fluid flow path involves water entering from the inlet manifold of the economizer, passing through the economizer, furnace, and then to the steam-water separator. After separation, the separated water is sent back to the economizer through a water storage tank at the bottom of the separator by the furnace water circulation pump. The separated steam enters the superheater system and is finally drawn out through the main steam pipeline.
During wet operation, the coal feed rate affects the dryness fraction of the working fluid at the outlet of the water-cooled wall, thereby influencing the circulation water flow rate and working fluid parameters. Taking the 15% THA condition as an example, based on the load-coal quantity curve corresponding to a coal feed rate of 25 t/h, the main reheated steam temperature is calculated to be 438/403°C, however, the generated power at the turbine side does not meet the requirement of 15% load. Increasing the coal feed rate to 27.36 t/h raises the main reheated steam temperature to 524/504°C, thereby achieving the 15% load requirement, as depicted in Figure 10. Further increasing the coal feed rate continues to elevate the main reheated steam temperature. By controlling the main steam flow rate through valves to maintain the unit’s power generation, the thermal consumption of the turbine decreases slightly, however, the outlet subcooling of the economizer drops to a low level, posing a risk of gasification within the tubes. Therefore, the most economical coal feed rate for the unit at 15% load is 27.36 t/h. Continuing to increase coal feed rates and raise steam temperatures may lead to boiler overheating.
[image: Figure 10]FIGURE 10 | Thermodynamic parameters of 15% THA wet operation condition.
During the boiler startup process in wet operating conditions, significant losses in both working fluid and heat occur as the boiler feedwater expands through the drain valve into the condenser (Ma et al., 2022). Table 2 presents a comparison of the economic efficiency between the minimum flow rate operation and the boiler feedwater circulation operation at 15% of THA during wet operation. It can be observed that although boiler feedwater circulation entails drawbacks such as high initial investment and frequent start-stop cycles, it can notably reduce the coal consumption rate for power generation during wet operation.
TABLE 2 | Comparison of wet operation schemes.
[image: Table 2]3.3 Economic analysis at low loads
A comparison of coal feeding rate, De-NOx inlet flue gas temperature, and exhaust gas temperature at various loads is shown in Figure 11. The coal feeding rate varies linearly with load above 30%, while the outlet of the air preheater gradually decreases. During low-load operation below 30%, both coal feeding rate and air flow deviate from the original load curve. For example, at a load of 15%, with a corresponding total airflow of 245.9 t/h according to the air-coal ratio, the calculated oxygen content at the furnace outlet is 3.24%, and the exhaust gas temperature is 85.8°C. In contrast, at 30% BMCR, the corresponding airflow is approximately 355.9 t/h, resulting in a calculated oxygen content of 8.35% and an exhaust gas temperature of 87.9°C. During actual boiler operation, the airflow at low loads is also affected by factors such as the opening degree of the air supply fan blades, furnace air leakage, and tube wall overheating. Actual airflow often exceeds the minimum constrained airflow, and the oxygen content at a load of 15% may sometimes approach 10%. An increase in furnace airflow at low loads leads to an increase in exhaust gas temperature and oxygen content, resulting in decreased boiler efficiency. Therefore, reducing air leakage and adjusting the opening degree of the air supply fan at low load can be employed to decrease the oxygen content at the furnace outlet and improve boiler efficiency.
[image: Figure 11]FIGURE 11 | Coal feeding rate, de-NOx inlet flue gas temperature, and exhaust gas temperature at different loads.
The inlet flue gas temperature of the De-NOx system decreases with the reduction of the coal feeding rate and the decrease in boiler thermal efficiency. To ensure the efficient and safe operation of the De-NOx system, many units may transition to wet operation earlier. In this case study, the selected 350 MW unit can ensure that the inlet flue gas temperature for De-NOx is within the reasonable range of 300–400°C at loads above 20% by adjusting the area of the economizer and the opening degree of the flue gas damper. When the unit load is below 20%, and the inlet flue gas temperature for De-NOx is below 300°C, consideration should be given to adopting methods such as flue gas bypass or water bypass to increase the inlet flue gas temperature for De-NOx.
Table 3 presents the calculation results of two schemes, flue gas bypass and water bypass, under the condition of 15% THA. The process of flue gas bypass involves extracting a portion of high-temperature flue gas directly from the outlet of the secondary reheater and delivering it to the De-NOx inlet, bypassing the secondary superheater and secondary economizer. The process of water bypass involves diverting a portion of the feedwater directly to the lower header of the water-cooled wall from the feedwater inlet, bypassing the primary economizer and secondary economizer. From the calculation results, it can be observed that when the inlet flue gas temperature for De-NOx is increased from 270°C to 302°C using bypass methods, both coal consumption and exhaust gas temperature increase. The impact of flue gas bypass on boiler efficiency is smaller than that of water bypass.
TABLE 3 | Comparisons between the flue gas bypass and water bypass schemes.
[image: Table 3]Economic indicators such as coal consumption rate and thermal efficiency of the steam turbine. At low loads are of great concern within the industry, but there is still a lack of unified quantitative understanding (Yin et al., 2021). First, the actual coal consumption rate of the unit under operational conditions is calculated using a simulation model, as shown in Figure 12. The actual coal consumption rate during unit operation is significantly influenced by operational parameters and the health status of the unit’s equipment, such as turbine cylinder efficiency and temperature difference across the heater. However, in most simulations, ideal values are assumed. Therefore, the actual coal consumption rate during operation generally tends to be higher than the simulated results, but the trend to load variation remains consistent. As the unit load decreases, the coal consumption rate for electricity generation increases significantly. At a load of 34%, the coal consumption rate for electricity generation increases by approximately 22% compared to that at a load of 87%.
[image: Figure 12]FIGURE 12 | Comparison of simulated and operational values of coal feed rate and coal consumption rate for electricity generation at various loads.
Under the design coal type conditions, the calculation of coal consumption rate, turbine heat consumption rate, and power generation efficiency at various loads is shown in Figure 13. When using the designated coal type for combustion, the exhaust gas temperature decreases, resulting in a significant reduction in the unit’s coal consumption rate compared to the actual operational values. As the unit load decreases, both the coal consumption rate and the turbine heat consumption rate significantly increase, resulting in a decrease in power generation efficiency. At 30% load, the coal consumption rate increases by 13.3% compared to rated power, and at 15% load during wet operation, the coal consumption rate increases by 32.5%. Therefore, during boiler operation at low loads, efforts should be made to reduce the opening degree of the air supply fan and furnace air leakage to decrease the oxygen content at the furnace outlet. Additionally, the minimum feedwater flow rate setting should be reduced to minimize the load transition between dry and wet operation states as much as possible.
[image: Figure 13]FIGURE 13 | The coal consumption rate for electricity generation, the thermal efficiency of the steam turbine, and the coal consumption rate for electricity generation vary with load under the designated coal type conditions.
4 CONCLUSIONS

(1) When coal-fired power plants operate under variable loads, the establishment of a coupled boiler and turbine model, along with adjustments to the heat transfer coefficients of various heat exchanger modules at different loads, results in flue gas and working fluid temperature distributions that are essentially consistent with design parameters, with errors of less than 5.3%. Comparison with operational parameters of the unit shows a high degree of consistency between simulated and actual values, verifying the accuracy of the calculation model. When the unit deviates from the design coal quality, the coal consumption rate for electricity generation significantly increases.
(2) During low-load operation, boilers are constrained by minimum airflow and minimum feedwater flow rates. To improve the economic efficiency at low loads, while ensuring the hydrodynamic safety of the boiler, efforts should be made to minimize the minimum feedwater flow rate setting and reduce the load transition between dry and wet operation states. During wet operation, boiler water recirculation should be adopted. When the unit load is below 20%, the De-NOx inlet flue gas temperature may be below 300°C. It is recommended to increase the De-NOx inlet flue gas temperature by utilizing the high-temperature flue gas bypass method.
(3) The coupled model established in this study enables the determination of parameters such as coal feeding rate, main steam temperature, and De-NOx inlet flue gas temperature during low-load and wet operation of the unit. This will provide a design basis for the flexibility enhancement of the unit.
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