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Abstract

:

This study endeavors to enhance the operational efficiency of extant coal-fired power plants to mitigate the adverse environmental impact intrinsic to the prevalent utilization of coal-fired power generation, which is particularly dominant in China. It focuses on the assessment and optimization of continuous denitrification systems tailored for a 1000 MW ultra-supercritical pulverized coal boiler. The extant denitrification framework encounters challenges during startup phases owing to diminished selective catalytic reduction (SCR) inlet flue gas temperatures. To ameliorate this, three retrofit schemes were scrutinized: direct mixing of high-temperature flue gas, bypass flue gas mixing, and high-temperature flue gas mixing with cold air. Each option underwent meticulous thermodynamic computations and comprehensive cost analyses. The findings elucidated that bypass flue gas mixing, involving the extraction and blending of high-temperature flue gas, emerged as the most financially prudent and practical recourse. This scheme optimizes fuel combustion heat utilization, significantly curtails fuel consumption, and fosters efficient internal heat transfer mechanisms within the boiler. The evaluation process meticulously considered safety parameters and equipment longevity. The insights derived from this investigation offer valuable guidance for implementing continuous denitrification system retrofits in industrial coal-fired power plants.
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1. Introduction


Energy and environmental issues are closely related to social security and sustainable economic development. In order to address the global challenge of climate change, China announced in 2020 its ambitious goals of reaching peak carbon emissions by 2030 and achieving carbon neutrality by 2060 [1,2,3,4,5,6]. Currently, coal-fired power generation holds the dominant position in China, necessitating a transformation of the country’s power system [7,8]. It is necessary to deepen the reform of the electricity market and guide and regulate power generation companies to develop toward higher efficiency and cleaner practices [9,10,11]. This will help in shifting the future focus of power development toward the utilization of non-fossil energy sources, thus advancing low-carbon transformation [12,13,14,15]. Consequently, the future development focus of existing coal-fired power plants will shift from increasing installed capacity to enhancing the flexibility and reliability of the current units.



With the deceleration of electricity consumption growth and the proliferation of coal-fired generating units, these units are anticipated to serve the purposes of deep load modulation and standby to accommodate the rapid expansion of non-fossil energy generation [16]. Consequently, the operational hours of thermal power generation equipment are expected to further diminish. In the near future, extended operation at reduced loads and frequent start–stop cycles of coal-fired units will become standard practice [17,18,19,20,21]. Nonetheless, both deep load modulation and startup processes entail the risk of non-operational denitrification, which can result in excessive NOx emissions from the units.



Xie et al. [22] conducted thermal state tests on a 300 MW CFB boiler after implementing flue gas recirculation. The analysis revealed significant changes in parameters such as emissions, bed temperature, and separator inlet temperature. The results demonstrated the effectiveness of flue gas recirculation in reducing NOx emissions during startup and normal operation. Taler et al. [23] examined the flexibility needs of power systems involving thermal units, focusing on short startup times, SCR performance, and emissions analysis. Shen et al. [24] conducted research on CFB boilers, utilizing the CFD method to analyze flow field changes and pollutant emissions (SO2 and NO) during thermal startup. The findings provide valuable insights for understanding CFB boiler startup and operation. Boiler emissions must remain within the specified limits during low-load operation, startup, shutdown, and under different load conditions. The implementation of continuous flue gas denitrification throughout all operational phases, including startup and shutdown, will progressively become an established environmental mandate [25]. During the startup phase, the failure to activate the denitrification system leads to the emission of excessive NOx, potentially resulting in environmental penalties and even hindering the unit from initiating the startup process [23,24,26,27,28,29,30,31]. Previous research suggests the challenge of controlling pollutant emissions during the start–stop stage. However, previous studies often overlook reducing pollutant emissions from the system’s thermal equilibrium standpoint, whereas this study focuses on minimizing emissions by effectively utilizing system heat.



During the startup process of coal-fired units, the outlet concentration of NOx in the furnace rises sharply above the limits when coal powder is introduced. However, at this stage, the temperature of the selective catalytic reduction (SCR) inlet flue gas remains below 200 °C, significantly deviating from the operational requirements of the denitrification equipment. To ensure the smooth startup of the boiler and maintain the average concentration of NOx emissions from the furnace outlet within acceptable limits during the startup phase, power plants employ the substitution of fuel oil for coal powder combustion until the SCR inlet flue gas temperature reaches the requisite conditions for denitrification operation. Only then is coal powder combustion initiated. However, this practice poses challenges to the regular fuel powder injection for the boiler and extends the duration of oil-fired operation during the startup phase. It leads to increased operating costs during startup and has detrimental effects on downstream environmental protection equipment, including catalyst deactivation, dust collector bag clogging, and risks associated with desulfurization slurry poisoning.



The primary goal of this study is to evaluate the viability of integrating continuous flue gas denitrification retrofits within coal-fired power generation units. Specifically, the research zeroes in on the economic dimensions of this retrofitting procedure. The overarching aim is to augment the capability of coal-fired power units, enabling them to seamlessly integrate renewable energy sources. Simultaneously, the study aims to fortify technological capabilities to align with increasingly stringent environmental regulations. Paramount in this pursuit is ensuring a secure, clean, and reliably stable operation within the power system.




2. Overview of Pulverized Coal Boiler


2.1. Boiler Hourmenon


This study focuses on an 1000 MW ultra-supercritical pulverized coal boiler that utilizes a single-furnace tower arrangement. The rear flue gas outlet is equipped with two selective catalytic reduction (SCR) reaction devices, each of which is accompanied by a rotary air preheater positioned below it. Figure 1 provides a plan view, while Figure 2 offers a side view of the comprehensive layout of the boiler. The overall dimensions of the boiler are as follows: furnace width of 20,760 mm, furnace depth of 20,760 mm, lower header elevation of the water-cooled wall at 7500 mm, furnace top pipe center elevation at 121,500 mm, and top elevation of the large plate beam at 131,400 mm. During the startup of the unit, when the boiler load falls below 30% of the boiler maximum continuous rating (BMCR), the medium from the outlet of the evaporator heating surface gathers in a collector box after passing through the water-cooled wall outlet. Subsequently, it is conveyed to the steam–water separator through four pipes for separation into steam and water. The upper part of the boiler features a sequential arrangement of the low-temperature superheater, the low-temperature section of the high-temperature reheat, the high-temperature superheater, the high-temperature section of the high-temperature reheat, the low-temperature reheat, and the economizer, all aligned along the flue gas flow direction. The heating surfaces in the upper part of the boiler are horizontally arranged, and the through-wall structure takes the form of a fully sealed metal enclosure.



The boiler’s combustion system is designed as a medium-speed pulverized-coal positive-pressure direct-blowing pulverization system. It is equipped with six coal mills, and each coal mill is connected to four coal powder pipes that lead to the four corners of the furnace. Outside the furnace, there is a coal powder distribution device. Each pipe is divided into two pipes using a coal powder distributor, and these pipes are connected to two adjacent primary air nozzles. Forty-eight tangentially fired burners are arranged in twelve layers at the lower corners of the furnace, with two coal powder nozzles per layer, enabling circular combustion in the furnace corners. The entire boiler is vertically divided into five groups of burners. The upper two groups are dedicated to secondary air distribution and consist of four layers with four air chambers each. The lower three groups consist of coal powder burners, each group having four layers of coal powder nozzles, resulting in a total of 48 burner nozzles. Each of the three groups of coal powder burners is equipped with two layers of retractable mechanical atomizing oil guns and six layers of fuel oil nozzles, resulting in a total of 24 oil guns in the burner windbox.



The upper part of the boiler is linked to the inlet flue of the denitration device and the ash hopper at the outlet of the economizer. The flue descends, and its vertical load is directly supported and suspended on the plane of the furnace roof steel frame. At the economizer outlet, the flue is divided into two paths. Each path passes through its respective closing baffle before entering the denitration device and then proceeds to two four-compartment rotary air preheaters. The boiler is equipped with SCR denitration equipment in synchronization with the economizer’s outlet flue. A wind-cooled dry slag removal device is used to discharge solid slag from the bottom of the boiler furnace.



2.1.1. Design Coal


The designated coal type was Inner Mongolia bituminous coal. The ultimate and proximate analysis data are available in Table 1.




2.1.2. Boiler Operating Conditions


The boiler operates under the following conditions:



It functions as a base load unit and participates in peak shaving.



It utilizes the designed coal type to ensure that the minimum stable combustion load is no more than 30% of its BMCR and maintains 100% automation input rate above this load range.



It adopts micro-oil ignition with small oil guns and retains large oil guns for combustion assistance. The modified configuration consists of 8 small oil guns with a capacity of 120 kg/h each and 24 large oil guns with a capacity of 450 kg/h each.



It adjusts the load change rate according to the following criteria: from 50% to 100% of BMCR: at least ±5% of BMCR per minute; from 30% to 50% of BMCR: at least ±3% of BMCR per minute; below 30% of B-MCR: at least ±2% of B-MCR per minute; load step change: more than 10% of the turbine rated power per minute.



It controls the temperature range of the superheater and reheater to ensure stable operation within the following parameters: superheated steam temperature: 30–100% of B-MCR with a deviation within ±5 °C; reheat steam temperature: 50–100% of B-MCR.



It aligns the startup time from ignition to full-load operation with the turbine and typically meets the following requirements: cold start: 5–6 h; warm start: 2–3 h; hot start: 1–1.5 h.; very hot start: less than 1 h. Furthermore, the time from boiler ignition to turbine synchronization should meet the following requirements: cold start: 3.5 h; warm start: 2 h; hot start: 1 h; very hot start: 0.5 h.




2.1.3. Main Thermal Parameters of the Boiler


The main thermal parameters of the boiler are shown in Table 2.




2.1.4. Brief Introduction to the Boiler System


The boiler’s startup system features an integrated steam–water separator along with a startup recirculation pump. Additionally, it is equipped with a straightforward drainage system comprising an atmospheric expansion tank and a collection tank. The feedwater entering the economizer is simultaneously provided by both the recirculation pump and the feedwater pump.



The main feedwater pipe of the boiler enters the front of the boiler and traverses a main check valve and an electric main gate valve. It subsequently divides into two branches, with each branch connected to an inlet header of a two-stage economizer (one side only). Upon traversing the two-stage economizer and the main economizer, the pipes come together at the outlet header of the main economizer. The outlet pipes from both sides of the economizer merge at the front of the furnace and form a descending pipe that connects the top and bottom of the inlet header located at the bottom of the water-cooled wall.



The superheater system comprises two levels of primary heating surfaces. The first level encompasses suspended tubes, partitions, and low-temperature superheaters. On the other hand, the second level consists of high-temperature superheaters. The primary reheater is divided into two levels: the primary reheater low-temperature section and the primary reheater high-temperature section. The low-temperature section of the primary reheater is arranged in the upper front flue gas path. The cold section of the high-temperature section is located between the low-temperature superheater and the high-temperature superheater, while the hot section of the high-temperature section is positioned between the high-temperature superheater and the low-temperature reheater. The low-temperature section of the primary reheater is arranged between the high-temperature reheater and the economizer. The secondary reheater follows a similar arrangement to the primary reheater.




2.1.5. SCR System


The SCR process, utilizing a honeycomb catalyst configuration, was adopted for selective catalytic reduction. Urea hydrolysis was employed as the reducing agent for denitrification, with the flue gas temperature controlled within the range of 300 to 420 °C. Each furnace is equipped with two SCR reactors featuring air distribution devices at the reactor inlets and deflector plates in the flue gas ducts.






3. Analysis of the Current Operating Condition of the Unit


3.1. Startup Condition


The data in Figure 3 illustrate the SCR inlet flue gas temperature and NOx emission concentration curves during the startup phase of a 1000 MW coal-fired plant. It is crucial to maintain the system’s total energy constant throughout the process, ensuring equilibrium between coal-derived input energy and outputs like heat, electricity, and losses (e.g., friction and radiation). The heat transfer mechanism involves conduction, convection, and radiation from coal to the boiler tubes, steam, turbine, and generator. Pulverized coal injection significantly elevates NOx emissions at the furnace outlet, surpassing standard limits swiftly. Nonetheless, the SCR inlet flue gas temperature (<300 °C) remains below the optimal operational range of the denitrification system (from 300 °C to 420 °C). This significant divergence between the SCR inlet flue gas temperature and the denitrification system’s working temperature poses a challenge to effective DeNOx system functioning, necessitating a flue gas temperature increase. This investigation explores three potential schemes to elevate the SCR inlet flue gas temperature in a 1000 MW coal-fired power plant.



3.1.1. Analysis of Heating System


During the ignition and warm-up stage of the boiler, a significant portion of the heat generated from fuel combustion is dedicated to elevating the temperature of the furnace water. A higher initial temperature of the furnace water leads to reduced heat absorption by the water-cooled walls, resulting in a more rapid temperature increase within the furnace and decreased pressure for retrofitting the continuous flue gas denitrification system during the operational period.



The utilization of thermodynamic principles and mathematical formulations enables the generation of the curves in Figure 4. This relationship is mathematically expressed as:


ΔE = Q − W,








where ΔE signifies the internal energy change of the system, Q denotes the heat input to the system, and W represents the work executed by the system. Here, the heat supplied to the system corresponds to the heat content from the flue gas, while the system’s work is the compression work applied to the cold air. Figure 4 delineates the temperature ascent curve within the water circuit preceding boiler ignition. After heating in the deaerator and multiple high-pressure heater stages, the primary feedwater undergoes blending with circulating water from the pressurized storage tank before being directed toward the economizer. The illustration shows that before the auxiliary heating system commences, the deaerator outlet sustains a consistent temperature of roughly 150 °C. Concurrently, the storage tank’s water temperature registers around 84 °C, while the primary economizer’s inlet water temperature hovers at approximately 108.2 °C. At 16:55, the auxiliary heating system attains peak output. During this interval, the main feedwater temperature (post-economizer) peaks at about 270 °C, whereas the storage tank’s water temperature reaches approximately 133.4 °C, and the primary economizer’s inlet water temperature climbs to around 168.4 °C. Initial estimates suggest that absent the auxiliary heating system operation, the furnace water temperature via the deaerator could only reach roughly 90 °C. However, with the auxiliary heating system functioning optimally, the furnace water temperature elevates within the range of 150–180 °C.




3.1.2. SCR Inlet Flue Gas Temperature


The inlet flue gas temperature of the SCR system was determined using a grid method and compared with the readings from the dial display. The flue gas temperature distribution during three different time periods (120 °C, 150 °C, and 180 °C) was measured using the grid method and is illustrated in Figure 5. The measured average values obtained from the grid method during these time periods were found to be 120.0 °C, 148.1 °C, and 180.0 °C, respectively, demonstrating a close agreement with the dial display values. Moreover, the flue gas temperature distribution at the inlet section of the SCR exhibited a relatively uniform pattern.






4. Solution Analysis


Currently, mature denitrification technologies for wide-load operations, including staged economizers, hot water recirculation, bypass of economizers (water side), and bypass of flue gas ducts (gas side), primarily rely on internal heat transfer within the unit to raise the inlet flue gas temperature of the selective catalytic reduction (SCR) system to the permissible denitrification temperature. However, during the startup phase of the unit, the furnace lacks a suitable temperature range to achieve the required SCR inlet flue gas temperature through internal heat transfer. Consequently, the existing wide-load denitrification technologies are not suitable for addressing the startup phase of the unit’s denitrification system. The industry currently faces a challenge in achieving continuous denitrification throughout the operational period of a 1000 MW tower furnace.



This study concentrates on the flue gas side and presents a range of continuous denitrification technologies that utilize rear-end heat input. In this section, we introduce and compare three preliminary design optimization options. These options include high-temperature flue gas direct mixing to enhance the temperature (Scheme (1)), bypass flue gas mixing to enhance the temperature through cooling (Scheme (2)), and high-temperature flue gas mixing with cold air to enhance the temperature (Scheme (3)).



4.1. Boundary Conditions


The design of a continuous flue gas denitrification system necessitates the comprehensive evaluation of denitrification operation conditions throughout different time periods, encompassing low-load operation as well as startup and shutdown phases. By taking into account the operational parameters of the Laizhou Power Plant during boiler operation and startup/shutdown periods and adhering to the boiler operation regulations with an appropriate margin, the boundary conditions for the calculations have been established, as presented in Table 3.



	(1)

	
The boiler startup process involved selecting initial values for the SCR inlet flue gas temperature of 150 °C, 180 °C, and 210 °C, which corresponded to intermediate flue gas temperatures of 180 °C, 240 °C, and 300 °C at the outlet of the secondary reheater lower serpentube. The flue gas flow rate during this stage was 1,000,000 Nm3/h, and the designed outlet temperature of the mixed flue gas from the hot air furnace was 650 °C. Upon heating the SCR inlet temperature to 300 °C, the primary air temperature could be set at 240 °C.




	(2)

	
During the load adjustment phase at 30% of BMCR, the SCR inlet flue gas temperature was approximately 280 °C with a flue gas flow rate of 1,392,728 Nm3/h. The intermediate flue gas temperature at the outlet of the secondary reheater lower serpentube was set at 410 °C.




	(3)

	
The unit price of natural gas was USD 0.3/Nm3, the unit price of diesel fuel was USD 820/t, and the unit price of standard coal was USD 150/t.







4.1.1. Scheme (1)


The system’s conceptual diagram is presented in Figure 6, and the external structure of completed schematic design is shown in Figure S1. This approach entails the direct introduction of the hot flue gas produced by the hot air furnace into the primary flue, thereby raising the temperature of the SCR inlet flue gas to the permissible level for denitrification by means of heat and mass transfer. This ensures adherence to the operational specifications for denitrification.



As shown in Table 4, the thermal calculations were conducted for four different operating conditions: the startup process with economizer outlet temperatures of 150 °C, 180 °C, and 210 °C, as well as low-load operation at 30% of the BMCR.



The operating costs for the four different operating conditions are 6557 Nm3/h, 5246 Nm3/h, 3934 Nm3/h, and 1218 Nm3/h of natural gas consumption. During the startup phase, there is an additional flue gas heat loss ranging from 13 to 19 MW. In the low-load phase, the SCR inlet flue gas temperature increases by 20 °C. However, the impact on the flue gas temperature is negligible after the heat exchange process in the staged economizer and air preheater. It is important to note that a portion of the heat input at the rear end is absorbed by the staged economizer and air preheater, which can partially replace coal consumption. Based on estimations, the additional fuel cost after the operation of the system is expected to range from USD 137 to USD 343 per hour.



Impact assessment of auxiliary equipment: The calculated required flow rates of combustion air (primary hot air) were 13.0 kg/s, 10.4 kg/s, 7.8 kg/s, and 2.4 kg/s, confirming the adequacy of the primary air supply. Incorporating a primary air fan led to an approximate 200 kW increase in electrical consumption. The hot air furnace’s flue gas and heat input contributed to an elevated flue gas temperature throughout the SCR system, resulting in an approximate 600 kW increase in electrical consumption for the induced draft fan that was attributable to these two factors.



The modification encompasses the hot air furnace body, the combustion air system, the front-end natural gas system, the hot air furnace outlet flue, and localized heat-resistant treatment within the main flue. The project intends to install four hot air furnaces, each with a capacity of 17,000 kW. To address the high temperature of the flue gas at the hot air furnace outlet, it is important to minimize the distance between the hot air furnace outlet and the main flue. The combustion air system is supplied from the primary air ducts located at the outlets of the hot air preheaters on both sides. These two branches, with an inner diameter of 800 mm, converge into a main pipe with an inner diameter of 1000 mm, which directs the airflow to the denitration system’s entry platform. The gas piping for the front-end gas system is linked to the closest gas supply main pipe of the gas conversion system. The main pipe has a DN325 diameter, while the branch pipes have a DN100 diameter. The project’s total estimated cost amounts to USD 239,000 due to the extensive range of equipment materials involved.



In this scheme, the hot air furnace outlet flue gas is directly introduced into the main flue without any cold air mixing, thereby presenting a risk of re-ignition when it comes into contact with unburned particles within the main flue. If re-ignition occurs, an additional safety risk assessment is necessary that considers factors including particle burnout time and variations in the temperature field within the flue.




4.1.2. Scheme (2)


This scheme includes the extraction of flue gas from either the economizer inlet or further upstream locations. During boiler startup and shutdown phases, the extracted flue gas, acting as a cooling medium, is blended with high-temperature flue gas produced by the efficient hot air furnace. The mixture is subsequently directed to the economizer outlet at the designated temperature, effectively raising the inlet flue gas temperature to an optimal level for denitration. During periods of deep load adjustment, the high-temperature flue gas is directly delivered to the economizer outlet to increase the inlet flue gas temperature, facilitating denitration. Figure 7 illustrates the schematic diagram of the system. The extraction of flue gas is proposed at the central position (with a center elevation of 101.1 m) within the secondary low-temperature reheat serpentine tube arrangement (located behind the rear wall of the boiler) based on on-site investigations and comparisons. Flue gas extraction will be achieved by opening fins within the gaps of the water-cooled wall tubes.



Table 5 presents the results of thermodynamic calculations for the high-temperature flue gas sidestream mixing for the temperature increase technique. The calculations were performed for four operating conditions: economizer outlet temperatures of 150 °C, 180 °C, 210 °C, and low-load operation (30% BMCR) during startup.



The operating costs were evaluated for different operational phases. During the startup phase, the costs associated with the bypass flue gas extraction were slightly lower compared to Scheme (1) due to a slightly higher temperature at the extraction point than at the economizer outlet. However, the difference was not significant. In the low-load phase, there were no additional operating costs as the hot air furnace was not in operation. However, during the medium to high-load phase, there was some leakage in the bypass damper, resulting in a approximately 5 °C increase in the SCR inlet flue gas temperature when accounting for a 3% leakage rate. This increase had no adverse effect on the safe operation of the denitrification system under high and medium loads, and it had limited impact on the overall flue gas temperature.



Auxiliary equipment impact assessment: The influence of auxiliary equipment was comparable to that of Scheme (1) during the startup phase. In the low-load phase, the absence of an external heat source resulted in a slightly lower flue gas volume that had to be handled by the induced draft fan, but the difference was not significant.



The retrofit scope encompasses the hot air furnace body, auxiliary air system, front-end natural gas system, and bypass flue gas duct system. Compared to Scheme (1), this approach necessitates the addition of a bypass flue gas duct system involving the installation of flue gas extraction points in the water-cooled walls and the introduction of a hot air furnace. This modification reduces the heat treatment workload at the rear end of the hot air furnace. The proposed arrangement involves the creation of a flue gas interface at the intermediate position (center elevation of 101.1 m) of the secondary lower serpentube on the rear wall of the boiler, achieved through the opening of finned tubes within the water-cooled walls. The initial calculation assumed a maximum open area of 10 m2 for the water-cooled wall openings, and the feasibility of employing finned tube openings was confirmed through calculations conducted by the original boiler plant. Given the diverse range of equipment materials, the estimated total cost amounts to USD 328,000. During the subsequent stages of design and construction, particular attention should be given to implementing anti-wear treatments for the openings in the water-cooled walls and the upstream section of the lower serpentube.




4.1.3. Scheme (3)


This scheme utilizes the air preheater outlet to extract hot primary air or hot secondary air as a cooling medium. The extracted air is subsequently mixed with high-temperature flue gas produced by the efficient hot air furnace and directed to the economizer outlet at the intended temperature. This process effectively elevates the inlet flue gas temperature for denitrification to a suitable level. Figure 8 illustrates the schematic diagram of the system. In this configuration, the hot primary air serves a dual purpose as both a combustion-supporting medium and a cooling medium.



Table 6 displays the thermal calculation results for the high-temperature flue gas indirect mixing (cold air mixing with hot flue gas) technology. The calculations were conducted to evaluate four operating conditions: the startup process with economizer outlet temperatures of 150 °C, 180 °C, and 210 °C, as well as low-load operation at 30% of the BMCR.



Operating costs: The natural gas consumption for the four operating conditions is estimated to be 7302 Nm3/h, 5842 Nm3/h, 4381 Nm3/h, and 974 Nm3/h, respectively. During the startup phase, there is an additional flue gas heat loss of 16–25 MW, leading to an increased fuel cost of USD 360–495 per hour, which is approximately USD 205 per hour higher compared to the previous two schemes. During the low-load phase, the operating cost is approximately USD 135 per hour higher than that of Scheme (2).



Auxiliary equipment impact assessment: The required combustion air flow rates (primary hot air) are 149 kg/s, 120 kg/s, 90 kg/s, and 20 kg/s, respectively. Preliminary calculations indicate that the primary air supply is sufficient, with an additional power consumption of approximately 1000 kW for the primary air fan. Compared to the previous two schemes, this scheme significantly increases the flue gas volume, resulting in an additional power consumption of approximately 2000 kW for the induced draft fan.



The retrofit scope encompasses the hot air furnace body, the auxiliary air system, and the front-end natural gas system. In comparison to Scheme (1), this scheme requires a significant extraction of hot primary air for use as cooling air. Based on thermal calculations, the diameter of the main pipe for hot primary air is 3400 mm, while the diameter of the single-sided hot primary air pipe is 2400 mm. However, the significant elevation difference between the hot primary air pipeline and the SCR inlet platform results in higher pipeline costs and an inconvenient arrangement. Given the multitude of equipment materials, only the calculated total cost of USD 334,000 is provided here.





4.2. Comparative Evaluation of Continuous Denitrification Technologies


4.2.1. Scheme (1)


This approach offers the benefits of a simple system, low investment, and cost-effective operation. The research findings indicate that coal combustion during the unit’s ignition phase is suboptimal, leading to a volatile matter content in the fly ash of up to 13.20%. Empirical formulas suggest that the lowest ignition temperature for the resulting dust cloud is around 740 °C. By employing high-temperature flue gas direct mixing for temperature enhancement, flue gas temperatures as high as 2000 °C can be achieved. However, during the initial stages, uneven mixing and localized high temperatures may occur, potentially causing secondary combustion and posing safety hazards to the flue system. Moreover, frequent start–stop cycles of the burner during low-load operation result in increased fuel costs and adversely affect equipment longevity.



Furthermore, the introduction of high-temperature flue gas into the main flue necessitates the use of refractory materials throughout the entire flue. This construction work is estimated to cover an area of approximately 2500 m2, with a thickness of about 20 mm. Additionally, a thorough evaluation and reinforcement of the existing flue supports are required. Considering safety considerations, this feasibility study does not recommend adopting this particular technological approach.




4.2.2. Scheme (2)


This approach offers several advantages:



The heat generated from fuel combustion is fully utilized to raise the flue gas temperature in the main flue, resulting in minimal fuel consumption for the heating system. The extracted high-temperature flue gas temperature is higher than the economizer outlet flue gas temperature, leading to potentially lower natural gas consumption during various ignition stages compared to Scheme (1).



During low-load operation, there is no need to operate the hot air furnace. The denitrification requirements can be met through internal heat transfer within the boiler, eliminating the need for frequent start–stop cycles of the burner and reducing fuel costs during the low-load phase.



By adjusting the damper opening at the economizer outlet to increase the resistance in the main flue, the proportion of main and bypass flue gases can be distributed without the need for additional circulating fans. This approach avoids safety risks associated with installing rotating machinery at elevated locations and reduces the operating cost of the circulating fans.



Additionally, based on thermal calculations and assessments conducted by the original boiler manufacturer, the opening of fins in the water-cooled walls meets design requirements without compromising boiler safety. Although potential issues with damper door deformation and sticking may arise, these concerns can be effectively addressed through strict control measures during the design, construction, and maintenance processes. Considering both technical functionality and economic feasibility, it is recommended to adopt this retrofitting technology.




4.2.3. Scheme (3)


This approach offers the following advantages:



The heat generated from fuel combustion is fully utilized to raise the temperature of the flue gas in the main duct, resulting in minimal fuel consumption for the heating system. As the extracted high-temperature flue gas is hotter than the economizer outlet flue gas, the natural gas consumption during the ignition stages is even lower than in Scheme (1).



The low dust content in the hot air eliminates concerns regarding damper sticking.



Compared to the cold air mixing technology, this system operates with lower overall costs.



However, in comparison to Scheme (2), several shortcomings exist:



Due to the temperature difference in heat exchange between the hot air at the air preheater outlet and the flue gas at the air preheater inlet as well as additional heat exchange with the staged economizer the operating costs of the hot air furnace system are relatively higher. The thermal calculations show that the natural gas consumption during the ignition stages is approximately 1000 Nm3/h higher than in Scheme (2), necessitating larger dimensions for the hot air furnace.



During low-load operation, if the inlet flue gas temperature for denitrification cannot reach the design value, the hot air furnace needs to be activated for heating, leading to increased fuel costs. Under the same operating conditions of 30% BMCR, it consumes an additional 1000 Nm3/h of natural gas compared to Scheme (2). Moreover, the frequent start–stop cycles of the burner can affect its service life. Considering the normalization of low-load operation from both an economic and equipment-reliability standpoint, this approach is not optimal.



The introduction of hot air increases the total volume of flue gas flowing through the hot air furnace, necessitating larger furnace and outlet pipeline sizes.



The addition of hot air increases the flue gas volume at the air preheater outlet, resulting in increased flue gas heat loss. Additionally, the power consumption of the primary air fan and induced draft fan increases significantly.



Considering the technical and economic aspects, this feasibility study does not recommend adopting this technological approach.






5. Conclusions


The existing wide-load denitrification technologies are not suitable for addressing the startup phase of the unit’s denitrification system, which poses a challenge for achieving continuous denitrification throughout the operational period. Three potential retrofitting schemes were analyzed:




	
Scheme (1) (direct mixing of high-temperature flue gas): This scheme is simple and cost-effective, but it presents safety hazards and requires extensive refractory materials and reinforcement of the flue supports. It is not recommended due to safety concerns.



	
Scheme (2) (bypass flue gas mixing for temperature enhancement): This scheme offers advantages such as efficient heat utilization, reduced fuel consumption, and feasibility. It can meet denitrification requirements through internal heat transfer and controlled opening of fins in water-cooled walls. It is the preferred retrofitting technology for achieving continuous denitrification.



	
Scheme (3) (indirect mixing of hot flue gas with cold air): This scheme has higher operating costs, larger dimensions, and increased flue gas heat loss compared to Scheme (2). It is not recommended due to higher costs and less favorable operating conditions.








Based on the comparative evaluation, Scheme (2) is recommended as the preferred retrofitting technology for achieving continuous denitrification. It balances technical functionality, economic feasibility, and safety considerations.



This study provides detailed thermodynamic calculations, operating costs, auxiliary equipment impact assessment, retrofit scope, and estimated total costs for each scheme, which can aid in decision making for the denitrification system retrofit. In conclusion, Scheme (2), utilizing bypass flue gas mixing for temperature enhancement, is the recommended approach to achieve continuous denitrification in the studied coal-fired power plant, considering its technical viability, cost-effectiveness, and safety aspects.
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Figure 1. General layout plan (vertical view) of the boiler. 






Figure 1. General layout plan (vertical view) of the boiler.



[image: Processes 12 00056 g001]







[image: Processes 12 00056 g002] 





Figure 2. General layout plan (end view) of the boiler. 
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Figure 3. Profiles of various parameters during the startup process of a 1000 MW coal-fired power plant. 
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Figure 4. Curve of temperature rise in the water side before ignition. 






Figure 4. Curve of temperature rise in the water side before ignition.



[image: Processes 12 00056 g004]







[image: Processes 12 00056 g005] 





Figure 5. SCR inlet flue temperature distribution. 
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Figure 6. The schematic diagram of the high-temperature flue gas direct mixing system. 
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Figure 7. The schematic diagram of the high-temperature flue gas indirect mixing (sidestream flue gas mixing) system. 
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Figure 8. Schematic diagram of the high-temperature flue gas indirect mixing (cold air mixing with hot flue gas) system. 
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Table 1. Ultimate and proximate analyses of the design fuel for the 1000 MW ultra-supercritical pulverized coal boiler.
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	Item
	Symbol
	Unit
	Value





	1. Ultimate analysis
	
	
	



	Carbon
	Car
	%
	51.09



	Hydrogen
	Har
	%
	3.45



	Oxygen
	Oar
	%
	6.14



	Nitrogen
	Nar
	%
	0.77



	Sulfur
	Sar
	%
	0.70



	2. Proximate analysis
	
	
	



	Moisture
	Mar
	%
	16.1



	Moisture
	Mdaf
	%
	7.81



	Ash
	Aar
	%
	21.75



	Ash
	Vdaf
	%
	37.96







Note: subscript daf: air-dry and ash-free; subscript ar: as-received base.













 





Table 2. Main thermal parameters of the boiler.
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	No.
	Name
	Unit
	BMCR
	BRL
	THA
	75%THA
	50%THA
	30%BMCR





	1
	Superheated steam flow
	t/h
	2717
	2638
	2557
	1839
	1188
	815



	2
	Outlet pressure of superheated steam
	MPa·g
	33.42
	32.52
	31.62
	23.28
	15.35
	10.63



	3
	Outlet temperature of superheated steam
	°C
	605
	605
	605
	605
	605
	605



	4
	Primary reheated steam flow
	t/h
	2410
	2340
	2277
	1668
	1097
	760



	5
	Inlet pressure of primary reheated steam
	MPa·g
	10.99
	10.67
	10.4
	7.68
	5.07
	3.51



	6
	Inlet temperature of primary reheated steam
	°C
	423
	423
	424
	428
	433
	436



	7
	Outlet pressure of primary reheated steam
	MPa·g
	10.77
	10.45
	10.19
	7.51
	4.96
	3.43



	8
	Outlet temperature of primary reheated steam
	°C
	623
	623
	623
	623
	623
	608



	9
	Secondary reheated steam flow
	t/h
	2069
	2006
	1961
	1460
	978
	687



	10
	Inlet pressure of secondary reheated steam
	MPa·g
	3.48
	3.37
	3.3
	2.44
	1.62
	1.11



	11
	Inlet temperature of secondary reheated steam
	°C
	444
	444
	445
	448
	452
	455



	12
	Outlet pressure of secondary reheated steam
	MPa·g
	3.23
	3.12
	3.06
	2.26
	1.48
	1.01



	13
	Outlet temperature of secondary reheated steam
	°C
	623
	623
	623
	623
	623
	605



	14
	Temperature of feeding water
	°C
	328
	326
	324
	303
	276
	254



	15
	Inlet steam pressure of economizer
	MPa·g
	37.42
	36.29
	35.17
	25.12
	16.11
	10.99










 





Table 3. Boundary conditions for calculations.
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Name

	
Unit

	
Startup

	
30% BMCR






	
Outlet temperature of the economizer cold flue gas

	
°C

	
150

	
180

	
210

	
280




	
Intermediate flue gas temperature at the outlet of the secondary reheater lower serpentube

	
°C

	
180

	
240

	
300

	
410




	
Total flue gas flow rate

	
Nm3/h

	
1,000,000

	
1,000,000

	
1,000,000

	
1,392,728











 





Table 4. Thermal calculation of high temperature flue gas direct mixing enhancement technology.
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No

	
Items

	
Unit

	
Startup

	
30% BMCR






	
1

	
Natural gas heating value

	
kJ/Nm3

	
35.88

	
35.88

	
35.88

	
35.88




	
2

	
Natural gas efficiency

	
/

	
0.99

	
0.99

	
0.99

	
0.99




	
3

	
Economizer outlet flue gas temperature

	
°C

	
150

	
180

	
210

	
280




	
4

	
Required flue gas temperature at the denitrification inlet

	
°C

	
300

	
300

	
300

	
300




	
5

	
Average specific heat of the flue gas

	
kJ/(m3·K)

	
1.33

	
1.33

	
1.33

	
1.33




	
6

	
Average specific heat of the gas flue

	
kJ/(m3·K)

	
1.377

	
1.377

	
1.377

	
1.377




	
7

	
Total flue gas volume

	
Nm3/h

	
1,000,000

	
1,000,000

	
1,000,000

	
1,392,728




	
8

	
Required heat output from the hot air furnace

	
MW

	
64.70

	
51.76

	
38.82

	
12.01




	
9

	
Required natural gas quantity

	
Nm3/h

	
6556.97

	
5245.57

	
3934.18

	
1217.61




	
10

	
Required gas quantity

	
kg/h

	
4683.55

	
3746.84

	
2810.13

	
870.00




	
11

	
Air–fuel ratio for natural gas

	
/

	
10

	
10

	
10

	
10




	
12

	
Combustion air flow rate

	
kg/h

	
46,835

	
37,468

	
28,101

	
8697




	
13

	
Combustion air temperature

	
°C

	
240

	
240

	
240

	
240




	
14

	
Combustion air density

	
kg/m3

	
0.69

	
0.69

	
0.69

	
0.69




	
15

	
Actual combustion air flow rate

	
m3/h

	
68,066

	
54,453

	
40,840

	
12,640




	
16

	
Design combustion air velocity

	
m/s

	
25

	
25

	
25

	
25




	
17

	
Combustion air duct inner diameter

	
mm

	
981

	
/

	
/

	
/




	
18

	
One-side combustion air duct inner diameter

	
mm

	
694

	
/

	
/

	
/




	
18

	
Increased flue gas losses

	
MW

	
18.42

	
16.75

	
12.94

	
/




	
19

	
Increased fuel costs

	
USD/h

	
183

	
350

	
365

	
143











 





Table 5. Thermodynamic calculation for high-temperature flue gas sidestream mixing.
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No

	
Items

	
Unit

	
Startup

	
30% BMCR






	
1

	
Natural gas heating value

	
kJ/Nm3

	
35.88

	
35.88

	
35.88

	
35.88




	
2

	
Natural gas efficiency

	
/

	
0.99

	
0.99

	
0.99

	
0.99




	
3

	
Economizer outlet flue gas temperature

	
°C

	
150

	
180

	
210

	
280




	
4

	
Temperature at the intermediate position of the secondary lower serpentube

	
°C

	
180

	
240

	
300

	
410




	
5

	
Temperature of the mixed flue gas at the hot air furnace outlet

	
°C

	
650

	
650

	
650

	
410




	
6

	
Required flue gas temperature at the denitrification inlet

	
°C

	
300

	
300

	
300

	
300




	
7

	
Average specific heat of the flue gas at 200 °C

	
kJ/(m3·K)

	
1.33

	
1.33

	
1.33

	
1.33




	
8

	
Average specific heat of the flue gas at 400 °C

	
kJ/(m3·K)

	
1.35

	
1.35

	
1.35

	
1.35




	
9

	
Average specific heat of the gas flue at 200 °C

	
kJ/(m3·K)

	
1.377

	
1.377

	
1.377

	
1.377




	
10

	
Average specific heat of the gas flue at 400 °C

	
kJ/(m3·K)

	
1.407

	
1.407

	
1.407

	
1.407




	
11

	
Total flue gas volume

	
Nm3/h

	
1,000,000

	
1,000,000

	
1,000,000

	
1,392,728




	
12

	
Bypass flue gas volumetric flow rate

	
Nm3/h

	
239,547

	
206,871

	
168,551

	
214,266




	
13

	
Actual bypass flue gas volume

	
m3/h

	
397,491

	
388,735

	
353,771

	
536,057




	
14

	
Cold flue gas volume

	
Nm3/h

	
760,453

	
793,129

	
831,449

	
1,178,462




	
15

	
Design flue gas velocity

	
m/s

	
15

	
15

	
15

	
15




	
16

	
Bypass flue gas extraction area

	
m2

	
7.36

	
7.20

	
6.55

	
9.93




	
17

	
Required heat output from the hot air furnace

	
MW

	
61.60

	
46.40

	
32.28

	
0.00




	
18

	
Required natural gas quantity

	
Nm3/h

	
6242.82

	
4703.00

	
3271.07

	
0.00




	
19

	
Required gas quantity

	
kg/h

	
4459.16

	
3359.28

	
2336.48

	
0




	
20

	
Air–fuel ratio for natural gas

	
/

	
10

	
10

	
10

	
10




	
21

	
Combustion air flow rate

	
kg/h

	
44,592

	
33,593

	
23,365

	
0




	
22

	
Combustion air temperature

	
°C

	
240

	
240

	
240

	
240




	
23

	
Combustion air density

	
kg/m3

	
0.69

	
0.69

	
0.69

	
0.69




	
24

	
Actual combustion air flow rate

	
m3/h

	
64,805

	
48,821

	
33,956

	
0




	
25

	
Bypass flue gas duct inner diameter

	
mm

	
3061

	
3028

	
2888

	
3555




	
26

	
Design combustion air velocity

	
m/s

	
25

	
25

	
25

	
25




	
27

	
Combustion air duct inner diameter

	
mm

	
957

	
/

	
/

	
/




	
28

	
Increased flue gas losses

	
MW

	
18.09

	
16.22

	
12.32

	
/




	
29

	
Increased fuel costs

	
USD/h

	
196

	
358

	
347

	
/











 





Table 6. Thermal calculation results for high-temperature flue gas mixing with cold air for temperature enhancement.
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No

	
Items

	
Unit

	
Startup

	
30% BMCR






	
1

	
Natural gas heating value

	
kJ/Nm3

	
35.88

	
35.88

	
35.88

	
35.88




	
2

	
Natural gas efficiency

	
/

	
0.99

	
0.99

	
0.99

	
0.99




	
3

	
Economizer outlet flue gas temperature

	
°C

	
150

	
180

	
210

	
280




	
4

	
Primary hot air temperature

	
°C

	
240

	
240

	
240

	
240




	
5

	
Mixed flue gas temperature at the hot air furnace outlet

	
°C

	
650

	
650

	
650

	
650




	
6

	
Required flue gas temperature at the denitrification inlet

	
°C

	
300

	
300

	
300

	
300




	
7

	
Average specific heat of the flue gas at 200 °C

	
kJ/(m3·K)

	
1.33

	
1.33

	
1.33

	
1.33




	
8

	
Average specific heat of the air at 400 °C

	
kJ/(m3·K)

	
1.33

	
1.33

	
1.33

	
1.33




	
9

	
Average specific heat of the gas flue at 200 °C

	
kJ/(m3·K)

	
1.377

	
1.377

	
1.377

	
1.377




	
10

	
Average specific heat of the gas flue at 400 °C

	
kJ/(m3·K)

	
1.407

	
1.407

	
1.407

	
1.407




	
11

	
Total flue gas volume

	
Nm3/h

	
1,000,000

	
1,000,000

	
1,000,000

	
1,392,728




	
12

	
Total hot air flow rate

	
Nm3/h

	
417,635

	
334,108

	
250,581

	
55,685




	
13

	
Actual hot air flow rate

	
m3/h

	
784,786

	
627,829

	
470,871

	
104,638




	
14

	
Design hot air velocity

	
m/s

	
25

	
25

	
25

	
25




	
15

	
Hot air duct inner diameter

	
mm

	
3.33

	
2.98

	
2.58

	
1.22




	
16

	
Required heat output from the hot air furnace

	
MW

	
72.05

	
57.64

	
43.23

	
9.61




	
17

	
Required natural gas quantity

	
Nm3/h

	
7302.14

	
5841.71

	
4381.28

	
973.62




	
18

	
Increased flue gas losses

	
MW

	
24.53

	
21.62

	
16.59

	
/




	
19

	
Increased fuel costs

	
USD/h

	
361

	
496

	
468

	
114
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