China Brings Online the World’s First 600-MW Supercritical CFB Boiler 
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Abstract: Circulating fluidized bed (CFB) combustion technology has proven to be the most economical and flexible technology to utilize low-rank coal, waste from coal washing, biomass, and other forms of waste for large-scale power generation. Over the last 30 years, CFB combustion technology has developed rapidly in China as coal is the principal energy resource and most coal in China is of low quality. However, conventional CFB combustion has not achieved high efficiency (i.e., supercritical or ultra-supercritical operation), so there has been a strong push in China to improve CFB power generation efficiency, and thus unit capacity, by increasing the steam parameters (i.e., temperature pressure). The most recent major achievement for CFB power development in China is the demonstration of a 600-MW supercritical CFB (SC CFB) power plant at the Baima power plant. This facility boasts the world’s largest capacity CFB boiler with SC steam parameters.
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Introduction 
As the dominant energy resource in China, coal is responsible for the majority of China’s power generation. By the end of 2014, the total capacity of coal-fired power was 825 GW.1 The major combustion technology used in those power plants is pulverized coal (PC) combustion. Over the last decade, the need for improved efficiency has driven many companies to adopt SC and ultra-supercritical (USC) steam parameter design and operation for new PC boilers. This allows power generation efficiency to be improved from 38% LHV (lower heating value) (subcritical steam: pressure, 16 MPa; temperature, 540℃) to 41% (SC steam: pressure, 24 MPa; temperature, 566°C) and even up to 45% (USC steam: pressure, 28 MPa; temperature, 600℃).
Although PC boilers can be designed and operated to combust low-rank coals, CFB offers superior flexibility in feedstock options—fuel flexibility is important in China where there is a need to combust not only low-rank coal, but also wastes. For instance, in Chinese coal mines, waste from coal washing (which includes gangue, slurry, and washing middlings) makes up about 10–20% of total coal production.2 This waste is characterized by high ash content, high moisture (for the coal washing slurry), high sulfur content—and is not readily combustible in the vast majority of PC boilers. Therefore, the development of CFB technology for power production has strategic value for China.
1. The Need for Flexible, Highly Efficient Power
Development of CFB for power generation has been ongoing for several decades. At the end of the 1970s, the German company Lurgi first introduced CFB technology, originally developed for heterogeneous reactors, to the field of coal combustion. CFB operation is characterized by rapid gas–solids mixing, reactions, and heat transfer, all of which create an environment in which low-grade solid fuels can be stably burned at 800–900℃. At these relatively lower temperatures, NOx formation and emissions are much lower than what is observed for PC combustion. In addition, limestone additives can be combined in the boiler to capture the SOx in situ. Therefore, CFB offers the least expensive means to control NOx and SOx emissions from coal combustion. Other environmental benefits, such as waste reduction and a smaller carbon footprint, can also be achieved through cofiring coal with biomass or waste. As CFBs are inherently fuel flexible, they can readily accept lower rank fuels that can be varied over time pending availability and other factors.

Therefore, CFB combustion technology has been rapidly developing in China since about 1980. By 2010, the capacity of CFB-based power was around 15% of China’s total coal-fired power capacity.3 At that time, the largest capacity of a single CFB boiler was 300 MWe—this plant was accomplished only with subcritical steam parameters.

As early as 2000, Chinese researchers began considering developing an SC CFB boiler. The idea was encouraged and supported by China’s Ministry of Science & Technology (MOST) as well as the National Development and Reform Commission (NDRC). By 2005, MOST had approved a research program to advance SC CFB technology development and deployment.
Prior to tackling the development of SC CFB combustion, Chinese researchers and engineers had already accumulated enormous experience after two decades of research focused on revising and using a new design theory for CFB combustion. This theory covered all major aspects of CFB boiler design, such as two-phase flow, combustion, and heat transfer.4 A particularly notable engineering achievement was the ability to distinguish the fluidization status in a CFB boiler through two parameters. Based on that work a fluidization state map was published that now serves as guidance for CFB boiler design in China.5 Thus, researchers successfully practiced theory to develop an advanced CFB boiler. This technology and approach now dominates the Chinese CFB market, with the plants increasing in scale until the first 300-MWe subcritical power plant was achieved.
As Chinese researchers and engineers began research and development focused on SC CFBs, there were no available demonstrations from which to learn. The information available in public literature was also limited: Most articles only mentioned the possibility of SC CFB without any substantial engineering-focused information.6–9
With the goal set to demonstrate scale-up of SC CFB boilers to 600 MW, two principal challenges were identified:

1. Increase the scale and operation of the boiler by developing the corresponding knowledge regarding two-phase flow, combustion, and heat transfer in this larger furnace.

2. Mitigate the risk of combining forced water circulation with an unknown heat flux distribution on the combustion side of the CFB.

As an example, one area in which additional knowledge was needed relates to the gas–solids two-phase flow characteristics in an SC CFB. The estimated height of an SC CFB is around 55 m, but no data on two-phase flow in such a tall furnace was available. Thus, a 54-m-high CFB cold-flow test facility was built to measure the solids concentration profile along the height of the furnace as well as the impact of bed inventory on this solids concentration.
Based on these key uncertainties, the most important topics for the development of a large-scale SC CFB boiler were identified and thoroughly investigated.10
Based on this extensive research, the conceptual design of a 600-MWe SC CFB boiler was completed by Harbin Boiler Co., Ltd., Shanghai Boiler Co., Ltd., and Dongfang Boiler Co., Ltd. by the end of 2005. In 2007, the demonstration of the 600-MWe SC CFB at the Baima power plant in Sichuan was approved by NDRC. The investment in the demonstration project was around 3.3 billion RMB (2015 US$530 million). In 2009 Dongfang Boiler Co., Ltd. was selected to be the boiler supplier.
The twin boiler furnace has twin air distributors (see Figure 1 for a 3D schematic). The cross-section dimensions are 15 × 28 m, with a h eig h t of 5 5 m.11 Six steam-cooled cyclones with inner diameters of 9 m are located on both sides of the furnace (three on each side), followed by six external heat exchangers (EHE). There are 12 superheater (final) wing walls in the upper regions of the furnaces. The primary superheater and primary reheater are located in the second pass. The final reheater and the secondary superheater are located in EHSs. The water mass flow rate in the water wall was selected to be less than 800kg/(m2·s); this value was based on calculations and laboratory tests conducted by Tsinghua University researchers. Six water-jacketed rotary ash coolers are utilized instead of fluidized bed ash coolers due to prior experience with poor ash drainage and cooling when operating with Chinese coal.12

Figure 1 Schematic of the Baima 600-MWe SC CFB boiler
2. Operating Performance 
In 2011, the engineering for the demonstration project was authorized by NDRC. The erection and commission of the 600-MWe SC CFB was finalized by the end of 2012. On 14 April 2013, the unit passed a 168-hr full load test. The boiler was transitioned to commercial operation upon successful completion of the full-load test. After a year of commercial operation, a boiler performance test was conducted in May 2014. 
The test results demonstrate that the performance of the world’s largest SC CFB boiler continues to meet the design criteria after a year of operation. In fact, the measured emissions data actually exceeds expectations for burning such low quality coal. This power plant is an effective model to convey the advantages of SC CFBs for emissions control in large-scale utilization of low-rank coal.

There is room still for further improvement. During the operation of the SC CFB power plant, it was noticed that the temperature difference experienced by the water membrane tubes was less than 17℃—a value substantially lower than that of SC PC boilers. This has encouraged Chinese engineers to consider the next CFB development target: USC CFB. The steam parameters for USC CFB are 28 MPa/600℃/600℃. With such high steam parameters, the power generation efficiency could be as high as 45% (LHV). The test results are provided in Table 1.
Table 1 Design parameters of the 600-MWe SC CFB boiler
	Parameter
	Units
	Value

	Steam Output
	t/h
	1900

	…
	…
	…

	
	
	

	NOx emission
	mg/Nm3
	<200


3. Conclusions
Coal is the major resource for power generation in China. CFB technology is playing an important role in allowing the utilization of low-rank coal and coal washing waste with economical emissions control. Chinese engineers have embarked on a major effort to investigate CFB combustion theory and develop a unique CFB combustion technology to dominate the Chinese CFB market. To date, the major achievement is the successful demonstration of the 600-MWe SC CFB at the Baima power plant. The reliable operation and the excellent emissions control performance now points toward the next step: the desire to design, build, and operate the world’s first USC CFB power plant in the near future.

References
[1] Heider, E.R. & Oliver, D.C. The structure of color space in naming and memory of two languages [J]. Foreign Language Teaching and Research, 1999, (3): 62 67.

[2] Gill, R. Mastering English Literature [M]. London: Macmillan, 1985: 42-45.

[3] French, W. Between Silences: A Voice from China [N]. Atlantic Weekly, 1987-8-15(33).
[4] Almarza, G.G. Student foreign language teacher's knowledge growth[A]. In D. Freeman and J. C. Richards (eds.). Teacher Learning in Language Teaching[C]. New York: Cambridge University Press. 1996. pp.50-78.
[5]Zhang, **. Mastering English Literature[D]. Hangzhou: Zhejiang University, 2004:6-7.

…
…

…
…
[12] Zhang **. Mastering English Literature [EB/OL]. http: //www. cajcd.edu.cn/pub/wml. txt/980810-2.htm, 1998-08-16/1998-10-04. 

…
PAGE  
4

