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Master’s thesis Biomass Utilization in PFC Co-firing System with the 

Slagging and Fouling Analysis is the study of the modern technologies of 

different coal-firing systems: PFC system, FB system and GF system. The 

biomass co-fired with coal is represented by the research of the company 

Alstom Power Plant.  

Based on the back ground of the air pollution, greenhouse effect problems 

and the national fuel security today, the bioenergy utilization is more and 

more popular. However, the biomass is promoted to burn to decrease the 

emission amount of carbon dioxide and other air pollutions, new problems 

form like slagging and fouling, hot corrosion in the firing systems. 

Thesis represent the brief overview of different coal-firing systems utilized 

in the world, and focus on the biomass-coal co-firing in the PFC system. 

The biomass supply and how the PFC system is running are represented in 

the thesis. Additionally, the new problems of hot corrosion, slagging and 

fouling are mentioned. The slagging and fouling problem is simulated by 

using the software HSC Chemistry 6.1, and the emissions comparison 

between coal-firing and co-firing are simulated as well. 
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Terms 

FB                 Fluidized bed 

BFB              Bubbling fluidized bed 

CFBC           Circulating fluidized bed combustion 

GF                Grate firing 

PFC              Pulverized fuel combustion 

RES              Renewable energy sources 

CHP             Combined heat and power  

FGD             Flue gas desulfurization 

ESP              Electrostatic precipitators 

HCN            Hydrogen cyanide 

PCDFs         Polychlorinated dibenzofurans 

PCDDs        Polychlorinated dibenzodioxins 

MSW           Municipal solid waste 

EJ                Exajoule (1 EJ = 1*1018 J) 

TJ                Terajoule (1 TJ = 1*1012 J) 

MW             Megawatt (a unit of power) 

MWe           Megawatt electrical (electric power) 

MWth          Megawatt thermal 

MW/m3       Megawatt per cubic meter 

TCE            Trichloroethylene 
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Background 

Biomass 

Biomass is biological material derived from living, or recently living 

organisms. In the thesis, biomass means the plant based materials (straw, 

pellet and bark, etc.) for energy.  

 

Bio-oil 

Bio-oil has another name which is called ‘bio-diesel’. This is another energy 

source from bioenergy, it is a kind of vegetable oil or animal fat based fuel 

which can be utilized in the standard diesel engine. 

 

Bio-gas 

Bio-gas is mainly refers to a mixture of methane, carbon dioxide and a few 

amount of other compounds which is produced from biomass. 

 

Co-firing 

Co-firing is the process of replacing part of fossil fuels with bio-fuels to a 

boiler or a power plant. In this thesis, the co-firing exactly means the 

biomass and coal combustion process. 

 

NOx 

NOx is the gas mixture of nitric oxide (NO) and nitric dioxide (NO2), with a 

few amount of nitrous oxide (N2O). 
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1 Introduction 

1.1 The back ground of PFC utilized in the world 

Bioenergy, which is to use the biomass (plants, industrial woody waste and 

food waste) as the energy production source. Bioenergy is more and more 

popular in the world due to its significant advantages, which are the 

sustainability, carbon-neutral point, as well as the national energy security 

supply.  

 

Nowadays, around 10% of global energy utilized is from biomass, which is 

about 52 EJ. However, the share of the biomass utilized in the developing 

countries is about 66.7%, which is used for heating and cooking. The other 

part is utilized in the industrial countries for industrial heating, electricity 

generating, transportation and citizen power and heating generation. 

(Vakkilainen, Kuparinen, & Heinimö, 2013) 

 

Generally, the biofuels can be divided into three parts, one is the biomass 

fuel, the second one is the bio-oil, and the last one is the bio-gas. The bio-oil 

is mainly utilized for the transportation section, not only for the vehicles, 

but also for the airplanes and ships; and the bio-gas is utilized mostly for the 

citizen heating and cooking. The biomass can be used not only for the 

citizen heating and cooking, but also for the industrial energy production. In 

the power generation plants, there are three kinds of boilers are the most 

popular in the world, which are the FB (fluidized bed) boiler, Grate boiler 

and the Pulverized fired boiler. These three kinds of firing systems are 

developed firstly for the coal combustion, but they can be utilized for the 

biomass combustion as well. However, due to the disadvantages of the 

biomass combustion (which are corrosion, slagging and flue gas emissions) 

and the various quality and heat content of the biomass, the biomass is 

normally combusted with coal together, which is called ‘co-combustion’ or 

‘co-firing’. 
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1.2 The targets of research 

First point of the research is to have an overview of the FB (Fluidized bed) 

and GF (Grate firing) firing systems and each unit’s function in these 

systems. The second one is to study PFC (Pulverized fuel combustion) 

system detailed for the coal combustion, and co-firing (biomass and coal) 

function in the PFC system, as well as the effects of co-firing to the PFC 

system. The last goal of this research is to use the software ‘HSC Chemistry 

6.1’ to simulate the co-combustion of coal and different biomass to test the 

effects (emissions, slagging and fouling) of co-firing to the PFC system, as 

well as the fuels’ chemical elements distribution after co-combustion. 

 

In this research, the PFC co-firing system is focused on, and its utilization 

position in the world is mentioned as well. PFC, FB and GF systems’ 

running function is studied, as well as their differences. There are some 

effects on the PFC system when the biomass is added for co-firing with coal, 

hence, the software ‘HSC Chemistry 6.1’ is studied in order to simulate the 

co-combustion to see the effects on the PFC system and to check the 

elements distribution after firing. 

 

1.3 Methodology of the research 

In this research, the literature, database, reports, article, books and other 

relative publications are used as the theory background; Excel is used for 

the calculation of the experimental data and analysis; the HSC Chemistry 

6.1 is used for the simulation and experiment results representing. Here the 

following figure is the brief construction of the study, and the stress is 

marked out. 
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Figure 1. Brief construction of the research. (Data Source: Drawn by the 

Author) 
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2 Co-firing system 

2.1 Promotion of utilization of biomass 

Biomass’s element content is mainly carbon based, which consists of a 

mixture of organic compounds with elements of oxygen, hydrogen, nitrogen, 

alkali, alkaline earth and heavy metals. 

 

Plant is a large category of biomass family. Plant can grow up while absorb 

sunshine as energy resource and capture carbon from atmosphere via carbon 

dioxide to contribute its body. After harvesting, the plants will be burned 

and carbon dioxide will be released to the atmosphere, and new plants will 

capture carbon dioxide from atmosphere to grow up. On the other hand, 

plants can be eaten by animals as food; animals live on the plants, leaves for 

example, and grow up by using the energy absorbed from the plants. Some 

animals’ wastes, the dead bodies and partial dead plants’ bodies (some are 

utilized for human activities) are buried under ground for millions of years 

and then are converted to fossil fuels. 

 

There is a big difference between biomass and fossil fuels which is the time 

scale. Biomass can be regarded as a sustainable resource in the nature while 

fossil fuels are not, because the harvesting time for biomass is around half 

year to tens of years, but fossil fuels need millions of years to be converted 

underground. 

 

Biomass is more and more arrested which is not only because of its 

sustainable characteristic, but also because of carbon neutrality. Plants can 

be grounded systematically, the carbon dioxide will be captured by plants 

and be burned to generated electricity and heat with carbon dioxide 

releasing while the carbon dioxide in the atmosphere can be captured by 

new grounded plants, the only extra carbon dioxide releasing in this cycle is 

the transportation of biomass, but the amount of released is small. But to 

utilize fossil fuels will release much more carbon dioxide to the atmosphere, 
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because those fossil fuels are releasing the carbon dioxide by utilizing 

carbon captured millions of years ago, and this will increase the carbon 

dioxide level in the atmosphere. 

 

By utilizing biomass as a kind of energy resource creates more economic 

opportunities and jobs in locations. Increasing biomass utilization is also 

increase the energy structure diversity in order to increase then energy 

supply security in countries’ energy consumption structure. 

 

Another reason to use co-firing is that the biomass has variable 

characteristics as a fuel. For instance, the same plant has different element 

content in different locations, so the pre-treatment is different as well. The 

heat content varies in different kinds of plants as well, and the heat content 

is lower than fossil fuels in general. Because the biomass resource is diverse, 

the quality of biomass fuel is not stable; mono-combustion of biomass 

becomes not suitable in power generation. (Forestry Commission; Forest 

Research, 2008-2011) 

 

By utilizing biomass is a relative inexpensive way to reach Renewable 

Obligation. Co-firing is inexpensive in an overall of power generation 

station system and it is provided effective as well. In this thesis, the 

economic aspect will be simulated and discussed later. In the ecological 

aspect, the biomass co-firing is promoted because of air pollution, sulfur 

dioxide for example, releasing limitation; biomass utilization can stimulate 

the forest industry as well, more energy crops and trees can be planted 

which lead good effect to the ecological stable. Biomass co-firing is more 

and more popular is not only because of economic effective and 

environmental friendly, but also because of political requirement. (Ryabov 

& Dolgushin, 2013) 
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2.2  Technics of co-firing 

There are basically three methods to co-fire biomass with fossil fuels which 

are direct co-firing, indirect co-firing and parallel co-firing. Direct co-firing 

means that biomass is mixed with fossil fuels directly in the single chamber 

to fire while indirect co-firing is to fire fossil fuels with pre-treated biomass 

(gasified biomass) in the chamber. Parallel co-firing is to use two or more 

boilers to burn biomass and fossil fuels separately in different boilers. 

(European BIOENERGY Networks, 2003) 

 

2.2.1 Direct co-firing 

There are two approaches in the direct co-firing method, the first one is 

called “co-milling”, and the second one is called “direct injection”.  

 

Co-milling means that the coal and biomass are pulverized together to the 

same size and are dried at the same time in the process before being burnt. 

In the co-milling system, the biomass and coal can be blended before and 

after delivery, which are called “off-site blending” and “on-site blending” 

respectively. In the “off-site blending” situation, the biomass and coal will 

be mixed before treatment to the furnace, the stream can be treated similar 

to coal. In the “on-site blending” condition, the biomass and coal will be 

handled separately until one section to mix two fuels streams in one. 

 

Direct injection requires an alternative applying route for biomass and coal, 

which means the biomass fuel, can be handled and treated separately with 

coal stream. Both streams will be conveyed into furnace via separate 

injectors. In this way, there are some advantages; the most significant 

advantage is the biomass fuel cannot affect the coal stream in flow, milling 

and classification conditions, so the unit load limitation will not happen 

when the coal or biomass has a low calorific value in the co-milling process. 

But the price of building the “direct injection” process is higher than “co-

milling” process. (Mike & Alf, 2005) 
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2.2.2 Indirect co-firing 

Indirect co-firing is a process that based on the thermal conversion process 

of biomass to gas or liquid fuel burn with coal, for instance. The 

technologies of thermal treatment of biomass are gasification, pyrolysis. Till 

now, most large scale power stations are using gasification as the method to 

treat biomass to get gas fuel to co-fire with coal in the indirect co-firing 

process. However, the pyrolysis process is under developing, which is 

becoming more popular and commercial in the applications. Pyrolysis 

process can offer another route of liquid fuel (pyrolysis oil) as the fuel 

mixed with coal in the indirect co-firing process. (Vakkilainen, Kuparinen, 

& Heinimö, 2013) 

 

2.2.3 Parallel co-firing 

In the parallel co-firing process, biomass is totally independent from fossil 

fuel stream. Biomass and fossil fuels are delivered into biomass boiler and 

fossil fuel boiler respectively in delivering, handling, pre-processing and 

feeding, and even the dust after combustion is treated separately. The 

investment of installation of parallel co-firing system is significant higher 

than the direct co-firing system, but the quality of co-firing process can be 

optimized technically, for instance, the biomass with high alkali content can 

be used in the biomass boiler with less emission and potential safety hazard, 

and the separate ash treatment after combustion has benefit as well. (Parallel 

Co-firing, 2010) 

 

2.3  Co-firing applications in Asia and EU 

Biomass-coal co-firing is increasing in recent years in Asia, especially in 

China, Japan and South Korea. Japan is the largest importer of wood pellets 

in Asia while South Korea is fairly small one and it is only at start-up 

situation in China. South Korea has a small amount of wood pellets demand 

at present; however, South Korea is trying to improve the share of 
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renewable energy percent in the total energy consumption structure while 

China has estimated a wood pellet market already. 

 

China is a large country with light forest intensity and strong regional 

difference of wood distribution. In northeast and southwest part of China, 

the forest intensity is relatively strong, but in west and middle-west part of 

China it is extremely light. China is the largest energy consumer in Asia, 

hence, the potential of biomass utilization, wood pellets for instance, for co-

firing is significant high with a large amount of carbon dioxide releasing 

decreasing regarding to the large population even though China is under the 

start-up condition. The share of coal utilization in Chinese energy 

consumption structure is around 60%, if 10% of coal could be replaced by 

co-firing, 500 million of wood pellets would be used annually. So the study 

of China’s energy policy and potential prediction is very important. 

Moreover, agriculture in China is intensive. This is another very important 

factor should be considered which can affect China’s biomass market. 

 

Because of Japanese geography, Japan imports almost all the coal, oil and 

natural gas it uses. The top three percent of Japanese energy consumption 

are oil (49%), coal (20%) and natural gas (14%). The wood pellets in Japan, 

is mostly used for house heating and power generation; in 2003, the amount 

of wood pellets that Japan produced was around 2400 metric tons, but it 

increased significantly to 60000 metric tons by 2008. More than half 

amount of wood pellets in Japan is used in power generation; Kansai 

Electric Power Corporation is the leader in this field in Japan. (Joseph & 

Allen, 2012) 

 

In 2008, Kansai Electric Power Corporation started to use wood pellets to 

co-fire with coal at Maizuru Thermal Plant Unit 1 for thermal generation 

instead of coal-fired process. The photo shown below is the Maizuru Power 

Plant Unit 1, 
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Figure 2. Unit 1 of Maizuru Thermal Plant. (Source: POWER PLANTS AROUND 

THE WORLD, 2014) 

In Maizuru Thermal Plant, the wood pellets are used in the direct injection 

method in direct co-firing process. Kansai Electric Power Corporation stated 

that “By mixing wood pellets with coal before combustion can decrease the 

amount of coal consumption.” And the amount of carbon dioxide releasing 

reduction is 90000 tons annually according to the established report. 

( Kansai Electric Power Corporation, 1995-2014) 

 

South Korean government made a statement of “Low carbon, Green 

growth”, which means to reach the sustainable economic growth with 

minimized energy and resource consumption, as well as minimizing the 

carbon dioxide releasing. Because the 97% of energy source consumption is 

imported, South Korea is planning to develop the domestic new and 

renewable energy technology, which leads to a development of biomass 

market. The share of wood pellets consumption in the total renewable 

energy consumption was only 6% in 2007, but South Korea plans to 

increase the share to 30.8% by 2030. There are eight pellet plants under 

construction, however, the lack of nature source leads South Korea imports 

around half of total wood pellets from other countries, such as Australia, 

Indonesia and Vietnam. At present, Korea Electric Power (KEP) is the first 
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plant to import wood pellets to reach its goal for biomass utilization for 

power generation. (Joseph & Allen, 2012) 

 

EU has a target to increase the share of renewable energy resource (RES) 

overall mix from 7% to 20% by 2020, and one of the RES utilization 

technologies is co-firing. EU is the most widely utilizing biomass-coal co-

firing in the world, there are more than 170 biomass power plants in EU and 

the first three are Finland (78), Germany (27) and Sweden (18). Direct co-

firing is the first choice of EU co-firing technologies, NETBIOCOF project 

is one of biomass research activities which is co-funded by European 

Commission. This project is to promote the co-firing technologies 

developing in order to expand the share of biomass utilization in the future. 

(Al-Mansour & Zuwala, 2010) 

 

Finland has a diverse energy consumption structure, the share of fossil fuels 

is less than 50% and the share of RES is 29.2% according to the Statistics 

Finland 2013. Wood fuels are the most part in RES in Finland which takes 

20.3% in 2009 because of the abundant forest resource. (Statistics Finland, 

2013) One biomass CHP plant is shown below at Pietarsaari in Finland. 

 

The Alholmens Kraft CHP plant locates at Pietarsaari with a 20000 

population. This plant generates power and heat based on the biofuels, 

especially wood fuels. A UPM-Kymmene Pulp and Paper Mill locate nearby 

this CHP plant. The pulp and paper mill keeps deliver wood and bark 

residues for the CHP plant with 600000 tons of pulp, 159000 tons of paper 

and 95000 tons of packaging materials production annually. The fuel range 

of this CHP plant is varies, and the goal of this plant is to utilize at least 

200000 m3 of solid fuels (1440 TJ) to generate electricity and heat annually. 

(European BIOENERGY Networks, 2003) 
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Waste biomass is popular as well in EU, for instance, a circulating fluidized 

bed boiler is used in Birka Energi in Högdalen, Sweden to burn waste 

biomass, forest residues, sawdust and wood pellets. 

 

 

Figure 3. Circulating fluidized bed boiler utilized in Birka Energi. (Source: 

European BIOENERGY Networks, 2003) 

It is not feasible to burn recovered waste biomass, such as furniture, because 

of its low energy density and high transport price. Due to the variable 

energy density of waste biomass, fluidized bed boiler is the first choice 

because of its adaptation for variable fuel quality. This plant has a capacity 

of 91.2 MW which is not a large scale plant, but the biomass fuel is diverse. 

(European BIOENERGY Networks, 2003) 

 

 

 



19 

 

3 Co-firing applications in PFC system 

Pulverized fuel combustion (PFC) system is to use the whole furnace 

volume to fire pulverized solid fuels, such as coal in a fine milled size. The 

pulverized fuel is delivered by the air flow through the furnace, and the 

ignition is fast because of the fine particle size of fuel after drying and 

milling. The PFC system can give a relatively high power density that 

compare with the grate firing and fluidized bed combustion system. And 

PFC system is easy to control as well because of its small amount of 

pulverized fuel in the furnace. But the advantage is also obvious that the 

fuel should be prepared with a high quality in the pre-process before 

combustion. Till now, the pulverized fuel combustion process is the most 

widely and popularly used in power plants in the world.  

 

When the biomass combusted with coal in the pulverized coal firing system, 

the impacts of all units of the PFC system should be considered, because of 

the biomass components and properties, as well as the deviation of the 

standard fuel properties. The figure below shows the impacts for different 

unit in the pulverized coal firing system.  

 
Figure 4. The impacts of different units in the pulverized co-firing system. (Source: 

Spliethoff H, 2010) 
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3.1 Pulverized fuel combustion system 

For the large amount of steam generation in the power plants, the pulverized 

fuel combustion system prefers the dry-bottom furnace types rather than the 

slag-tap furnace. The dry-bottom furnace system will remove the ash in a 

dry state while the slag-tap furnace system removes the molten ash. Dry-

bottom furnace is suitable for all kinds of fuel while the slag-tap furnace can 

be used only for the high ash content or low volatile profile coals. In the 

applications today, the slag-tap furnace is not popular because of its high 

capital and maintenance cost. 

 

3.1.1 Injection systems in PFC process 

Both direct and indirect injections can be used in the pulverized coal 

combustion system based on the ash and moisture contents. The figure 

below shows the different injections in the system. 
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Figure 5. Fuel injection systems. (Source: ALSTOM, 2015) 

The direct injection (a) is suitable for the hard-coal and brown-coal. The 

coal will be pulverized and delivered by the hot air and flue gas into the 

furnace. In this injection system, less units and expenditure for monitoring 

are needed, hence, the system is cost-efficient. For extremely high-moisture 

content coal (greater than 50%), the moisture will impact the ignition 

stability. Hence, the direct injection system (b) is used for the brown-coal 

combustion. In order to keep the ignition stable with high-moisture content 

coal, the dust concentration can be increased by separating the milling 

vapour from the pulverized fuel, and these vapour will be injected to the 
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furnace upper than the pulverized coal injection. But for the pulverized fuel 

with a moisture content higher than 70%, the semi-direct injection (e) will 

be used. The dust will be separated from the vapour at the bag filter stage. 

The ignition stability can be controlled by adding the fine dust with hot air 

which contains as much as 30% of total heat. (Strauß, 2006) 

 

To combust high-ash content pulverized coal (hard and brown), the indirect 

injection is better. There are two normal systems in the indirect injection 

process, one is the bin-and-feeder system (c) and the other one is 

intermediate separation (d). The reason why to use indirect injection is to 

reach a high dust saturation, as well as a high primary mixture temperature. 

In these two indirection systems, the pulverized coal will be separated from 

the milling vapour and will be delivered with air added to the furnace. The 

main difference of these two systems is that in the intermediate separation 

system, the pulverized coal will be blown into the furnace by the gas flow 

directly, but in the bin-and-feeder system, the pulverized coal will be stored 

and delivered with the charged carrier air via a pulverized coal feeder, and 

then the pulverized coal will be transported to the furnace. (Spliethoff, 2010) 

 

3.1.2 Burners in PFC process 

After milling and injection of fuel to the furnace, the combustion process 

will start to ignite the pulverized coal and mixing of dust-air with remaining 

combustion air. The goal to design the burner is to make sure the 

combustion reliability and to make sure the pulverized coal will be burned 

completely out. 

 

The carrier gas (primary air) is used as the media for delivering pulverized 

coal from mill to the furnace via burners with the combustion air (secondary 

air). The injection method will affect the near-burner area, ignition and 

pollutant formation much, in addition to this, the design and installation of 

burners have impact on the downstream processes as well. The design, in 
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the beginning, of pulverized coal combustion is to make sure the stable and 

complete combustion, while today’s additional goals are including the low 

emission level controlling and the combustion residues usability 

requirements. 

 

In order to reach a stable ignition condition, the pulverized coal with 

primary air mixture should be preheated up to an ignition temperature in a 

very short time period, and the heat content is supplied by radiation from a 

relevant mechanism. The purpose of recirculate hot flue gas is to increase 

the pulverized coal-primary air mixture temperature to reach the ignition 

temperature alone, then mix the secondary air after ignition. The high 

milling level, high air preheat temperature and high dust saturation in the 

pulverized coal-primary air mixture can have positive impact.  

 

There are two kinds of burners, one is jet burner and the other one is vortex 

burner (Swirl burner), which are shown in the below figure. The jet burner 

usually has two injections for the secondary air inlet (secondary jet) and one 

injection for pulverized coal-primary air mixture (primary jet) which locates 

between the two secondary air injections. The velocity of primary jet for 

hard coal is 18-22 m/s and for brown coal is 10-14 m/s, while the velocity of 

secondary jet is faster with the speed of 40-80 m/s. The distance between 

the primary jet and secondary jet should follow the rule that the coal powder 

is ignited before mixing with the secondary air, and the coal powder is 

ignited at 0.8-1.5 m away from the burner. 
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Figure 6. The flow fields of jet and swirl burners. (Source: Spliethoff H, 2010) 

The swirl burner’s nozzles are in the annular shape which the outer annular 

nozzles are the secondary air injection with the speed of 30-50 m/s and the 

inner nozzles are the pulverized coal-primary air mixture injection with 18-

25 m/s. During the firing at the swirl burner, the interior barrier baffle plate 

will create the circulating zones which can take the hot flue gas from the 

flame side to the inner side of flame to make the combustion stable. By 

using the swirl burner, the flame can be considered as stable and safe 

because of its intensive mixing of primary and secondary air, but the 

drawback is the nitrogen oxide (NOx) emission is quite high. (Spliethoff, 

2010) 

 

3.1.3 Firing system model 

In the pulverized fuel combustion process, there are two firing system 

models, which are dry-bottom firing and slag-tap firing systems. The basic 

difference between dry-bottom firing and slag-tap firing systems is the ash 

phase after combustion, which the ash in the dry-bottom firing system is in 

solid phase while molten phase in slag-tap firing system. 
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3.1.3.1 Dry-bottom firing system 

The flame temperature should be kept high enough to make sure the ignition 

is stable and the combustion is fast with complete burnout. Because the ash 

particles can be melt in the flame core during the combustion, the ash 

particles should be considered to be not coagulated and agglomerated which 

can cause slagging on the furnace walls. The ash can be treated as two types, 

one is the fly ash and the other one is the slag ash. The share of slag ash in 

the total ash amount is 10%-15%. The fly ash can be removed by using 

electrostatic precipitator with flue gas, and the slag ash can be removed by 

sticking and sintering in the furnace. (Doleˇzal, 1990) 

 

The firing types which are used in the dry-bottom firing system are 

tangential firing, frontal firing and opposed firing that are shown below. In 

order to burnout the pulverized fuel completely, the furnace temperature 

should be higher as well as the residence time should be longer when the 

fuel has lower volatile content with less reactive. (Adrian, Quittek, & 

Wittchow, 1986) 

 

 

Figure 7. Different burners in dry-bottom firing system. (Source: Spliethoff H, 2010) 
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The tangential firing system for hard-coal (a) set the burners at the four 

corners in the furnace, the jet burners form a flame circle in the furnace 

during the combustion. The reason why to create this model is to make the 

flame as long as it could be. In contract to the hard-coal firing system, the 

brown-coal in the tangential firing system, the jet burners are located on the 

walls in different vertical stacks. In this system, each stack has a separate 

mill supply. 

 

For the wall and opposed firing systems (c) and (d), the burners should be 

swirl type. The swirl burner is different with jet burner that swirl burner can 

be utilized as an individual burner while jet burner cannot be. Because of 

this characteristic, the burners’ location can be designed freely on the 

furnace walls in wall and opposed firing systems. The down firing system, 

usually, is used when the pulverized coal has a low volatile content. The 

burner injection goes toward to the main direction. (Lehmann, 1996) 

 

3.1.3.2 Slag-tap firing system 

The reason why to use slag-tap firing system in the pulverized fuel 

combustion process is that the slag-tap firing system can achieve the highest 

degree of ash remained. The furnace temperature is 100-200 ºC higher than 

the ash temperature in order to keep the ash in a molten phase, and heat 

dissipation should be avoided during the firing. There are two kinds of 

boilers in this system which are large-volume slag-tap boiler and cyclone 

furnace. 

 

In the large-volume slag-tap firing system, the furnace is designed to reach 

high temperature to melt ash after completely combustion of pulverized coal 

powder. The U-furnace type is the most popular nowadays in the world with 

a high temperature of 1400-1600 ºC. The evaporator tubes will solidify the 

molten ash onto the walls and bottom in the furnace, and the other part of 

molten ash will go down to the insulating layer and will be routed to a water 
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bath. After bathing, the molten ash will form granulation, and will be 

collected for further utilization. (Doleˇzal, 1990) 

In order to get the required high temperature in the large-volume slag-tap 

furnace, the pulverized coal particle size should be reduced to a standard 

fine size with a swirl burner utilization, as well as the air preheater should 

be strong with high temperature. The flame temperature can be in a wide 

range, but if the temperature is higher than 1800 ºC, the ash will volatilize 

which cause the fouling on heat exchanger. 

 

The most important advantage is the steam generation efficiency in slag-tap 

firing system, the efficiency of steam generation of slag-tap firing system is 

higher than dry-bottom firing system. But the disadvantage is obvious as 

well, which is the heat lost is higher than dry-bottom firing system. The 

amount of heat lost is based on the ash content of coal. By using the low ash 

content pulverized coal can reduce the heat lost significantly. (Kather, 1995) 

 

 

3.2 Co-firing utilization in PFC system 

The most important factors of biomass utilization in the existing pulverized 

fuel combustion system are the mass flow rate and the volumetric flow rate. 

These data and influences should be contrasted to the pulverized fuel 

combustion system with coal as fuel only. When the biomass is used in the 

existing PFC coal-firing system, the units will suffer an influence which are 

the milling capacity, furnace slagging, superheater corrosion, ash utilization, 

and so on. These influences are because of the biomass properties and may 

cause technic and maintenance issues. 

 

3.2.1 Fuel supply design in co-firing system 

To co-fire the biomass and coal in the pulverized fuel combustion system, 

an available supply of fuels should be considered firstly. In principal, there 
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are three methods of fuel supplement, which are the direct, indirect and 

parallel co-firing. As known before, the indirect co-firing system is to utilize 

gasification and pyrolysis of biomass to get the gas and oil fuel to burn, so 

the direct and parallel co-firing systems can be fitted in the pulverized fuel 

combustion system. 

 

In general, the direct and parallel co-firing system can be drawn in the way 

that shown below, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Different fuel injection in co-firing system. (Data Source: Livingston, 2013) 
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The first, second and third ones are the direct co-firing fuel supplement and 

the last one is the parallel co-firing fuel supplement. The first system is not 

very suitable because of the characteristics of the coal mills. The coal 

particle size is fixed in the related coal mill while only some biomass can be 

utilized by the coal mill. In order to fit most kinds of solid biomass, the 

biomass mill is utilized for the biomass crushing separated from the coal 

milling line. 

 

Based on the co-combustion modelling in the pulverized coal firing system, 

the pulverized coal and biomass mixture can be burned together with less 

SO2 and NOx emission because of the inter reaction of biomass and coal 

combustion. This means that the parallel co-firing system will have the 

problem of slagging, fouling and higher SO2 and NOx emissions. So parallel 

co-firing is not as good as direct co-firing systems in most cases. 

 

For the SO2 and NOx reduction reason, the second co-firing system is better 

than the third one, because the biomass and coal can be burned in the 

through the same burner that can react each other to reduce the SO2 and 

NOx emissions. But another problem for this system is that the biomass 

combustion will make damage for the coal burner, the fouling and slagging 

will live on the shells of burner and will be difficult to clean. 

 

3.2.2 Volumetric and mass flow rates of feed fuel 

The volumetric and mass flow rates in the pulverized co-firing system is 

significantly higher than the rates in the pulverized coal-firing system. The 

reason why the flow rates are higher than the coal-firing system is that the 

calorific value of biomass is much lower than coal, so the amount of 

biomass needed is much larger than the coal to get the same amount of 

energy release. For instance, if 10% of total energy release is replaced by 

straw, the total volumetric flow rate should be doubled; so the mill capacity 

and convey ability should be improved, a solution is to use separate mill and 
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convey as preparation and feeding system as a result of different structure 

between biomass and coal. Moisture content of biomass is another factor 

that influences the volumetric and mass flow rates, as well as the flue gas 

volumetric flow rate. If the moisture content of biomass is high, the 

volumetric flow rates of feeding and flue gas is increasing. (Spliethoff, Co-

combustion in Pulverised Fuel Firing, 2010) 

 

3.2.2 Mills application in pulverized co-firing system 

The coal can be grinded by utilizing different kinds of mills, for instance, 

the Ball mills, the Bowl mills and the Beater mills. Here these three kinds of 

mills will be introduced. 

 

3.2.2.1 Ball mills 

The Ball mills, as shown below, is called in the name of Gravity mills as 

well, it is normally utilized to grind hard coals to produce especially fine 

particle size powder. The armoured drum rotates in a horizontal direction by 

utilizing the steel balls to crush the coal to a smaller particle size. 

 

Figure 9. Schematic drawing of a ball mill. (Source: ALSTOM, 2015) 
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The schematic drawing of a ball mill from Alstom Power Station shows that 

there are two cycles in the system. The first one is the coal cycle, the raw 

coal goes into the mill via 1 and goes into the armoured drum to be grinded. 

Then the grinded coal will be blown from the cylinder (9) back to the 

conveyers which will be transported to the burner with air. In attention that 

before the pulverized coal powder goes into the conveyer with air, it should 

pass the classifier before, the classifier will be mentioned later in this part.  

 

The second cycle is the air cycle, the hot air is injected in 2, the hot air inlet 

duct, and then the air can blow the coal in the milling and take the 

pulverized coal powder back to the classifier. And the steel balls will be 

filled via the ball filling chute (5). (Zelkowski, 2004) 

 

3.2.2.2 Bowl mills 

The Bowl mills has another names of Roller mills and Applied-force mills. 

In this kind of mill, the coal will be ground via pressure. This mill is suitable 

for the hard coal as what the Ball mills is suitable for. The solid biomass 

will be transported into the mill centrally and will be ground by the grinding 

rollers in a vertical direction rotation. Normally there are two or three 

grinding rollers with connection to the swing hammers, the grinding rollers 

have no power while under much pressure. A schematic drawing of a bowl 

mill form Alstom Power Station is shown below. 
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Figure 10. Schematic drawing of a bowl mill. (Source: ALSTOM, 2015) 

The raw coal is added on the top of the mill and goes onto the Grinding 

bowl via the Coal chute. The coal is ground by the Vane wheel which is 

controlled by the Grinding journal. The Vane wheel has no power to grind 

the coal, but it can get the pressure from the Hydraulic cylinder via the 

Grinding journal. The Grinding bowl will be rotated by the Gear box which 

get energy from Mill motor. In this way, the coal will be ground by rotating 

the Grinding bowl. After grinding, the coal powder is separated in the 

Rotary classifier and is transported from the Pulverized coal outlet. 

 

3.2.2.3 Beater mills 

Normally there are two parts in the beater mills, one is the normal beater 

mill which is utilized as a pre-crushing mill, and the other one is the beater-
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wheel mill which is utilized for the fine grinding. The beaters in the normal 

beater mills are fixed on the surface of the rotor with a high speed of 

rotation. The inlet raw coal will be caught by the rotating beaters and be 

ground by the impact between the beaters and the armoured mill housing. 

The beater-wheel mill has a difference from the normal beater mill which is 

that the so-called impact plates is mounted on the wheel. Both of the beater 

mills have the air flow inside, which can transport the coal powder to the 

burner. A schematic drawing of a beater-wheel mill from Alstom Power 

Station is shown below. 

 

 

Figure 11. Schematic drawing of a beater-wheel mill. (Source: ALSTOM, 2015) 

In this schematic drawing, it is easy to see the difference between the pre-

beater and the beater-wheel. The raw coal, flue gas and the primary air go 

into the inlet to the pre-beater and the goes out in the form of coal powder 
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and gas mixture after grinding in the beater-wheel. (Spliethoff, Milling, 

2010) 

 

3.2.2.4 Biomass mills 

Normally the pulverized solid biomass can be produced by the coal mills, 

but for the reason of the particle size and the biomass physical properties, 

the coal mills cannot be utilized in a wide range of biomass. In practice, 

there are several techniques of solid biomass pulverization, for instance, the 

cutting method, the mechanical shock method and the grinding method. But 

for the woody biomass pulverization, those pulverization methods 

mentioned before are not very suitable due to the woody biomass 

characteristics. Woody biomass is mainly consist of cellulose, hemi-

cellulose and lignin, hence, the woody biomass is too strong to be 

pulverized to a desired particle size.    

 

However, there are some other new technologies for woody biomass 

pulverization, for instance, the freezing pulverization and burst 

pulverization are under developing in recent years. But the problem is the 

cost is much higher than those three conventional methods that mentioned 

before. And these two new techniques are not commercial in the daily 

applications. Another new technique of woody biomass pulverization is 

developed, which is the vibration mill equipped with a rod or ball. A 

common schematic drawing of vibration mill is shown below. The motor 

gives the energy of rotation of the mills, and the biomass is ground by the 

rotation with the ball or rod. (Nobusuke, et al., 2008) 
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Figure 12. Schematic drawing of a vibration mill. (Source: Nobusuke, et al., 2008) 

 

3.2.3 Burners application in pulverized co-firing system 

Burners in the pulverized co-firing system is important due to its duty and 

impact on the combustion and pollutant formation. The purpose of burner 

utilization and developing is to produce a continuous and steady flame after 

mixing and ignition. In practice, burner utilization can affect the pollutant 

formation obviously. There are two popular burners that are jet burner and 

swirl burner, in the pulverized co-firing system. 

 

3.2.3.1 Jet burners 

As mentioned before, the jet burner has two parts, one is the jet for the 

pulverized coal and solid biomass with primary air mixture, the other one is 

the jets located upper and lower beside the central jet for the secondary air 

inlet. A picture below shows the jet burner in practice. 
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Figure 13. Jet burner. (Source: COMBUSTION AND FUELS) 
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This jet burner is mounted onto the boiler furnace OP 430 wall which is 

shown below. 

 

Figure 14. Jet burner in boiler furnace OP 430. (Source: COMBUSTION AND 

FUELS) 

For combustion of hard coal, the primary air and pulverized coal and solid 

biomass mixture is around 18m/s – 22m/s, and the secondary air inlet speed 

is around 40m/s – 80m/s. The secondary jets can suck the hot flue gas from 

the furnace and transport it back to mix with the primary air and pulverized 

fuel. (COMBUSTION AND FUELS, N.A.) 

 

3.2.3.2 Swirl burners 

Swirl burner is another kind of popular burner in the pulverized co-firing 

system in the world. As mentioned before, the nozzles are ranged in a circle, 

the inner circle is for the pulverized fuels with primary air mixture injection 

and the outer one is for the secondary air injection. The secondary air 

velocity is around 30m/s – 50m/s while the primary air injection velocity is 
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around 18m/s – 25m/s. A picture below shows a common swirl burner 

(40MWth -50MWth). (COMBUSTION AND FUELS, N.A.) 

 

 

Figure 15. Front of swirl burner (40-50 MWth). (Source: COMBUSTION AND 

FUELS) 
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Another picture below shows the swirl burner installed on the furnace wall 

working moment. 

 

Figure 16. Structure of swirled pulverized coal flame. (Source: COMBUSTION AND 

FUELS) 

 

3.2.4 Furnaces application in pulverized co-firing system 

There are two kinds of furnace that very popular in practice, which are the 

dry-bottom firing system and slag-tap firing system as mentioned before. 

The main difference between these two kinds of systems is the ash phase 

and treatment; the ash in the dry-bottom firing system is in the solid phase 

as leaving the furnace while the in the slag-tap firing system is in the molten 

phase as leaving the furnace. Both of the systems are popular in the 

pulverized co-firing system in practice. 

 

3.2.4.1 Dry-bottom furnace 

Both hard type coal and brown coal with solid biomass can be utilized in 

dry-bottom furnace in the pulverized co-firing system. As mentioned before, 
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there are several firing types for the burners’ location in the furnace wall. 

For instance, a picture of a normal 435 MWe tangential pulverized fuel 

firing furnace is shown below. 

 

 

Figure 17. Drawing of a normal 435 MWe tangential pulverized fuel firing 

furnace.(Source: Basu P.) 

This furnace has five burners that located on the furnace wall in a tangential 

range. And the picture of a tangential firing in cross-section view from 

Alstom is shown below. All the four burners are equipped at the corners to 

form a firing circle.  
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Figure 18. A cross-section view of tangential firing moment. (Source: ALSTOM, 2015) 

There are not only the tangential firing type, but also wall firing type, 

opposed firing type and down firing type. Different types of fires are 

suitable for different types of fuels. (ALSTOM, 2015) 

 

3.2.4.2 Slag-tap furnace 

The difference between slag-tap furnace and dry-bottom furnace is the ash 

phase in the ash removing step. The ash phase in the slag-tap furnace is in 

the molten position while in the dry-bottom furnace is in the solid phase. 

The reason why to develop the slag-tap furnace is to increase the retentive 

ash in the firing. Due to the molten ash characteristic in the system, the 

furnace temperature is normally 100 ºC to 200 ºC higher than the ash 

temperature in order to keep ash in a molten phase. And the heat release rate 

of the slag-tap firing furnace is around 0.5 MW/m3 to 1 MW/m3. 

 

In practice, there are two popular wet firing furnace, which are the large-

volume slag-tap furnace and the cyclone furnace. The large-volume slag-tap 

furnace is to utilize the pulverized fuel to burn in the slag-tap furnace in 

order to get a molten ash and a fuel burnout position. The cyclone furnace is 

different at the heat release rate. Cyclone furnace has a higher heat release 
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rate with a higher primary ash retention via the rotation design that will be 

mentioned later. 

 

The large-volume slag-tap firing furnace is called U-fired slagging furnace 

as well. The commercial 320 MWe U-fired Benson boiler is shown below 

with two chamber. 

 

 

Figure 19. A 320 MWe U-fired Benson Boiler design with two chamber. (Source: Ake, 

Beittel, & Lisauskas, 1999) 

This kind of boiler can use various fuels by changing the operational 

condition. In this furnace, almost all the ash can be recycled (including the 

fly ash) into slagging form with the characteristics of less volume and inert 

comparing to the environment in furnace. (Ake, Beittel, & Lisauskas, 1999) 
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The other type of slag-tap furnace is the cyclone furnace. By comparing 

with the large-volume slag-tap furnace, the cyclone furnace has a higher 

volumetric heat release due to its coarser fuel particles. The heat release of 

cyclone is around 4 MW/m3 to 8 MW/m3 in general. A picture of cyclone 

furnace in schematic drawing is shown below. 

 

 

Figure 20. A schematic drawing of a cyclone furnace. (Source: B&W, 2015) 

The cylinder in the picture is the cyclone burner connected to the furnace. 

Normally the diameter of the cyclone is around 1.8 m to 3 m and the 

temperature of flue gas is around 1600 ºC to 1800 ºC. Due to the rotating air 

flow, the cyclone removing efficiency can reach 90% as a whole. 

(Zhengzhou Youlian, 2014) 
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3.2.5 Flue gas treatment equipment 

In practice, there are several emissions in flue gas, such as the NOx, SO2, 

HCl and dioxins emissions. These kinds of emissions appear in the flue gas 

in practice in the pulverized co-firing system, hence, the flue gas treatment 

equipment is necessary indeed. 

 

There are two scenarios of the NOx control for the co-firing, one is the co-

firing with high dust configuration, and the other one is co-firing with low 

dust configuration. Because the NOx controller is installed before the steps 

of ESP and FGD, which are the gas cleaning steps, the materials of co-firing 

with low dust configuration is more suitable for the NOx controller. 

(Bemtgen, Hein, & Minchener, 1995) 

 

For the co-firing of hard coal and biomass, such as straw, which is with high 

dust configuration, there usually would be a limit on the alkali fraction, 

which is K2O + Na2O < 4%. The reason why the limitation is set is that, the 

catalyst of the NOx controllers will be destroyed by the potassium and 

sodium content. The other contents like alkalis and alkaline earths can make 

a shell on the surface of the catalyst which can deactivate the catalyst as 

well, and the same for arsenic and phosphorus. But for the co-firing of 

brown coal, this problem does not exist due to the sulfur removal technique 

before the NOx controller. (R üdiger, 1893) 

 

FGD is the short of flue gas desulphurization, and the biomass with a low 

sulfur content may decrease the load of FGD. On the other hand, if there 

was more amount of other component in the biomass that may limit FGD’s 

function which means the portion of biomass in the co-firing system should 

be limited. FGD can remove not only the sulfur components, but also some 

other heavy metals, such as mercury, arsenic and lead in the volatile ash. 

(Spliethoff & Hein, 1998) 
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3.2.6 Effects of biomass utilization in PFC system 

Biomass has a high volatile content regards to coal, hence, coarser biomass 

is suitable for the pulverized co-firing system utilization as a fuel mixed 

with pulverized coal. Herbaceous biomass, for instance, straw is the first 

choice compared with woody biomass, because of its coarse property, and 

the milling degree requirement is relatively lower than the milling for 

woody biomass. A figure below shows how the pulverized coarse biomass 

influence the ignition compared with the pulverized coal-firing system. 

 

 

Figure 21. Comparing of pulverized coal-firing and pulverized co-firing ignition 

position. (Source: Spliethoff H, 2010) 

Form the figure we can see that the coal-straw mixture consumes less 

amount of oxygen in the ignition state compared with the coal fuel and coal-

sewage sludge mixture. After ignition, the coal-straw fuel mixture consumes 

oxygen faster than the other two fuels. (Spliethoff H. , Combustion Process, 

2010) 
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3.2.6.1 Slagging and fouling formation in the pulverized co-firing     

system 

Co-firing can cause slagging and fouling during the combustion. Large 

amount of ash will be melt and deposited in a molten phase. Biomass is 

utilized with coal in the pulverized co-firing system, but the ash of biomass 

is dominated by the ash of pulverized coal, no matter how well the ratio of 

mixture biomass and coal is, the co-firing system can affect the ash fusion 

much. (Tortosa Masi á & Spliethoff, 2006) 

 

Fouling deposits formation is mainly from the volatilization and 

condensation process of alkali metals during the co-firing. Alkali metals will 

be heated up to the flame temperature in the vapour phase, and then the 

vapour will start to have some chemical reactions in the vapour, then settle 

on the surfaces which have suitable temperature for fouling. This layer of 

alkali metals fouling has a characteristic of sticky, so the other part of ash 

will be attracted by this layer in the fouling formation. Fouling is a very 

common problem in co-firing system because of the fuel’s property. The 

alkali metal content in biomass, especially herbaceous biomass (straw), is 

relatively higher than woody biomass fuels, and much higher than coal; 

hence, more sticky layers can be formed during the co-firing process, and 

more fouling deposits are formed. (Fernando, 2007) 

 

Even though additional biomass ash will be added into the pulverized co-

firing system which results as increasing of fouling and slagging, the dust is 

still easy to be removed. When the share of biomass in the co-firing system 

feeding is small or medium, the ash of biomass after burnout is dominated 

by the ash of pulverized coal; but if the share of biomass increases to a high 

value, the biomass particles will not be burnt completely, then the residues 

will form deposits and will cause the slagging problems as well because of 

the low temperature of fusion in the biomass ash. (Leckner, 2007) 
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3.2.6.2 Corrosion formation in the pulverized co-firing system 

As straw is the best choice for the pulverized co-firing system, the study of 

corrosion is mainly based on the straw properties. There is a much higher 

content of chlorine in straw than that in coal, which can leads to a higher 

possibility of high-temperature corrosion on the heat exchange surfaces; and 

the superheater surfaces will suffer the corrosion influence as well due to 

the high temperatures of steam and flue gas. A test is created in a Danish 

130 MWel pulverized coal furnace to test the effects of corrosion by using 

straw compared with coal only. (Bemtgen, Hein, & Minchener, 1995) 

 

 

Figure 22. Corrosion rate comparison between straw and coal. (Source: Spliethoff H, 

2010) 

From this figure it is easy to see that when the temperature of material is 

upper than 580 ºC, the corrosion rate of co-fired fuel increases faster than 

the coal alone. After 580 ºC, the corrosion becomes tolerable. (Wieck-

Hansen, Overgaard, & Larsen, 2000) The fly ash and deposits are mainly 

formed with potassium aluminosilicates and potassium sulphate included, 

while most chlorine molecules goes out of the furnace and boiler in HCl 
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formation, only a few part of chlorine forms KCl and stays in the boiler as 

deposits. (Andersen, et al., 2000) 

 

In the pulverized co-firing system, the level of corrosion occurrence 

depends on the concentration of alkali and chlorine content in the biomass. 

It is possible to reduce the corrosion possibility by reducing the 

concentration of alkali and chlorine in the biomass by using the sulphur 

dioxide in the flue gas. The sulphur dioxide will react with the alkali and 

alkaline earth chlorides to the sulphur based compounds, in this way, the 

corrosive compounds will be decreased. (Fernando, 2007) 

 

3.2.6.3 Emissions affect in the pulverized co-firing system 

The sulphur dioxide and nitrogen oxides concentration will be reduced in 

the flue gas as utilizing co-fired biomass with coal; and the carbon 

monoxide will not increase if the milling degree of biomass is fine and 

suitable. 

 

The reason why the biomass utilization in co-firing system can reduce the 

nitrogen oxides emission is that the biomass has a high volatile content. The 

figure below shows an experimental result of co-firing of different biomass 

with hard-coal. (Spliethoff & Hein, 1998) 
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Figure 23. NOx emission comparison between different fuels. (Source: Spliethoff H, 

2010) 

From this figure, it is easy to see that there is no significant difference of 

nitrogen oxides emissions between different types of biomass if the nitrogen 

content of the hard-coal is regardless. In the pulverized co-firing system, the 

nitrogen oxides emissions is not based on the nitrogen content in biomass. 

The nitrogen molecules will easier to form ammonia compared to HCN 

formation in the primary combustion zone. After burning of mixture of 

biomass and coal, the concentration of nitrogen oxides will increase only a 

little because of its low conversion rate of nitrogen oxides formation. (Di 

Nola, de Jong, & Spliethoff, 2009) 

 

In the pulverized co-firing system, almost all the sulphur molecules will be 

oxidized to sulphur dioxide and these sulphur dioxide will leave the boiler 

into the flue gas. The sulphur content in the biomass is much lower than that 

in the coal, which means that it is possible to reduce the sulphur dioxide 

emission by increasing the share of biomass utilization in the total mixture 

fuel. (Spliethoff & Hein, 1998) 
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As mentioned before, the chlorine content in the herbaceous, for instance 

straw, is higher than that in coal. For example, the chlorine concentration in 

straw is around 1% which is about ten times more than that in the coal. The 

chlorine in the pulverized co-firing system will be replaced from alkali 

chloride to HCl which can reduce the corrosion formation, and then the HCl 

will be removed totally by FGD scrubbers. (Fernando, 2007) 

 

There is another pollution during the combustion is that dioxins. The 

chlorine molecules will form polychlorinated dibenzo-p-dioxins (PCDDs) 

and polychlorinated dibenzofurans (PCDFs), which are harmful. These 

harmful molecules will be formed more when the fuels contain copper or 

other catalytic compounds for dioxins formation. (Leckner, 2007) 
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4 Co-firing in other firing systems 

There are two other technologies of firing system apart from pulverized fuel 

combustion system, which are fluidized bed firing system and grate firing 

system. The biomass is not only used in the pulverized fuel combustion 

system, but also used in these firing systems, and different types of 

biomasses are suitable application for different kinds of firing systems. In 

this section, other types of biomass apart from herbaceous biomass will be 

introduced to utilize in these firing systems. 

 

4.1 Co-firing utilization in fluidized bed firing system 

Fluidized bed firing system was first utilized in the industrial area in the 

1920s, developing of bubbling fluidized bed firing system started in the 

1960s. The first commercial utilization of bubbling fluidized bed firing 

system was built in the 1970s with a capacity of 20 MWth. Nowadays, the 

largest capacity of bubbling fluidized bed firing system was 350 MWel, 

started to use in Takehara plant in Japan in 1995. But in recent years, 

bubbling fluidized bed firing system (BFB) is not as popular as before 

because of the development of circulating fluidized bed combustion system 

(CFBC) utilization in the large-scale plants. 

 

Circulating fluidized bed firing system was first developed in the end of 

1970s. The significant advantage is the unit size is expanded to a much 

larger one than that in the bubbling fluidized bed firing system, the unit size 

is from a small MWth to 300 MWel today. The largest unit size of CFBC in 

the world was built in Lagisza in Poland with a capacity of 460 MWel. 

(Goidich, Fan, Sippu, & Bose, 2006) 

 

In the fluidized bed firing system, a packed bed is needed for the fuels 

which locates on a grid with air flowing up to the fuel. There are three kinds 

of bed classification which are the fixed bed, bubbling bed and circulating 
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that based on the air velocity. The temperature range of fluidized bed firing 

system various from 800 ºC to 900 ºC. This is because of the avoidance of 

ash sticking layer formation and capturing of sulphur dioxide. (Wu, 2003) 

 

4.1.1 Bubbling fluidized bed firing system 

The air flow rate in BFB system varies from 1m/s to 2m/s. The small size 

particles will be regarded as dust and will be collected and transported to the 

dust collector. And the filter ash will be recirculated in order to re-fire the 

unburned fuels, in this way, and it is possible to avoid the loss of unburned 

fuels. (Strauß, 2006) 

 

In-bed heat transfer surface is installed in the fluidized bed in BFB system 

as a feature of this system, and this in-bed heat transfer surface can transfer 

up to 50% of the total heat energy while the rest of heat energy will be 

transferred by the other heat exchangers at downstream processes. But there 

is a significant drawback related to the configuration of BFB system, which 

is the erosion and corrosion problem. These kinds of problems will happen 

on the in-bed heat transfer surfaces and may cause breakdown. This is one 

important reason why the BFB system is being superseded by the circulating 

fluidized bed firing system. A figure below shows the construction of BFB 

firing furnace. 
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Figure 24. Schematic drawing of a bubbling fluidized bed firing system. (Source: 

Spliethoff H, 2010) 

In BFB firing system, the steam generation process can be controlled by 

reducing the fluidized bed height and by stopping the fluidized bed working 

as well. But the drawbacks of reducing the fluidized bed height will cause 

the cooling of freeboard and increasing the emissions after combustion. 

There are two ways to expand the capacity of BFB firing system, one is to 

increase the surface area of fluidized bed and the other one is to increase the 

height of the fluidized bed. But the fluidized bed height cannot be increased 

much due to the pressure loss, and the range of changing the height of bed 

varies a little only, which means that can increase the capacity a little only. 

(Bunthoff & Meier, 1987) 

 

4.1.2 Circulating fluidized bed firing system 

In the circulating fluidized bed firing system (CFBC) the air flow velocity is 

set up to 8 m/s because the particles will be blew up by the high air flow 

speed. The bed particle size in the CFBC system can be as fine as 150 μm in 

diameter in order to make sure that most bed particles can be blew up and be 

circulated, while the feed coal particle size varies from 3 mm to 6 mm. The 

particle size of fuel is selected based on the fuel properties, for example, 
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smaller particle size could be selected if the fuel has properties of high ash 

and low volatile with less reactiveness. (Wu, 2006) 

 

One of the most important factors is the fluidizing velocity, because this 

factor can influent most of other factors. For instance, the higher the 

fluidizing velocity is, the smaller the cross-area of bed can be utilized. But 

the drawback of high fluidizing velocity is the increasing of erosion 

possibility and asks for a high quality of fan power. In order to remove more 

sulphur during and after combustion, the particle residence time should be 

longer. Because of this reason, the furnace height should be increased to 

achieve the requirements. (Wu, 2003) 

 

The fluidizing bed velocity and particle size dominate the residence time in 

all the fluidized bed firing system. The particle recirculation inside the 

fluidized bed can serve a mixed-well, high-intensity mixing circulation, 

which is much better than that in the bubbling fluidized bed firing system. 

An example is presented that the solid matter mixing in the upper layer of 

BFB furnace is about 50 g/Nm3 while the solid matter mixing in CFBC is 

around 10 kg/Nm3 at the same loading situation. After recirculation, the 

solid particles will be collected by a cyclone at the downstream stages and 

will be transported back for reusing. The uniform temperature can be 

regarded as a significant advantage in the circulating fluidized bed firing 

system based on a large mass of solid matters circulation within the relative 

high heat capacity contained in the recirculation. (Strauß, 2006) 

 

An advantage for fluidized bed firing system compared with bubbling 

fluidized bed firing system is the desulphurization which is based on the 

contact time of the bed solid matters and the gas flow. The longer the 

contact time is, the less limestone is needed and the better degree of 

desulphurization it will achieve. For instance, the contact time in bubbling 
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fluidized bed firing system is 0.5s while that is 4-5s in circulating fluidized 

bed firing system. 

 

In the circulating fluidized bed firing system, the heat cannot be transferred 

much by the in-bed heat transfer surfaces but the furnace walls which are 

built by water/vapour-cooled membrane layers. But the amount of heat 

transferred by the furnace walls is not sufficient, so an external heat 

exchanger is needed indeed. (Takeshita, 1994) 

 

4.1.3 Co-firing applications in FB firing system 

Fluidized bed firing system can be used to burn the fuels with a big various 

of quality and properties, for instance, the fluidized bed firing system can 

burn not only the fossil fuels, but also can burn biomass and municipal 

wastes. Both bubbling fluidized bed firing system and circulation fluidized 

bed firing system are suitable to utilize biomass as a fuel for co-firing with 

coal. (Leckner, 2007) 

 

Due to the high volatile content in the biomass fuels, the post-combustion 

will happen in the free space of the furnace, especially in the bubbling 

fluidized bed firing furnace. Compared to woody biomass, the herbaceous 

such as straw, with a lighter weight, can be easier blew up, and may increase 

the temperature of the free space of the furnace if the post-combustion 

occurs. For this reason, the temperature distribution in the firing furnace is 

even, but a temperature shift can be seen upward. (Bemtgen, Hein, & 

Minchener, 1995) 

 

The co-firing system can reduce the sulphur dioxide emission as well. The 

sulphur dioxide amount reduces in the flue gas when a fraction of biomass is 

added into the fuel feed to replace the same amount of heat energy of coal. 

The reason why the sulphur dioxide is reduced is because the ash of biomass 
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after combustion can catch the sulphur dioxide molecules. But there is not 

much influence for the nitrogen oxides emission in the flue gas, which 

means that some co-firing systems can reduce the nitrogen oxides a little but 

some will increase a little in different industries and power plants. 

(Binderup Hansen, Lin, & Dam-Johansen, 1997) 

 

4.2 Co-firing utilization in grate firing system 

The grate firing system was the only suitable firing system at the beginning 

of the 1900s, but later at the 1920s to the 1930s, it was replaced by the 

pulverized firing system due to its low capacity, which varies from 0.3 to 

150 MWth. Although the grate firing system has disadvantages on not only 

the capacity, but also the technical application availability, it is still the only 

suitable firing system for the waste combustion till now, and is suitable for 

the biomass combustion as well. (Stultz & Kitto, 1992) 

 

4.2.1 Travelling grate firing system 

The Travelling grating firing system is to utilize a heated up and glowing 

fuel bed to deliver the fuel (mainly is coal). The coal can be taken from the 

coal bunker to the fuel bed to be heated up, dried, devolatilized and burnt, 

the heat energy coming from the burning will go to the furnace. The 

combustion air (primary air) will be blew in from the bottom of the bed and 

cool down the grate temperature, the primary air will be heated up to 150 ºC 

as maximum temperature at the same time. (Strauß, 2006) (Lehmann, 1996) 

 

Lump coal is the most suitable size for the travelling grate firing system, but 

fine particle coal is not, because the fine particle will fall down via the grate 

clearances which means unburned fuel losing. Caking coal is not good for 

this firing system because it may form coke cakes which can be burned out 

slowly and may cause the uneven temperature distribution on the fuel bed. 

(Adrian, Quittek, & Wittchow, 1986) 
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4.2.2 Self-raking type moving-grate firing system 

For the fuel with high ash and low calorific characteristics, is not suitable 

for the travelling grate firing system while suitable for the self-raking type 

moving-grate firing system. 

 

The moving-grate firing system is different from the travelling grate firing 

system, where the fuel is delivered by the rams towards to the proceeding 

combustion and reciprocating grates which means that the fuel is delivered 

and transported in the direction of against to the combustion flame. 

(Spliethoff H. , 2010) 

 

4.2.3 Co-firing applications in grate firing system 

As known that grate firing system can combust a wide range of quality of 

fuels, it can be used to fire not only municipal solid wastes (MSW), but also 

biomass and coal as well. Till now, it is mainly used to fire biomass and 

municipal solid wastes. The capacity of grate firing system is around 

20MWe to 50MWe in the grate co-firing CHP plants. 

 

Normally there are four basic units in the grate co-firing system, which are 

the fuel feeding conveyer, the grate system, the secondary air insert system 

and the ash treatment system.  

 

The fuel feeding conveyer is somehow a mechanical stoker, and a spreader 

is needed due to the fuel particles. In the grate firing system, the coarse size 

particles can be used but the fine particles because the fine particles may fall 

down through the holes on the grate during the suspension firing. A simple 

technical figure shows each unit’s function in the firing system, 
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Figure 25. Technical drawing of each unit’s function in grate firing system. (Source: 

Yin, Rosendahl, & Kær, 2008) 

The biomass will be delivered into the firing system, then the fuels will be 

dried and the volatiles with rich fuel content will go up to the upper space 

and mixed with the secondary air and be burned. The rest solid fuels will be 

continuously transported with pyrolysis, ignition and gasification process, 

then char will be left only and be burned with the primary air. After 

combustion, the ash is formed in the end of the grate. 

 

Though the grate firing system can fit co-firing and is suitable for firing 

most kinds of solid fuels, there still are some technical problems due to the 

alkali metals content in the biomass and incomplete combustion during the 

firing process. 

 

Mostly the pollutants after combustion include NOx, SO2, CO, CxHy, tar, 

HCl, PAH, PCDD/PCDF, char and heavy materials. Incomplete combustion 

pollutants seem to be the most important problem comparing with the 



59 

 

pulverized fuel firing system (PFC) and fluidized bed firing system (BFB & 

CFB). It normally happens in the old units of grate boilers with an 

unsaturated mixing. Incomplete combustion will lead a high emission of 

PCDD/PCDF, NOx, SOx, CxHy and char particles. 

 

Another important technical problem and challenge is the slagging and 

fouling issue. A picture is shown below of the deposits on the super heater 

in the grate firing boiler, 

 

Figure 26. Deposits on the super heater in the grate firing boiler. (Source: Yin, 

Rosendahl, & Kær, 2008) 

The amount of slagging and fouling is mainly based on the characteristic of 

biomass, because most of the deposits are formed with the element contents 

of Si, Mg, Ca, S, Cl, Fe, K and Na. These elements content will affect 

directly on the slagging and fouling amount, for instance, the co-firing of 

coal and straw will produce more amount of deposits than that by utilizing 

the coal and wood, because straw has relatively higher alkali metal content 

than that in wood. (Yin, Rosendahl, & Kær, 2008) 
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5 Biomass application for Pulverized fuel firing 

system analysis 

Biomass, in general, is defined as a group of organic matter with energy 

utilization potential grown on the ground, such as wood and woody residues 

from industrial source, straw and reed from agricultural source. Municipal 

waste (waste food and residues, animal waste) are regarded as bio-energy 

source as well in some areas in the word. In this case, the general biomass 

source which are from industry and agricultural will be treated as biomass. 

 

The energy storage on the earth is around 1*106 million TCE currently 

(TCE: Thousand million ton of coal equivalent) with an increasing rate of 

100000 million TCE annually. The largest source of biomass is forest 

industry. Hence, biomass can be regarded as a sustainable energy source 

now and in the future with a large potential. But the fact is that only 10% of 

total biomass is used for energy production (1700 million TCE) every year, 

50% of biomass are wasted as stumps, leaves, and 1% for woody industrial 

products like woody furniture and paper mills. (IEA, 2015) 

 

As mentioned before, all kinds of biomass can be burned in all types of 

firing system, but different type of firing system has different suitable 

biomass application. For instance, straw and other herbaceous plants are 

most suitable for the pulverized co-firing system. In this case, different 

kinds of biomass will be introduced in the pulverized fuel firing system.  

 

5.1 Modelling introduction 

Generally straw can be used for the co-generation system, but with a typical 

challenge in technical area. For achieving sustainable and carbon neutral 

goals, co-firing is more and more popular. In particular, more elements 

should be considered during the firing process, such as P, Ca, K, Cl and Mg. 

These elements may cause the problems of fouling and slagging after 
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combustion which are related to the technical problem. (Mehmood, Reddy, 

& Rosen, 2012) 

 

As more and more energy is demand annually, greenhouse effect is 

becoming an important factor of environment assessment. Hence, carbon 

neutral is becoming popular due to its carbon cycle without adding extra 

carbon into the environment. Another advantage for biomass utilization in 

co-firing system is the cost which is relative cheap than use fossil fuel only 

due to the fuel price and the less air emissions. (Basu, Butler, & Leon, 2010) 

 

The most common technologies of co-firing are in the grate firing system 

and fluidized bed firing system, while the co-firing technology in pulverized 

co-firing system is relatively new in the current situation. In this study case, 

the objective will mainly focus on the effects of ash performing after co-

combustion by using straw, bark and wood. 

 

5.2 Methodology 

In this case, general coal composition will be selected for the combustion 

with a typical Denmark wheat straw, Swedish pine stem wood pellets and 

softwood bark pellets. The affects after combustion are detected by using 

pulverized coal firing system and pulverized co-firing system. The biomass 

has relative high concentration of Si, Ca, K and so on that might cause 

slagging and fouling, which coal does not have, and the influences will be 

concentrated by comparing different types of firing with different fuels. 

(Nordgren, Hedman, Padban, Boström, & Öhman, 2011) 

 

Four samples will be created which are (i) pure coal, (ii) coal with straw, (iii) 

coal with bark and (iv) coal with wood. The coal will be replaced by 25% of 

total heat with biomass to prepare the co-firing fuel. A table is shown of 

different element composition of fuels in dry solid ash free basis wt%. 
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Figure 27. The elements composition of different fuels. (Data Source: Nordgren, 

Hedman, Padban, Boström, & Öhman, 2011) 

After combustion, in this system, the deposit will be divided into two parts 

mainly, which are gas emission and bottom ash/slagging. The HSC 

Chemistry 6.1 software is utilized to calculate the chemical equilibrium 

model. The amount of oxygen will be added step by step until the 

equilibrium is reached with the temperature of 1200 ºC for the combustion 

process. The pressure is set as atmospheric pressure. The following 

elements are inserted into the database for the simulation: C, H, O, N, Cl, S, 

Si, Al, Ca, Fe, K, Mg, Na and P. And the total mass is set as 100 kg of coal 

as basis. 

 

5.3 Results and discussion 

One significant result of gas emission is that the carbon dioxide emission in 

co-firing is less than that in coal firing. Because of 25% of total heat is 

replaced by biomass, 75% of coal can produce carbon dioxide comparing 

with coal firing system; and the carbon dioxide from biomass combustion 

will not increase the total carbon dioxide concentration due to the carbon 

neutral theory, then less carbon dioxide is released in co-firing system. A 

table shows the amount of extra carbon dioxide emission to the atmosphere 

below, 
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 Total CO2 Emission Extra CO2 Emission 

Unit kMoles kMoles 

Coal 6.9382 6.9382 

Coal/Straw 6.4946 5.2037 

Coal/Bark 6.5837 5.2037 

Coal/Wood 6.458 5.2037 

Figure 28. The CO2 emission comparison between different fuels. (Data Source: 

Drawn by the Author, 2015) 

From the table, it is easy to see that the total carbon dioxide emission in 

pulverized co-firing system is less the pulverized coal firing system, and as 

well as for the extra carbon dioxide emission. Another big influence on the 

gas emission is the sulphur dioxide releasing amount. Pulverized co-firing 

system can decrease the sulphur dioxide emission significantly due to the 

alkali metals in the biomass. A table shows the sulphur dioxide emission in 

the firing system with different fuels. 

 

 SO2 Emission NOx Emission HCl Emission 

Unit kMoles kMoles kMoles 

Coal 8.68E-15 1.18E-01 0 

Coal/Straw 4.97E-15 1.07E-01 7.45E-23 

Coal/Bark 2.82E-15 9.77E-02 2.59E-23 

Coal/Wood 6.11E-15 9.05E-02 2.98E-23 

Figure 29. Other emissions comparison between different fuels. (Data Source: Drawn 

by the Author, 2015) 

From this table, it is easy to see that not only the sulphur dioxide emission is 

less in the pulverized co-firing system, but also the nitrogen oxides emission 

is less in the pulverized co-firing system as well. The nitrogen oxides 

composition, in this study, includes three components which are NO, NO2 

and N2O. These mean that pulverized co-firing system can have positive 

influences in the gas emission after combustion with less sulphur dioxide, 

nitrogen oxides and greenhouse effects. Although co-firing has the positive 

effect in gas emission, the HCl emission is increased in the gas emission 

which the coal firing system does not have. Due to the chlorine 

concentration in the biomass, the HCl can be formed in the gas phase after 
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combustion and released to the atmosphere, which can form acidic rain and 

damage the environment, but by comparing with the other two emissions, 

the amount of HCl emission is significantly small. The CaO is usually added 

to remove the HCl compounds before exhausting. 

 

But in most cases, the co-firing system has a disadvantage which is the 

slagging problem. Biomass is rich of Si, Ca, K, Mg, S, Cl, which can cause 

slagging molecules and can cause failure and decrease the heating efficiency, 

while coal does not have the problem. A table below shows the main 

ash/slagging element distribution below, 
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Figure 30. The ash/slagging distribution in different fuels. (Data Source: Drawn by the 

Author, 2015) 
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It can be seen that most Si goes to the SiO2(l) as the slagging part, the 

difference is straw can produce most SiO2(l) than bark and wood. All the Ca 

element goes to the CaSO4(l) to form slagging products, as well as Mg. K is 

mostly in the gas phase and will be delivered to the flue gas after a circle 

and the other compounds are deposits. In straw and wood, most S is in the 

gas phase SO3(g), while in bark more than 50% of S goes into the functional 

group of (SO4)2- to form slagging with the metals. And all the Cl will be 

transferred out by flue gas because of the gas phase of KCl(g) as fly ash. 

The solid particles can be regarded as bottom ash, and the liquid phase 

particles are the slagging products which can damage the burner, furnace 

and heat exchanger surface and decrease the heat transfer efficiency. 

(Bartolomé & Gil, 2013) 

 

A graph is shown below of the slagging amount of each type fuel of co-

firing system (with a basis mass of 100kg) in order to see the different 

slagging influence between each other. 
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Figure 31. The slagging comparison between different fuels. (Data Source: Drawn by 

the Author, 2015) 

The graph shows that the amount of slagging in the coal/bark co-firing 

system is more than other two fuels and the slagging amount in coal/wood 

co-firing system is the least. The main parts of slagging in this graph are 

SiO2(l), CaSO4(l) and MgSO4(l), because the biomass contains a relative 

high content of Si, Ca and Mg and most of them forms the slagging 

molecules. The other slagging compounds are significantly less than these 

three compounds, MgO(l) is even as small as 4.03E-35, but after running 

more and more, the amount of slagging are accumulated to a large amount, 

then the risk of slagging occurred. 

 

5.4 Conclusions 

Generally after combustion of coal and co-combustion of coal/biomass, the 

emissions and ash condition have some differences due to the alkali earth 

metals content in the biomass. On the other hand, the greenhouse effect can 

Coal/Straw Coal/Bark Coal/Wood

Na2SO4(l) 2.23E-02 1.85E-02 1.42E-34

K2SO4(l) 3.49E-34 3.49E-34 3.49E-34

K2O(g) 4.07E-31 6.90E-33 1.16E-33

MgO(l) 4.03E-35 4.03E-35 4.03E-35

MgSO4(l) 1.33E-01 1.16E-01 1.32E-02

Ca(OH)2 7.41E-35 7.41E-35 7.41E-35

CaO(l) 5.61E-35 5.61E-35 5.61E-35

CaSO4(l) 4.07E-01 9.13E-01 6.83E-02

SiO2(l) 5.68E-01 1.79E-01 5.94E-03

0.00E+00

2.00E-01

4.00E-01

6.00E-01

8.00E-01

1.00E+00

1.20E+00

1.40E+00
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be slow down because of the carbon neutral characteristic of biomass. The 

main influences are shown in a list below, 

 

a) The carbon dioxide emission will be reduced by utilizing co-firing 

instead of coal firing, not only in the total carbon dioxide emission, but 

also in the extra carbon dioxide emission. This is because that biomass is 

used to replace part of coal and biomass contains less carbon content 

than that in coal; and carbon neutral characteristic reduces the amount of 

carbon dioxide emission from the replaced coal as zero in the extra 

carbon dioxide emission part. 

b) The acidic flue gas emissions (SO2(g), NOx(g) and HCl(g)) are less than 

that in coal due to the alkali metals content in the biomass. The alkali 

metals will react with the acidic flue gas and produce the sulphates. 

c) Slagging problem appears in the co-firing system because of the alkali 

metals in the biomass; and most of the alkali metals form the sulphates 

as the slagging particles. The amount of slagging formation depends on 

the content of alkali metals in straw, bark and wood, because most alkali 

metals form the sulphates after the oxidation reaction. The amount of 

slagging particles of coal/wood co-firing is much lower than the other 

two co-firing systems, and the slagging in coal/bark co-firing system is a 

bit higher than that in coal/straw co-firing. 
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6 Discussion and conclusion 

Nowadays, the bioenergy is more and more popular, the main reasons are 

the significantly differences between bio-fuels and fossil fuels.  

 

The first difference is that the bio-fuels are sustainable while the fossil fuels 

are not. This means that the time scale for bio-fuels’ harvesting is from 6 

months (Straw, grass and sugar cane, etc.) to around 10 years (Tree). The 

second one is that the bio-fuels are more ‘clean’, which means carbon-

neutral. The carbon dioxide from bio-fuels burning can be absorbed by the 

new plants totally, but the fossil fuels will release the extra carbon dioxide 

to the environment.  

 

Bioenergy has a large potential in the future due to its similar feature with 

fossil fuels. This means the bio-fuels can be prepared as biomass, bio-gas 

and bio-oil which has similar features with coal, natural gas and oil. Hence, 

the bioenergy can be used for the citizen heating, power generation and 

transportations which like the fossil fuels do. However, bioenergy 

technology is still not mature due to its weakness, such as the alkali and 

alkaline metal elements in the biomass, which can lead the slagging and 

fouling, as well as the flue gas emissions. The quality of different species of 

plants are different, the energy content and element content are various as 

well. This is another problem for the bioenergy utilization in a large amount 

at the same time. 

 

The PFC co-firing system is the target to study in this research. The FB and 

GF systems are briefly mentioned in this study, the fluidized bed firing 

system (circulating and bubbling) is developed for both small and large 

power plants, and the grate firing system (travelling and self-raking) is up to 

150 MWe power plant. The grate firing system can use various quality of 

biomass as co-fired fuels, while the fluidized bed firing system is not, but 

the efficiency of grate firing system is less than the fluidized bed firing 
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system, and the FB system is utilized more widely than both GF system and 

PFC system.  

 

The FB, GF and PFC systems are firstly developed for the coal combustion, 

but they can be utilized for the co-firing as well. The biomass and coal can 

be supplied in three ways, one is direct injection, secondly is indirect 

injection and the last one is parallel injection. There are two kinds of 

burners in the PFC system, which are jet burner and Swirl burner, and the 

firing systems can be divided into Dry-bottom and Slag-tap firing systems. 

In the PFC co-firing system, the coal mill (ball mill, bowl mill and beater 

mill) can be utilized for biomass as well, but biomass mill is developed after 

the co-firing system theory is built, which means that in the indirect and 

parallel injections, the biomass can be pretreated in the biomass mill to 

reach a better and more stable quality for burning. However, the biomass is 

used for co-firing can cause technical problems which are slagging, fouling, 

corrosion and emissions in the PFC system, because of the alkali and 

alkaline metal content in the biomass, such as K, Cl, S elements. The 

slagging, fouling and corrosion effects will cause serious problem for the 

firing system after time. The emission equipment is developed to focus on 

the flue gas emission after co-firing, because there are not only S element, 

but also K and Cl elements in the biomass which can form the flue gas 

emission to the environment. 

 

The simulation of comparison between coal-combustion and co-firing about 

the carbon dioxide reduction, the acidic flue gas emissions releasing and the 

slagging and fouling formation. From the simulation, it shows that the 

carbon dioxide emission of co-firing is lower than coal-combustion and the 

extra carbon dioxide releasing is lower as well. The acidic flue gas, such as 

SO2(g), NOx(g) and HCl(g) emission of co-firing is lower than those of 

coal-combustion, because the alkali elements in the biomass, and these 

elements will react with the acidic flue gas. But slagging and fouling are 

formed in the co-firing system due to the alkali and alkaline metals in the 



71 

 

biomass. They will form the slagging compounds and deposit on the surface 

of superheater, in that way, the efficiency of superheater will be decreased 

and the damage will be made.  

 

The co-firing system could replace the traditional coal-combustion system 

in the industrial plants in the future due to its stress to the environment 

under the government policy. However, the technical problems (slagging, 

fouling and corrosion), as well as the price of biomass will be the 

obstruction of co-firing developing. PFC co-firing system is not popular in 

the world yet, but it has a large potential for developing in the future.  
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