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Abstract 

The overview of the solutions used in EBFGT process and adaptation of process parameters for flue gas 
from combustion of various fuels was presented. The inlets parameters of flue gas from four fuels with high 
emission of pollutants, process parameters and process constrain were analysed. Also the main problems of this 
technology and their solutions were presented. 

1. INTRODUCTION 

Up to now Electron Beam Flue Gas Treatment (EBFGT) technology found industrial 
application for cleaning of flue gases from combustion of hard coal. In laboratory and pilot plant 
EBFGT technology was considered for purification of flue gases from combustion other fuels and 
gases from other processes like sintering, painting or chemical processes. Typical values of pollutants’ 
concentrations from combustion of four the most popular fuels are presented in Table I. 

 

TABLE I. COMPOSITION OF FLUE GAS FROM VARIOUS SOURCES 

 
Pollutant 

 
 

 
SO2 
ppm 

 
NOx 
ppm 

 
HCl 
ppm 

 
HF 
ppm 

 
VOC 

mg/Nm3 

Ash 
kontent 
dry base 

% 

 
Water 
content 

% 

Emission 
limit 

400-850 
mg/Nm3 

400-460 
mg/Nm3 

5-250 
mg/Nm3 

2-4 
mg/Nm3 – 

50-350 
mg/Nm3 – 

Hard coal 
 

Lignite 
 

Municipal 
Waste 

Heavy oil 

350-2000 
 

100-5600 
 

190-300 
 

500-1600 

150-
1000 

100-500 
 

50-210 
 

50-250 
 

30-125 
 

10-60 
 

750 
 
– 
 

5-60 
 

0.3-30 
 

11 
 
– 
 

– 
 
– 
 

20 
 
– 
 

2-30 
 

15-40 
 
– 
 

0.2-0.8 

1-20 
 

20-50 
 
– 
 

< 1 

 

The EB process design should take into consideration three groups of parameters: 

• inlet gas parameters, 

• process parameters, which should be designed to fulfill the constrains in next point, 

• emission limits, by-product quality, safety, economical and technical constrains. 

2. INLET GAS PARAMETERS 

The most important inlet gas parameters are: 

• gas flow rate, 

• SO2 concentration, 
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• NOx concentration, 

• HCl and HF concentration, 

• fly ash concentration, 

• temperature, 

• humidity. 

Gas flow rate determinates the size of apparatus. Higher flow rates usually reduce cleaning cost 
of gas related to unit of volume of treated gas. 

SO2 concentration in flue gas depends on sulphur content in fuel. In fossil solid fuels part of 
sulphur is in mineral phase and reminds in ash. The coal and heavy oil with high sulphur content are 
cheaper than low sulphur one. It can be important factor in economical balances. EB-method easy 
reduces SO2 with high efficiency, low energy consumption and gives valuable by-product as a 
fertilizer. 

NOx concentration in flue gas depends on nitrogen content in fuel as well as burning conditions. 
New burners’ constructions, recirculation of combustion gases and better controlled air introduction 
into burning chamber can significant reduce NOx concentration in flue gas. But usually it is not 
sufficient for more severe limits of emission expected in near future. Combining of low emission 
burners with EB – process allows for NOx reduction bellow emission limits with low energy 
consumption. 

HCl and HF concentration in flue gas depend on chlorine and fluorine content in fuel. These 
pollutants easy react with NH3, which is used in EB process. NH4Cl and NH4F in low concentrations 
don’t reduce value of by-product.  

Fly ash concentration in flue gas from coal combustion is high. Dedusting units are installed at 
such boilers, usually electrostatic precipitators, to reduce fly ash content to 40 – 100 mg/Nm3. 
Otherwise fly ash is collected together with by-product. Concentration of fly ash in by-product should 
be less than 1%. 

Temperature of inlet flue gas usually is in range 100 to 200°C. It is reduced usually by 
evaporation of pulverized water. 

Humidity of inlet flue gas depends on combusted fuel, its moisture and humidity of air used in 
burning process. Combustion of dry hard coal gives humidity of flue gas ca 5%. Correspondingly wet 
lignite gives humidity 14 to 18% and heavy oil - ca 9%. 

3. PROCESS PARAMETERS 

The main process parameters in EBFGT process are: 

• dose, 

• temperature, 

• humidity of flue gas, 

• ammonia stoichiometry, 

• flue gas residence time. 

 

3.1. Dose 

The dose is defined as electrons energy absorbed in mass unit of flue gas. The most energy 
consumed in the process, up to 50% of total consumption, is used for acceleration of electrons. 
Reduction of SO2 and NOx increases with the increase of dose, but in different ways. The dose less 
than 4 kGy is enough for high reduction of SO2, up to 90%. Much higher dose is necessary for 
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reduction of NOx [1]. The typical relations between reductions of SO2 and NOx and dose are presented 
in Fig. 1. For improvement of economy of EB process, there were made a number of works leading to 
better utilization of electrons energy in reduction of NOx. The common idea of this work was to 
improve the uniformity of irradiation of flue gas stream in the reactor. 

 

 

FIG.1. Dose dependence of SO2 and NOx removal efficiencies. 

3.1.1. Correction of flow patterns 

The dose distribution curves inside reactor shows very high dose near the window and several 
times lower near the opposite side of reactor (Fig. 2). Another idea to improve uniform irradiation is 
the proper formation of the velocity of stream. The streams with higher velocity flows near the 
window and the time of irradiation is shorter. The streams, which flow farther from window flows 
slowly and time of irradiation is longer. The model calculations for various arrangements at inlet to 
reactor are presented in Fig. 3 [5]. 
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FIG.2.  Dose distribution in reactor for one accelerator at Kawęczyn pilot plant. 

 

 

FIG. 3. Gas profiles at inlet to reactor. 

3.1.2. Multistage irradiation 

It was found during pilot plant experiments in Kawęczyn and Nagoya [2, 3, 4] that two stage 
(Kawęczyn) and three stage irradiation (Nagoya) can improve reduction of NOx over 20% with the 
same total dose (Fig. 4). It was also found [4] that better effect is when total dose is distributed in 60% 
at the first accelerator and 40% in the second accelerator. 

Contours of velocity magnitude for lifted bottom of reaktor. Gas flow rate 80 000 m3 /h, gas velocity scale 0 – 9.6  m/s. 

Contours of velocity magnitude for guide vanes parallel to the reactor axis. Gas flow rate 80 000 m3/h, 
gas velocity scale 0 – 10.2 m/s. 

 

Contours of velocity magnitude for guide vanes inclined 20° to the reactor axis. Gas flow rate 80 000 m3/h, 

 gas velocity scale 0 – 14.9  m/s. 

A 

B 

C 
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FIG. 4.  Effect of double irradiation on NOx removal efficiency. 

 

3.1.3. Double side irradiation 

In Nagoya experiments [2] with three accelerators, better results were achieved when the middle 
accelerator was located in the opposite side of reactor (Fig. 5). That observation was confirmed by 
model calculations for different relative locations of both accelerators for Kawęczyn plant conditions 
[10]. In big industrial plants, with capacity over 500 thousand m3/h, a few numbers of accelerators 
should be installed. In such case they should be located on both sides of reactor.  

 

 

FIG.5. NOx removal efficiency for both side gas irradiation. 
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3.1.4. Reactor crossection shape and dimensions 

The industrial reactors have circular (Pomorzany) or rectangular shape (Ebara) [6]. The distance 
between window and opposite side of reactor should be long enough to absorb about 95% of energy of 
electrons. It means that the dimensions of reactor depend on electrons energy. Usually electrons have 
energy 0.7 to 1 MeV. For example Pomorzany EBFGT plant reactor was designed for electrons energy 
0.8 MeV. After some time of operation, producer of accelerators reduced energy to 0.7 MeV. It 
reduced efficiency of NOx removal for the same dose. Reduction of the distance from window to the 
bottom of reactor from 2500 to 1850 mm improved significantly efficiency removal of NOx. 

An ideal shape the crossection of reactor should be similar to dose distribution curves. It allows 
reducing space with lower irradiation of gas. But there are some problems with production such 
reactor. It seems that circular crossection with window parallel to axis of reactor is more close to ideal 
solution. In case of rectangular crossection of reactor the windows were installed perpendicular to 
reactor axis. 

 

3.2. Temperature and humidity 

Temperature of process is an important parameter in SO2 reduction process SO2 removal 
efficiency increase with decrease of process temperature. Influence of temperature on removal of NOx 
is smaller and is opposite than in the case of SO2 (Fig. 6). The optimal temperature usually is between 
60 to 75°C. Usually flue gases from boilers have too high temperature for EB-process and too low 
humidity. The reduction of temperature is achieved by evaporation of water in stream of gas and is 
combined with growth of humidity. 

 

FIG. 6.  Effect of gas temperature on NOx and SO2 removal efficiencies. 

An optimal humidity of gas in EB-process is in the range of 12 to 16% vol. H2O (Fig.7). To low 
humidity results in lowering of SO2 removal. To high can lead to condensation of water at colder 
surfaces and corrosion problems as well as increase of the water content in by-product. Also ESP 
producers need the temperature ca 15°C higher then dew point for proper operation of this apparatus. 
Dew point for 12% vol. of H2O in flue gas is 50°C and for 16% is 56°C. Water heat of evaporation is 
high and reduction the temperature of gas by 10°C causes growth of its humidity by 0.73%. 
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FIG. 7. Effect of humidity on NOx and SO2 removal efficiencies. 

Reduction of the temperature to the optimal one, in the process of full evaporation of water (Fig. 
8), doesn’t usually give demand humidity. It depends on temperature of gas at inlet to spray cooler and 
its humidity. Humidity of inlet gas depends mainly on kind of fuel and humidity of air used in 
combustion. In the case of combustion of dry hard coal with dry air, flue gas humidity is ca 5%. To 
reach humidity 12% inlet gas temperature should be ca 160°C. If that temperature is lower, then the 
proper humidity needs addition of some amounts of steam. 

 

FIG. 8. Full evaporation spray cooler. 
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Another solution, tested first time in Kawęczyn pilot plant, is a system with partial evaporation 
of water and its circulation (Fig.9). In circulation system water can be heated or cooled if humidity of 
gas is to high. High humidity of flue gas is when wet coal is burned, usually lignite from mines near 
electric power stations. In liquid fuels like heavy oil there is more hydrogen in molecules of 
hydrocarbons and humidity of flue gas from combustion with relative dry air is ca 9%. Then inlet 
temperature of flue gas in range 120 – 130oC is enough to reach humidity 12% vol. in full evaporation 
system. Full evaporation system (Fig. 8) is simpler than with circulation of water one but need very 
fine dispersion of water in water – air nozzles. Compressed air needs relative high investment and 
operation costs. In system with circulation of water (Fig. 9) some amounts of SO2, SO3, HCl, HF 
dissolves in water. Moreover the circulated water collects particulates of fly ash. Acidic gases 
dissolved in water should be neutralized by NH3 and sludge of dust removed on filter. In this system 
relative humidity of gas leaving scrubber is near 100% and in some cases should be reduced. It can be 
done by leading some amount of flue gas directly to outlet of scrubber and mixing with treated gas. In 
the case of high dose or high concentration of SO2, flue gas temperature increases in reactor due to 
energy absorption and heat of chemical reactions. 1 kGy dose absorbed in gas increases its 
temperature about 1°C. Reduction of 100 ppm of SO2 with formation of (NH4)2SO4 increases the flue 
gas temperature about 4°C. This growth of flue gas temperature sometimes is enough for proper 
operation of ESP. In some cases it can be too high and need additional cooling by spraying of water in 
reactor (Ebara solution). 

 

FIG. 9. Partial evaporation cooling system. 

  water 
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The temperature for good operation of ESP is an order of 75 to 80°C. It can be too low to avoid 
the condensation of water in stack. The temperature at inlet to stack depends on its construction. 
Usually old stacks need temperature of flue gas higher than 110°C. Then flue gases after ESP should 
be heated in gas – gas heater or by mixing with untreated gas with high temperature (Pomorzany). 
Another solution is construction of wet stack. But this solution elevates investment costs. 

 

3.3. Ammonia stoichiometry 

In EBFGT method ammonia is added for neutralization of acidic pollutants. Reactions of 
neutralization proceeds in gas phase and ammonia should be introduced in gaseous form. Usually 
ammonia is supplied in liquid state under pressure in railway or car cisterns. Liquid ammonia is 
storied in pressurized tanks and after evaporation mixed in proper amount in flue gas stream. From 
safety reasons it is recommended to use of double walls tanks with controlled ammonia concentration 
between walls. The same reasons recommend underground location particularly in hot climates. 

Distributors of ammonia in flue gas ducts need proper design to avoid deposits of solid product 
of reaction of ammonia with SO2 or NO and fly ash, which can plug outlet of ammonia orifices. 
Amount of ammonia added should be automatically controlled. Too much of ammonia cause to high 
emission of this gas (ammonia slip), which is assumed to be lower than 100 ppm. To low amount of 
added ammonia can reduce removal of pollutants, particularly of SO2, and increases acidity of by-
product. Pilot plant and industrial data shows that optimal ammonia stoichiometry is about 0.9 [7]. 

Pomorzany Electric Power Station is located close to living area. In a short distance there are 
big apartment houses. For safety reasons the ammonia is supplied in the form of 25% ammonia water. 
Part of ammonia in form of ammonia water is sprayed in spray cooler and the rest is separated from 
water in distillation column and is introduced in gaseous form into flue gas duct. 

 

3.4. Flue gas residence time 

A high energy electron induces a great number of fast radical reactions in irradiated gas. The 
reactions are followed by much slower chemical reaction and formation of salt aerosols. These 
processes need much more time to reach conversion close to equilibrium. Results of experiments on 
SO2 and NOx reduction in Kawęczyn Pilot Plant were elaborated in the following formula: 
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In both equations there is residence time τ as a parameter. 

Results of the calculations for T = 60°C, H = 10%, (NOx)o = 200 ppm, D = 5 kGy and τ = 4 to 
12 s are presented in Fig. 10. From this picture follows that the removal efficiency of SO2 and NOx 
increases with increase of the residence time, but the effect on removal of SO2 is much bigger. 
Increase of residence time needs bigger volume of reactor, which elevates investment cost. In such 
case residence time should be optimized. That effect was also observed in German experiments [8]. 
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FIG. 10.  Efficiency of removal of SO2 and NOx vs. residence time. 

 

4. LIMITS AND CONSTRAINS 

Limits and constrains in EBFGT process are as follows: 

• emission limits of pollutants, ammonia and by-product, 

• by-product quality, 

• technical problems, 

• safety problems, 

• economical constrains, 

• reliability of the process. 

 

4.1. Emission limits 

Emission limits for main pollutants are presented in Table 1. That data fulfills EU standards and 
may be different in other countries. Generally EBFGT technology can reduce concentrations of SO2 
and NOx bellow the emission limits. By the way it can reduce emission of HCl, HF and organic 
compounds which emission up to now is not limited for flue gas from combustion process but is 
important for clean air. Some of unreacted ammonia is emitted in cleaned flue gas. It emission is 
assumed to be less than 100 ppm. 

By-product is collected in electrostatic precipitator (ESP). Efficiency of collecting for these 
aerosols is high and it is easy to reach emission of aerosols less than 50 mg/Nm3 of flue gas. Some by-
product can be form in reactions of residual SO2 and NH3 after ESP but it is not significant amount. 
Such emission doesn’t make the visible effects in surrounding. 

 

4.2. By-product quality 

Big advantage of EBFGT technology is valuable by-product, which can be used as fertilizer. It 
has to fulfill requirements of standards for nitrogen fertilizer. The main requirements are: 
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• nitrogen content more than 21%, 

• unsoluble part less than 1%, 

• water content less than 1.5%, 

• acidity less than 0.3% H2SO4. 

All analysis of by-product shown that heavy metals contents like Pb, Hg, Cd, As and Cr are 
much bellow of limits [8, 9], at the level of traces. 

By-products received in pilot and industrial plants fulfill these limits. The field experiments in a 
few countries confirm that by-product is a good quality nitrogen and sulphur fertilizer. 

By-product is collected in ESP in the form of fine powder. For transportation purposes, it is 
better to make it denser for example by granulation. Granulation reduces significantly dusting of by-
product and its secondary emission. Such emission causes serious corrosion problems in buildings and 
equipment. 

 

4.3. Technical problems 

Each apparatus should be designed for long operation and process conditions. Our experience 
shows that all apparatus, with exception of accelerators, fulfils that demands. But there are two 
problems, which should be taken its consideration in next constructions. They are: 

• deposition of by-product on inside walls of equipment, 

• corrosion problems. 

By-product deposits in bigger amounts inside reactor duct between reactor and ESP at 
distribution grid at inlet to ESP and ESP walls. Removal of deposits from distribution grid and inside 
ESP seems to be solved by stronger hammering and proper their design. Removal of deposits from 
inside walls is made manually and should be improved in next constructions. 

Corrosion problems are significant in case of carbon steel and low temperatures. At low 
temperatures by-product particularly with high content of NH4NO3 absorb moisture from air and 
creates concentrated solutions of by-product that are very corrosive. To prevent the corrosion the 
equipment should be made of stainless steel or should be very good protected if they are made from 
carbon steel. ESP have a heated walls, bottoms and electric insulators heated by blowing of hot air. 
That significant reduces corrosion problems. The electrodes and bottom in ESP should be made of 
stainless steel because it is difficult to make the proper protection. Corrosive problems in spray cooler 
can be reduced by addition of ammonia to water and neutralization of acids. 

 

4.4. Safety problems 

In EB-process there are two factors dangerous for people: 

• radiation, 

• ammonia. 

The sources of radiation are accelerators while they operate. Part of electrons in collision with 
metal causes emission of X-rays. That needs proper shielding of reactor and alarm systems. Up to now 
there was no accidents caused by irradiation and shielding with other prevention systems working 
well. 

Ammonia is hazardous gas for people and environment. Fortunately it is well detected by 
smelling in small concentrations, lower than limits. Liquid ammonia is used in many other 
installations and conditions of safety operation of that installations are good known. During operation 
of pilot and industrial EBFGT plants there were no accidents with ammonia. 
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4.5. Economical constrains 

EBFGT process will be perspective if will be competitive in costs with other FGT processes. Its 
advantages are: 

• simple and easy for control installation, 

• valuable by-product heaving a growing market, 

• comparable with other FGT processes investment and operation costs, 

• reduction of SO2, NOx, HCl and VOC in one process, 

• dry process without wastes, 

• perspectives for reduction of costs during its developing, 

• in connection with other technical solutions like low NOx emission burners EBFGT can reduce 
SO2 and NOx with low energy consumption, 

• process is flexible and can be easy adjustd to changes of boiler load, which allows to save 
electric energy, 

• the growing market for accelerators should reduce their cost and increase their reliability, 

• construction of new EBFGT bigger plants should reduce costs of flue gas cleaning related to 
unit of treated gas, 

• low cost of removal of SO2 allows to use cheaper fuels with high content of sulphur. 

 

4.6. Reliability of EBFGT process 

Up to now the reliability of EBFGT process is limited by reliability of accelerators. It seems that 
the effort of producers of accelerators and competition between them should lead to significant 
increase of their reliability. It is expected reduction of the producers costs of maintenance of 
accelerators during guarantee period. It should be noticed that the negative opinions on accelerators 
are based on experience with one type of the machines manufactured by the same producer. There 
exist 4 to 5 producers of accelerators of such power in the world and up to now there is no data about 
their reliability. 
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 CONCLUSIONS 

 

1. The EBFGT process is still in developing state. 

2. Mathematical methods of modeling of processes in EB reactor seems to be very useful for 
improvement of new facilities construction. 

3. The problems occurring in EBFGT industrial installations and proposals of solutions should be 
discussed under IAEA auspices. 

4. The studies on application of EBFGT process for flue gases from combustion of fuels other than 
hard coal should be continued. 
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