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Abstract 

Electron beam flue gas treatment technology is one of the most advanced technologies among new 
generation air pollution control processes. It is the only one process for simultaneous removal of SO2 and NOx, 
applied in the industrial scale. Moreover other pollutants as acidic compounds, VOC and dioxins can be removed 
in one step. Among the other advantages a fully usable by-product – a fertilizer is created in the process. The 
industrial demonstrational plant was constructed in EPS Pomorzany in Szczecin (Poland). The facility treats the 
flue gases of maximum flow of 270.000 Nm3/h, which are irradiated by four accelerators of 700 keV electron 
energy and 260 kW beam power each. The removal efficiency of SO2 in this installation may reach 95%, while 
removal efficiency of NOx – 70%. Apart of technical analysis also economical calculations of investment and 
operational costs of EBFGT installations, based on the data obtained on the Polish installation, was performed. 
The results show that in the case of multi-pollutant control the electron beam technology is strongly competitive 
to conventional technologies. Description of the experiences obtained during the operation of the plant and 
further possibilities of the technology development are presented in this paper. 

1. INTRODUCTION 

Emission of harmful compounds to the atmosphere is no more local problem due to relatively 
long residence time of pollutants in the air which results in long range transport of these substances. 
Therefore several international initiatives were undertaken in order to prevent pollutants proliferation 
in the environment. 

Basic document regulating problems of SO2 and NOx emission to the atmosphere is the Geneva 
Convention on Long-range Trans-boundary Air Pollution signed in 1979 under auspices of United 
Nations Economic Commission for Europe, (UNECE). The Convention on Long-range Trans-
boundary Air Pollution entered into force in 1983. The convention has been extended by eight specific 
protocols, among them five relate to the problem of SO2 and NOx emission: Geneva Protocol (1984), 
Helsinki Protocol (1985), Sofia Protocol (1988), Oslo Protocol (1994) and Gothenburg Protocol 
(1999). Following these agreements local emission limits were introduced in almost every country in 
the world. 

The international and national emission limits regulations induce the development of emission 
control technologies. As the regulation became more strict new technologies are being developed. 
Among the others electron beam flue gas treatment technology as an example of multi-pollution 
control methods is the most promising. 

Electron beam flue gas treatment process was invented in Japan. Preliminary research was 
conducted during 1970's by Japan Atomic Energy Research Institute (JAERI), Ebara Corporation and 
University of Tokyo. The process was initially dedicated for purification of flue gases from iron ore 
sintering plants [1]. Unfortunately steel crisis in the end of 1970's stopped the development of the 
process.  

The next step of technology development was construction of laboratory and pilot plant EBFGT 
facilities in such countries as USA, Germany Japan and Poland. The research was carried out during 
1980's and 1990's. The experiences gathered on these plants allowed for construction of 
demonstrational, industrial plants in China (Chengdu and Hangzou power plants) and Poland 
(Pomorzany Power Plant in Szczecin). It has proved that the technology is ready for full scale 
industrial implementation. 
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At the moment only Polish Pomorzany industrial EBFGT plant is running, but new possibilities 
of technology implementation are still sought. There is big industrial installation under construction in 
Jingfeng Power Plant in Beijing (China) and another project (Sviloza Thermal Power plant in 
Svishtov, Bulgaria) is in design phase. An important research program has been recently realized in 
Maritza East 2 pilot plant in Bulgaria and another one considering application of electron beam 
technology for treatment of flue gas from heavy oils burning has been undertaken in Saudi Arabia. 
Other fields of application of the technology are still under research, so still the electron beam flue gas 
treatment is a promising emission control process. 

Among the other advantages of the process the most important are: 

– simultaneous removal of SO2, NOx in one step, moreover the process may be applied for VOC 
decomposition and other pollutants removal, 

– high effectiveness of the process, 

– dry process, lack of problematic wastewaters, 

– no wastes generation with agricultural use of by-product, 

– simplicity of the construction and operation of the facility, that makes easy retrofitting. 

All of this makes the EBFGT technology attractive from the technological point of view. 
Moreover the cost calculations indicate that the technology may be economically competitive to 
conventional ones. 

As the Pomorzany EBFGT facility is a key reference plant at this stage of technology 
development, the operational experiences has been carefully analysed in order to find the possibilities 
of further improvement of the technology itself and make it more competitive to conventional ones. 

2. EBFGT PROCESS AND PLANT CONCTRUCTION 

The electron beam flue gas treatment process idea consists in oxidation of SO2 and NO and 
creation of ammonium sulphate and ammonium nitrate in reaction with water vapour and ammonia. 
The process course was described in details elsewhere [2, 3, 4] and only general idea of the process, 
that impact on the process optimization, will be presented. NOx is being removed by interaction with 
oxidizing radicals, while in the case of SO2 two ways of ammonium sulphate creation may be 
distinguished one similar to NOx removal (radiochemical reactions), while the second way goes thru 
creation of adduct (NH3)2SO2 and its further oxidation (thermal reactions). It results in different set of 
parameters being responsible for SO2 and NOx removal efficiency. Due to high impact of thermal 
reactions on total SO2 removal efficiency, in this pollutant case, the most important parameters are 
temperature, humidity and ammonia stoichiometry. Dose is less important parameter. Opposite the 
main parameter in NOx removal process is the dose due to radical oxidation way of NO. The second 
one is inlet NOx concentration. The rest of parameters as ammonia stoichiometry and temperature play 
minor role in the process. Figure 1 presents the most important reaction ways of SO2 and NOx 
removal. 
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FIG.1. General idea of EBFGT process 

 

The decision about construction of Pomorzany electron beam flue gas treatment plant was 
undertaken after completion of Feasibility Study in 1994. Design works were completed in 1996. The 
general investor was Dolna Odra Group – the owner of the power plant. The project was realized by 
Polish specialists under supervision of Institute of Nuclear Chemistry and Technology, Warsaw –the 
author of the technology. The project was also performed with participation of the International 
Atomic Energy Agency and was partially granted by IAEA (project POL 8014). Construction of the 
facility started in April 1999 and the installation was completed in October 2000. The startup works 
and trials were finished in April 2003 and the installation was put to exploitation. 

The facility purifies 100 000 to 270 000 Nm3/h of flue gas – half of the total flue gas amount 
emitted from two hard coal fired Benson boilers of 65 MWe each. The rest is bypassed and mixed with 
the treated part before stack. The temperature of the gas after economizer is up to 140°C and inlet 
concentration of pollutants about 1500 – 2000 mg/Nm3 of SO2 and 400 – 600 mg/Nm3 of NOx. Fly ash 
is removed by electrostatic precipitators before installation inlet. The scheme of the installation is 
presented in Figure 2. 
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FIG. 2. The scheme of Pomorzany electron beam flue gas treatment plant. 

 

The overall construction of the facility is similar in all installations of this kind, but the solutions 
applied were previously tested in Polish EBFGT pilot plant in Kaweczyn near Warsaw [5]. According 
to constructional and functional point of view the installation may be divided in four main parts: 

– Cooling and humidification of flue gases, 

– Ammonia supply system, 

– Reaction unit, 

– By-product filtration and storage. 

The first operation is realized in a cooling and humidification column by water spraying direct 
to the gases. Evaporation of water results in both lowering the temperature and rising the humidity of 
the gas to optimal values (temperature 60 to 75°C and humidity 12 to 14% vol.). For the above 
described conditions the dry bottom (complete evaporation) cooling tower has been chosen. This 
solution is appropriate for medium inlet temperatures and low dust concentration. Although it requires 
very careful water atomization it is simple and very useful construction. 

Opposite to other EBFGT facilities, ammonia, the main reagent of the process, is stored in the 
form of ammonia water (25% ammonia solution in the water). Depending on the process conditions 
the ammonia water consumption is in the range of 150 to 600 kg/h. It may be dosed to the installation 
in two ways:  

• Gaseous ammonia after the evaporation may be injected upstream the irradiation chamber 
(variant I). 

• Ammonia water may be sprayed straight to the spray cooler using the separate system of nozzles 
(variant II). 



Working Material 

47 

 

Ammonia may be also dosed both in the form of ammonia water to spray cooler and gaseous 
ammonia before the irradiation chamber (mixed variant). It was noticed during operation of 
Pomorzany EBFGT plant, that the way of ammonia adding affects the pollutants (especially SO2) 
removal efficiency.  

The reaction unit is the most advanced part of the facility. It covers reaction chamber, 
accelerators with auxiliaries (power suppliers, accelerators cooling system, windows with window 
cooling system etc.), radiation shielding with ventilation system and other components. 

High power accelerators being able to apply required dose of energy are the most important and 
the most technologically advanced components in EBFGT technology. The reliability of the whole 
installation depends on the reliability of the accelerators. The power of accelerator is proportional to 
mass flow of flue gas and the dose, that is necessary for removal of SO2 and NOx. Generally the doses 
of 8 to 12 kGy are used in the described plant 

The reaction unit in Pomorzany Power Plant consists of two parallel, cylindrical reaction 
vessels. Each vessel is equipped in two electron accelerators (700 keV, 260 kW) installed in series. 
Double window system with air curtain [6] was applied. Such a solution ensures the proper irradiation 
of flue gas. 

The by-product being created during the process is collected in electrostatic precipitator and 
after granulation and storage is shipped to the fertilizer production plant. The by-product yield is up to 
300 kg/h. For protection from the condensation of water the ESP with electrically heated bottom is 
used.  

The flue gases after purification are taken back to the stack. After mixing with the unpurified 
part of the gas, the temperature in the stack inlet is above 110°C which reduces the problems with 
stack corrosion. In order to compensate pressure drops in installation, a draft fan has been installed. 

3. OPERATIONAL EXPERIENCES 

The operational experiences gathered on the Polish EBFGT industrial installation has proved 
the idea of process application in the industrial scale. During the start-up trials and operation of the 
industrial EBFGT installation the solutions applied in the facility was tested and demonstrated the 
suitability for use in this technology. The installation runs smoothly and removal efficiencies are kept 
at the required levels as it was proved by independent measurements. 

As it was previously described different set of parameters is responsible for efficiency of SO2 
and NOx removal process. The same dependences were observed in the industrial facility [7]. 
Knowledge of the impact of process parameters on the process efficiency allows for the optimization 
of installation operation according to actual needs, this results in the reduction of operational costs of 
the plant. 

The industrial installation highest pollutants removal efficiency may reach 95% for SO2 and 
70% for NOx (see Figure 3). Such results were obtained for low temperature (under 70°C) and high 
humidity of flue gases. In certain conditions these numbers might be even higher. For the temperature 
about 65°C and humidity 14% vol. as high as 98% of SO2 removal was observed. 95% SO2 removal 
and 70% NOx removal efficiencies correlates with previous pilot plant experiments, so it might be 
considered as reliable for this technology. The installation was tested for flue gas flow rates from 
100 000 to 270 000 Nm3/h and no impact of this parameter for the pollutants' removal ability was 
found. Such flexibility according to gas flow rate and other parameters (inlet pollutants' 
concentrations, required removal rates etc.) is characteristic for this technology. 
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FIG. 3. SO2 and NOx removal efficiency vs. dose. in Pomorzany industrial EBFGT plant. 

 

As it was already reported, dose is the most important and the easiest to control parameter 
influencing NOx removal. The impact of dose on NOx removal in industrial EBFGT installation was 
illustrated in Figure 3. Two more parameters are also described in the literature - NOx inlet 
concentration and ammonia stoichiometry. Figure 4 presents the impact of NOx inlet concentration on 
NOx removal efficiency calculated by use of the empirical models, based on the multi-dimensional 
regression method, elaborated for this installation. The results point on very slight ammonia 
stoichiometry effect for NOx removal process. As the dose is the most important parameter from 
nitrogen oxides removal point of view, this parameter must be especially carefully optimized in order 
to minimize energy consumption by the accelerators, which results in lowering of the operational costs 
of the plant.  
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FIG. 4. NOx removal vs. inlet NOx concentration, calculated (ammonia stoichiometry 0.5) for Pomorzany EBFGT plant. 

 

In the case of SO2 removal, more parameters have impact on the removal efficiency due to 
process mechanism. The most important parameter is temperature of the gases at the reaction vessel 
inlet because of the thermal reactions pathway. SO2 removal efficiency decreases rapidly with the 
temperature increase. Humidity is the second parameter, that impact on the process efficiency; 
however it is hard to observe it because of the strong correlation between the humidity and the 
temperature of the process caused by the simultaneous cooling and humidification process in the 
cooling tower. Nevertheless improvement of the removal efficiency was observed when humidity was 
increased by adding a steam into the cooling tower. Maximum SO2 removal efficiency (98%) required 
increasing the humidity up to 14% vol. 

During simultaneous removal of SO2 and NOx, the impact of ammonia stoichiometry on SO2 
removal is much higher than on NOx removal. This phenomenon is illustrated in Figure 5. As it was 
previously found during laboratory and pilot plant research, the dose (Figure 3) plays rather moderate 
role in this process and with low temperature and high humidity, low dose is required to obtain high 
removal efficiency. 
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FIG. 5. SO2 and NOx removal efficiency vs. ammonia stoichiometry. 

Interesting phenomenon is the impact of ammonia injection pathway on SO2 removal efficiency 
(see Figure 6). It is shown that adding at least 50% of total ammonia water amount straight to the 
cooling tower increases SO2 removal efficiency considerably The other factors as flue gas flow rate 
and inlet concentration has much less impact on SO2 removal efficiency. 
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FIG. 6. SO2 removal efficiency vs. ammonia dosing way in Pomorzany, Poland. 
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The by-product output is usually in the range of 200 – 300 kg/h depending on the flue gas flow 
rate, and pollutants concentration. The by-product contents mainly ammonium sulphate (45 – 60%), 
ammonium nitrate (22 – 30%). The most important impurity is ammonium chloride (10 – 20%) that is 
a result of high concentration of sodium chloride in Polish coal. The insoluble matter content is in the 
range 0.5 – 2% and it consists mostly of residuals of fly ash and some rust, so the heavy metals occur 
only in traces. The total nitrogen content is up to 27% compared to 21% in ammonium sulphate. The 
whole amount of generated by-product is sold to the local fertilizer production plant, and the incomes 
lower the overall operational costs of the plant. 

The most important problems during operation of the plant were connected with the accelerators 
produced by Nissin High Voltage (Japan). In the beginning of the start-up trials, a high voltage 
supplier malfunction occurred and the electron energy had to be lowered from 800 keV to 700 keV. 
Lowering the energy of electrons resulted in reduction beam penetration in the gas, so some part of the 
gas remained not irradiated. In order to correct this problem the construction of bottom of the reaction 
vessel had to be rearranged. Also availability of the accelerators was not satisfactory due to planned 
maintenance (window foil and cathode exchange) and frequent malfunctions. As all the problems with 
other parts of the facility were successfully solved, the proper selection of accelerators is crucial for 
reliability of the whole installation and further development of the technology. 

The second problem that needs to be especially carefully considered is the corrosion.  The 
corrosive conditions are inside the installation, especially inside and after the reaction vessel.  The 
quality of materials used for the construction and anticorrosion coatings application is crucial for long 
life of the installation. 

Apart of the technical advantages of EBFGT technology, the economical side of the investment 
is very important for the future investors. In the world, the most often used is a combination of wet 
flue gas desulphurisation and selective catalytic reduction systems. Therefore the trial of comparison 
of investment and operational costs between electron beam flue gas treatment method and wet FGD + 
SCR method was undertaken [8]. The comparison of the costs of various emission control methods for 
a 120 MWe unit is presented in Table I. 

 

TABLE I. THE COSTS OF VARIOUS EMISSION CONTROL METHODS FOR A RETROFIT 
120 MWE UNIT 

Emission control method 
Investment cost  

(USD/kWe) 
Annual operational cost 

(USD/MWe) 

Wet flue gas desulphurisation 120 3000 

Selective catalytic reduction 110 4600 

Wet FGD + SCR 230 7600 

Electron beam FGT 160 7350 

 

The above calculations indicate that the method is attractive in the case of both pollutants 
removal. Please notice that the calculations were made for high NOx removal case. In the case of low 
NOx removal both investment and operational costs will be considerably reduced. In the future it is 
expected to obtain the costs of EBFGT method at the level of wet-FGD costs. 
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4. PERSPECTIVES OF TECHNOLOGY DEVELOPMENT 

The electron beam flue gas treatment technology is very attractive. The process allows for 
effective simultaneous removal of SO2 and NOx, and other pollutants (VOC, dioxins), that makes it 
universal multi-pollution control system with wide spectrum of potential applications. Process idea as 
well as facility construction is simple and most of apparatus are routinely used in the industry. This 
makes easy retrofitting and unification of the EBFGT facility with the power plant. With its high 
flexibility, the installation may be used in different modes (ex. winter and summer operation of 
thermal power plant) and may be easily upgraded for future modernizations. Not less important is the 
by-product, which is fully usable, very clean fertilizer. Also preliminary economical calculations 
indicate for competitiveness of the EBFGT process comparing to set of wet-FGD and SCR processes. 

However there are many advantages of the EBFGT technology, there are still some weak points, 
that halt the process implementation in the industry. The most important is the high power accelerators 
state of art. The power of existing accelerators allows for construction of flue gas treatment facilities 
for low and medium size power generation units. On the other hand the reliability of such big 
machines is still regarded as not satisfactory (over 8500 hours of operation per year is required) and 
the price of this apparatus is very high. 

The second point is high investment risk of such enterprise. At this moment there is only one 
reference facility in the world – installation constructed at Pomorzany Electric Power Plant in Poland. 
Also no company in the world can offer key ready EBFGT facility. On the other hand wet-FGD 
process is the most popular desulphurization process and most of power plants in the industrialized 
countries are already equipped in such installations. In this case there is no point to double SO2 
removal system. 

The breaking point of the technology development may be its commercialization. The first step 
of the whole process development is development of the crucial element of the chain –  the 
accelerators. Higher power and more reliable accelerators will allow for further implementations of the 
technology. With the increase of the implementations of the technology the demand for accelerators 
will increase that should result in reducing of the accelerators price. 

Another element is reducing the investment risk of new facilities. There success of projects in 
China, Bulgaria and Saudi Arabia may be an impulse for the investors. Of course the market in 
Europe, United States and other industrialized parts of the world according to power plants is already 
saturated by conventional desulphurization methods. Therefore new regions and new fields of 
application should be sought. EBFGT technology may be applied in the regions of the world, where 
emission control regulations were introduced recently. The second direction is application for the 
processes different then coal combustion. As the technology may be applied for more then two main 
pollutants it can be used in different branches of industry (eg. ore .sintering off gases, waste 
incineration plants etc.). The recent research also indicates that it can be used for treatment of the gas 
from combustion of fuels other than coal. New plants and processes, where no emission control 
method is used may be the chance for application of EBFGT technology. 

The last, but not least problem is economy of the process. It seems that the process is 
economically attractive in the case of both pollutants removal and the market status of by-product is 
crucial for the operational costs of the plant. However the data available at the moment are not enough 
convincing for the investors. Therefore further studies on the process economy are welcome. 

The electron beam flue gas treatment technology proved its ability for application in the 
industry. Intensive promotion of the method together with breaking up the last technological and 
marketing barriers will allow for creating the good engineering company being able to offer this 
technology in the international market. Success of such enterprise will be the success of international 
team working on different aspects of electron beam flue gas treatment. 
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5. CONCLUSIONS 

1. The industrial EB plant has proven the ability of the technology for efficient removal of SO2 and 
NOx from flue gases from coal combustion processes. 

2. The solutions applied to main devices of this facility were correct. Most of the problems that 
were observed in the previous stage of operation were solved. 

3. The by-product is a high quality fertilizer component and is well accepted by Fertilizer 
Company. 

4. The experiences gathered during the erection and operation of Pomorzany EB plant can be used 
during the design and construction of new facilities. 

5. EBFGT installation needs further development. The most important is development of the 
accelerators to assure high availability of the facility. Also further development of the 
technology itself will enable using it for treatment of flue gases from various combustion 
processes. 

6. The EB technology is one of the most promising multi-pollution control systems. In the near 
future the commercialization of the technology should take place. 
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