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Abstract 

Removal of SO2 and NOx from flue gases in fossil-fueled power plants by irradiation with accelerated 
electrons was first investigated in Japan more than 30 years ago. This process has since been extensively 
evaluated in several pilot facilities in Japan, the USA, Germany, Poland, Bulgaria and China. Recently, it has 
advanced to the demonstration plant stage in Poland, Japan and China. Except for the initial research facility in 
Japan, which had a 5.5 MeV microwave linear accelerator, these facilities have used relatively low-energy dc 
accelerators rated from 0.3 MeV to 0.8 MeV. An attractive feature of such accelerators is their high electrical 
efficiency, which can exceed 90%. However, the electron beam power dissipated in the two titanium beam 
windows, the first on the accelerator and the second on the flue gas duct, and in the air space between the 
windows must also be taken into account. These beam power losses have been calculated as 54% at 0.50 MeV 
and 28% at 0.75 MeV, but they decrease further to 17% at 1.0 MeV, 9.3% at 1.5 MeV, 6.7% at 2.0 MeV, 5.2% 
at 2.5 MeV and 4.6% at 3.0 MeV. The use of accelerators providing electron energies higher than 0.75 MeV 
could facilitate the generation and delivery of the high beam current and beam power requirements for large 
electric power plants, which are about 1% to 2% of the electrical power output of the plant. Most of the pilot and 
demonstration facilities have used ammonia gas to neutralize the acid vapors produced during the irradiation 
process. The resulting by-products are ammonium sulfate and ammonium nitrate, which have value as 
agricultural fertilizers. On the other hand, two pilot facilities, one in the USA and the other in Japan, have shown 
that slaked lime (calcium hydroxide) is a possible alternative to ammonia. The resulting by-products in this case 
are calcium sulfate and calcium nitrate, which can be used as soil amendments or to make gypsum board 
(drywall) for interior construction in homes and industrial buildings. In contrast to ammonia, slaked lime gives 
somewhat different results from the irradiation process. It is more effective in removing nitrogen oxides, whereas 
ammonia is more effective in removing sulfur dioxide. For power plants which are already equipped with wet 
limestone scrubbers for sulfur dioxide, the addition of an electron beam facility with lime neutralization could be 
a more attractive way to remove the residual nitrogen oxides than selective catalytic reduction. The calcium 
nitrate so produced would be a safer by-product than ammonium nitrate with a low concentration of ammonium 
sulfate, which could be mixed with fuel oil to make an explosive material. 

1. INTRODUCTION 

The electron beam flue gas irradiation process was originally demonstrated in Japan during the 
1970s [1, 2]. The Ebara Corporation cooperated with the Japan Atomic Energy Research Institute to 
develop and implement this process, which can remove both sulfur dioxide and nitrogen oxides. Since 
then, it has been extensively evaluated in several pilot facilities in Japan, the USA, Germany, Poland, 
Bulgaria and China. The design and performance data of the Ebara pilot facility at the Indianapolis 
Power and Light Co. in Indianapolis, Indiana USA, have been presented in detailed reports [3-6]. The 
favorable results from all of these studies have justified the construction of larger demonstration 
facilities in Poland, China and Japan to irradiate flue gases from coal-fired power plants [7-12]. 

Except for the initial research facility in Japan, which had a low-power 5.5 MeV microwave 
linear accelerator, and the pilot facility in Karlsruhe, Germany, which used an extended-beam, 
0.3 MeV direct current (dc) accelerator, all of the other pilot facilities have used dc accelerators with 
scanning beams and electron energies of about 0.7 MeV to 0.8 MeV. Flexible high-voltage cables can 
be used in this energy range to connect the high-voltage generators to the electron accelerators, 
thereby reducing the space needed for the shielded irradiation equipment. Electron beam power ratings 
for these pilot facilities have been in the range of 40 kW to 80 kW per accelerator. 

Generators and accelerators with much higher beam power ratings have been developed for the 
demonstration facilities. The Chengdu EBA installation at the Huaneng Chengdu Thermal Power Plant 
and the Hangzhou EBA installation at the Hangzhou Xielian Thermal Power Plant are each equipped 
with two accelerators rated for 320 kW of beam power at 0.8 MeV. The Jingfeng Thermal Power Plant 
near Beijing is equipped with two accelerators, each rated for 500 kW at 1.0 MeV, and one rated for 
300 kW at 1.0 MeV. The EPS Pomorzany power plant in Szczecin, Poland, is equipped with four 
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electron accelerators, each designed for 300 kW at 0.75 MeV. These have been operated continuously 
with 260 kW at 0.7 MeV to provide a total electron beam power of slightly more than 1000 kW. 

The average absorbed dose in the flue gas is in the range from 5 kGy to 10 kGy, depending on 
the composition of the gas and the desired SO2 and NOx removal efficiencies. This dose requires an 
absorbed electron beam power in the range from 1% to 2% of the electrical power output of the plant. 
In the USA, the average capacity of new coal-fired power plants under construction or recently 
proposed is in the range from 500 MW to 600 MW [13]. A 500 MW coal-fired plant would need from 
5 MW to 10 MW of absorbed electron beam power. Assuming 500 kW per accelerator, a plant of this 
size would require at least 10 to 20 accelerators, and somewhat more to compensate for the losses in 
transmitting the electron beam into the flue gas. These very high power requirements for treating flue 
gases present an opportunity to utilize even more powerful accelerators, which could reduce the total 
capital cost of the irradiation facility by reducing the number of accelerators and their ancillary 
equipment. 

2. ADVANTAGES OF HIGHER ELECTRON ENERGIES 

An advantage of using electron energies higher than 0.75 MeV is the improvement in efficiency 
for transmitting the electron beam from the accelerator into the flue gas [14]. Another advantage is the 
reduction in beam current for the same beam power, which would facilitate the generation and 
delivery of the high beam current and high beam power requirements for large electric power plants. 

The beam window losses have been calculated by using the ITS3 TIGER Monte Carlo code 
[15]. The one-dimensional, depth-dose distribution in the beam windows, the air space between the 
windows and the flue gas (simulated with the composition and density of air), when irradiated with an 
incident electron energy of 0.75 MeV, is shown in Figure 1. The beam windows on the electron 
accelerator and the flue gas vessel are both 50 µm (micrometers) of titanium. Thinner 25 µm windows 
have been found to be unreliable for this irradiation process [4]. The air space between the windows is 
15 cm. The horizontal scale is the depth in cm multiplied by the volume density in g/cm3. This can 
also be called the area or areal density in g/cm2. The vertical scale is the energy deposition per electron 
in MeV/(g/cm2). The areas under the curve represent the energy depositions in MeV per electron in 
each material. 

 

Depth-Dose Distribution - 0.75 MeV
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FIG. 1. Calculated one-dimensional depth-dose distribution showing the electron energy depositions in the two titanium 

beam windows, the air space between the windows and the irradiated flue gas (air) at 0.75 MeV. The labeled areas under the 
curve give the energy depositions in MeV per electron. 
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Similar calculations have been done with incident electron energies ranging from 0.50 MeV to 
3.0 MeV. The electron energy losses in the beam windows and in the air space between the windows 
and also from electron backscattering are shown in Figure 2. The sum of these losses is 54% of the 
incident energy at 0.50 MeV, 28% at 0.75 MeV, 17% at 1.0 MeV, 9.3% at 1.5 MeV, 6.7% at 2.0 MeV, 
5.2% at 2.5 MeV and 4.6% at 3.0 MeV. The percent of incident energy transmitted through the 
windows is shown in Figure 3. It is 46% at 0.50 MeV, 72% at 0.75 MeV, 83% at 1.0 MeV, 90.7% at 
1.5 MeV, 93.3% at 2.0 MeV, 94.8% at 2.5 MeV and 95.4% at 3.0 MeV. It appears that most of the 
gain in transmission efficiency would be obtained by increasing the incident energy to 1.5 MeV or 
2.0 MeV. The electron beam current needed to transmit 500 kW through the windows while 
compensating for the losses mentioned above (but not for losses to the vessel walls) is shown in Figure 
4. It is 2.150 mA at 0.5 MeV, 923 mA at 0.75 MeV, 604 mA at 1.0 MeV, 367 mA at 1.5 MeV, 
268 mA at 2.0 MeV, 211 mA at 2.5 MeV and 175 mA at 3.0 MeV. Increasing the electron energy by a 
factor of 2.0 from 0.75 MeV to 1.5 MeV would reduce the electron beam current requirement by a 
factor of 367/923 = 0.40 or 1/2.5 (the additional reduction in beam current comes from the reduced 
window losses). 
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FIG. 2. Percentage of electron energy losses in the two 50 micron titanium beam windows, the 15 cm air space between the 

windows and backscattering from the windows as a function of the incident electron energy from 0.50 MeV to 3.0 MeV. 
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Useful Electron Energy vs Incident Energy
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FIG. 3. Percentage of incident electron energy transmitted through the two 50 micron titanium beam windows and the 15 cm 

air space between the windows as a function of the incident electron energy from 0.50 MeV to 3.0 MeV. 
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FIG. 4. Incident electron beam current in mA needed to transmit 500 kW through the two 50 micron titanium beam windows 
and the 15 cm air space between the windows as a function of the incident electron energy from 0.50 MeV to 3.0 MeV. Power 

losses to the vessel walls are not included. 
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Three-dimensional calculations of the depth-dose distributions in air inside a cylindrical steel 
vessel have been done for incident electron energies of 1.5 MeV and 2.5 MeV with the MCNPX 2.5.0 
Monte Carlo code [16]. A graph of the results for 1.5 MeV, a vessel radius of 5.0 m and a length of 
7.0 m is shown in Figure 5. Data for net energy absorption in the gas with vessel radii from 1 m to 6 m 
at both 1.5 MeV and 2.5 MeV are shown in Figure 6. It is evident that a radius of 5 m would be 
sufficient to absorb most of the electron energy at 1.5 MeV. In this case, the percent of incident energy 
absorbed in the gas inside the vessel is 89.8%. Since the percent of incident energy transmitted 
through the beam windows is 90.7%, then the percent electron energy lost in the walls of the vessel is 
only 90.7 – 89.8 = 0.9%. With a 4 m radius, the energy absorbed in the gas is 86.3%, so the energy 
lost in the vessel walls is 90.7 – 86.3 = 4.4%. With a 3m radius, the energy absorbed in the gas is 
75.9%, so the energy lost in the vessel walls is 90.7 – 75.9 = 14.8%. With a 2 m radius, the energy 
absorbed in the gas is 59.5%, so the energy lost in the vessel walls is 90.7 – 59.5 = 31.2%. These 
figures indicate that the vessel radius should be at least 4 m and preferably 5 m to minimize the energy 
lost in the walls with an incident electron energy of 1.5 MeV. These large sizes may be acceptable for 
a 500 MW power plant, where the flue gas ducts and stack dimensions are also large. 

 

 

FIG. 5. Calculated three-dimensional depth-dose distribution in a cylindrical vessel filled with flue gas (air) at the normal 
atmospheric density of 1.2 kg/m3, taking account of the energy losses in the beam windows and the air space between the 

windows. Vessel radius is 5 m. Vessel length is 7 m. 
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FIG. 6. Net electron energy deposition in the flue gas (air) inside the irradiation vessel as a function of the vessel radius from 
1 m to 6 m, taking account of the energy losses in the beam windows and the air space between the windows, with incident 

electron energies of 1.5 MeV and 2.5 MeV. 

3. HIGH-ENERGY, HIGH-POWER ACCELERATORS 

3.1.  Constant Potential Accelerators 

For electron energies above 0.8 MeV, a flexible high-voltage cable cannot be used to connect 
the high-voltage generator to the accelerator. However, this connection can be made with a rigid, gas-
insulated, high-voltage transmission line, as shown in Figure 7. A photograph of a 1.5 MeV, 150 kW 
Dynamitron® accelerator is shown in Figure 8. This design was developed many years ago by RDI, 
which is now a part of IBA Industrial, Inc. [17]. With one cascaded-rectifier circuit, as shown by the 
diagram in Figure 9, this type of generator can supply an electron beam load of 100 mA. With two 
rectifier circuits in parallel, the beam load can be 200 mA. With four parallel rectifier circuits, as 
shown by the diagram in Figure 10, the beam load can be 400 mA [18]. Therefore, the beam power 
can be 600 kW at 1.5 MeV. This transmission-line configuration, with one or two rectifier circuits, has 
been used in many facilities for irradiating commercial products, such as insulated wire, plastic tubing 
and rubber parts for automobile tires. For very high-current, high-power applications, such as 
irradiating flue gases, this configuration can be extended to connect a single high-voltage generator to 
multiple accelerators, as shown by the diagram in Figure 11 [19]. This concept has also been adopted 
by the Budker Institute of Nuclear Physics and the Efremov Research Institute [20-23]. Delivering the 
total beam power with multiple accelerators is consistent with data showing that multiple electron 
beams, displaced along the flue gas duct, are more effective than a single beam for removing nitrogen 
oxides from flue gases [7]. This might be evidence for a dose-rate effect, wherein very high 
concentrations of ions and free radicals can be less effective because of reactions between these active 
components of the irradiated gas. 
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FIG. 7. Diagram of a Dynamitron® system with a gas-insulated, rigid transmission line connecting the high-voltage 

generator to the electron accelerator. This configuration has been used in the energy range from 0.50 MeV to 1.5 MeV. 

 

 
Fig.8. Photograph of a Dynamitron® system with a gas-insulated, rigid transmission line connecting the high-voltage 
generator to the electron accelerator. This model is capable of producing 150 kW of electron beam power at 1.5 MeV. 
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FIG. 9. Diagram of a Dynamitron® high-voltage generator with one cascaded-rectifier circuit. 

 
FIG.10. Diagram of a Dynamitron® high-voltage generator with four parallel rectifier circuits. 
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FIG.11. Diagram of a Dynamitron® system with gas-insulated, rigid transmission lines connecting the high voltage 

generator to four accelerators. 

3.2.  Radio Frequency Accelerators 

Radio frequency (rf) accelerators can produce high-energy, high-power electron beams without 
needing high-voltage generators. The Rhodotron® accelerators, made by IBA Industrial, Inc., achieve 
high electron energies by passing the beam repeatedly through a large, coaxial, resonant cavity [24]. A 
diagram of the beam paths is shown in Figure 12. A three-dimensional drawing of the coaxial resonant 
cavity is shown in Figure 13. In a typical Rhodotron, the electrons gain 1 MeV of energy per pass 
through the cavity. Higher energies are obtained via multiple passes through the same cavity. With ten 
passes, 10 MeV, 20 mA, 200 kW beams have been produced. The rf power is generated with a self-
tuning tetrode amplifier at a frequency of 107.5 MHz [25-27]. Continuous wave (cw) excitation of the 
cavity produces a continuous electron beam, which is bunched at the resonant frequency. The absence 
of macro-bunching reduces the peak beam current, in comparison to a microwave linear accelerator 
(linac) with the same average beam power. The very short time interval (about 9 ns) between beam 
bunches allows the beam to be scanned as rapidly as a dc beam without producing gaps on a moving 
product conveyor or a stream of liquid or gaseous material. 
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FIG. 12. Diagram of the electron beam paths in a six-pass Rhodotron® accelerator. 

 

 

FIG. 13. Three-dimensional drawing of a ten-pass Rhodotron® cavity showing the rf amplifier at the top of the cavity and the 
electron beam deflecting magnets located around the middle of the cavity. 

 

Operating Principle 

G

DD

IBA Rhodotron® RF Electron Accelerator 

External Beam Transport 



Working Material 

228 

 

A more powerful Rhodotron, Model TT1000, has recently been developed, which can produce a 
7.0 MeV, 100 mA, 700 kW electron beam [28]. A photograph of this accelerator is shown in Figure 
14. The beam passes through the cavity six times, gaining 1.17 MeV per pass. The cavity size is the 
same as the 10 pass, 10 MeV model and resonates at the same frequency. The main difference in the 
six-pass version is the larger tetrode amplifier tube, which can provide more than one megawatt of rf 
power. In order to provide more beam current and beam power with lower electron energies, multiple 
beams can be injected into the same cavity with separate electron guns. The concept of accelerating 
two beams with two passes per beam is shown in Figure 15. In this case, each beam could provide 125 
mA or 313 kW at 2.5 MeV. The total beam power would be 625 kW. Beam focusing requirements 
would limit the current in each beam. Another concept of accelerating six beams with one pass per 
beam is shown in Figure 16. In this case, each beam could provide 100 mA or 150 kW at 1.5 MeV. 
The total beam power would then be 900 kW. All six beams could be injected into the same flue gas 
duct with a suitable beam focusing and deflecting system. An alternative concept would be to inject 
three beams into one duct and three into a parallel duct. Even with this much electron beam power, a 
500 MW power plant would need at least 5 to 10 of these accelerators. 

 

 

FIG. 14. A photograph of the six-pass Model TT1000 Rhodotron® which can produce an electron beam of 100 mA or 700 
kW at energy of 7.0 MeV. 
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FIG. 15. Diagram of a two-beam, two-pass Rhodotron system. The electron beam current from each source can be 125 mA 

and the final energy can be 2.5 MeV. The total beam power can be 625 kW. 

 

 
FIG. 16. Diagram of a six-beam, one-pass Rhodotron® system. The electron beam current from each source can be 100 mA 

and the electron energy can be 1.5 MeV. The total beam power can be 900 kW. 
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4. ACID NEUTRALIZATION WITH SLAKED LIME 

The use of slaked lime to neutralize the sulfuric and nitric acid vapors, which are produced by 
the irradiation process, could be an alternative to ammonia for power plants that are equipped with wet 
limestone scrubbers for removal of sulfur dioxide. Many power plants in the USA already have such 
scrubbers, which are very effective for removing sulfur dioxide, but are inefficient for nitrogen oxides. 
In contrast, the electron beam process is effective in removing both the sulfur dioxide and the nitrogen 
oxides. When it is used to treat flue gas that has not gone through a wet limestone scrubber, the 
concentration of ammonium sulfate is usually much greater than that of ammonium nitrate. Whereas 
ammonium sulfate with a small concentration of ammonium nitrate is a safe material, ammonium 
nitrate with a small concentration of ammonium sulfate could be mixed with fuel oil to make an 
explosive material. With these conditions, the addition of an electron beam facility with slaked lime 
neutralization to a power plant that already has a wet limestone scrubber could be a more attractive 
way to remove the risidual nitrogen oxides than selective catalytic reduction. 

Cottrell Environmental Sciences and the High Voltage Engineering Corporation installed and 
evaluated a pilot electron beam irradiation facility with slaked lime neutralization at the TVA Shawnee 
Steam Plant in Paducah, Kentucky, USA [29, 30]. This project was supported by the U.S. Department 
of Energy (DOE). The NKK Corporation installed and evaluated a smaller pilot facility of this type at 
the Matsudo Waste Disposal Center in Matsudo, Japan [31]. This project was supported by the 
Japanese Atomic Energy Research Institute (JAERI). 

A diagram of the Cottrell/High Voltage Engineering treatment process is shown in Figure 17. A 
mixture of water and slaked lime is pumped into the flue gas with a spray reactor. In addition to 
adding lime, this adds water, which is needed in the irradiation process to produce the acid vapors, and 
it also lowers the temperature of the flue gas, which increases the efficiency of the removal process. 
Slaked lime (calcium hydroxide) can be produced by heating limestone, CaCO3, to form calcium 
oxide, CaO, which is then reacted with water to form calcium hydroxide, Ca(OH)2. The composition 
of the flue gas entering the spray reactor is shown in Table I and the composition of the gas mixture 
leaving the spray reactor is shown in Table II. These data show that the concentration of sulfur dioxide 
was reduced from 1000 parts per million (ppm) to 300 ppm by reaction with the calcium hydroxide 
before the gas was irradiated. However, the concentration of nitrogen oxides, 350 ppm, was the same 
entering and leaving the spray reactor. 

 

FIG. 17. Diagram of the Cottrell/High Voltage Engineering flue gas treatment process. A mixture of water and slaked lime is 
injected into the flue gas stream with a spray reactor. The gas mixture is then irradiated and passed through a fabric filter to 

remove the particles of calcium sulfate and nitrate. 
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TABLE I. TYPICAL FLUE GAS COMPOSITION INTO SPRAY DRYER. TEMPERATURE 150°C. DATA 
FROM REFERENCE [30]. 

N2 72% by volume 
O2 5% by volume 

CO2 13% by volume 
H2O 10% by volume 
SO2 1000 ppm 
NOx 350 ppm 

Fly Ash a. gm/ACM 

 

TABLE II. TYPICAL FLUE GAS COMPOSITION OUT OF SPRAY DRYER.TEMPERATURE 66°C. DATA 
FROM REFERENCE [30]. 

N2 70% by volume 
O2 4% by volume 

CO2 12% by volume 
H2O 14% by volume 
SO2 300 ppm 
NOx 350 ppm 

Fly Ash 3.7 gm/ACM 
CaSO3 1.4 gm/ACM 
CaSO4 0.7 gm/ACM 
CaCO3 0.7 gm/ACM 

Ca(OH)2 0.7 gm/ACM 

 

A diagram of the electron beam pilot facility at the TVA Shawnee Steam Plant is shown in 
Figure 18. Two accelerators were connected to one high voltage generator with flexible cables. The 
generator was an Insulating Core Transformer (ICT) made by High Voltage Engineering [32]. The 
operating voltage was 0.75 MeV and the beam current in each accelerator was 50 mA. The total beam 
power was 75 kW. The irradiation chamber was located underground for radiation shielding. Both 
beams were directed downward and the flue gas was mixed with a vortex damper to compensate for 
the non-uniform dose distribution in the gas. The gas rotated twice while passing each accelerator. The 
gas duct had a diameter of 1.8 m and a length of 6 m. The measured dose distribution in air indicated 
that the gas absorbed about 70% of the electron beam power output. 

 



Working Material 

232 

 

 
FIG. 18. A diagram of the electron beam pilot facility at the TVA Shawnee Steam Plant. Two accelerators, each with 50 mA 
of beam current were connected to one 0.75 MeV ICT high voltage generator with flexible cables. The total beam power was 

75 kW.  The irradiation chamber was located underground for radiation shielding. 

 

The flue gas mixture was irradiated with the two electron beams to produce sulfuric and nitric 
acid vapors, which then reacted with the slaked lime to produce fine particles of calcium sulfate and 
calcium nitrate. These particles were subsequently removed by passing the gas through a fabric filter. 
The efficiencies for removing the sulfur and nitrogen oxides are shown in Figure 19 as a function of 
the absorbed dose. These data show that the efficiencies for removing nitrogen oxides were higher 
than the efficiencies for removing sulfur dioxide. The labels on the curves show that increasing the 
moisture content from 6% to 14% by volume at 100°C increased the removal efficiencies for both the 
sulfur and nitrogen oxides. Similar curves in Figure 20 show that reducing the temperature from 
135°C to 65°C at 14% moisture increased the removal efficiencies for both sulfur and nitrogen oxides. 
With these conditions of high moisture and low temperature, about 95% of the nitrogen oxides could 
be removed with an absorbed dose of 5 kGy. 
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FIG.19. Curves showing the percent removal of sulfur and nitrogen oxides as a function of the absorbed dose at 100 °C. 
Increasing the moisture content from 6% to 14% increased the removal efficicies for both gases. 

 

 

FIG. 20. Curves showing the percent removal of sulfur and nitrogen oxides as a function of the absorbed dose at 14% 
moisture. Reducing the temperature from 135 °C to 60 °C increased the removal efficiencies for both gases. 

 



Working Material 

234 

 

5. CONCLUSION 

Electron energy losses in the dual beam windows and the intervening air space could be 
significantly reduced by increasing the electron energies to at least 1.5 MeV. The lower electrical 
efficiencies of accelerators with higher energies would be partially compensated by the lower electron 
energy losses in the two beam windows and the air space between the windows. Gas-insulated, rigid 
transmission lines can connect high-voltage generators to multiple accelerators without the voltage 
limitation of 0.8 MV, which is imposed by flexible high-voltage cables. 

In comparison to accelerators with electron energies in the range of 0.7 to 0.8 MeV, accelerators 
with higher electron energies can provide higher beam powers with lower beam currents. This could 
be an advantage for supplying the high beam current and beam power needed for very large electric 
power plants. Modern high-energy, high-power electron accelerators are capable of meeting these 
substantial current and power requirements with multiple systems. 

The use of slaked lime vs ammonia for neutralizing the acid vapors produced by the irradiation 
process could be attractive for electric power plants that are already equipped with wet lime scubbers 
to remove sulfur dioxide. This could eliminate the need to sell fertilizer to recover the significant cost 
of ammonia, and it could reduce the risk of producing, storing and disposing of large quantities of 
ammonium nitrate with low concentrations of ammonium sulfate, which would be considered a 
hazardous material in the USA. 
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