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Abstract 

The electron beam treatment of flue gas is one of the new technologies. There are several reasons for 
carrying out dosimetry at various phases of the project as understanding the process and optimizing the 
equipment, for process control and for troubleshooting in case of malfunction etc. The main challenge in 
measuring dose for flue gas applications is that the medium being irradiated is gaseous. Two general approaches 
for dose measurements are: adding/placing some dosimeters in the reaction vessel (gas) and using the 
components of the gas itself as a dosimeter. Various techniques and methods have been tried which are discussed 
in this paper. 

1. INTRODUCTION 

Combustion of oil and coal generates flue gas which contains harmful components such as SO2 
and NOx. Chmielewski [1] has tabulated concentrations of these two and other pollutants in flue gases 
from burning hard coal, lignite, municipal waste and copper smelters. Their emission into the 
atmosphere needs to be strictly controlled, since such pollutants affect people’s health, increase 
corrosion, and destroy cultivated soil and forests. It is generally assumed that the SO2 and NOx 
emission standards for power plants and industrial burners can only be met by secondary, i.e. post-
combustion flue gas cleaning techniques [2]. Thus, the only option in the case of existing boilers, 
when large changes to the combustion process cannot be introduced, is to control the emissions. 
Several technologies exist for flue gas cleaning. Conventional air pollution control technology (wet 
scrubbing and selective catalytic reduction – SCR) has been developed in Japan, Germany and the 
USA to a state which will not allow significant cost reduction in the near future, especially for 
medium-sized boilers (50-300 MWe). Desulphurization of flue gas is usually accomplished using a 
wet method, in which a large quantity of wastewater has to be treated. On the other hand, NO is 
difficult to remove because of its low reactivity. The modification of combustion furnaces and process 
for further reducing the emission of NO has not been achieved yet. 

The new methods must have advantages (dry system without any wastewater treatment, 
simultaneous SO2 and NOx removal, simple system with easy operation, no expensive catalysts for 
NOx removal, useful by-product) over the conventional ones with higher removal efficiency and lower 
cost to be accepted in the market in near future. The electron beam treatment of flue gas is one of these 
new technologies. Its success in significantly reducing SO2 and NOx has already been demonstrated in 
many pilot plants and a few full commercial plants. 

There are several advantages in employing ionizing radiation (electrons) for this purpose, 
including [3]: 

- several polluting gases are removed simultaneously with high efficiency,  

- dry system without any wastewater treatment,  

- simple system with easy operation,  

- compact plant, thus easy for retrofitting in an existing power station,  

- high energy efficiency, and  

- by-product can be used as fertilizer. 

The process proposed, requires beam power of 300 kW or more, and electron energy in the 
range of 0.8 to 1 MeV. Accelerators suitable to fulfill such requirements are based on high-power, 
high-voltage transformers according to the present state-of-the-art accelerator technology. The 
electron beam technology is relatively flexible and adaptable to local conditions. The process can be 
easily adapted for different removal efficiency levels and adjusted for use with different fuels. Also, 
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retrofitting of existing facilities to reduce NOx and SO2 concentrations to meet low-space requirements 
is an attractive option. 

The small-scale experiments and results obtained in pilot plant facilities showed that SO2 and 
NOx can be simultaneously removed from irradiated flue gas from coal-fired, crude-oil and gas-fired 
power plants. The direct technological goal of flue gas irradiation is the formation of highly reactive 
species like ions, low energy electrons, molecular ions, free radicals and also excited atoms and 
molecules, which are capable to oxidize SO2 and NOx into SO3 and N2O5 and to convert them into 
acids with the presence of water. This is a dry-scrubbing process of simultaneous SO2 and NOx 
removal. Researchers have shown that irradiation of flue gases with an electron beam can bring about 
chemical changes that make removal of these substances easier. 

There are several energy related process parameters that impact the efficacy of the process and 
thus the success of the technology, and therefore it is essential that their values during the process are 
well determined. The primary ones are: 

- process dose, that is the minimum dose required to achieve the desired levels of the pollutants; this 
value drives the entire process. Of course, its value generally would depend on many other process 
parameters, such as initial pollution concentration, temperature and humidity. Thus, its value must be 
determined for the case under consideration. 

- dose distribution in the reaction vessel; as discussed earlier non-uniformity of dose reduces removal 
efficiency, especially of NOx. Thus, various ways may be employed to make dose more uniform in the 
reaction vessel. Thus, the distribution needs to be measured to see the effect of this and to select the 
optimum case. Information about dose distribution also would help to determine the optimum size of 
the reaction vessel. 

- energy utilization efficiency; that is the energy absorbed by gas and used for chemical reactions in the 
reaction vessel as compared to what was emitted by the radiation source, generally electron 
accelerator. The economics of the process strongly depends on the cost of the electron beam power 
delivered to the flue gas. Thus, efficiency of the electron accelerators becomes one of the most 
important issues to be resolved before this technology can be widely used in a full power plant 
installation. 

In general, there are several reasons for carrying out dosimetry at various phases of the project. 
For example, in research phase, it is necessary for understanding the process and optimizing the 
equipment; in pilot scale facilities, this information needs to be reconfirmed that scaling has not 
affected the results, and in industrial facilities dosimetry may be needed for process control and for 
troubleshooting in case of malfunction. 

The main challenge in measuring dose for flue gas applications is that the medium being 
irradiated is gaseous. And it is not placed in containers like medical devices or foodstuff for 
irradiation. For flue gases, some part can move relative to other parts. This complicates interpretation 
of dosimetry results. Two general approaches for dose measurements are: i) adding/placing some 
dosimeters in the reaction vessel (gas), and ii) using the components of the gas itself as a dosimeter. 
Various techniques and methods have been tried which are discussed below.  

2. DOSE AND DOSE DISTRIBUTION MEASUREMENT. 

The basic data for estimation of the radiation dose being absorbed in gas may be obtained from 
measurement of the gas temperature increase in irradiation zone; the ratio of the gas thermal energy 
raise to its mass flow gives the average dose rate. This method (Fig. 1 below) is the simplest and gives 
on-line data, but needs some verification to make possible evaluation of errors due to RV walls 
heating or gas volume increase in RV. 
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FIG. 1. Calorimetric method of average dose to gas measurement. 

Additional measurements can be performed using well known solid-state dosimeters like PVC 
or CTA, but in this case the hardware arrangement and the measurement procedure become more 
complicated. Fig. 2 shows possible location of CTA dosimeter stripes in perpendicular crossection of 
RV and typical readout of CTA optical density changes due to radiation absorbed. 

 

 

FIG 2. CTA dosimeter positioning in RV and example of readout record. 

Data recorded from irradiated CTA matrix contain much more information than this provided 
by average dose measurement, after digital processing and image transformation it is possible to 
obtain dose map of examined RV crossection (Fig. 3). 
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FIG. 3. Maps of dose distribution in Reactor Vessel obtained after data processing. 

 

Another suitable from point of view of irradiated medium type dosimetry technique is applying 
a gas dosimeter. There are several compounds that can be used as gas-based dosimeters, the one 
known from literature is N2O, which radiation decomposition reactions and reaction rates are 
described in [2.] 

 

TABLE I. N2O RADIATION DECOMPOSITION REACTION RATES. (CITATION FROM RADIAT. PHYS. 
CHEM., 1976, VOL. (6), P. 88.) 

Dose rate  
[eV·g-1·s-1] 

G (N2) G (NO) G (O2) Ref. 

1.25·1017 to 1·1018 10.0 ± 0.2 3.4 ± 0.3 4.0 ± 0.4 89 

8.3·1015 10.1 5.1 3.8 90 

1·1027 12.4 ± 0.3 5.6 4.8 42, 92, 93 

2·1028 12.3 ± 0.3   14 

 

As the products of N2O radiation decomposition are pure oxygen and nitrogen gases of ppm 
magnitude of concentration, this method cannot be used for in situ measurements in Reactor Vessel; it 
can be used for calibration of another type of dosimeter, like CTA to be used with gas phase for 
quantitative measurements.  

The analysis of O2 and N2 yield must be carried out by Gas Chromatograph instrument and 
extreme care must be taken for the purity of original N2O gas and all of steps of gas samples handling 
procedure. Any leakage of air into experimental equipment would make the final dose reading 
completely erroneous. 
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FIG. 4. The experiment with irradiation N2O in small glass bottle in different conditions. (Together with the bottle there are 
stripes of CTA put along for comparison.)The graph given below (Fig. 5) shows the experiment results as 

dependence of dose in N2O vs. dose reading from CTA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 5. Dependence of dose measured in N2O vs. dose reading from CTA 

As it can be easily seen, the relationship is very close to linear, but the coefficient, which is 
almost 3, needs some explanation. The solid-state CTA dosimeter sensitivity for electrons of energy 
below 100keV is not guaranteed by the manufacturer, as the electrons penetration depth is too low to 
induce chemical changes in material. But from the point of view of the electrons contribution into 
reactions yield in the gas, these of energy below 100keV give most part, because of growing incidence 
crossection of electrons with gas molecules. 
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3. CONCLUSION 

There is no versatile method for measurement of dose in the gas as well as dose distribution. 
Some methods, like calorimetric can be easily applied in industrial conditions, but don’t provide the 
information about dose distribution over the Radiation Field. Another, based on solid-state dosimeters, 
can give us good mapping of dose in Reactor Vessel, but in limited dose and electrons energy range. 
The selection of a particular method in this case, should be preceded with consideration of what kind 
of data is to be collected and what are the technical specifications of a gas irradiation system. 
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