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Abstract 

The reliable and accurate measurements of gas parameters in essential points of industrial plant are 
necessary for its proper operation and control. Natural flue gases there are only at the inlet. At other points of 
plant gas parameters are strongly modified by process control system. The principal role of process monitoring 
system is to provide the Computer System for Monitoring and Control with continuous recording of process 
parameters. The main goal of control system is to obtain the optimal SO2 and NOx removal efficiencies by 
control of amount of spray water at the spray cooler, amount of NH3 injection to flue gas and adjustment of 
electron beam current. The structure of the process control system is based on algorithms describing functional 
dependence of SO2 and NOx removal efficiencies. The best available techniques should be applied for 
measurements of flue gases parameters at essential points of installation and for digital control system to assist 
plant operators in the analysis and optimization of plant operation, including integrated emission control. 

1. INTRODUCTION 

The electron beam flue gas treatment technology was developed in 1972 in Japan [1]. Research 
on the process has been carried out in laboratory and pilot plants in Japan [2], USA [3], Germany [4] 
and Poland [5]. It should be noted that IAEA has also played an important role in the development of 
this technology. The experiences gained during these studies have allowed the preparation of full-scale 
industrial plant designs. This technology has already been implemented in three industrial plants: two 
in China at Thermal Power Plants (TPP) Chengdu and Hangzhou and one in Poland at Electric Power 
Station (EPS) Pomorzany. Table I presents the main parameters of these plants. 

 

TABLE I. MAIN PARAMETERS OF INDUSTRIAL E-BEAM INSTALLATIONS 

Parameter Unit Chengdu TPP 
China 

Hangzhou TPP 
China 

Pomorzany EPS 
Poland 

Flue gas flow rate Nm3/h 300 000 305 400 270 000 

Inlet flue gas temperature 0C 150 145 140 

Inlet SO2 concentration mg/Nm3 5150 2770 2000 

Inlet NOx concentration mg/Nm3 820 410 600 

SO2 removal efficiency % 80 85 90 

NOx removal efficiency % 18 55 70 

Electron beam parameters  
800 keV, 
320 kWx2 

800 keV, 
320 kWx2 

700 keV, 
260 kWx4 

 

Monitoring and control system for industrial plant as well as applicable analytical methods are 
the goal of the paper. This paper is based on the designs of these systems prepared for Polish industrial 
plant. The designs were presented during the special Meeting IAEA in Vienna and then implemented 
in the constructed plant. During the five-year operation of the plant these systems were verified. The 
paper presents final version of the requirements for these systems. 
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2. MONITORING SYSTEM 

Increasingly stringent environmental regulation combined with power industry deregulation has 
forced utilities to improve operating efficiencies of their units in an effort to reduce overall operating 
costs and minimize pollutant emissions. The emissions from an individual stationary source should not 
exceed the legislated limit. When fossil fuel with high sulfur content is burnt in the boiler then high 
SO2 and NOx concentrations are present in the flue gas. The postcombustion technologies should be 
used for reduction of both pollutants. The electron beam flue gas treatment (EBFGT) technology 
ensures simultaneous removal of SO2 and NOx with high removal efficiencies under optimal 
conditions for this process realization. The monitoring and control system is extremely important for 
achieving a successful operation of the plant. The principal role of process monitoring system is to 
provide the Computer System for Monitoring and Control with continuous recording of the process 
parameters and evaluation of the emission. The industrial plant is designed for continuous operation 
with small number of staff. The general tasks of the monitoring system are: 

− continuous, reliable and precise measurements parameters of flue gases, electron beams and 
reagents adding to the flue gas having direct influence on the efficiency of SO2 and NOx 
removal as well as on the operation of the whole industrial plant, 

− acquisition and visualization of process parameters. Visualization of flow charts on high-
resolution monitor including visualization of regular updated measurement data, 

− storage and evaluation of process parameters, media consumption and pollutants emission from 
plant. Data acquisition and processing should be performed automatically and the report from 
plant emission should be sent directly to the regulatory authority for checking. Preparation of 
reports (obligatory or on request). 

The presentation of all data should take place in the control room of the plant on high-resolution 
monitors and on videoscreen. Furthermore presentation takes place in the operator station for boilers 
and in the ecological department of EPS. Fig. 1 presents the scheme of the process monitoring and 
control system of the industrial plant. 

The electron beam flue gas treatment process is realized in the following technological steps: 

− inlet where initial parameters of flue gases should be determined, 

− spray cooler where humidification and cooling the gases is performed, 

− ammonia dosage to flue gases, 

− irradiation of flue gases in the process vessel by high-energy electron beams from two 
accelerators, 

− precipitation of by-product using electrostatic precipitator, 

− outlet where final parameters of purified flue gases should be determined. 

In each of the above steps the monitoring and control system realizes specific tasks. The actual 
values of process parameters, determined by monitoring system, are employed for the technological 
modification realized by control system. The information from monitoring system can be used to 
enhance process data and to allow feedback and feedforward control in the plant as well are useful for 
boiler operators. 
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FIG.1. Scheme of the monitoring and control system of the EBFGT process 

2.1. Organization of monitoring system 

In the plant inlet the following gas parameters should be measured: flow rate, temperature, 
pressure, humidity, particulate and concentration of SO2, NO/NOx and O2. Gas composition strongly 
depends on the combustion conditions in the boiler and quality of used fuels. It is recommended that 
the fly ash content in the flue gases at plant inlet should be lower than 50 mg/Nm3. High particulate 
concentration will complicate plant operation as well as decrease the quality of obtained by-product. 
Normally the SO2 and NOx concentrations are high and exceed the allowed emission levels. Electron 
beam flue gas treatment process is applied for simultaneous removal of SO2 and NOx from flue gases. 
The gas humidity and temperature should be modified in spray cooler to achieve optimal conditions 
for their irradiation in the process vessel. In the spray cooler atomized water is injected into flue gases 
by means of dual fluid air-water nozzles. The parameters of water and compressed air supplied nozzles 
and obtained gas temperature and humidity at outlet of spray cooler should be recorded. If the 
obtained gas humidity is lower than the required optimal value then water steam should be 
additionally injected to spray cooler and its parameters should be recorded. Near stoichiometric 
amount ammonia is injected to the humidified flue gases before their inlet to process vessel. Such gas 
mixture is irradiated in the process vessel. Two-stage irradiation enhances NOx removal from flue 
gases.  

The flow rate of flue gases at the inlet to process vessel and applied electron beams current are 
necessary for calculation of irradiation dose. The flue gas leaving the process vessel contains a mixture 
of ammonium sulfate and ammonium nitrate. The particles are generally small and hygroscopic. It was 
found in the Indianapolis and Nagoya Pilot Plants that an electrostatic precipitator (ESP) is the most 
effective collector of this by-product. After the by-product is collected it will go to a granulator for 
processing and ultimately to storage and shipment to users. The final parameters of purified flue gases 
are determined at the plant outlet. The outlet concentrations of SO2, NO/NOx, O2, NH3 and fly ash 
content are important process parameters. These values are used for determination of the obtained SO2 
and NOx removal efficiencies and for control plant operation. Additionally these values are used for 
preparation of the obligatory ecological report delivered by modem to provincial environmental 
agency. Many countries such as Germany, the UK and the USA have set reporting formats. In addition 
to this individual utilities may have to produce internal reports. Conversion to standard temperature 
and pressure, the reference value of O2 and on dry basis may be required within Europe, whereas in 
the USA the emissions are reported in terms of mass flow or mass emitted per kJ of thermal input. 
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3. CONTROL SYSTEM 

The general tasks of the control system are: 

− on-line adjustment of control parameters, 

− supervision and control of process parameters under normal, transient, alarm and breakdown 
condition, 

− signaling and registering of the alarm states. 

Digital control system is used to store measured data and to assist plant operator in their 
analysis and optimization of plant operation. Effective control of the plant can improve the removal 
efficiencies of SO2 and NOx from flue gas. Many component of the industrial plant are equipped with 
its own control system and energy saving operation system, for example electron accelerators and 
ESP. All individual sub-systems of the plant are tied together and are controlled as a unit to ensure 
successful operation of the plant and to meet environmental standards and regulations. The structure of 
the process control system is based on algorithms describing functional dependence of SO2 and NOx 
removal efficiencies.  

3.1. Control of spray cooler operation. 

The flue gases leaving the coal-fired boiler and its ESP have high temperature (usually above 
120ºC) and low humidity (4-6% vol.) Fig. 2 presents the dependence of SO2 and NOx removal 
efficiencies on gas humidity. 

 

 

FIG. 2. Effect of moisture on NOx and SO2 removal efficiencies [6]. 

The optimal removal efficiencies of both pollutants are obtained for gas humidity greater than 
11% vol. More complicated are dependencies of SO2 and NOx removal on gas temperature (Fig.3 [6]). 
SO2 removal efficiency strongly increases with lowering gas temperature. This contrasts with NOx 
removal which increases with the increase of gas temperature. Then the gas temperature at the outlet 
of spray cooler should be chosen depending on requested SO2 and NOx removal efficiency from flue 
gases.  
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FIG. 3. Effect of gas temperature on NOx and SO2 removal efficiencies [6]. 

Humidification and cooling of the flue gases is performed in a spray cooler. Atomized water is 
injected into flue gases by means of dual fluid air-water nozzles. The spray cooler is operated with a 
dry bottom, i.e. all of the water droplets injected into the flue gases are evaporated. The amount of 
sprayed water (FRQ-2.4) is controlled by the gas temperature at the outlet of spay cooler (TRC-3.1). 
The pressure of compressed air (PRC-2.2) should be greater than the pressure of hot water (PR-2.3) 
delivered to nozzles. The nozzle producer determines the relationship between these pressures. This 
relationship should take into account the controller X3 that controls the pressure of air. The amount of 
sprayed water is sufficient for the reduction of flue gases temperature to requested value but may not 
be enough to increase the humidity to 11% vol. Therefore in the bottom part of the spray cooler, the 
water steam is added. The amount of added steam is controlled by humidity control system        
(MRC-3.2). The measurement of the pressure drop between the inlet and the outlet of spay cooler is 
used for control operation of the whole spray cooler. At the bottom of the cooler may collect some 
water (in case of non proper dispersion of water by nozzles) and fly ash carried by flue gases. These 
deposits may increase the measured pressure drop. If this value is higher than permissible one, then 
alarm signal arrives in Computer Control System. 

3.2. Control of ammonia dosage to flue gases. 

Fig. 4 presents dependence of SO2 and NOx removal efficiencies on ammonia stoichiometry. 
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FIG. 4. Effect of ammonia on removal of NOx and SO2 [6]. 

The optimal removal efficiency of both pollutant are obtained for ammonia stoichiometry 
greater than 0.9. In general two types of process control are employed for control of ammonia dosage 
system: feedforward and feedback. In feedforward control the required amount of ammonia is 
calculated from the inlet SO2 and NOx concentration, the flue gases flow rate and the required NH3 
stoichiometry. Due to the fact that the SO2 and NOx removal efficiency is never 100% (due to 
imperfect mixing of the NH3 with the NOx and SO2 for example), a fraction of the NH3 remains 
unreacted and exits in the plant outlet (the so-called ammonia slip). In practice it is desirable to keep 
the ammonia slip as low as possible due to the environmentally harmful effect of ammonia. In 
feedback control the ammonia dosage is controlled on the basis of outlet SO2, NOx and NH3 
concentrations. The ammonia dosage to the flue gases is controlled by controller X1 employed 
combined system: a feedforward control ensures a fast system response, while the NH3/(NOx+SO2) 
ratio is automatically fine-tuned by means of the measured outlet NH3, NOx and SO2 concentrations. 
In the Polish industrial plant part of ammonia is dosing to the spray cooler and the rest is adding to the 
flue gases before their inlet to process vessel. The optimal SO2 removal efficiency was obtained when 
the half of NH3 is adding to spray cooler [7]. 

 

3.3. Control of electron beam flue gases irradiation in the process vessel. 

Flue gases are irradiated in process vessel by high-energy electron beam from two accelerators. 
Fig. 5 presents the dependence of SO2 and NOx removal efficiencies on dose. 

 

 

FIG. 5. Dose dependence of SO2 and NOx removal efficiencies. 

It is necessary to apply a high dose to obtain a high NOx removal. NOx removal is a radiation-
induced process. The SO2 removal is based on two different pathways: thermochemical oxidation and 
a radiation-induced process. At zero doses, the SO2 removal efficiency is caused by a thermal reaction 
of SO2 and NH3 in the presence of moisture. These reactions take place in the gas phase as well as in 
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the surface such as those on the filter cake of the baghouse and the collector plates of the ESP. Fig. 5 
shows that the optimal SO2 removal efficiencies are obtained for doses smaller than 8 kGy. 

The improvement in NOx removal is achieved by multi-stage irradiation and by adequate dose 
distribution between irradiation stages [8]. In this paper two-stage irradiation was assumed in which 
optimal dose distribution is following: first-stage - 56% and second-stage – 44% of total dose. Control 
of the electron beam irradiation process is based on dose dependency of NOx removal efficiency. NOx 
removal efficiency is strongly affected by inlet NOx concentration. Higher NOx removal is achieved 
with higher absorbed dose and with lower inlet NOx concentration. Controller X2 is applied for control 
of irradiation process. The total accelerator electric beam current is determined by the: inlet NOx 
concentration, the required NOx removal efficiency and the flow rate of flue gases at inlet to process 
vessel. This is feedforward control. In feedback control, the actual outlet NOx concentration is 
compared with requested NOx concentration and adjusted. 

The electron beams with the moderate electron energy and high beam power should be applied 
for irradiation of flue gases. In the Chengdu Industrial Plant, two accelerators of 800 keV x 400mA 
with one power supply from Nisshin High Voltage Co. (Japan) are installed. Such system is delivered 
with own computerized control system. 

4. ANALYTICAL METHODS. 

For monitoring and controlling of the EBFGT process, the reliable and accurate measurements 
of flue gases composition at the essential points of e-b installation are indispensable. In the selection 
of measuring equipment it is necessary to consider the specifics of treatment process. The parameters 
of flue gases emitted from coal-fired boiler and dedusted by ESP are monitored at the plant inlet. In 
the spray cooler the humidity of flue gases increases to level 10-12 % vol. and gas temperature is 
lowered. The elevated humidity complicates the gas analysis both at the outlet of humidifier and the 
subsequent ones. Ammonia is injected to flue gases before their inlet to process vessel. At the process 
vessel an essential changes of flue gases composition occurs as a result of thermochemical and 
radiation-induced processes. The gases leaving the irradiation vessel are a multicomponent three–
phase system. The gas phase is characterized by significantly reduced SO2 and NO concentrations, a 
slightly increased NO2, the presence of unreacted NH3, a small concentration of nitrous oxide N2O (a 
gas treatment by–product) and nearly unchanged CO2, CO, O2, N2 and water vapour content. The 
liquid phase consists of sulfuric acid and nitric acid aerosols. The solid phase is formed of by-product 
particulates of ammonium sulphate and nitrate. At the ESP about 99 % of by-product and significant 
amount of liquid phase are removed. The parameters of purified flue gases are monitored at the plant 
outlet.  

Measurements of gas composition at this point are extremely difficult for the following reasons: 
low gas temperature and its high humidity, the presence of unreacted NH3 and content of fine 
particulates of by-product which are hygroscopic and are of submicron size [9]. For minimalization of 
these negative influences, the extractive gas analysis system should be equipped with the following 
special components:  

− sample probe should be equipped with heated gas filter with proper pore size. Gas filter should 
be kept at the temperature above acid dew point of flue gases and it should be regularly cleaned 
(blowback of dry and hot inert gas).  

− hot ammonia scrubber for removing gaseous ammonia from purified flue gases. It should be 
installed at the outlet of gas filter. 

− sample transporting line should be kept at temperature above acid dew point of flue gases. 

− in the sample conditioning unit, water vapour should be carefully removed from sample gas and 
the condensate should be automatically discharged by pumping it off. In the conditioning unit 
the acid filter should be used. 

All the measuring devices, installed at industrial plant, should satisfy the following 
requirements: 
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− each component of monitoring system should be selected in order to ensure high precision, 
selectivity and long-term stability, 

− each set-up should adapted for uninterrupted and unattended operation, 

− the availability of each measuring set-up higher than 90 %, 

− analog output – current signal 4-20 mA, 

− simple method of calibration, 

− manufacturers of installed gas analyzers systems should have at least one of certificates such as 
ISO, EPA, TUV, MCERTS for offered instrumentations. 

− the monitoring system should comply with national environmental standards, especially the 
measurements of gas composition at the plant outlet which are used by environmental agencies 
for analysis of ecological noxiousness of leaving flue gases. 

The best available techniques should be used for measurement of flue gas parameters in the 
industrial plant. From the experiences gained during Kawęczyn pilot plant and Pomorzany industrial 
plant operation the following measuring devices are recommended for application (Table II). 

 

TABLE II. ANALYTICAL METHOD RECOMMENDED FOR APPLICATION IN THE INDUSTRIAL 
PLANT. 

Flue gases 
parameter 

Measuring 
method 

Measuring 
device 

Special 
requirements 

Flow rate in-situ Annubar (multiple-point 
Pitot tube) or ultrasonic 

flow meter 

correction for flue gases 
temperature, pressure 
and humidity, 
regular blowback of the 
probe 

Dust concentration in-situ Double-pass 
transmissometer for 

high dust concentration 
and back scatter device 

for low-level 
concentration 

 

SO2 concentration extractive Pulsed U.V. 
fluorescence analyzer or 

NDUV analyzer or 
NDIR analyzer 

 

NO/NOx 

concentration 

extractive Chemiluminescence 
NO-NO2-NOx analyzer 
or NDIR analyzer with 

NO2-NO converter  

 

H2O 

concentration 

in-situ Diode laser 
spectrometer in the IR 

spectrum 

application of heated 
device to avoid water 

condensation on lenses  

NH3 

concentration 

in-situ Diode laser 
spectrometer in the IR 

spectrum 

application of heated 
device to avoid water 

condensation on lenses 
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Periodic verification of continuous measurement of the main pollutants should be performed 
using Standard Reference Methods (SRMs) specific for each pollutant [10]. The SRMs are also used 
for calibration of the in-situ gas analyzers. Figures 6 and 7 present the control room and the scheme of 
Polish industrial plant at EPS Pomorzany. 

 

 

FIG. 6. Control room at EPS Pomorzany. 
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FIG. 7. The scheme of industrial plant at EPS Pomorzany 

5. CONCLUSION 

Electron beam flue gas treatment process ensures simultaneous removal of SO2 and NOx from 
flue gases. High removal efficiencies of both pollutants are obtained at optimal conditions for process 
realization. The monitoring and control systems are extremely important for achieving successful 
operation of the plant. The monitoring system should provide reliable and accurate measurements of 
gas parameters in essential points of industrial plant. The best available analytical techniques should 
be applied. Actual values of process parameters are employed by control system for their 
technological modification to ensure optimal conditions for electron beam irradiation of flue gases in 
the process vessel. The above requirements for monitoring and control systems are based on the 
experiences gained during operation of Kawęczyn pilot plant and Pomorzany industrial plant.  
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