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Abstract

A laboratory scale test rig to treat simulated flue gas using electron beam technology was

installed at the Alurtron EB-Irradiation Center, MINT. The test rig system consisted of several

components, among other, diesel generator sets, gas analyzers and spray cooler. The flue gas

generated from the diesel generator is mainly NOX. SO2 is added into the system. Results from

the commissioning test runs and subsequent experimental work showed that the efficiency of

flue gas removal is as high as 65% for NOxand 81% for SO2 at 8.0 mA current and 1.0 MeV.

MINT has also conducted study on electron beam treatment of volatile organic

compounds (VOCs) by using benzene gases. Benzene is one of the most stable compounds and

it is very difficult to degrade. In this experiment, benzene is kept in a Tedlar bag or glass jar

whereby it is irradiated in a static and control conditions. The concentrations of benzene gases

used are 100 ppm and 1 ppmv. The results indicated that the irradiation dose needed for 85-95%

degradation of benzene molecules was between 8-12 kGy and several new compounds were

produced.

1.0 Electron beam treatment of flue gases

Tenaga Nasional Berhad (TNB), a government controlled corporation is the principal

generator of power supply in Malaysia In 2004, the total installed capacity power plant is 8,628

MW. In addition, the government has issued licenses to several private companies to be

independent power producers (IPP), which contribute an additional of more than 5,500 MW.

The generation of electricity by TNB is effected through 4-fuel diversification strategy i.e. using

oil, coal, natural gas and hydro. As such power stations installed by TNB are normally for dual

or triple fuel firing. Oil and coal represents about 29% and 5.0% of power generation,

respectively, gas fired is about 50.0% and another 16.0% from hydro.

In Malaysia, the Department of Environment (DOE) is the national regulatory body

responsible for the formulation and enforcement of all regulation relating to environment

protection under the Environmental Quality Act 1974. On air pollution control, there are

guidelines for ambient air quality. In September 1995, DOE has established an Environment

Impact Assessment Guidelines for Thermal Power Generation and/or Transmission Project

which stipulate the Malaysian Stack Emission Standard as follows: paniculate 0.5 g/cm3, SO2
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0.5 g/m3, NOX 0.5 g/m3 (as NO2).

At the same time TNB is always play a proactive role in the conservation of the

environment in any of the project. Several approaches have been adopted such as by using low

sulphur content fuel, which is high premium - low sulphur fuel oil (<3.5%), low sulphur coal

(<1.0% sulphur), low sulphur distillate (<0.5% sulphur). In relation to equipment, TNB will go

for gas-fired combined cycle plants and converting oil-fired boilers to gas-firing and conduct

environmental impact assessments on new plant-ups, continuous environmental monitoring

and audits individual power stations. Despite the above effort, SO2 in particular and NOX

emission from oil and coal power plants are still a subject of concern to TNB. In addition, there

is also a tendency not to use high premium fuel due to high cost.

In this project, two diesel generators are used to produce flue gas (NOX). SO2 is injected

into the system. The system is designed for a maximum flow rate of 400 NmVh. The test rig

has been developed and it is actually a laboratory scale electron beam dry scrubbing process

that was found to be an effective method to simultaneously remove SO2 and NOX from

industrial flue gases. The aim of the installation was to provide a laboratory scale test system

where experimental work can be done to find optimum condition to purify simulated

concentration of flue gases mixed with that from combustion of diesel; mainly to eliminate or

reduce SO2 and NOX by means of electron beam irradiation. The test rig shall also serve as a

small demonstration plant where operators from power stations can gain experience in handling

such treatment system.

1.1. Description of the test rig

The test rig consisted several major components namely, two generator sets (gensets), a

static mixer, a spray cooler (SC), a process vessel (PV), a dust collector (DC) and two

continuous emission monitors (CEMs). The gensets emit flue gases from combustion of diesel

fuel. The spray cooler was designed to lower the temperature and increase humidity of the flue

gases. The process vessel is the reaction chamber under the beam and the dust collector consists

of several removable bag filters. These big components are inter-connected by a continuous

4-inch piping system from the outlet of the gensets through to the exit stack. An independent

gas line for ammonia is also installed. Temperatures at identified locations are measured by

thermocouples and monitored by the computer data acquisition system. A water recirculation

system for the spray cooler is also provided. The gas flow is monitored through an electronic

flow meter. The schematic diagram of the system is presented in Figure 1.

During the stages of experimental works, several modifications were made to the design.

The most important inclusion was an electric steam generator to improve the humidity and

temperature of the flue gases at the processing point.

Since the fuel used in the experiments was standard market quality diesel purchased from

a local gas station, very low amount of SO2 was detected in the flue gas. To simulate various

concentration of emission, bottled SO2 was injected to the flue gases close to the genset outlet.

Inlet ports were also made to enable injections of other pollutants such as organic compounds to
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the flue gas. This will give opportunity to study the effect of electron beam irradiation on flue

gas at different concentration and types of pollutants.

DIESEL
GENSET

MALAYSIAN INSTITUTE FOR NUCLEAR
TECHNOLOGY RESEARCH (MINT)

PROJECT
FLUE GAS TREATMENT - SCHEMATIC LAYOUT

Figure 1. Schematic diagram of test rig

13. Process parameters
The design of the test rig is based on the flow rate and quality of flue gas emission from the

gensets [1,2]. Table 1 lists the expected and estimated parameters from the emission.

Table 1. Estimated process parameters

Parameters
Flow rate

Temperature of gases at gensets outlet
Temperature of gases after spray cooler
Moisture content after spray cooler
NOX concentration at inlet
SOX concentration at inlet
Beam Energy
Beam Current
Retention time (flow rate of 400 NmVh)
inside vessel
Dose

Values
300 Nm3/h (design flow rate
is400Nm3/h)
150°C
60-70°C
10-15%
300 ppm (estimate)
< 10 ppm (estimate)
lMeV (variable)
Varies from 2 to 10 mA
I s

1.2kGy(atlMeV,2mA)
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1.4 Results and Discussion

The flue gas components generated from diesel generator sets are mainly NO, NO2 and

NOX and it were monitored at the inlet and outlet of the process vessel. As expected, the amount

of SC^was found to be consistently below 10 ppm. The flow rates were maintained at around

300 NnrVh. At this level, the amount of nitrous pollutants (NO, NO2and NOX) was sufficiently

high, in the range of 200 - 250 ppm. Figure 2 shows the amount of total nitrous oxide at

different flow rates.
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Figure 2. Total NOX at different flow rates

Table 2. The average removal percentage of total NOX

Beam current
0mA
2mA
3mA
4mA
5mA
6mA
7mA
8mA
9mA
10 mA
11mA

Estimated Dose
0

2.03
3.05
4.06
5.08
6.09
7.10
8.12
9.12
10.15
11.17

Average NOX

226.8
172.4
158.5
154.2
102

108.8
132.8
135.4
159.4
174.5
193.8

% Removal
0.00
23.99
30.11
32.01
55.03
52.03
41.45
4030
29.72
23.06
14.55

Table 2 also gives the removal percentages of NOX at the estimated dose for each beam current

level. The estimation was made based on the retention time in vessel, volume of the vessel and

the static dose rate measured. The humidity of the gases ranges between 4-5%v/v only. The

temperature at the point of electron beam bombardment was measured to be around 40 - 50 "C.

A small electric steam generator was installed to improve the humidity and temperature of

the flue gas. Measurement that was done inside the process vessel showed that the temperature
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could be maintained between 6 0 - 6 5 'C, while the humidity was approximately 14% v/v.

Figure 3 shows the results obtained under the improved humidity and temperature conditions

using beam current of 8 mA.
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Fig 3. Experimental results at improved temperature and humidity

With the improved condition, the average NOX removal rate was increased to approximately

65%. Most of the formation of NO2 during irradiation had significantly reduced

Figure 4 shows an experimental result where SO2 from bottled source was added through

a port as described earlier. The amount of SO2 added however, does not reflect any type of

combustion. The removal rate calculated from the graph was approximately 81%.

1.5. Summary

From the experimental works, it was found that using EB parameters of 1 MeV, 8 mA and

a dose ranged between 7.5 to 8.5 kGy provides good removal rates of both SO2 and NOxof

81 % and 65% respectively.

The NOX removal was improved by increasing the humidity and temperature of the flue

gases at 14% and 60 - 65*0, respectively. This value however is slight higher than the

recommended 10 -12% v/v. At the moment, there is no effective mean of controlling the steam

injection. As a result, formation of liquid byproduct was observed in the vessel. One possible

way to overcome this problem is by heating the process vessel to vaporize the water molecule

so that dry byproduct can be recovered.

- 1 2 2 -



JAERI-Conf 2005-005

Effect of electron beam irradiation on SO2 on flue gas
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Fig 4. Effect of electron beam irradiation on SO2

2.0. EB Treatment of Volatile Organic Compounds (VOCs)

Volatile Organic Compounds (VOC) is one of the chemical hydrocarbon compounds that

are mostly used in automobile industries, chemicals, paints, coatings, printing and others.

Because of its easily volatile property at room temperature, most pollution produced are from

petrol stations, motor vehicles, industrial chemical facilities, dry cleaning, paint industries and

other facilities that use paint and solvents [3]. Among the substances that can be categorized as

VOC are: non-halogen organic substances and halogen organic substances.

VOCs are precursors to ground-level ozone, a major component in the formation of smog.

VOCs can easily be combined with nitrogen oxide and reacted in the presence of sunlight to

produce ozone (photochemical oxidant). Although ozone can be useful, it also can create

problems, depending on its altitude. If the ozone is at the stratosphere, far above the surface of

the earth, the ozone can protect human and the environment from the harmful ultra violet ray

emitted by the sun. However, if the ozone is near the ground level, it can endanger human life

and environment. At high concentration, ozone can cause negative effects to human health.

2.1 Experimental design

Three types of standard benzene gas from Scott Specialty Gases, USA were used as

received The first standard is 100 ppmv, the second standard is lppmv and the third standard is

32 types of VOC gases, 1 ppmv for every different type of VOC. The standard is filled in a

glass jar that is made from aluminum cylinder.

Benzene in the form of standard gas can be filled into a glass jar and Tedlar bag directly

under the condition that both the glass jar and Tedlar bag have to be vacuumed earlier with a

vacuum pump. The liquid benzene produced by Fisher Scientific with a concentration of

99.92% contain several other foreign compounds such as water, acid, alkali, calcium, copper,

iron, potassium, sodium and others. For liquid benzene only 1 to 5 JJJ is used. The liquid
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benzene must be heated with a heater so that it will vaporize into the Tedlar bag or glass jar

before being irradiated.

2.2. Results and discussion

For the Tedlar bag, the method of direct insertion from the cylindrical tube of benzene

gases is used and it is most effective. However, for the glass jar, the best method is by inserting

the liquid benzene using a syringe and later heat up the glass jar with a heater. However, the

dosimetry work revealed that the irradiation dose received at the bottom part of glass jar is

significantly lower than the top part of the glass to almost 70 —80% lower. On the other hand,

Tedlar bag did not show much different irradiation doses between top and bottom part of the

bag.

In this experiment, benzene gas volume of 1.0 liter was used together with 1.0 liter Tedlar

bag. The gas concentration was fixed at 100 ppmv. The Tedlar bags containing benzene gas

were irradiated at 5,10,15,20,25 and 30 kGy by using electron beam accelerator, 2.0 MeV and

1.0 mA. By using a 250 (il syringe, the irradiated benzene gas was withdrawn from the bag and

analyzed using the GCMS. From the analysis it was discovered that as many as 11 peaks were

formed upon EB irradiation of benzene gas including benzene that had not been broken up.

The destruction of benzene was measured by the following;

(Standard area under the benzene peak of GCMS spectrum

before irradiation — Peak area after irradiation) X 100 /

(Standard area under the benzene peak of GCMS spectrum

before irradiation)

This procedure is also known as DRE (Destruction Removal Efficiency) or Percentage

Destruction at an accuracy of 99.999 %.

Benzene destruction efficiency with dose rate is shown in Figure 5. A good agreement

on the percentage destruction using the GCMS was obtained for every stage of dose rate given.

During the irradiation process, the temperature of the gases increases to 40 to 501). As low as 5

kGy irradiation dose was able to destruct 80 % of benzene.

After benzene gas was irradiated, the concentration of benzene starts to decrease as shown

in Figure 6.

23. Summary
Benzene at a low concentration (ppbv) can easily be destructed using electron beam

irradiation. At a benzene gas concentration between 1.0 ppmv to 100 ppmv, the irradiation

dosage needed is between 8 to 12 kGy for 85 to 95% destruction. Thus if dosage is increased to

20 - 30 kGy, the destruction will be 99.9%.
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Fig. 6. Concentration of benzene against irradiation dose
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