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Abstract

THE TECHNOLOGY AND ECONOMICS OF TREATING WASTE WATER WITH ELECTRON BEAM
RADIATION

The use of ionizing radiation from electron beam

accelerators is considered in this paper for the disinfection

of waste water. Combinations of radiation with oxygen, chlorine,

heat and retention media are discussed as possible methods to

reduce the dosage requirements and the treatment costs. The

production of ozone by the irradiation of oxygen is also

evaluated as an alternative method of using this form of energy.

The capital and operating costs for large electron beam

facilities are analyzed to show the favorable trends with

rising power levels. Cost comparisons between "conventional"

disinfection processes and two radiation processes are presented

and discussed. The results of these cost analyses support the

premise that electron beam radiation should be evaluated as a

likely competitor to ozonation or carbon filtration for large

sewage treatment plants.

- 135



1.0 INTRODJCTION

It is well known that ionizing radiation can produce several

beneficial effects in sewage, such as disinfection, decomposition

and oxidation of organic material and improvement in settling

and filtration rates (1). In years past, the treatment of municipal

waste-water with radiation was not feasible because of the high

processing costs and low thruput capacities of the available

radiation sources, sludge treatment with radiation appeared to be

more attractive because of the relatively high cost of sludge disposal

by conventional means, its potential value as a fertilizer and its

low volume compared to the total sewage flow (2,3) . Following the

completion of favorable studies, several pilot plants for sludge

disinfection with gamma rays and high energy electron beams have

been built or are now in the planning stage (4,5,6).

The recent development of high-power electron accelerators

for industrial processing makes it appropriate now to reconsider

the use of ionizing radiation in the disinfection of municipal waste

water. Material thruput rates have risen and, consequently,

radiation processing costs have declined (7). At least one

investigation of water treatment with an electron beam is already

underway (8). Although present power outputs and processing costs

are still marginal for waste water, the situation will improve

in the near future as even larger generators become available (9).

Several different aspects of water treatment are discussed

in the following sections of this paper. The emphasis is on

combinations of radiation with other chemical and physical agents

which can reduce the dosage requirement and, therefore, the power

demand and the processing cost. The story presented here shows

that ionizing radiation can and should be considered for the

disinfection and tertiary treatment of municipal waste water.
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2.0 DISINFECTION WITH RADIATION AND OXYGEN

The secondary effluent from an activated sludge treatment

plant may have a fecal coliform count ranging from 10 6 to more

than 10? live organisms per 100 ml. The acceptable contamination

level for discharge into lakes and rivers in the USA is 200 fecal

coliforms per 100 ml. Therefore, any disinfection process must

achieve a reduction factor of about 10~5 (10).

Coliform bacteria are very sensitive to ionizing radiation

and this degree of disinfection can be obtained in secondary

effluent with a relatively low dosage in the range of 100 to 200

kilorads. The presence of dissolved oxygen during irradiation

is beneficial and can reduce the dosage requirement to about

50 kilorads (11,12). High-pressure oxygen is even more beneficial

but reduces the beam utilization efficiency with low energy

electrons because of power losses in the containment vessel (5).

The addition of ozone to the oxygen does not produce any further

improvement because of the short lifetime of ozone in the radiation

field (13).

The power requirement for an electron beam disinfection process

can be obtained using the relationship that one kilowatt-hour of

absorbed energy is equivalent to 360 megarad-kilograms (794 megarad-

pounds) of material thruput. In practice only about 75% of the

beam power can be absorbed so that the thruput is actually about

270 Mrad-kg/kW-hr (600 Mrad-lbs/kw-hr). This is based on the

average value of radiation dose within the product. If the minimum

dose at the surface of the product is the critical value, then the

beam utilization efficiency must be further reduced to 60% for 4 MeV

electrons and 55% at 2 MeV (14). Because of the mixing which will

take place in water treatment, it is sufficient to specify the

average dose and, therefore, a beam efficiency of 75% is a reasonable

expectation.
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At an average dosage of 50 kilorads, the beam power require-
ments for water thruput rates of 1, 10 and 100 million gallons
per day (MGD) are 29, 290 and 2900 kilowatts, respectively. The
lowest of these requirements can easily be satisfied with one
accelerator rated at 1.5 MV-25 mA-37.5 kW which is a common size.
The 290 kw demand can be satisfied with two accelerators rated at
either 1.5 MV-100 mA-150 kW or 3.0 MV-50 mA-150 kW. These ratings
are also available now. The 2900 kw requirement poses a challenge
for the future (9). It could be supplied using 20 of the 150 kW
units but a more practicable and economical approach would be to
use a smaller number of larger units. The prospects and probable
costs for such large units will be discussed in Sections 8.0 and
9.0.

3.0 OZONE PRODUCTION BY ELECTRON BEAMS

It is also well known that ionizing radiation can produce
ozone in air and in oxygen. The ozone so produced can then be
used for the disinfection of waste water. Although this is an
indirect process, it can still be considered as a possible means of
treating water with radiation. It will now be shown that this can
be an attractive alternative to the direct irradiation method.

The production of ozone by gamma radiation has been extensively
studied at Brookhaven National Laboratory (15,16). under favorable
conditions a 6 value of 10 has been obtained. This means the
production of 10 ozone molecules for every 100 electron volts of
energy dissipated and corresponds to an ozone yield of 0.4 lbs/kw-hr
of absorbed beam energy. This yield is somewhat higher than that
obtainable from the conventional electric discharge process. It will
be assumed here, although it has not yet been demonstrated, that the
ozone yield will be the same with electron beam radiation.
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For waste-water disinfection the ozone dosage should be

in the range of 5 to 15 parts per million by weight, depending on

the chemical ozone demand of the water (17). A typical value

would be about 8 ppm (10). For water thruput rates of 1, 10 and

100 MGD the ozone demands would then be 67, 670 and 6700 lbs/day,

respectively.

Assuming a 75% beam utilization efficiency, the electron

beam powers needed would be 9.3, 93 and 930 kilowatts, respectively.

The lowest of these is almost too small to justify the use of an

electron accelerator. The 93 kw demand can be supplied by a

1.0 MV-100 mA-100 kw accelerator which is now available. The

930 kw requirement could best be met by developing larger units

rated at 250 to 500 kw of beam power. If the average G value for

ozone production by high-power beams turns out to be less than

10, then these power estimates will have to be increased accordingly.

The direct irradiation method discussed in Section 2.0 would

require more electron beam power by a factor of 3 than the indirect

ozone method. This implies that there are competitive reactions

in the irradiated water which do not contribute to killing micro-

organisms.

An analogous result has been reported for the destruction of

soluble organic compounds in water (18) „ This has been interpreted

as a 2 to 3 fold advantage of the indirect ozone method over

the direct irradiation method for the oxidation of organic compounds

in waste water (19).

In spite of the unfavorable comparison between radiation and

ozonation presented above, there are some other considerations

in favor of the direct irradiation process. High-energy electrons

may be more effective than ozone in disinfecting water which contains
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suspended solid particles of waste material. Electron radiation

can penetrate such particles whereas ozone (or any other chemical

agent) may not.

Other intriguing possibilities are the combinations of radiation

with chlorine or heat and the use of filter media to concentrate

and hold the contaminants within the radiation field. These topics

are discussed in the following sections.

4.0 DISINFECTION WITH RADIATION AND CHLORINE

The beneficial effect of adding chlorine to the waste water

before irradiation was reported some years ago (20). This effect

has recently been reexamined in detail,and some striking results

were obtained when large doses of chlorine were used (11,13). For

example, with 20 mg/1 (ppm) of chlorine in buffered distilled water,

the fecal coliform count dropped by a factor of 10~6 with only

5 kilorads of radiation dosage.

In secondary effluent the effect of chlorine was not as

dramatic but a reduction factor of 10 was obtained with about

40 kilorads when the chlorine dosage was 10 mg/1 in excess of the

chlorine demand (breakpoint) of the waste water.

An examination of the free chlorine residual in secondary

effluent after the radiation exposure showed that the chlorine

concentration dropped from 10 mg/1 to a few tenths of a mg/1 after

only 5 kilorads dosage,, Another experiment showed that sequential

chlorination was even more beneficial. A four-step process involving

(1) chlorination to 10 mg/1 in excess of demand, (2) irradiation

to 5 krad, (3) chlorination again to 10 mg/1 excess, (4) irradiation

again to 5 krad, resulted in a reduction of the fecal coliform

count by a factor of 10~8 with a total dose of only 10 krad (13).

This process could reduce the power requirements to one fifth of

the figures given in Section 2.0.



The relatively large amounts of chlorine required by this

treatment method may be objectionable from an environmental

viewpoint. Although little free chlorine remains after the

radiation exposure, the chlorine atoms have presumably reacted

with the organ'~ compounds in the waste water and may have formed

toxic byproductw. If this residual effect is not prohibitive,

the cost trade-off between additional chlorine and less radiation

may be attractive.

5.0 POSE REDUCTION BY FILTRATION

The treatment of waste water by direct irradiation is

relatively expensive because of the large volumes of material to

be processed and the low concentrations of the biological and

chemical pollutants. It is unnecessary and inefficient to give

the same dosage to the water as to the contaminants. It should

be possible to increase the effectiveness of the radiation and

reduce the power requirements by concentrating the suspended

and dissolved material in a filter medium which is placed within

the radiation field.

Experiments have shown that the retention medium acts mainly

as a filter to hold the suspended material within the radiation

field. The energy absorbed by the filter material itself apparently

does not contribute to the degradation of the contaminants (21).

A pilot plant using 2700 Ci of Co-60 and 600 pounds of

activated carbon has been built and evaluated (22). It was

designed to operate at 5000 gal/day with an organic load of

100 mg/1. When operating at 1000 gal/day the average dosage to the

water was about 75 krad. At this flow rate the organic content

of the waste water was reduced from about 500 mg/1 to 25 to 50 mg/1.

Dosage to the contaminants retained in the filter was estimated

to be 1 to 2 Mrads. Reduction factors for coliform bacteria

ranged from 10"1 to 10~3. The dissolved oxygen content
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of the influent water was maintained at about 10 mg/1
by aeration in a closed chamber at 2 to 3 atm pressure
using mechanical agitation.

During a year's operation, no loss of carbon occurred. If
the organic load exceeded 300 mg/1 at 5000 gal/day, the filter
would clog up. However, it would clear itself if the flow rate
and organic load were reduced and the radiation and aeration were
maintained. It was not necessary to replace the original carbon
filter material.

This device seems to be effective in oxidizing the organic
matter in the water but not sufficient to satisfy the coliform
limit of 200 organisms/100 ml. if the average dose to the bacteria
were, in fact, more than a megarad, the residual bacterial counts
should have been much lower. This anomaly may have been due to
the coaxial geometry of the irradiation chamber. In that config-
uration the dosage rate at the outer wall was much less than the
average value.

The effectiveness of this method for disinfection could
probably be increased by using a more uniform radiation field and
by insuring that all of the water must pass through the filter
medium. If this principle could be adapted to utilize electron
beam radiation (in spite of its low penetrating power), the cost
of radiation disinfection could be reduced substantially.

6.0 DISINFECTION WITH RADIATION AND HEAT

The effectiveness of ionizing radiation for inactivating
microorganisms is enhanced by irradiating at elevated temperatures
(23). The advantage is evident with virus particles as well as
bacteria and parasites. Settling rates are also improved.
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A typical result with coliform bacteria in sludge is a
reduction factor of 10~5 with a gamma dose of 60 krad applied
in 12 minutes at 57°C, without aeration. The same dose applied
at 23°C produces a reduction of only 10" . The radiation dosage
to achieve a given level of disinfection is reduced by a factor of
2 to 3 at the higher temperatures. The enhancement effect with
heat is somewhat stronger in dilute solutions than in sludge
and is also improved by aeration (24). Therefore, this can be
considered as a possible treatment method for waste water as well
as sludge.

The thermal energy requirement for waste water treatment
would be substantial compared to the energy consumed by the
radiation process alone. For example, the thermal energy equivalent
of one megarad of radiation dosage is only 2.4 calories per gram.
To find the fossil fuel energy required to produce this much electron
beam energy, the above figure should be doubled to account for losses
in the electron beam system and then this result should be tripled
to account for the losses in the electric power plant. so the total
fuel consumption in the radiation process is about 14 Cal/g per
megarad. For a dosage of 100 kilorads the total energy consumption
would only be 1.4 Cal/g.

On the other hand the thermal energy required to raise the
temperature of the water by 40°C is 40 Cal/g. This is almost 30
times more energy than used in the radiation treatment. This,
of course, is not the only criterion for judging the "thermoradiation"
process. The total capital cost will be reduced by lowering the
power rating of the radiation generator. In certain circumstances
it might be possible to use the waste heat from an electric power
plant, or burn garbage or the methane produced in the sewage
digesters to heat the waste water.
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7.0 PRESENT ELECTRON BEAM CAPABILITIES

The foregoing discussions have indicated the dosage levels

and beam power requirements which will be required for waste

water treatment. The 50 krad figure given in Section 2.0 is

probably an upper limit and half of this may be sufficient if

one of the combination processes described above is utilized.

This still means that beam power demands in excess of a megawatt

could be needed for large municipal installations. This require-

ment has to be compared to the present capabilities of commercial

electron beam generators.

The most powerful radiation sources now in existence are

dc electron accelerators operating in the 1 to 3 MeV energy range.

Several machines have been built in the 50 *-o 100 kilowatt power

range and a recent unit has achieved 150 kW of beam power. This

is a 3.0 MV-50 mA Dynamitron accelerator used for crosslinking

polymeric materials.

The high voltage section of this machine is shown in Pig. 1.

This unit is equipped with 60 solid-state rectifier modules, each

generating a dc voltage of 50 kv. The outputs of all of these

rectifier stages add together to produce 3.0 MV at the high voltage

terminal. The electron gun and beam acceleration tube are mounted

coaxially within the rectifier column.

The electron beam scanning system is shown in Fig. 2. Scanning

frequencies of 100 to 200 Hz are typical. The beam exit window

consists of a thin foil of a high-performance titanium alloy, it

must have a length of at least 90 cm for 50 mA and ISO cm for

100 mA of beam in order to avoid overheating.

An industrial-type control console is shown in Fig. 3. Only

the start and stop buttons and the interlock clearing switch are

provided for the operator. The adjustable controls for high voltage,



Pig. 1 The High Voltage Assembly of a
3o0 MV-50 mA-150 kW Dynamitron Accelerator
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Fig. 2 An Electron Beam Scanning System
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Pig. 3 A Simplified Industrial Control
Unit for a Dynamitron Accelerator
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beam current and scan width are locked up inside the cabinet.
The most important running parameters are automatically regulated
and are displayed on digital meters.

Machines like this are now used routinely for material
processing in industrial environments. They run with a minimum
of attention and their reliability record is greater than 95%.
Several firms offer similar equipment for sale and the market
for these devices is now well-established and growing. They
have evolved out of the era of physics research and are now
practical, production tools.

8.0 PROSPECTS FOR MORE POWERFUL MACHINES

The technical possibilities for developing larger Dynamitron
accelerators have been discussed in some detail elsewhere (9).
It seems reasonable to project an extension of the present 100 mA-
1.0 MeV-100 kW design to higher energies, first to 2.5 MeV and
later to 5.0 MeV. This would provide electron beam power ratings
of 250 and 500 kW, respectively.

Another approach to higher power levels would be the use
of multiple acceleration tubes connected to a common high-voltage,
high-current generator. Two possibilities for reaching a 1000 kW
rating would be a 5.,0 MeV generator with two 100 mA beam tubes
and a 2.5 MeV system with four 100 mA tubes. Such an arrangement
is shown in Fig. 4. Here the beam tubes are located in separate
enclosures and the high voltage power is connected by an SF-6 gas
insulated, transmission line.

Some practical advantages of this multiple-tube design are
that standard 100 mA components could be used :.n the beam accel-
eration sections, that the radiation intensity would be held to
reasonable levels within each beam and that multiple streams of
material could be processed at the same time. This would be
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useful for low-dose, high-thruput applications.

The main objective in developing larger and more powerful
machines is to reduce the number of units needed in a waste-
treatment plant and thereby to achieve a reduction in the processing
cost per gallon of water. The economies which might be realized
in this way are analyzed in the next section.

9.0 ECONOMICS OF ELECTRON BEAM PROCESSING

The cost analyses presented in Tables I and II have been
prepared to show the capital costs and unit processing costs
which are characteristic of today's electron beam technology when
applied to continuous operations with high material thruput rates.
An attempt has been made to include all costs which might be
charged to the operation of a radiation processing system so as
to get a realistic figure for the cost per pound or per kilogram
of product material for a radiation dose of 1.0 megarad averaged
throughout the material.

The capital cost estimates for material handling equipment
and for facility engineering and construction will vary from one
site to another depending on the radiation process and on local
design and construction practices. Similarly, the annual costs
will depend on the depreciation schedule and on interest, labor
and electricity rates which will vary with time and place. The
figures shown are typical of high-power accelerator installations
at this time in the United states.

The cost estimates presented in Table I are for three
Dynamitron models rated at 0.5, 1.0 and 1.5 MeV, all delivering
the same beam current, 100 mA. The estimates in Table II are
for three larger Dynamitrons rated at 25, 50 and 100 mA, all
operating at the same voltage, 3.0 MV. The total capital costs
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TABLE I

PROCESSING COST ANALYSES
INCREASING VOLTAGE-CONSTANT CURRENT

PERFORMANCE RATINGS

Voltage-Beam Current 0.5
Line Power-Beam Power 100

Beam Power utilization

Thruput Mrad-lbs/hr

Mrad-kg/hr

CAPITAL COSTS (in thousands)

Accelerator

Access. & Instal. Sup.

Mat. Handling Equip.

Contingencies (10%)

Equipment Totals

Facility Eng. & Const.

Capital Cost Totals

ANNUAL COSTS (8000 hrs)

Equip. Deprec. (12 yrs)

Facility Deprec. (25 yrs)

Interest (8%)

Maintenance

Oper. Labor & Ovhd. ($10/hr)

Elec. Power (3C/kW-hr)

Contingencies (5%)

Annual Cost Totals

PROCESSING COST RATES ($)

Per Day (365 Days)

Per Hour (8000 Hrs)

Per Mrad-lb Product

Per Mrad-kg Product

MV-100 mA
kW-50 kW

.62

25,000

11,000

300

75

75

45

495

100

595

41

4

48
28

80

24

23
248

680.00

31.00

.0.00124

0.0028

1.0 MV-100 mA
200 kW-100 kW

.71

56,000

25,500

525

100

100

73

798
150

948

67

6

76
36
80

48

31
344

.944.00

43.00

0.00077

0.0017

1.5 MV-100 mA

300 kW-150 kW

.73

87,000

39,500

675

125

125

93_

1018

200

1218

85

8

97

44

80

72

39

425

1164.00

53.10

0.00051

0.0013
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TABLE II

PROCESSING COST ANALYSES
CONSTANT VOLTAGE-INCREASING CURRENT

PERFORMANCE RATINGS

Voltage-Beam Current

Line Power-Beam Power

Beam Power Utilization

Thruput Mrad-lbs/hr

Mrad-kg/hr

CAPITAL COSTS (in thousands)

Accelerator

Access. & Install. Sup.

Mat. Handling Equip.

Contingencies (10%)

Equip. Totals

Facility Eng. & Const.

Capital Cost Totals

ANNUAL COSTS (8000 hrs.)

Equip. Deprec. (12 yrs.)

Facility Deprec. (25 yrs.)

Interest (8%)

Maintenance

Oper. Labor & Ovhd. ($10/hr)

Elec. Power (3C/kw-hr)

Contingencies (5%)

Annual Cost Totals

PROCESSING'COST RATES ($)

Per Day (365 days)

Per Hour (8000 hrs)

Per Mrad-lb Product

Per Mrad-kg Product

3.0 MV-25 mA

150 KW-75 kW

0.75

45,000

20,000

650

100

100

85

• 935

250

1185

78

10

95

40

80

36

34

373

1025.00

46.60

0.00104

0,0023

3.0 MV-50 mA 3.0 MV-100 mA

300 kW-150 kW 600 kW-300 kW

0.75 0.75

90,000 180,000

40,000 80,000

750
125

125

100

1100

300

1400

92

12

112

48

80

72

42

458

1255.00

57.20

0.00064

0.00i4

950
150

150

125

1375

350

1725

115

14

138

64

80

144

56

611

1675.00

76.50

0.00Q42

0.00095
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for these six models are plotted against beam power in Fig. 5.

Curve A for increasing current extrapolates to about $2.4 million

for a 1000 kW installation. Curve B for increasing voltage

extrapolates to about $2.9 million at 1000 kW. A multiple-beam

system will probably fall somewhere between these two estimates.

A comparison of the processing cost rates given in the two

bottom lines of Table I shows that the cost per pound or per

kilogram of product diminishes as the beam power is increased by

raising the accelerating voltage. This is due to the fact that

most of the cost items (except for the electrical power) do not

increase in proportion to the voltage. A comparison of the bottom

line cost rates in Table II shows a result similar to Table I,

that is, the processing cost per unit of product weight diminishes

with increasing beam power as the beam current is increased.

These six processing cost rates are plotted against beam power

in Pig. 6. It can be seen that the downward trends of the processing

cost rates are about the same whether the current or the voltage

is increased. If the upper line is extended to higher output

power as shown, the indicated processing cost rates for 250, 500 and

1000 kW of beam power are $0.00047, $0.00030 and $0.00019/Mrad-lb,

respectively. The validity of the 500 and 1000 kW figures, of

course, is not as good as the 250 kW figure because of the range

of this extrapolation and because the design parameters for these

larger models are not yet fixed. Nevertheless, this method of

projecting processing costs from the present power range to the

anticipated future range gives approximate figures which are

useful for evaluating the feasibility of using electron beam

radiation on high-volume processes.
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10.0 COST COMPARISONS OF DISINFECTION METHODS

The U.S. Environmental Protection Agency has recently
reviewed the need for disinfection of waste water and has
discussed a variety of methods for accomplishing this objective
(10). They have also prepared co^t estimates for each of these
methods, based on the 1974 economy. These are listed in
Tables III and IV of this paper.

The two bottom lines in the tables are cost estimates
for electron beam processes prepared from the cost trends shown
in Figs. 5 and 6, Line A. These figures are not strictly comparable
to the non-radiation processes since there are some differences
in assumptions/ such as labor rates, power costs, amortization
schedules and interest charges. For example, the EPA used a
20 year amortization schedule, no interest charges, $4.50/hr
+ 15% for operation and maintenance costs and 1.5C/kW-hr for
electrical power. On a comparable basis, the electron beam cost
estimates would be significantly lower than the figures given
here. On the other hand, the electron beam estimates do not
include the cost of oxygen or recirculation and drying in the ozone
production process.

In spite of these differences which should be examined
more closely, the capital cost estimates given in Table III for
the two electron beam processes are not very far out of line
with the ozone/air process for a 10 MGD plant and are competitive
at the 100 MGD level. The high figure (7200) for the direct
electron beam + O2 process is due to the requirement for three
generators rated at 1000 kW each. If all three were purchased
at the same time and housed in a common facility the total capital
cost would be reduced.
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TABLE III

SUMMARY OF CAPITAL COST ESTIMATES FOR

DISINFECTION OF WASTE WATER

(data from reference (10))

Plant Size/ MGD

Cost Unit

1

$1000

10

$1000

100

$1000

Process

Chlorine

Chlorine/S02

Chlorine/S02/Air

Chlorine/Carbon

Ozone/Air

Ozone/Oxygen

Ultraviolet Light

Bromine Chloride

•Electron Beam + 02

*03 from Electron Beam

60

70

120

640

190

160

70

50

900

660

190

220

360

2800

1070

700

360

130

1725

1250

840

930

1580

8400

6880

4210

1780

410

7200

2400

*calculated from Fig. 5
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TABLE IV

SUMMARY OF OPERATING COST ESTIMATES FOR

DISINFECTION OF WASTE WATER

(data from reference (10))

Plant Size, MOD

Cost Unit «/1000 gal

10 100

g a i <>/1000 gal

Process

Chlorine

Chlorine/S02

Chlorine/SO2/Air

Chlorine/Carbon

Ozone/Air

Ozone/Oxygen

Ultraviolet

Bromine Chloride

* Electron Beam + O2

* O3 from Electron Beam

3.49

4.37

7.66

19.00

7.31

7.15

4.19

4.52

77.1

37.8

1.42

1.75

2.39

8.60

4.02

3.49

2.70

3.04

17.5

8.6

0.70

0.89

1.19

3.28

2.84

2.36

2.27

2.65

8.1

2.0

•calculated from Fig. 6
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i' The operating cost figures per 1000 gallons of water

J; were obtained as follows: For the direct irradiation process

I at a dosage of 50 kilorads, the basic thruput unit is 1000 gal x

? 8.34 lbs/gal x .050 Mrad = 417 Mrad-lbs. This figure is then

•• multiplied by the cost per megarad-pound obtained from Fig. 6

i. for the appropriate beam power level given in Section 2.0.

•v The processing cost figure for the direct electron +O2 process

for the 100 MGD plant was taken from the 1000 kw point on Pig. 6.

This figure would be somewhat lower if three generators were

housed in one facility and supervised by a single operator.

For the ozone generation process the operating costs can

best be obtained from the beam power requirements and the cost

per kilowatt-hour of electron beam energy. The latter figure can

be obtained by mr" plying the radiation cost/Mrad-lb by the

thruput rate of • jo Mrad-lb/kw-hr (for a 75% beam utilization

efficiency). For example, with a 100 kw accelerator (which is

required for a 10 MGD plant) the operating cost would be

$0.00085/Mrad-lb x 600 Mrad-lb/kW-hr = $0.51/kW-hr of beam. (The

cost/Mrad-lb was obtained from Fig. 6, Line A, for 100 kw.)

Now, assuming an ozone yield of 0.4 lb/kw-hr, (from Section 3.0)

the ozone cost would be $0.51/kW-hr -J- 0.4 lb/kW-hr = $1.28/lb O3.

Now, for an assumed ozone treatment of 8 mg/1, the ozone required

for 1000 gallons is 8340 lbs x 8 x 10""6 = 0.067 lbs. So, the

treatment cost would be, $1.28/lb O3 x 0.067 lb O3/IOOO gal =

$0,086/1000 gal. The other ozone figures in Table IV were obtained

in the same way.

The operating cost estimates for ozone from electrons look

quite attractive for the 100 MGD plant. The estimate for the

direct electron + O2 process for the 100 MGD plant suffers from

the choice of 3 generators instead of one larger unit.
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The combination of radiation with high-pressure oxygen, chlorine,

carbon filtration within the beam or heat could reduce the power

requirements and make the.direct irradiation process look more

attractive. Cost estimates have not been attempted for these

alternatives but they should be kept in mind when evaluating the

potential of radiation disinfection processes.

11.0 CONCLUSIONS

The growing concern about environmental quality is

stimulating the search for better methods of sewage treatment.

The proper disinfection of sludge and waste water is a prime

concern. Alternatives to simple chlorination are all more

expensive, especially ozonation and, carbon filtration. If either

of these processes are applicable to a large treatment plant, then

electron beam radiation should also be considered.

High energy radiation from radioactive substances has

heretofore been too expensive for most sewage applications. It

may be applicable to sludge treatment where agricultural use is

intended. However, this form of energy cannot be considered

for waste water disinfection because of its high cost and limited

availability.

• On the other hand, electron beam radiation produced by

high-voltage electrical equipment can produce the same beneficial

effects and issfar cheaper. The lower operating costs for electron

beam facilities are directly related to their higher power ratings

and material thruput rates. As the size of the unit increases,

the operating costs per unit of material irradiated go down.

The large thruputs of waste water from municipal sewage

treatment plants pose both a challange and an opportunity to the

- 160 -



- 147 -

electron accelerator industry. The beam power requirements
are, in some cases, beyond present capabilities. However,
this industry will be able to respond to this kind of challenge.

At the power levels that will be required for water
treatment, the capital and operating costs will be comparable
to the cost of ozonation and may even be lower when all things
are considered. This means that electron beam radiation should
be on the list of new techniques which are being evaluated for
the treatment of waste water.

FIGURE CAPTIONS

Fig. 1 The High Voltage Assembly of a 3.0 MV-50 mA-150 kW
Dynamitron Accelerator

An Electron Beam Scanning System

A Simplified industrial Control unit for a
Dynamitron Accelerator

A Conceptual Design for a Multiple-Beam Accelerator
Rated for 2.5 MV-400 mA-1000 kW

Increasing Trend of Electron Beam Capital Cost
with Increasing Beam Power

Decreasing Trend of Electron Beam Processing Cost
with Increasing Beam Power

Fig.

Fig.

Fig.

Fig.

Fig.
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3
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