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Abstract

Radiation sterilization has been introduced in Poland in early seventies. Since
then continuos progress is observed in quantity of sterilized products.
The commercial irradiation facility was build in 1993 to fulfill growing demands for
radiation service. The real costs of running this plant were shown. The share of the cost
of investment and the cost of maintenance and spare parts in accelerator exploitation, as
well as the cost of one hour accelerator exploitation against time of one year accelerator
exploitation were taken into account.

1. INTRODUCTION

Radiation sterilization process performed by electron beam application becomes one of
the continuously growing branches of radiation processing. The first time EB sterilization
commercial facility was build by Ethicon, Inc., in 1956 to sterilize absorbable sutures [1].
Approximately 160 radiation sterilization facilities were installed in over 40 countries since
then. Gamma irradiation facilities predominate, however, EB sterilization techniques are
employed throughout the world by companies interested in the unique capabilities of this
form of radiation and in a new generation of industrial accelerators with suitable electron
energy and beam power. Since 1956 more than 30 electron accelerators are being applied for
commercial radiation sterilization process of medical devices. Such facilities are located not
only in most developed countries like USA, Canada, Japan and France where accelerators are
produced but also in many other countries including Poland where imported accelerators are
usually installed. Great progress in performances and reliability of electron accelerators has
been observed recently what stimulates the growing interest to EB radiation sterilization
method. Many accelerators manufacturers are competing in this particular field what leads to
reduction the unit price of electron beam power.

The advantages of electron beam application in comparison to gamma sources in
sterilization process are as follows: high intensity sources of radiation (high throughput)
switching off capabilities (safety, loading characteristics), short time of the exposure, fully
controlled process, high beam power utilization, small treatment zones, simple conveyor
system, small unit cost of operation, better public acceptance. On the other hand the
disadvantages of EB treatment should be taken into account before the process application.
The careful dose mapping should be performed because of limited electron penetration.
Higher investment cost and more complex exploitation of the facility are also specific feature
of EB facility.
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The electron beams are used within the energy range of 0,3 - 12 MeV. The formal
requirements associated with the construction, validation and use of accelerator-based facility
in medical devices sterilization are similar to the regulation and procedures developed for the
gamma sterilization industry and follow guidelines, practices and methods developed by
standard organizations. EB facility is recognized as a part of the total device manufacturing
process where should be applied:
a) GMP (good manufacturing practices),
b) GIP (good irradiation practices),
c) total quality management system.

On and off line systems used in radiation sterilization facilities depend on facility
locations. On line system is often used when sterilization process is integrated directly into
production line. More common off line service is very characteristic for contract irradiation
when sterilized product are finally packed and transported to sterilization facility. 10 MeV is
the most common electron energy in radiation sterilization process. Lower energy up to
3 MeV is sometimes used, mostly in on line installations. The average beam power can vary
in the range of 3 - 200 kW, depends on accelerator type. The typical contract irradiation
facility is usually equipped with accelerator which provides electron beam with energy
10 MeV and beam power 10 -50 kW. The low throughput is related to lower beam power
level. For higher beam power difficulties in handling sterilization process may appear at very
high rate.

2. ECONOMIC CONSIDERATIONS FOR EB RADIATION STERILIZATION FACILITY

Economic and financial evaluation should be performed to obtain information about
commercial and national economic profitability of any radiation technology project before its
final approval and implementation. The financial analysis is concerned with such issues as:
what sources of founds are available to finance the project, what expenditures are necessary,
the returns sufficient to attract capital for radiation technology project and is there a positive
cash-flow. Economic evaluation should include structure of investment and operating cost of
radiation facility. The economical effects of radiation sterilization installation may be
influenced by many factors. The most important are the following:
a) investment cost (accelerator, auxiliary equipment which depends on the accelerator type,

monitoring and process control systems, material handling system, building including
radiation shielding, project preparation, engineering,

b) operating cost ( financial cost - debt service, maintenance and spare parts, personnel -
labor cost, utilities - electricity, water, air, etc.),

c) utilization of electron beam and dose setting.
The period of time in which radiation processing is interrupted due to changes in handling
system may sometimes decrease the efficiency of electron beam facility. In other words the
volume of irradiated product with certain process requirements may be important in total
efficiency calculation.

The investment costs are always high for any electron beam facilities. Mainly because
of the accelerator's price and costs concerning building with special biological shielding.
There is also auxiliary equipment needed like conveyer, cooling and ventilation systems,
control and monitoring system. Low energy accelerators may offer the lowest capital cost
(cost of accelerator, shielding) but with low penetration level what causes loss of flexibility.
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In very high simplification it can be assumed that the cost of accelerator can be determined by
the following formula [2]:

K a = b x ( l ± d ) x E x ^ Eq. (1)

where
b - coefficient related with the type of accelerator
d - manufacturer prime cost's coefficient
E - electron energy [MeV]
P - mean beam power [kW].

For linear accelerator of high frequency in the range of energy between 3 and 10 MeV, "b"
coefficient equals 22, and the accelerator cost will be given in thousand dollars. The result
obtained in accordance with above given formula is in good agreement with the costs of the
accelerator Elektronika, installed at Radiation Sterilization Plant of Medical Devices in the
Institute of Nuclear Chemistry and Technology, (INCT), in 1993. For accelerator LAE 13/9
installed in 1971 the value of [b x ( 1 ± d )] was 25.

The capital expenditures cost is directly related to accelerator cost according to
formula:

K ~ a x K a Eq.(2)

where:
K, - capital expenditure cost
Ka - accelerator cost
a - coefficient 2,4 ± 0,3

The capital expenditure cost calculated according to above formula takes into account
also designing and building costs as well as the auxiliary equipment needed like conveyer,
cooling and control systems. Installation costs are not sometimes included within the contract
and have to be covered separately. In the case of accelerators installed in INCT, the coefficient
"a" has the following values:
a) for accelerator LAE 13/9 (1971) - 2,4
b) for accelerator ILU 6 (1988) - 2,3
c) for accelerator Elektronika (1993) -3,2.
The similar coefficient related to facility Titan, installed recently in San Diego, USA, was
found 3,2 [3].

The exploitation costs can be divided into two parts - the first part is fixed and does
not depend on the production scale (amortization, credit repayment, etc.), the second part is
increasing proportionally with the standard and scale of service and it has to be taken into
account the costs concerning accelerator's maintenance, calibration and validation.

The throughput of radiation facility can be calculated according with the general formula:

Re- 3600xFpeXP Eq. (3)
where
Re - throughput of radiation facility
Fpe - fraction of beam power absorbed by the irradiated material (0,3 -0,6 for radiation
sterilization)
P - mean beam power [kW].
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When the utilization of electron beam is concerned the following factors are to be
taken into account: dose distribution (as a function of energy and beam current), type of
irradiated items (complex product geometry, material interfaces and nearby surfaces),
uniformity of conveyer speed, and the design of the carrier system. The dose distribution in
irradiated product with electron beam has nonlinear characteristics [4]. To keep the agreed
level of heterogeneity in irradiated object, a part of electron beam energy is not used, which
can be a little bit improved by two-sided irradiation ( up to 20% ). In agreed manner of
irradiation electron energy 10 MeV, the density area should not exceed 2,5 g/cm2 of the final
packaging. For the minimization of the losses it is assumed the mutual fit of the packaging
dimensions, the conveyer width and the width of electron beam trace. For calculation it was
assumed the value of 60% for beam power utilization. In reality this value is significantly
lower, especially for the products with the different density packed together and also in the
case of not well-fitting of final packaging to dimensions of the conveyer.

Regarding the dose setting the bioburden and type of sterilize devices have to be
considered. Dose setting is of great importance for the quality assurance level of radiation
sterilization process and also influence on economical factor. A dose of 25 kGy was
established during validation studies as the minimum dose required to sterilize medical
devices. However, some countries (Scandinavian countries) have decided to use higher
sterilization doses based on evidence of higher radiation resistance in some environmental
isolates. On contrary, in the USA, Food and Drug Administration has allowed to use lower
sterilization doses based on product specific dose setting studies and the need to irradiate
some health care products at lower doses. According to standard EN 552 the manufacturer
must substantiate the effectiveness of 25 kGy as an irradiation dose. The costs of verifying 25
kGy as a sterilization dose might be quite high because it requires the use of large numbers of
items in the initial study to establish the verification dose [5].

3. CONTRACT STERILIZATION FACILITY LOCATED AT INCT

Radiation sterilization has been introduced in Poland in early seventies since
installation of the linear electron accelerator in 1971. The detailed research program where
performed in 1973 - 1977 period to developed methods and procedures and evaluate suitable
materials for industrial application of the process. The commercial irradiation was started in
1974. Since then continuos progress is observed in quantity of sterilized products. The
commercial irradiation facility was build and started in 1993 to fulfill growing demands for
irradiation service [6]. The main parameters of the facility are given bellow:

ACCELERATOR Elektronika 10/10 (Made in Russia)

electron energy 10 MeV
beam power 10 kW
scan width 65 cm

AC power consumption 120 kVA

BUILDING

total surface 1814m2

total capacity 9230 m3

storage surface 2 x 288 m
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PROCESS PARAMETERS

conveyor speed
unit size
productivity

0,3 - 7 m/min
56 x 45 x (10-20) cm, 0,05 m3

lOOOOkgkGy/h

A radiation sterilization plant equipped with electron accelerator Elektronika 10
MeV/10 kW was put into operation at INCT in 1993. So there is now reasonable time to
summarize the real costs of running this plant. The costs of this investment were covered by
the government money but also some funds were provided by INCT.

The economic parameters INCT facility for radiation sterilization are presented in
Table I. The debt service is based on paying off a loan due to investment cost in 15 years at
8% interests often used for such calculation [7]. The administration cost covers management,

Table I. Economic parameters related to INCT radiation sterilization facility

Investment cost (in k$)

Accelerator

Conveyor

Building

Installation

Total

Exploitation cost

Debt service

Administration

Labor

Maintenance and spare parts

Electrical energy

Total

Processing rates and costs

Throughput (volume)

Throughput (units1 0,05 m3)

One EB hour cost

Unit cost

700

100

1400

50

2250

1000 h

180

60

60

25

5

330

1000

4800 m3

96 unit/h

330 $

3,44 $

2000 h

180

60

120

50

10

420

2000

9600 m3

96 unit/h

210 $

2,19 $

1 size of the product box (cm): 50 x 60 x 17

461



administration and quality service (dosimetry). Labor cost is related to operator, maintenance
and conveyor service personnel. The electric power cost is based on 120 kW electrical energy
consumption at 5 cents/kWh. 60% electron beam utilization has been applied for product
with density 0,15 g/cm3. The unified size of the product box with volume 0,05 cm3 was
accepted in unit operation process.

The elements of one EB hour cost are given in Table II. The operating costs are
significantly influenced by the initial capital costs (building, accelerator, conveyor). Radiation
sterilization carried out with electron beam requires quite high capital expenditure. The only
way to lower the irradiation costs of single unit is to obtained the intensive plant-utilization
times. When the plant is carried out with the high throughput the radiation sterilization is
competitive with another sterilization techniques. That can be illustrated by Fig. 1 where share
of investment cost versus time of accelerator exploitation is displayed.

Accelerator efficiency is one of many factors which can have influenced facility
efficiency because of the cost of electric power. It is more important for high electron beam
power accelerators with relatively low investment cost. High electron energy accelerators with
low electrical efficiency (10%) are commonly used for radiation sterilization. The cost of
electrical energy is only small parts of exploitation cost (1,5% for 1000 h one year accelerator
exploitation - Table II) because high investment cost and low total electrical energy
consumption. The cost of electrical energy is higher for more intense accelerator exploitation
(2,4% - 2000 h). For accelerators used in flue gas treatment radiation installation, the
electrical efficiency is about 80% but in this case the share of electricity in exploitation costs
is about 16%, what is shown in Table III.

Table II. The elements of one EB hour cost

One EB hour cost elements [%]

Building

Labor

Administration

Accelerator

Maintenance

Conveyor

Electrical energy

Installation

1000 h

34,0

18,2

18,2

16,9

7,6

2,4

1,5

1,2

2000 h

26,6

28,6

14,3

13,2

11,9

2,0

2,4

1,0

462



Table III. Economical data of radiation sterilization facility
(10 MeV/20 kW) and flue gas treatment radiation installation
(!MeV/l,2MW)

Type of costs
[k$]

Investment
cost

Exploitation
cost

Total
Electrical
energy share

Facility
parameters:
electron energy lOMeV 1 MeV
beam power 20 kW 1,2 MW
Accelerator

Building,
aux. equipment
Bank credit

Administration
Service
personnel
Spare parts and
service
Electrical
energy
consumption

3000

4500

860

300
200

150

40

1550
2,6%

3500

14500

2060

200
100

100

480

2940
16,3%

Higher accelerator reliability is especially important for intense accelerator
exploitation when share of maintenance and spare parts cost in exploitation cost grows
significantly (Fig. 1).

4. CONCLUSIONS

The efficiency that can be achieved during sterilization of a specific product depends
on the suitability of a facility for that kind of product (suitable electron energy and penetration
range) and on the homogeneity of its mass distribution in the primary beam direction. Also the
period of time in which radiation processing is interrupted due to changes in handling system
may sometimes decrease efficiency of electron beam facility. In other words the volume of
irradiated product with certain process requirements may be important in total efficiency
calculation.

The total investment required for radiation facility depends on installed capacity. The
debt service related to investment cost is a high part of the exploitation cost (over 50%)
especially for low level activity of the sterilization service. Labor and maintenance become
the dominant part of exploitation cost when three shifts operation of the facility is applied.

Product calculations have shown that electron beam facility which is not in operation
for at least 2000 h per year can not become profitable for most applications including
radiation sterilization. Multi-functional use of accelerator facility may create possibility to
increase volume irradiated products and improve economical factors.
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FIG. 1. Share of different factors versus time of accelerator exploitation.
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