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ABSTRACT

Genetic algorithm is applied to find the optimum gas mixture ratio as gas insulat-
ing medium substituting pure SF,. Genetic Algorithm is very useful to find the op-
timum solution from vast searching possibilities. Testing each gas mixture by ex-
periment requires a long time. The present method is very efficient to preselect the
candidates of gas mixtures before more thorough but time-consuming investigation
via experiment is carried out. The gas mixture ratio is coded as a series of bits sim-
ulating a genetic sequence of a life form. Two-term Boltzmann equation is used to
calculate the effective ionization coefficient of each gas mixture that is used to eval-
uate the degree of adaptation of each individual representing one set of mixture ra-
tios. Two types of degree of adaptation are used to evaluate each individual, the ef-
fective ionization coefficient at the critical ratio of the electric field to the gas den-
sity of SF, of 359.3x10*' Vm?, and the global warming potential. Based on the de-
gree of adaptation, better individuals can be selected as parents of the next genera-
tion, leaving their genes to future generations. After some generations, the group of
individuals converges into the optimum with the best degree of adaptation.

Index Terms — Genetic Algorithm, gas mixture, SF,, global warming potential,
Boltzmann analysis.

1 INTRODUCTION It is known that by mixing multiple gas species at a cer- [
tain ratio, the insulating capability dramatically increases.
Each gas has different inelastic collision cross-section. If
we select a mixture ratio where each gas supplements the
other’s deficiency, the mixture can have an insulating ca-
pability of more than the average of both species, that is,
a positive synergism can be obtained. If we mix more than
three gas species with the accuracy of several percents and
try to find the best mixture ratio as the insulator gas, the

HE use of closed gas insulation system reduces the

size of electrical power apparatus. Various gas insu-
lated power systems, such as gas insulated switchgear
(GIS) and gas insulated power transmission line (GIL),
are widely used especially in urban areas, where the size
reduction is necessary to keep the land cost low. SF, has
been widely used as the gas insulating medium, because
not only it has excellent insulation capability, but also it is e ;
non-toxic, chemically stable, and non-flammable. SF;, number O,f combma.uorfs B EDOLMOMS. If we try the search
however, has a very high global warming potential (GWP); for the mixture ratio via experiment, we first have to put

24000 times that of CO, [1]. It is anticipated that in the each gas species into a gas chamber, mix them well and
carry out an experiment. Only a few combinations can be

tested in one day at most, and it takes a long time to try
all possible combinations. Even if we use a computer sim-
ulation, it takes a significant amount of time to test all

near future there will be an international regulation that
mandates the reduction or even the complete ban on the
use of SF,. The secarch for an insulating gas to substitute
SF; is going on all over the world. There are gas species =
exceeding the insulating capability of SF,. If we take into combinations.
account other characteristics, however, such as toxicity,
chemical stability, and flammability, it is widely believed
that no gas could exceed SF; as long as a single gas species
is used [2].

The purpose of the present paper is to develop a method
to find the optimum mixture ratio via genetic algorithm
(GA). GA is suitable to find the optimum value in the vast
searching space and has been applied successfully in many
n ) areas recently. It is especially useful when although the
Manuscript received on 12 December 2002, in final form 20 June 2003 number of paramecters is small, the number of their con
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binations is huge. GA is not a new method and there are
many textbooks (see [3] for an example) describing it. In
this paper we use a standard type of GA. This work is the
first application of GA to find a gas mixture ratio for a gas
insulator. We do not claim that the optimum mixture ratio
found in the present method gives the final solution of the
gas insulator substituting SF,. But the mixture ratio de-
rived in the present method gives a good starting point
before a thorough investigation is carried out via experi-
ments. Because we do not have to do experiment to nar-
row the parameter (mixture ratio) range, we can save a
significant amount of time by using GA to preselect the
candidate gas mixture.

In the past, there were many studies carried out to find
the optimum gas mixture ratio. Most of the earlier works
were experimental. Malik et al. [4] reviewed the works of
1970s. Christophorou et al. [5] attempted to identify alter-
native dielectric gases to pure SF, on the basis of pub-
lished studies up to 1990s and consultation with experts in
the field. There were only a few numerical or theoretical
studies to find the optimum gas mixture ratio. Itoh et al.
[6] carried out Boltzmann analysis to find the optimum
mixture ratio of a ternary mixture composed of SF;, c-
C,Fy, and N,. They calculated all possible combinations
of the ternary mixture by solving the three-term approxi-
mation Boltzmann equation.

The present problem of finding the optimum gas mix-
ture is categorized as a combinatorial optimization prob-
lem. Nowadays there are many methods to solve the com-
binatorial optimization problems. To the authors’ knowl-
edge, there was no earlier work to search for the optimum
gas mixture ratio as a combinatorial optimization prob-
lem. The work of [6] may be counted as one, though the
method used is the most primitive one, searching all pos-
sible combinations. In the present problem, the system in-
put is the gas mixture ratio and the output is either the
insulating propertics or GWP of the given gas mixture.
The relationship between the input and output is very
complicated and nonlinear. Therefore, it is very likely that
the system output contains many local extremes. For such
a case, conventional local search methods (for example
see [7]) based on the gradient are likely to fail to find the
global extremes. Recently many meta-heuristics algo-
rithms have been proposed and applied successfully to
various combinatorial optimization problems. Genetic al-
gorithm used in this paper is one of the meta-heuristics
algorithms.

One characteristic of the present problem is that it is
very time consuming. We calculate the effective ionization
Coefficient of a given gas mixture by solving the two-term
dpproximation Boltzmann equation that is the fastest ana-
I)_’t.ical method to calculate the effective ionization coeffi-
tient. Even for a gas mixture of six species, for example, a
Ypical CPU time to calculate the effective ionization co-
efficient at a given reduced electric field is 5 s using a
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personal computer with a speed of 800 MHz. Therefore to
try 10* combinations we need 14 h. If we take into ac-
count the searching space to be covered, a long time is
required to do many runs to tune the parameters of the
searching algorithm. To run GA, we need to define the bit
size, the selection rate, the population size and the muta-
tion rate. One advantage of GA is that it is very robust [8].
Even if we select these parameters intuitively, there is a
good chance that the algorithm finds the solution anyway.
Although the convergence speed might not be the fastest,
it might be still faster than spending time in finding the
best parameters to give the fastest convergence.

There may be other methods suitable to solve the
present problem. For example, simulated annealing (SA)
[9] has been applied successfully to many combinatorial
optimization problems. It is said that the annealing sched-
ule must be fine-tuned to obtain a solution within an ac-
ceptable time limit. Therefore, we might need to spend a
considerable amount of computer resource in the trial to
find a good annealing schedule before we even begin the
actual search for the gas mixture ratio. Therefore, in the
present problem we have chosen GA as the searching al-
gorithm mainly because of its robustness.

In Section 2 of the present paper, we discuss the detail
of the searching method where GA and the two-term
Boltzmann analysis are combined. In Section 3, we pre-
sent the computational result. In Section 4, we conclude
with suggestions for future work.

2 SEARCHING METHOD

We combine GA and the two-term Boltzmann method
to search for the optimum mixture ratio. In this section,
we present only specific points relevant to the present
problem. The most important part in each problem apply-
ing GA is how we transform the genetic sequence usually
made of bit series of 0 or 1 to the formula of solution in
the searching space. Because GA simulates the evolution
of life, each solution candidate is called an individual. In
the present case, each individual has the mixture ratio of
each gas as its genetic sequence. In Figure 1 we show an
example of genetic sequence of an individual consisting of
three species. In Figure 1 the genetic sequence is com-
posed of 24 bits. The first 8 bits denotes the gas species A.
The second 8 bits denotes the gas species B and the third
8 bits denotes the gas species C. Each 8 bit is transformed

Gas A Gas B Gas C
genetic
expression]OL]DiOOOOInOlOlllOl1001]
decimal 217
numbers 150 3
mixture 180 73 217
ratio 434 434 434

Figure 1. Example of genctic sequence of gas mixture ratio.
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Figure 2. Flow chart of genetic algorithm.

into a number of decimal systems. In Figure 1 the 8 bits
for the species A, “10110100™ becomes 180. Likewise, the
8 bits for the species B and C become 37 and 217, respec-
tively. Then, we take the sum of the three numbers, 180+
37+217=434 and divide cach decimal numbers by the
sum to obtain the mixture ratio of each species. The mix-
ture ratio of species A, B, and C is 0.415, 0.085 and 0.500,
respectively. With this method, each gene sequence is
transformed into the mixture ratio of each species.

In Figure 2 we show the flow chart of the search method.
We first generate a group of individuals of the first gener-
ation using random numbers. For each bit of gene se-
quence, 0 or 1 is determined by a random number. In the
present paper, the number of individuals at each genera-
tion is 200 unless stated otherwise. Therefore, in the ex-
ample shown in Figure 1 we use 24200 = 4800 random
numbers to generate the group of individual of the first
generation.

We then evaluate each individual based on the evalua-
tion function. The evaluation function is the analogy to
measuring how easily each individual adapts to the envi-
ronment to survive. In the present paper, we use two types
of evaluation function. The first one is the effective ion-
ization coefficient, i.e. (@-n)/N, where N, is the gas den-
sity, a is the ionization coefficient, and = is the attach-
ment coefficient. We use the effective ionization coeffi-

cient at E/N,=3593 Td (1 Td=1x10"* Vm?) as the

evaluation function. E/N, = 359.3 Td is chosen because it
is the critical ratio of the electric field to the gas density
of SF, at which (a-n) =0 [10]. Therefore if the effective
ionization is negative, the individual is a better gas insula-
tor than SF,. By limiting the evaluation function to the
effective ionization coefficient at a single value of the ra-
tio of the field to the gas density, we can minimize the
computational time.

We solve the Boltzmann equation based on the steady
state Townsend method with two-term approximation
[11,12], because it is the fastest method to calculate the
effective ionization coefficients. In the two-term Boltz-
mann equation, the collision term is expressed as the sum
of collisions between electrons and cach neutral gas
species. We do not consider reactions among ions or neu-
trals except the case of the three-body attachment, for an
example O,. In the three-body attachment, the third body
can be any neutral gas species in the mixture. The gas
density is assumed to be N, =25x10% m %

The second evaluation function is GWP. The lower the
GWP the better the individual is. We calculate (E/N,),,,
of each individual gas mixture. From this value, we calcu-
late the gas pressure when it is used with the same insula-
tion strength as pure 0.5 MPa SE,. The pressure of 0.5
MPa is operational pressure of many SF; based gas insu-
lated systems. For an example, if GWP of gas species A
and B are 200 and 10, respectively, and the mixture ratio
is 0.8 and 0.2, respectively, the GWP of the gas mixture is
0.8x200+0.2x 10 =162. If the critical reduced ratio of
the field to the gas density of the gas mixture is 250 Td,
the gas pressure must be raised by a factor of 359.3/250 =
1.44 to maintain the same insulation strength as for pure
SF,. Because the gas pressure must be 1.44 times that of
SF,, the GWP of the gas mixture becomes, 1.44 X162 =
233 compared to 24000 of SF,. Practically, it is difficult to
raise the operational pressure beyond 1 MPa from the
safety concern and we set the maximum pressure of the
gas mixture to 0.9 MPa. Therefore, in order to have the
same insulation strength as 0.5 MPa of SF, at a pressure
less than 0.9 MPa, the critical ratio of the electric field to
the gas density must be higher than 200 Td. When we
evaluate each individual, if the critical ratio of the electric
field to the gas density is less than 200 Td, the individual
is automatically disqualified and prohibited to become a
parent of the next generation.

The next process in GA is called “selection™, similar 10
the natural selection in the evolution of life. Based on the
evaluation function, we make ranking of all the individu-
als. Using the ranking, we select a pair of parents from
the top portion of the ranking. There are various methods
to select the parents. The selection method affects the
convergence speed to reach the optimum value. In the
present paper, we use the simplest method where We
choose the parents from the top 80%. Alternatively de-
scribed, the worst 20% of the population cannot be 5¢°
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Figure 3. Schematic picture of crossover method of genetic se-
quences.

lected as a parent of the next generation. A random num-
ber is drawn to select a father from the top 80%. Another
random number is drawn to select a mother from the top
80%. An individual can become a parent multiple times.
But, it cannot be a father and a mother at the same time.
If the same individual as the mother is selected as the
father, we draw another random number to reselect the
mother once again.

When we use GWP as the evaluation function, the dis-
qualified individuals occupy the bottom of the ranking.
But, the number of individuals with (E/N,) ., <200 Td
sometimes may exceed 20% of the total population. In
that case, we simply select parents only from the qualified
individuals, i.e., (E/N,)_, = 200 Td.

Once we select a pair of parents, we make crossover to
generate two children. In Figure 3 we show an example of
a crossover process. There are also various methods of
crossover in GA, but we again use the simplest method.
We simply cut the genetic sequence at one point and ex-
change cach fragment. Where we cut the gene is deter-
mined by drawing a random number.

If the population consists of 200 individuals, we repeat
the process of selection and crossover 100 times, because
¢ach process generates two individuals of the next genera-
tion. After we generate all the individuals of the next gen-
Cration, we cause mutation. The mutation is modeled by
flipping one bit from 0 to 1 or vice versa with a certain
probability. The mutation rate defines the probability that
any one bit flips between 0 and 1 before going to the next
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Table 2 GWP of gas species used in the search [1]. GWP of
the gases not listed in this Table is assumed to be 0.

Species GWP
SF, 23900
C, FH 7000
C;F 9200
CF, 6500
Cco, 1

generation. In the present work, we use 0.001 as the mu-
tation ratio unless stated otherwise. Then, for a mixture of
three gas species (24 bits) with 200 individuals, approxi-
mately 4 or 5 individuals (4.8 to be exact) suffer mutation
in one bit. After examining whether the mutation occurs
or not for all the bits, we calculate the evaluation function
of each individual of the next generation. Then, the pro-
cesses of selection, crossover, mutation and evaluation are
repeated until the results converge or the predetermined
number of generations (typically 100-400 generation) is
done.

Before we began the search of gas mixture ratio, we
compiled sets of electron-neutral collision cross-section
data of the following 14 species: SF;, CF,, C,F,. C;F,
N,, 0,, CO,, CO, H,, H,0, He, Ne, Ar and Xe. The
collision cross-section data have been taken from many
literature sources. The data sets taken from the literature
have been modified so that the effective ionization coeffi-
cients calculated by the two-term Boltzmann equation
match with the data of literature between 200 Td and 500
Td. Another GA makes the modification. In the Ap-
pendix, we discuss the detail and show the graphs of colli-
sion cross-section. Among the fourteen gases, perfluoro-
carbon gases have been chosen because they are known to
be electro-negative gases and regarded as possible substi-
tutes to SF, [13]. Other molecular gases have been chosen
because they are abundant in the atmosphere and rela-
tively harmless to the environment and humans. Rare
gases have been chosen for the same reasons. These four-
teen species are not the only species that should be looked
at. There could be other species that are abundant and
harmless. Once we obtain a reliable collision cross-section
data, we can easily expand the number of gas species to
be included in the search for an optimum mixture ratio.
In Table 1 we list the parameters used for each case of
the search. In Table 2 we list GWP of the fourtecen gas
species used in this paper [1].

Table 1 List of gas species used in the search and the evaluation function.

Number of

N No. Evaluation function

gas species

Gas species

(a-n)/N, at 359.3Td
(a-n)/N, at 359.3Td

lJ—l

3 (a-n)/N, at 359.3Td
4 (a-n)/N, at 359.3Td
5 GWP

f
14

13

10

CO, CO,, Ny, C, F;, C3Fg, CFy
SF;,CO,CO;.N,,C, F,,C4F;,CFy ,H, 0,
H,.0, Ne He Ar,Xe

CO,CO,,N,.C, F;,C3F;,CF ,H,0.H,,
0, .Ne He Ar Xe

CO.CO,,N; H,0,H,,0, Ne He Ar Xe
SF;,C0O,CO,,N,,C, F,,C;F.CF,
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Figure 4. The best, average, and worst values of the evaluation
function at each generation for the case 1.

3 SEARCH RESULT AND
DISCUSSION

In Figure 4 we show how the computation converges. In
the figure, we plot the best, average, and worst values of
the effective ionization coefficients among 200 individuals
at each generation for case 1. In this example we have
tested a gas mixture composed of 6 species. The six species
have been chosen to manifest that the present problem
has many local extremes and we have to tune the parame-
ters of GA. The average and best values show sharp de-
creases as the generation proceeds and become steady at
approximately 90th generation. The worst value tends to
decrease initially but increases soon and scatters widely
afterward. In this example the mutation rate is 0.001.

In Figure 5 we show how the number of individuals af-
fects the result. In the figure we plot the evaluation func-
tion of the best individual during 100 generations for dif-
ferent numbers of individuals. All the parameters except
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Figure 5. The effective ionization coefficient of the best individual
during 100 generations with different numbers of individuals for case
L

Mutation rate
Figure 6. The effective ionization coefficient of the best individual
during 100 generations with different mutation rates for case 1.

the number of individuals are kept the same among the
five cases plotted in Figure 5. The mutation rate is 0.001.
As the number of individual becomes too small, the solu-
tion tends to converge to a local extreme. From this re-
sult, we need at least 40 or 50 individuals to obtain the
optimum solution. The minimum number should increase
as the number of gas species increases and the searching
space expands. To make sure that we obtain the optimum
solution even for a large number of gas species (the maxi-
mum is 14 species for case 2), we set the number of indi-
viduals to 200.

In Figure 6 we show how the mutation rate affects the
result. In the figure we plot the evaluation function of the
best individual after 100 generations for different muta-
tion rates. All the parameters except the mutation rate
are kept the same among the four cases plotted in Figure
5. The number of individuals is 50. Figure 6 indicates that
there is an optimum value as the mutation rate. If the
mutation rate is too large, the evolutionary process is de-
stroyed by frequent mutations. If the mutation rate is 00
small, there is a risk of falling into a local extreme. From
this result, we have chosen 0.001 as the mutation rate for
the rest of study.

In Figure 7 we show the result of case 2 where we have
tested a gas mixture composed of 14 species. The average
and best values show sharp decreases as the generation
proceeds and become steady at approximately 300th gen-
eration. The worst value decreases initially but increases
soon and stays relatively steady afterward. In Figure 8 we
show how the mixture ratio of the best individual changes
as the generation proceeds. Initially, there are many
species involved in the best individual, but those who hanc
low insulation strength are dismissed quickly. The domi-
nant species at the initial stage of the evolution are SF
CO, N,, C,F,, and C,F;. They have large attachment col-
lision cross-sections or large vibrational excitation €ross:
sections. After 100th generation, the best individual be-
comes the gas mixture of mostly PFC gases, i.e. SF;, C,Fs
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Figure 7. The best, average, and worst values of the evaluation
function at each generation for the case 2.
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Figure 8. Evolution of the best gas mixture among 14 species over
generations. The result of case 2 search is shown.

and C,F,. After 300th generation, the mixture ratio of the
best individual stays the same and most of the individuals
have more or less similar genetic sequences. Therefore,
the crossover rarely produces new genes. Once such a state
is reached, only the mutation can change the course of
evolution. In this case, however, the mutation does not
work. We have waited for 100 generations from 300th
generation to 400th generation for the mutation to affect
the evolution. But the result shown in Figure 8 indicates
that the evolution is almost finished.

In case 2, the best individual has the mixture ratio of
SE,/C,F, = 0.881/0.119 and the effective ionization coef-
ficient is 1.01x 10~ m? Pure SF, has 1.5x 10" * m? at
359.3 Td for the collision cross-section data used in this
Paper, although the literature value gives 0 at this ratio of
the clectric field to the gas density. The critical ratio of
the electric field to the gas density of SF, with the present
collision cross-section data is 354 Td. In order to confirm
that the binary mixture ratio is the optimum- value, we
have calculated the effective ionization coefficient of the
binary mixture at every 1% of the mixture ratio between 0
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Figure 9. Evolution of the best gas mixture among 13 species over
2

generations. The result of case 3 search is shown.

and 100%. The result shows the mixture ratio of
SF,/C,F, =0.881/0.119 indeed gives the lowest effective
ionization coefficient. With the help of genetic algorithm,
we can find the best mixture ratio exceeding the insula-
tion capability of pure SF,. The difference from pure SE,,
however, is very little. The slight improvement of the insu-
lation capability probably will not justify the replacement
of pure SF, by the binary mixture of SF,/C,F, =
0.881/0.119, considering the additional cost associated
with handling two gas species instead of one. The result of
case 2 confirms that SF, has the insulation strength far
better than the other 13 species. As long as SF, is in-
cluded in the calculation, the result does not differ much
from pure SF,.

In order to avoid the strong influence of SF,, we inten-
tionally remove SF, from the list of gas species. In case 3,
we search the best mixture ratio among 13 species exclud-
ing SF,. Figure 9 shows the evolution of the best individ-
ual. The best mixture ratio is CO/C,F;/C;Fg =
0.27/0.25/0.48 and the effective ionization coefficient is
1.12x 10" m? This value is higher than the effective
ionization coefficient of any single species among 13
species and agrees with the best value found in case 1
where all the three species, CO, C,F,. and C,Fg are in-
cluded. In Figure 10 we show the effective ionization co-
efficients of major gas species used in this study. At 359.3
Td, the effective ionization coefficient of CO is already
lower than that of C,F,. At E/N, > 400 Td, it becomes
lower than even that of C,F,. Carbon monoxide (CO) has
large vibrational excitation cross-sections near 2 eV and
also the ionization cross-section is small compared to C,F,
or C,F,. The addition of CO to C;F; gives the positive
synergism due to CO. Further addition of C,F, supple-
ments the excitation cross-section of C4;Fg and lowers the
effective ionization coefficient further. In order to con-
firm that the ternary mixture ratio is not the local mini-
mum, we have calculated all possible binary combinations
among C,F,, CO, and C,F,. None of the binary mixture
has an effective ionization coefficient lower than 1.12x
10~2" m? given by the ternary mixture.
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Figure 10. Effective ionization coefficients of gas species with high
insulation capability among 14 gas species investigated.

The result of case 3 shows the dominant characteristic
of PFC gas even if SF; is excluded. As long as we use PFC
gas, the GWP of the gas mixture can be very high. In case
4, we scarch the gas mixtures composed of non-PFC gases
only and show the result in Figure 11. The search con-
verges to pure CO and the effective ionization coefficient
is 1.69x 10~ %" m?. Therefore, if we use non-PFC gas, the
best solution is to use pure CO.

So far the effective ionization coefficient has been used
as the evaluation function. The final purpose of this study,
however, is to find gas insulation media to replace SF,
from the environmental point of view. Even if the cffec-
tive ionization coefficient is lower than that of SF;, we can
still use that gas by raising the operational pressure. There
is a practical limit on the operational pressure from the
safety point of view. If the pressure were too high, the
cost to implement the safety mechanism to the gas con-
tainer would be unacceptable. In the present study, we set

fraction

EEREEBOOOA
5

0 40 80 120 160
generation

Figure 11. Evolution of the best gas mixture among 10 species over
generations. The result of case 4 search is shown.

the limit to 0.9 MPa, because above 1 MPa Japanese law
requires additional safety protection for the gas container.
We have selected 0.9 MPa to have a margin of 0.1 MPa to
the limit of | MPa. Because the standard pressure of gas
insulated system used is typically 0.5 MPa, we tolerate the
gas mixture with the critical ratio of the electric field to
gas density, (£/N,),.,, up to 360 x0.5/0.9 = 200 Td.

In the search, we first calculate (E/N,),,, of each indi-
vidual. We calculate (a-n)/N, at E/N, =200 Td. If it is
positive, we disqualify the individual automatically. If it is
negative, we calculate (E/N,)., with a precision of +0.3

Td. Then we calculate GWP

3593 M

_——— Y aX |
(E/N,,)C,E'. X, (1)

GWP
where G, is the GWP of each gas species listed in Table 2
and X, is the mixture ratio of each gas species. Because
we have to calculate (E/N,)., it requires much longer
CPU ‘time than the searches in cases 1-4 where a single
value of (a-77)/N,, at 359.3 Td has been used as the evalu-
ation function. Therefore, in case 5, we limit the gas
species to major gas species that have shown strong influ-
ence over the other species. We select the seven species
based on the result of case 2 shown in Figure 8, where
these gas species stay relatively longer without being re-
moved by the selection processes in evolution.

Table 3 lists the results of case 5. The critical reduced
electric field of this gas mixture is 200 Td, exactly the low-
est limit allowable for the use at 0.9 MPa. Replacing the
small amount of C,F, and CF, by C;F does not make
much difference. The mixture ratio of 0.5% of SF,, how-
ever, makes a large difference in the result. Therefore,
the gas mixture can be made of SF,, CO, CO,. N,, and
C,F,. Because C,F, has a relatively low GWP compared
to the other PFC gases, the gas becomes electronegative
by having C;F while keeping low GWP. To supplement
the insulating capability at low E/N,, N,, CO, and CO,
are needed. At low E/N,, these gas species show more of
less the same effective ionization coefficient as shown in
Figure 10.

It is difficult to consider the result of case 5. The global
warming potential is certainly reduced to approximately
one-eighth of pure SF,. But, it is still 3200, which is even
higher than the GWP of many hydrofluorocarbons ( HFCs)
that are also the target of possible regulation as global
warming gases. For example, the GWP of HFC-125
(CHF,CF;) is 2800 [1]. Therefore, probably replacement

Table 3 The best gas mixture ratio found in the search of cas€
5 and its global warming potential.

Cas Mixture ratio e
ase — — — ——— °F,
No GWP SF, CO CO, N, C,F, CiFs
5 32013 0005 0324 0102 0330 0001 0236 0.001

e — — — — —
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of SF, by the gas mixture listed in Table 3 will not be
justified from the viewpoint of environmental protection.

In the present paper, we have looked for the optimum
gas mixture ratio mainly from the viewpoint of environ-
mental protection. The present method, however, can be
used to look for the optimum mixture ratio from different
perspective, such as cost. The cost is especially important
when we consider a large amount of SF, gas used in GIL.
To find the cheapest gas mixture ratio while maintaining
sufficient insulation strength, the method used for case 5
can be directly applied. The total cost of a given gas mix-
ture can be calculated by replacing G, of equation (1) by
the cost of each gas species. Other properties, such as tox-
icity, chemical stability, liquefaction temperature, etc., can
be also incorporated in the same manner once we have a
certain numerical index of each property for each gas
species.

4 CONCLUSION

NEW method to find the optimum gas mix-
ture ratio as gas insulating media has been proposed.
Genetic algorithm (GA) is used with the two-term Boltz-
mann equation to find the combination of gas species that
can possibly replace SF, with higher insulation capability
and lower global warming potential (GWP). This method
can save a significant amount of time by preselecting pos-
sible candidates before they are thoroughly investigated
by experiment or more detailed analysis.

We have searched for the optimum combination of gas
mixture from 14 gas species; SF,, CF,, C,F;, C;Fg, N,,
0,, CO,, CO, H,, H,0, He, Ne, Ar and Xe. The insula-
tion capability of each gas mixture is evaluated by the ef-
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Figufg 12. Collision cross-section data of C;Fy before modifica-
lion. This data set is based on [14]. Threshold energies are also listed.
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fective ionization coefficient at 359.3 Td that is the critical
ratio of the field to the gas density of SF, [10]. The binary
mixture of SF; and C,F, improves the insulation capabil-
ity of pure SF,. But the improvement is not large enough
to justify the replacement of pure SF, by the binary mix-
ture. Without SF;, no combination of the other 13 gas
species has exceeded the insulation capability of pure SF,.
The best gas mixture second to pure SF, is the ternary
mixture of CO/C,F,/CF; = 0.27/0.25/0.48. Although this
gas mixture is better than any single species or any binary
mixture among 13 gas species, it is still has a very high
GWP. The search for the optimum gas among the 10 no-
PFC gas species (N,, 0O,, CO,, CO, H,, H,0, He, Ne,
Ar, Xe) has resulted in pure CO.

Assuming that the increase of gas pressure up to 1.4
times of pure SF; (0.9 MPa compared to 0.5 Mpa of pure
SF,) is tolerated, the gas mixture with the lowest GWP
while maintaining the gas insulation strength has been
carried out. The search has resulted in the gas mixture of
SE;, CO, CO,, N,, and C4F,. But GWP of the optimum
gas mixture is still higher than 3200, which is not low
enough to replace the pure SF, by this gas mixture.

Although the searching method has been proven useful
and quick to test many possible combinations of gas
species, the search results have been a little disappointing.
The search result has indeed confirmed the excellence of
SE, as the gas insulation medium. The advantage of the
present method, however, is that it is very easy to expand
if we want to add another gas species as a possible con-
stituent of gas mixture as long as a reliable set of
electron-neutral collision cross-section is available. For the
moment, we have formulated the collision cross-section
data sets for 14 gas species. But there are still many other
gas species that are abundant and environmentally accept-
able. Addition of such untested gas species might produce
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Figure 13. Effective ionization coefficient calculated by the two-
term Boltzmann equation with the collision cross-section data shown
in Figure 12. The circle denotes experimental values taken from [15],
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eventually a new gas insulating media replacing SF, gas.
This method would be useful to judge whether the new
gas mixture is worth investigating thoroughly by far more
expensive and time-consuming experiment. The search for
the optimum gas mixture alternative to SF, from a com-
prehensive point of view, including the aspects of environ-
ment, cost, liquefaction temperature, toxicity and others,
is also another interesting future subject.
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5 APPENDIX

Here we explain the formulation of the sets of collision
cross-section data. The data on the electron-neutral colli-
sion cross-section are published in the literature. The data
are based on measurement, Monte-Carlo simulation, or
Boltzmann analysis. There are also many published data
on the effective ionization coefficient and other electron

elastic ionisation 6-th excitation
genctic: of1tjotf I[)ll)(}OUI]Fl o 0ihw e HHIIHIII
expression
decimal l 110 I 13 * s 8 00 227
numbers
m“diﬁc"’"‘"“r 0.857 } 0373 —1 # s W 2339
factor

Figure 14. Genetic sequence used in genetic algorithm to find the
optimum data set of collision cross-section for the two-term Boltz-
mann analysis,
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1
electron energy (eV)

100

swarm parameters based on measurement, Monte-Carlo
simulation and Boltzmann analysis. In the present paper,
we use the two-term Boltzmann equation to calculate the
effective ionization coefficient. This is the fastest method
to calculate, but at the same time employs the crudest
approximation. Therefore, for an example, if we calculate
the effective ionization coefficient with the collision
cross-section data determined by experimental measure-
ment or Monte-Carlo simulation, the results are often dif-
ferent from the effective ionization coefficient measured
by the experiment. Also, the experimental measurement
of the collision cross-section data always contains a cer-
tain degree of uncertainty.

In the present paper, before we began the search for
the gas mixture, we needed to determine the electron-
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Figure 16. Effective ionization coefficient calculated by the two-
term Boltzmann equation with the collision cross-section data shown
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neutral collision cross-section data for each gas species.
We looked for sets of cross-section data in the literature
but the data were not always in suitable format for the
two-term Boltzmann analysis. Therefore, we have decided
to modify each collision cross-section data so that the
macroscopic value, such as the effective ionization®coeffi-
cient, calculated by the two-term Boltzmann equation
matches with the experimentally measured value.

In order to modify the collision cross-section data, we
have used another GA. For example we show a set of col-
lision cross-section data of C,Fg in Figure 12. These data
are taken from [14). When we use these collision cross-
section data for the two-term Boltzmann equation, we ob-
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Figure 18. Collision cross-section data of CF, after modification.
Threshold energies are also listed.
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tain the effective ionization coefficients as shown in Fig-
ure 13. The experimental data in this figure are taken from
[15]. In order to have the appropriate cross-scction data
that match with the experimental values in Figure 13 we
modify the cross-section data shown in Figure 12. There
are several ways to modify the collision cross-section data.
One is to multiply each collision cross-section by a certain
factor and the other is to modify the shape of curve in
Figure 12. Adding new excitation cross-sections is also of-
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Figure 20. Collision cross-section data of N, after modification.

Threshold energies are also listed.
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ten done to adjust the electron swarm parameters. In this
paper, we multiply each collision cross-section data by a
certain factor and the multiplication factor is determined
by GA.

The cross-section data in Figure 12 has nine types of
cross-sections, i.c., elastic, ionization, attachment and six
excitations. Each cross-section is multiplied by a modifica-
tion factor. We assume that this factor ranges between
1/3 and 3. In Figure 14, we show an example of genetic
sequence. Each individual consists of 8 X9 =72 bits for
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Figure 22. Collision cross-section data of CO, after modification.
Threshold energies are also listed.
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Figure 23. Collision cross-section data of CO after modification.
Threshold energies are also listed.

the case of nine types of cross-sections. Each cross-section
has a modification factor given by 8 bits. The 8 bits num-
ber is transformed into a decimal number, j, and the mod-
ification factor is given by 391128 n the example shown
in Figure 14, the clastic cross-section data in Figure 12
are multiplied by 0.857 over all the electron energies, the
ionization data is multiplied by 0.373, and so on. In this
way, each individual has a new set of cross-section data
and the effective ionization cocfficients are calculated at
every 20 Td from 200 Td to 500 Td.

The difference from the values taken from literature is
used to evaluate the degree of adaptation of each individ-
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Figure 24. Collision cross-section data of H, after modification.
Threshold energies are also listed.
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ual. The evaluation function is defined by

i=16

€= X la—n)i —(a—n)wl (2)

i=1
where (a —7)f is the effective ionization coefficient cal-
culated for each individual. The subscript i denotes the
ith value of the reduced electric field between 200 Td and
500 Td. We take the sum of 16 points. In equation (2),
(a —m),, is the reference value, that is, the experimen-
tally measured value taken from the literatures. The
smaller is the value of e, the better the individual is. In
this way, we select good individuals at each generation.
The rest of GA is similar to the one carried out for the
search of gas mixture ratio. Regarding the literature data
of the effective ionization coefficient to be compared with,
we have used only the data from experimental measure-
ments.
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Figure 26. Collision cross-section data of He after modification.
Threshold energies are also listed.
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Figure 27. Collision cross-section data of Ne after modification.
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In the case of C;F;, GA has found the optimum indi-
vidual with the modification factors of 0.603, 0.544, 1.839,
2.147, 0.392, 1.953, 0.548, 1.035 and 1.590 for elastic, ion-
ization, attachment and six excitations, respectively. In
Figure 15 we show the collision cross-section data of C;F;
that has been modified by these factors. The effective ion-
ization cocfficient calculated by the modified collision
cross-section data shows a very good agreement with the
experimental value, as shown in Figure 16. The value of e
for this case is 0.757x 107" m?. We use this collision
cross-section data in the search of gas mixtures. For the
other 13 gas species used in the search of gas mixtures,
the same method has been applied to modify the collision
cross-section data. In Figures 17 to 29, we show the modi-
fied collision cross-section data used for the search of gas
mixtures. In Table 4 we list the values of e for each set of
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Figure 28. Collision cross-section data of Ar after modification.
Threshold energies are also listed.
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Table 4 The difference of effective ionization coefficients be-
tween the experimental values taken from the references and
the values calculated by the modified set of collision
cross-section data. See Eq.

2 for the definition of e.

Gas e(10 *'vm®) Reference data
SF, 1.67 [15]
CF, 0713 [15]
C,F,; 0.277 [15]
CyF 0.757 [15]
N, 0613 [16]
0, 131 [15]
co, 4.86 [15]
(80 0.485 [17)
H, 0.628 [18]
H,O 3.28 [15]
He 297 [19]
Ne 1.31 [18]
Ar 1.05 [20]
Xe 0.671 [20]

collision cross-section data along with the literature used
as the reference.
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