Description
Title of Invention: METHOD FOR PRODUCING LIGHT OLEFIN
Technical Field

[0001]
The present invention relates to a method for producing light olefin.

Background Art
[0002]

Various chemical products such as monomeric starting materials have been
produced by the cracking of naphtha obtained from crude oil. Among these
chemical products, light olefin such as ethylene and propylene is used for a wide
variety of purposes and therefore has a particularly high demand. Since propylene,
in particular, has a high value, methods for selectively producing propylene from
naphtha have been studied. Steam cracking is known as a representative example

(e.g., Patent Document 1).
[0003]

Methods using catalysts such as zeolite have been reported as methods for
obtaining light olefin from an alcohol. For example, Patent Document 2 proposes,
as a method for efficiently and stably producing propylene, a method for producing
propylene by bringing at least one starting material selected from ethylene and
ethanol into contact with an intermediate pore-size zeolite-containing catalyst in a

fluidized-bed reactor.
List of Prior Art Documents

Patent Document



[0004]

Patent Document 1: Japanese Patent Laid-Open No. 2016-117800
Patent Document 2: International Publication No. WO2009/037992
Summary of Invention

Problems to be Solved by Invention

[0005]

An object of the present invention is to provide a method for producing light

olefin which efficiently refines olefin having 2 or 3 carbon atoms.
Means for Solving Problems
[0006]

The present inventors have found that the object mentioned above can be
attained by controlling the composition of each fraction in a method for producing

light olefin.
[0007]

The present invention encompasses the following embodiments.
<1>

A method for producing light olefin, comprising:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;



a combination step of combining at least a portion of the naphtha cracking
fraction or a fraction derived therefrom with at least a portion of the ethanol
conversion fraction or a fraction derived therefrom to obtain a combination fraction;

and

a cryogenic separation step of introducing the combination fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene, wherein

a relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step satisfies the expression (A):
Ce>Cc ... (A).
<2>

The method for producing light olefin according to <1>, wherein a difference
between the content Ce and the content Cc (Ce - Cc) in the combination step is 5%

by mass or more.
<3>

The method for producing light olefin according to <1> or <2>, wherein a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction

satisfies the expression (a.):

-0.25 < (P/Ee - P/IEc) < 0.30 ... (au).

<4>



The method for producing light olefin according to any of <1> to <3>, wherein
a relationship between a content Ce_ap of ethylene and propylene in the ethanol
conversion fraction and a content Cc_ap of ethylene and propylene in the naphtha

cracking fraction satisfies the expression (3-1):
|Ce_ap - Cc_ap| < 20% by mass ... (B-1).
<5>
A method for producing light olefin, comprising:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the naphtha cracking
fraction or a fraction derived therefrom with at least a portion of the ethanol
conversion fraction or a fraction derived therefrom to obtain a combination fraction;

and

a cryogenic separation step of introducing the combination fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene, wherein

a relationship between a propylene/ethylene mass ratio P/EEe in the ethanol
conversion fraction and a propylene/ethylene mass ratio P/Ec in the naphtha

cracking fraction satisfies the expression (a):

-0.25 < (P/Ee - P/Ec) < 0.30 ... (), and



a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction satisfies the expression (3-1):
|Ce_ap - Cc_ap| < 20% by mass ... (B-1).
<6>

The method for producing light olefin according to <5>, wherein the
relationship between the content Ce_ap of ethylene and propylene in the ethanol
conversion fraction and the content Cc_ap of ethylene and propylene in the naphtha

cracking fraction satisfies the expression (3-2):
0 < (Ce_ap - Cc_apP) < 20% by mass ... (B-2).
<7>

The method for producing light olefin according to any of <1> to <6>,
comprising a first cooling step of introducing the naphtha cracking fraction or the
combination fraction to a first cooling tower to obtain a first cooling fraction mainly

containing olefin having 6 or less carbon atoms.
<8>

The method for producing light olefin according to any of <1> to <7>,
comprising a second cooling step of introducing the naphtha cracking fraction or the
combination fraction or a fraction derived therefrom to a second cooling tower to
obtain a second cooling fraction mainly containing olefin having 4 or less carbon

atoms.

<O>



The method for producing light olefin according to any of <1> to <8>,
comprising a third cooling step of introducing the ethanol conversion fraction to a
third cooling tower to obtain a cooled ethanol conversion fraction mainly containing

olefin having 6 or less carbon atoms.
<10>

The method for producing light olefin according to <9>, comprising a
compression and separation step of pressure-boosting the cooled ethanol
conversion fraction using a compressor to obtain a light ethanol conversion fraction
mainly containing olefin having 3 or less carbon atoms as a gas component and to
obtain a heavy ethanol conversion fraction mainly containing olefin having 4 or more

carbon atoms as a liquid component.

<11>

The method for producing light olefin according to <10>, comprising a
recycling step of introducing at least a portion of the heavy ethanol conversion

fraction as a portion of the starting material to the reactor.
<12>

The method for producing light olefin according to any of <1> to <11>,
comprising, after the combination step, a washing step of introducing the
combination fraction or a fraction derived therefrom to a soda washing tower to

obtain a washing fraction.
<13>

The method for producing light olefin according to any of <1> to <12>,
comprising, after the second cooling step and before the cryogenic separation step,

a first compression step of pressure-boosting the fraction.
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<14>

The method for producing light olefin according to any of <1> to <13>,
wherein a relationship between a ratio Oe of an amount of hydrogen and methane to
a total amount of ethylene and propylene in the ethanol conversion fraction and a
ratio Oc of an amount of hydrogen and methane to a total amount of ethylene and

propylene in the naphtha cracking fraction satisfies the expression (1):
Oe <Oc ... (1).
<15>

The method for producing light olefin according to any of <1> to <14>,

wherein the method satisfies any of the following (1) to (5):
(1) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms; and

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms, wherein

in the combination step, at least a portion of the second cooling fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction

derived therefrom,

(2) comprising:



a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms; and

a second cooling step of introducing the combination fraction or a fraction
derived therefrom to a second cooling tower to obtain a second cooling fraction

mainly containing olefin having 4 or less carbon atoms, wherein

in the combination step, at least a portion of the first cooling fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction

derived therefrom,
(3) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms;

a circulation step of introducing at least a portion of a second heavy fraction
mainly containing hydrocarbon having 5 or more carbon atoms in the second cooling

step to the second cooling tower; and

a first introduction step of introducing the combination fraction to the second

cooling tower, wherein

in the combination step, at least a portion of the second heavy fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction

derived therefrom,



(4) comprising:

a first cooling step of introducing the combination fraction or a fraction derived
therefrom to a first cooling tower to obtain a first cooling fraction mainly containing

olefin having 6 or less carbon atoms; and

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms, wherein

in the combination step, at least a portion of the naphtha cracking fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction

derived therefrom, and
(5) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms;

a circulation step of introducing at least a portion of a second heavy fraction
mainly containing hydrocarbon having 5 or more carbon atoms in the second cooling

step to the first cooling tower; and

a second introduction step of introducing the combination fraction to the first

cooling tower, wherein



in the combination step, at least a portion of the second heavy fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction

derived therefrom.
Advantages of Invention
[0008]

The present invention can provide a method for producing light olefin which

efficiently refines olefin having 2 or 3 carbon atoms.
Brief Description of Drawings
[0009]

[Figure 1] Figure 1 is a block diagram showing the summary of the method for

producing light olefin according to the present embodiment.

[Figure 2] Figure 2 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.

[Figure 3] Figure 3 is a schematic configuration diagram of a fixed-bed single-stage

adiabatic reactor.

[Figure 4] Figure 4 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.

[Figure 5] Figure 5 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.

[Figure 6] Figure 6 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.

[Figure 7] Figure 7 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.
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[Figure 8] Figure 8 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.

[Figure 9] Figure 9 is a schematic configuration diagram of production equipment for

use in the method for producing light olefin according to the present embodiment.

[Figure 10] Figure 10 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 11] Figure 11 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 12] Figure 12 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 13] Figure 13 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 14] Figure 14 is a schematic configuration diagram of production equipment
in the form of a conventional front-end demethanizer for use in a method for

producing light olefin.

[Figure 15] Figure 15 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 16] Figure 16 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 17] Figure 17 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 18] Figure 18 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.
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[Figure 19] Figure 19 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 20] Figure 20 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 21] Figure 21 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 22] Figure 22 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 23] Figure 23 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 24] Figure 24 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 25] Figure 25 is a schematic configuration diagram of production equipment

for use in the method for producing light olefin according to the present embodiment.

[Figure 26] Figure 26 is a schematic configuration diagram of production equipment
in the form of a conventional front-end depropanizer for use in a method for

producing light olefin.
Mode for Carrying Out Invention
[0010]

The present invention will be specifically described below. The present
invention is not limited by the following embodiments (present embodiment) and can
be carried out through various changes or modifications made without departing from

the spirit of the present invention.
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[0011]

A numerical range indicated by using the term "to" refers to a range including
the numerical values described before and after the term "to" as the minimum value
and the maximum value, respectively. In numerical ranges described in stages in
the present specification, the upper limit value or the lower limit value of a numerical
range at a certain stage can be arbitrarily combined with the upper limit value or the

lower limit value of a numerical range at a different stage.
[0012]

Although modifiers such as "first" and "second" may be used for discriminating

elements, such modifiers do not necessarily indicate some specific order.
[0013]

First, the method for producing light olefin according to the present
embodiment will be summarized. Figure 1 is a block diagram showing the summary
of the method for producing light olefin according to the present embodiment. As
shown in Figure 1, the production method according to the present embodiment

comprises a naphtha cracking process N and an ethanol conversion process E.
[0014]

In the naphtha cracking process N, naphtha is thermally decomposed in
cracking N1 and then subjected to a naphtha cracking fraction refining process N2,
and ethylene and propylene are separated by cryogenic separation N3. In the
cryogenic separation N3, the treatment fraction is cooled so that ethylene and
propylene are liquefied to separate methane and hydrogen gases and liquid olefin.

The cryogenic separation N3 requires liquefying a relatively light fraction in the

13



naphtha cracking fraction and therefore requires pressure-boosting and cooling the

fraction, and large energy is necessary for the treatment.
[0015]

In the naphtha cracking process N, existing naphtha cracker equipment may
be used. For example, an ethanol conversion fraction obtained by the ethanol

conversion process mentioned later is introduced to the naphtha cracker equipment.
[0016]

The ethanol conversion process E comprises, for example, the step of
converting a starting material containing ethanol to an ethanol conversion fraction
containing ethylene and propylene, and the like. In the ethanol conversion process
E, use of bioethanol as the starting material produces a plant-derived ethanol
conversion fraction. A portion of a petroleum-derived starting material can be
replaced with a plant-derived starting material by connecting the ethanol conversion
process E to existing equipment where the naphtha cracking process N is
performed. Alternatively, the starting material can be converted to a plant-derived
one, without changing the amount of the compound of interest produced, for

example, by controlling the operating conditions of the ethanol conversion process E.
[0017]

In the present embodiment, the ethanol conversion fraction obtained by the
ethanol conversion process E or a fraction derived therefrom is introduced to the
naphtha cracking process N, whereby load in the cryogenic separation N3 is

reduced.

[0018]
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The naphtha cracking process N may comprise any step and comprises, for
example, a cracking step, a first cooling step, a second cooling step, a combination
step, a first compression step, a washing step, and a cryogenic separation step as

steps mentioned later.
[0019]

The ethanol conversion process E may comprise any step and comprises, for
example, an ethanol conversion step, a refining step, a third cooling step, a second

compression step, a distillation step, and a recycling step as steps mentioned later.
[0020]

The "light olefin" is at least one member selected from the group consisting of
ethylene and propylene. The light olefin is the compound of interest in the
production method according to the present embodiment and is preferably propylene
from the viewpoint of exploiting the features of the production method according to

the present embodiment.
[0021]

The "fraction derived therefrom" in relation to a specific fraction means a
fraction derived from the specific fraction through some process such as distillation,

cooling, or compression.
[0022]

The term "mainly containing" in relation to a component in a fraction means

that the fraction contains more than 50% by mass of the component.

[0023]

15



The content of ethylene and propylene in the ethanol conversion fraction or a
fraction derived therefrom in the combination step is represented by Ceg, and the
content of ethylene and propylene in the ethanol conversion fraction obtained by a
reaction step without a subsequent separation process is represented by Ce ap.
The content of ethylene and propylene in the naphtha cracking fraction or a fraction
derived therefrom in the combination step is represented by Cc, and the content of
ethylene and propylene in the naphtha cracking fraction obtained by a cracking step

without a subsequent separation process is represented by Cc_ap.
[0024]

The method for producing light olefin according to the present embodiment

encompasses an embodiment A and an embodiment B given below.
[0025]

In a general method for producing light olefin by cracking, light olefin is
obtained by separating and refining various components from a naphtha cracking
fraction obtained by the cracking of naphtha. Although various processes are
applicable thereto, the method for producing light olefin may involve a separation
and refining step in which a fraction from which high-boiling components have been
removed is finally liquefied by cryogenic separation, and off-gases such as hydrogen
and methane are removed to obtain olefin having 2 or 3 carbon atoms, such as
ethylene and propylene. In this case, further improvement in treatment efficiency is

demanded.
[0026]

An object of the embodiment A is to provide a method for producing light

olefin which enhances the treatment efficiency of olefin having 2 or 3 carbon atoms.
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[0027]

The present inventors have found that the object mentioned above can be
attained by controlling the composition of each fraction in a method for producing

light olefin.
[0028]

In the method for producing light olefin according to the embodiment A, a
relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step satisfies the expression (A):
Ce>Cc ... (A).

The expression (A) is thus satisfied, whereby the treatment efficiency of olefin
having 2 or 3 carbon atoms can be enhanced. The expression (A) is satisfied,
whereby, particularly, energy load in the cryogenic separation step can be reduced.
For satisfying the expression (A), for example, it is preferred to design Ce so as to
elevate its value by establishing a cooling step prior to the combination of the ethanol

conversion fraction with the naphtha cracking fraction.
[0029]

In the naphtha cracking process, after naphtha cracking, light olefin is
obtained by a cryogenic separation step through a refining process. In the
cryogenic separation step, the fraction to be introduced to the cryogenic separation
step is pressure-boosted using a compressor and cooled to a temperature equal to
or lower than the boiling point of ethylene so that light olefin is liquefied to separate
the light olefin from off-gases such as hydrogen and methane. In this pressure-
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boosting and cooling treatment, consumed energy is increased depending on the
flow rate of the fraction to be introduced to the cryogenic separation step. In other
words, the relationship between the content Ce of ethylene and propylene in the
ethanol conversion fraction and the content Cc of ethylene and propylene in the
naphtha cracking fraction falls within the range as mentioned above, whereby the
amounts of compounds other than light olefin introduced to the cryogenic separation
step are reduced, the content of ethylene and propylene in the fraction to be
introduced to the cryogenic separation step can be elevated, and the flow rate of the
fraction to be introduced is reduced when the amount of light olefin produced is
constant; thus, cryogenic separation can be more efficiently performed.
Compressors are limited by throughputs depending on their sizes. The improved
content of light olefin in the fraction to be introduced to the cryogenic separation step
can improve the amount of light olefin produced, for example, without resizing or

remodeling a compressor.
[0030]

The naphtha cracking fraction in the combination step preferably has a high
content of light olefin from the viewpoint of light olefin production efficiency. For
example, Cc is preferably 10% by mass or more, more preferably 20% by mass or

more, further preferably 30% by mass or more.
[0031]

In the method for producing light olefin according to the embodiment A, a
difference between the content Ce and the content Cc (Ce - Cc) in the combination
step is preferably 5% by mass or more, more preferably 10% by mass or more,
further preferably 20% by mass or more. The upper limit of the difference (Ce - Cc)

is not particularly limited and may be, for example, 70% by mass or less.
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[0032]

In a general method for producing light olefin by cracking, light olefin is
obtained by separating and refining various components from a naphtha cracking
fraction obtained by the cracking of naphtha. The amount of light olefin produced
varies depending on starting material conversion from naphtha to ethanol, and
increase or decrease in operation rate of a refining system markedly deteriorates
operation efficiency due to the surging of a compressor or the flooding of a distillation

tower.
[0033]

In the method for producing light olefin according to the embodiment B, a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction

satisfies the expression (a.):

-0.25 < (P/Ek - P/Ec) < 0.30 ... (o), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction satisfies the expression (3-1):

|Ce_ap - Cc_apr| < 20% by mass ... (B-1).

The expression (o) and the expression (-1) are thus satisfied at the same
time, whereby the operation rate of a refining system can be stabilized. For
satisfying the expression (o) and the expression (B-1) at the same time, it is
preferred to adjust a reaction temperature (particularly, a reactor outlet temperature),
the amount of a catalyst, and the catalyst in the ethanol conversion step. The

ethanol conversion step compared with the naphtha cracking step has a large
19



fluctuation range of each variable (P/Eg, Ce_ap, etc.) depending on change in these
conditions. Therefore, change in conditions of the ethanol conversion step is more

effective.
[0034]

In the naphtha cracking process, as mentioned above, light olefin is refined by
cryogenic separation. A problem such as the surging of a compressor or the
flooding of a distillation tower arises due to increase or decrease in operation rate in
each refining equipment if the ratio among propylene, ethylene, and other
components to be introduced to the cryogenic separation step differs largely from
that before introduction of at least a portion of the ethanol conversion fraction or a
fraction derived therefrom. Thus, efficient refining of light olefin requires keeping an
operation rate constant in each refining equipment. In other words, the relationship
between the propylene/ethylene mass ratio P/EEe in the ethanol conversion fraction
and the propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction falls
within the range as mentioned above in the expression (a), and the relationship
between the content Ce_apr of ethylene and propylene in the ethanol conversion
fraction and the content Cc_ap of ethylene and propylene in the naphtha cracking
fraction falls within the range as mentioned above the expression (3-1), whereby

efficient refining of light olefin can be carried out.
[0035]

In the method for producing light olefin according to the embodiment B, the
relationship between the content Ce_ap of ethylene and propylene in the ethanol
conversion fraction and the content Cc_ap of ethylene and propylene in the naphtha
cracking fraction preferably satisfies the expression (3-2), because of excellent light

olefin refining efficiency:
20



0 < (Ce_ap - Cc_arP) < 20% by mass ... (B-2).

[0036]

In the method for producing light olefin according to the embodiment A as
well, the relationship between the propylene/ethylene mass ratio P/Ek in the ethanol
conversion fraction and the propylene/ethylene mass ratio P/Ec in the naphtha
cracking fraction preferably satisfies the expression (o) mentioned above, because
load in propylene refining equipment or ethylene refining equipment is kept constant
without impairing light olefin refining efficiency. Also, the relationship between the
content Ce_ap of ethylene and propylene in the ethanol conversion fraction and the
content Cc_ap of ethylene and propylene in the naphtha cracking fraction preferably

satisfies the expression (-1) mentioned above.

[0037]

The naphtha cracking fraction produced by the naphtha cracking process N is
substituted with the ethanol conversion fraction produced by the ethanol conversion
process E, whereby, particularly, in the case of using bioethanol as a starting
material, a petroleum feedstock can be converted to a biomass feedstock. On the
other hand, the amount of each product produced varies with increase in the rate of
substitution with the ethanol conversion fraction, resulting in a problem such as the
surging of a compressor or the flooding of a distillation tower arising in refining
equipment. When the expression (a) or the expression (-1) mentioned above is
satisfied, the rate of substitution with the ethanol conversion fraction can be elevated
while the problem mentioned above is prevented. The rate of substitution with the
ethanol conversion fraction is preferably 10% by mass or more, more preferably 20%

by mass or more, further preferably 30% by mass or more, because of excellent
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environmental friendliness. The rate of substitution with the ethanol conversion

fraction is calculated according to the following expression.

(Rate of substitution with the ethanol conversion fraction) = (Amount of
ethylene produced in the ethanol conversion fraction) / [(Amount of ethylene
produced in the ethanol conversion fraction) + (Amount of ethylene produced in the

naphtha cracking fraction)]
[0038]

The embodiment A and the embodiment B relate to the composition in any
step of products of the cracking step and the ethanol conversion step. The refining
step for each fraction having such composition, i.e., how to combine and refine the
cracking step-derived fraction and the ethanol conversion step-derived fraction, is
not particularly limited. For example, the first embodiment, the second
embodiment, the third embodiment, the fourth embodiment, and the fifth embodiment

given below may be used in arbitrary combination.
[0039]

The method for producing light olefin according to the first embodiment

comprises:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms;
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a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the second cooling
fraction with at least a portion of the ethanol conversion fraction or a fraction derived

therefrom to obtain a combination fraction; and

a cryogenic separation step of introducing the combination fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene.
[0040]

In the method for producing light olefin according to the first embodiment, a
relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step preferably satisfies the expression (A):
Ce > Cc ... (A).

As a result, the method for producing light olefin according to the first
embodiment can enhance the treatment efficiency of olefin having 2 or 3 carbon
atoms. The expression (A) and preferred aspects are as shown in the embodiment
A mentioned above.

[0041]
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In the method for producing light olefin according to the first embodiment, a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction

preferably satisfies the expression (a.):
-0.25 < (P/Ee - P/[Ec) < 0.30 ... (o), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction preferably satisfies the expression (B-1):

|Ce_ap - Cc_ap| < 20% by mass ... (B-1).

As a result, the method for producing light olefin according to the first
embodiment can stabilize the operation rate of a refining system. The expression
(), the expression (B-1), and preferred aspects are as shown in the embodiment B

mentioned above.
[0042]

As shown in the combination step according to the first embodiment, after
production of the naphtha cracking fraction, components having more than 6 carbon
atoms are removed in the first cooling step, and components having more than 4
carbon atoms are further removed in the second cooling step, and the resulting
second cooling fraction is combined with the ethanol conversion fraction or a fraction
derived therefrom. When light olefin produced by naphtha cracking is substituted
with ethanol conversion and combined as mentioned above, mass flow rates to be
introduced to the first cooling step and the second cooling step are reduced as
compared with those before substitution, and the amount of a catalytic refrigerant

necessary for the cooling is reduced, whereby energy necessary for treatment in
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these steps can be reduced. When such combination is added to light olefin
produced by naphtha cracking, the amount of light olefin produced can be increased

without increasing load in the first cooling step and the second cooling step.
[0043]

The method for producing light olefin according to the second embodiment

comprises:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the first cooling fraction
with at least a portion of the ethanol conversion fraction or a fraction derived

therefrom to obtain a combination fraction;

a second cooling step of introducing the combination fraction or a fraction
derived therefrom to a second cooling tower to obtain a second cooling fraction

mainly containing olefin having 4 or less carbon atoms; and

a cryogenic separation step of introducing the combination fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene.

[0044]
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In the method for producing light olefin according to the second embodiment,
a relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step preferably satisfies the expression (A):
Ce>Cc ... (A).

As a result, the method for producing light olefin according to the second
embodiment can enhance the treatment efficiency of olefin having 2 or 3 carbon
atoms. The expression (A) and preferred aspects are as shown in the embodiment

A mentioned above.
[0045]

In the method for producing light olefin according to the second embodiment,
a relationship between a propylene/ethylene mass ratio P/Eke in the ethanol
conversion fraction and a propylene/ethylene mass ratio P/Ec in the naphtha

cracking fraction preferably satisfies the expression (a):
-0.25 < (P/Ee - P/Ec) < 0.30 ... (), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction preferably satisfies the expression (B-1):

|Ce_ap - Cc_ap| < 20% by mass ... (B-1).

As a result, the method for producing light olefin according to the second
embodiment can stabilize the operation rate of a refining system. The expression
(o), the expression (B-1), and preferred aspects are as shown in the embodiment B

mentioned above.
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[0046]

In the method for producing light olefin according to the second embodiment,
before introduction to the second cooling tower, at least a portion of the first cooling
fraction is combined with at least a portion of the ethanol conversion fraction or a
fraction derived therefrom. Since at least a portion of components having more
than 4 carbon atoms contained in a fraction derived from the ethanol conversion
fraction is removed in the second cooling step, the proportion of ethylene and
propylene in the fraction to be introduced to cryogenic separation can be further
elevated. For example, when the ethanol conversion fraction or a fraction derived
therefrom contains a hydrophilic by-product such as ethanol, the ethanol conversion
fraction or the fraction derived therefrom is introduced to the second cooling tower
with water as a catalytic refrigerant, whereby the hydrophilic by-product can be

extracted, and the purity of light olefin can be improved.
[0047]

The method for producing light olefin according to the third embodiment

comprises:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms;
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a circulation step of introducing at least a portion of a second heavy fraction
mainly containing hydrocarbon having 5 or more carbon atoms in the second cooling

step to the second cooling tower;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the second heavy
fraction with at least a portion of the ethanol conversion fraction or a fraction derived

therefrom to obtain a combination fraction;

a first introduction step of introducing the combination fraction to the second

cooling tower; and

a cryogenic separation step of introducing the second cooling fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene.
[0048]

In the method for producing light olefin according to the third embodiment, a
relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step preferably satisfies the expression (A):

Ce>Cc ... (A).

As a result, the method for producing light olefin according to the third

embodiment can enhance the treatment efficiency of olefin having 2 or 3 carbon
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atoms. The expression (A) and preferred aspects are as shown in the embodiment

A mentioned above.
[0049]

In the method for producing light olefin according to the third embodiment, a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction

preferably satisfies the expression (a.):

-0.25 < (P/Ek - P/Ec) < 0.30 ... (o), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction preferably satisfies the expression ($-1):

|Ce_ap - Cc_ap| < 20% by mass ... (B-1).

As a result, the method for producing light olefin according to the third
embodiment can stabilize the operation rate of a refining system. The expression
(o), the expression (B-1), and preferred aspects are as shown in the embodiment B

mentioned above.
[0050]

In the method for producing light olefin according to the third embodiment, at
least a portion of the second heavy fraction in the circulation step is combined with at
least a portion of the ethanol conversion fraction or a fraction derived therefrom.
Since at least a portion of components having more than 4 carbon atoms contained
in a fraction derived from the ethanol conversion fraction is removed in the second
cooling step after the combination step, the proportion of ethylene and propylene in

the fraction to be introduced to cryogenic separation can be further elevated. In the
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circulation step, at least a portion of the second heavy fraction is combined with at
least a portion of the ethanol conversion fraction or a fraction derived therefrom,
whereby the difference in temperature between both the components is reduced as
compared with the case where at least a portion of the first cooling fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction
derived therefrom, and change in volume caused by the liquefication of the second

heavy fraction can be suppressed.
[0051]

The method for producing light olefin according to the fourth embodiment

comprises:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the naphtha cracking
fraction with at least a portion of the ethanol conversion fraction or a fraction derived

therefrom to obtain a combination fraction;

a first cooling step of introducing the combination fraction or a fraction derived
therefrom to a first cooling tower to obtain a first cooling fraction mainly containing

olefin having 6 or less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or
less carbon atoms; and
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a cryogenic separation step of introducing the second cooling fraction to a

cryogenic separation equipment to separate ethylene and propylene.
[0052]

In the method for producing light olefin according to the fourth embodiment, a
relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step preferably satisfies the expression (A):

Ce>Cc ... (A).

As a result, the method for producing light olefin according to the fourth
embodiment can enhance the treatment efficiency of olefin having 2 or 3 carbon
atoms. The expression (A) and preferred aspects are as shown in the embodiment

A mentioned above.
[0053]

In the method for producing light olefin according to the fourth embodiment, a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction

preferably satisfies the expression (a.):

-0.25 < (P/Ek - P/Ec) < 0.30 ... (o), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction preferably satisfies the expression ($-1):

|Ce_ap - Cc_ap| < 20% by mass ... (B-1).
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As a result, the method for producing light olefin according to the fourth
embodiment can stabilize the operation rate of a refining system. The expression
(), the expression (B-1), and preferred aspects are as shown in the embodiment B

mentioned above.
[0054]

In the method for producing light olefin according to the fourth embodiment,
before introduction to the first cooling tower, at least a portion of the naphtha
cracking fraction is combined with at least a portion of the ethanol conversion
fraction or a fraction derived therefrom. Since at least a portion of components
having more than 4 carbon atoms contained in a fraction derived from the ethanol
conversion fraction is removed in the first cooling step and the second cooling step
after the combination step, the proportion of ethylene and propylene in the fraction to
be introduced to cryogenic separation can be further elevated. For example, when
the ethanol conversion fraction or a fraction derived therefrom contains a lipophilic
by-product, the ethanol conversion fraction or the fraction derived therefrom is
introduced to the first cooling tower with heavy oil, cracked gasoline, or their mixture
as a catalytic refrigerant, whereby the lipophilic by-product can be extracted, and the
purity of light olefin can be improved. For example, when the ethanol conversion
fraction or a fraction derived therefrom contains a hydrophilic by-product such as
ethanol, the ethanol conversion fraction or the fraction derived therefrom is
introduced to the second cooling tower with water as a catalytic refrigerant, whereby
the hydrophilic by-product can be extracted, and the purity of light olefin can be

improved.

[0055]
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The method for producing light olefin according to the fifth embodiment

comprises:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction;

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms;

a circulation step of introducing at least a portion of a second heavy fraction
mainly containing hydrocarbon having 5 or more carbon atoms in the second cooling

step to the first cooling tower;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the second heavy
fraction with at least a portion of the ethanol conversion fraction or a fraction derived

therefrom to obtain a combination fraction;

a second introduction step of introducing the combination fraction to the first

cooling tower; and

a cryogenic separation step of introducing the second cooling fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene.
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In the method for producing light olefin according to the fifth embodiment, a
relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the

combination step preferably satisfies the expression (A):
Ce>Cc ... (A).

As a result, the method for producing light olefin according to the fifth
embodiment can enhance the treatment efficiency of olefin having 2 or 3 carbon
atoms. The expression (A) and preferred aspects are as shown in the embodiment

A mentioned above.
[0056]

In the method for producing light olefin according to the fifth embodiment, a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction

preferably satisfies the expression (a.):

-0.25 < (P/EE - P/Ec) < 0.30 ... (), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the

naphtha cracking fraction preferably satisfies the expression (B-1):

|Ce_ap - Cc_ap| < 20% by mass ... (B-1).

As a result, the method for producing light olefin according to the fifth
embodiment can stabilize the operation rate of a refining system. The expression
(o), the expression (B-1), and preferred aspects are as shown in the embodiment B

mentioned above.
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[0057]

In the method for producing light olefin according to the fifth embodiment, at
least a portion of the second heavy fraction in the circulation step is combined with at
least a portion of the ethanol conversion fraction or a fraction derived therefrom. At
least a portion of the second heavy fraction in the circulation step is combined with at
least a portion of the ethanol conversion fraction or a fraction derived therefrom,
whereby the difference in temperature between both the components is reduced as
compared with the case of being connected to at least a portion of the naphtha
cracking fraction, and change in volume caused by the liquefication of the second
weight fraction can be suppressed. Since components having more than 4 carbon
atoms contained in a fraction derived from the ethanol conversion fraction are
removed in the first cooling step and the second cooling step, the proportion of
ethylene and propylene in the fraction to be introduced to cryogenic separation can
be further elevated. For example, when the ethanol conversion fraction or a fraction
derived therefrom contains a lipophilic by-product, the ethanol conversion fraction or
the fraction derived therefrom is introduced to the first cooling tower with heavy ail,
cracked gasoline, or their mixture as a catalytic refrigerant, whereby the lipophilic by-
product can be extracted, and the purity of light olefin can be improved. For
example, when the ethanol conversion fraction or a fraction derived therefrom
contains a hydrophilic by-product such as ethanol, the ethanol conversion fraction or
the fraction derived therefrom is introduced to the second cooling tower with water as
a catalytic refrigerant, whereby the hydrophilic by-product can be extracted, and the

purity of light olefin can be improved.

[0058]
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When the method for producing light olefin according to the present
embodiment has a first compression step after the second cooling step and before
the cryogenic separation step, the combination step according to the present
embodiment enables the ethanol conversion fraction or a fraction derived therefrom
to be also pressure-boosted in the first compression step and therefore reduces
equipment introduction load in introducing the ethanol conversion fraction to the
naphtha cracking process. The combination fraction is easily pressure-adjusted by
pressure-boosting the naphtha cracking fraction or a fraction derived therefrom and
the ethanol conversion fraction or a fraction derived therefrom in the same

compression step.

[0059]
In the present embodiment, when a relationship of the expression (1):
Oe<Oc...(1)

is satisfied, the ethanol conversion fraction has a small amount of off-gases.
Therefore, ethanol conversion fraction refining load is reduced, and the ethanol
conversion fraction or a fraction derived therefrom can be introduced to the naphtha

cracking process by convenient refining.
[0060]

The method for producing light olefin according to the present embodiment
preferably further comprises a refining step of refining the ethanol conversion fraction
such that an ethylene and propylene content Ce1 after refining is higher than an
ethylene and propylene content in the naphtha cracking fraction or a fraction derived
therefrom in the combination step, to obtain a refined ethanol conversion fraction.

This step elevates the ethylene and propylene content Ce1 in a fraction derived from
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the ethanol conversion fraction to be combined in the combination step, and can
reduce energy load, particularly, in the cryogenic separation step. The production
method according to the present embodiment preferably has the refining step after

the ethanol conversion step and before the combination step.
[0061]

The refining step preferably comprises a third cooling step of introducing the
ethanol conversion fraction to a third cooling tower to obtain a cooled ethanol
conversion fraction mainly containing olefin having 6 or less carbon atoms. The
cooled ethanol conversion fraction is a fraction from which heavy components have
been removed with the third cooling tower, and is preferably, for example, a fraction
obtained from the tower top of the third cooling tower. The third cooling step can
elevate the ethylene and propylene content Ce1 in a fraction derived from the ethanol
conversion fraction to be combined in the combination step, and can reduce
substances that cause phase transition from a gas to a liquid in the cryogenic
separation step. Therefore, the generation of condensation heat can be prevented,

and energy load for cooling in the cryogenic separation step can be reduced.
[0062]

The refining step preferably comprises a compression and separation step of
pressure-boosting the cooled ethanol conversion fraction using a compressor to
obtain a light ethanol conversion fraction mainly containing olefin having 3 or less
carbon atoms as a gas component and to obtain a heavy ethanol conversion fraction
mainly containing olefin having 4 or more carbon atoms as a liquid component. The
compression and separation step can elevate the ethylene and propylene content
Ce1 in a fraction derived from the ethanol conversion fraction to be combined in the

combination step, and can reduce substances that cause phase transition from a gas
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to a liquid in the cryogenic separation step. Therefore, the generation of
condensation heat can be prevented, and energy load for cooling in the cryogenic
separation step can be reduced. The compression and separation step can also
reduce the amount of a fraction derived from the ethanol conversion fraction to be
combined in the combination step and can reduce the flow rate of a fraction to be
pressure-boosted and cooled in the cryogenic separation step. Thus, energy load

can be reduced in the cryogenic separation step.
[0063]

The method for producing light olefin according to the present embodiment
preferably comprises a recycling step of introducing at least a portion of the heavy
ethanol conversion fraction as a portion of the starting material to the reactor. The
heavy ethanol conversion fraction mainly containing olefin having 4 or more carbon
atoms is introduced to the reactor for use in the ethanol conversion step, whereby
the amount of ethanol introduced in the ethanol conversion step can be decreased.
Particularly, since the heavy ethanol conversion fraction contains highly reactive
olefin having 4 or more carbon atoms, such a component causes further conversion
reaction via a catalyst in the ethanol conversion step and may also be converted to
ethylene and propylene. Since the heavy ethanol conversion fraction is free from
heavy components having 9 or more carbon atoms through the third cooling step
mentioned above, this fraction is unlikely to become responsible for coke generation
in the reactor even if introduced to the reactor for use in the ethanol conversion step.
Thus, the starting material can be effectively utilized while the activity of the catalyst

is maintained.

[0064]
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The method for producing light olefin according to the present embodiment
preferably comprises, after the combination step, a washing step of introducing the
combination fraction to a soda washing tower to obtain a washing fraction. The
washing fraction is a fraction from which components eluted to the washes have
been removed with the soda washing tower, and is preferably, for example, a
fraction obtained from the tower top of the soda washing tower. The cryogenic
separation step is performed through this step, whereby an acidic gas such as
carbon dioxide or hydrogen sulfide contained in the combination fraction can be
removed, and the purity of light olefin obtained in the cryogenic separation step can

be improved.
[0065]

Hereinafter, each step of the method for producing light olefin according to the

present embodiment will be described.
[0066]

The method for producing light olefin according to the present embodiment

comprises, as the naphtha cracking process N mentioned above:

a cracking step of introducing a naphtha feedstock to a cracking furnace to

obtain a naphtha cracking fraction; and

a cryogenic separation step of introducing the fraction to a cryogenic

separation equipment to separate ethylene and propylene.
[0067]

The method for producing light olefin according to the present embodiment

may optionally have, as the naphtha cracking process N mentioned above:
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a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or

less carbon atoms; and

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms.

The first cooling step and/or the second cooling step established prior to a
washing step mentioned later can reduce the fraction to be introduced to a soda
washing tower and can improve washing efficiency in the soda washing tower. The
cooling step established in two divided stages facilitates controlling the temperature

or composition of a fraction obtained in the cooling step.
[0068]

The method for producing light olefin according to the present embodiment
may optionally have, as the naphtha cracking process N mentioned above, before

introduction to the cryogenic separation equipment:
a first compression step of pressure-boosting the fraction; and

a washing step of introducing the fraction to a soda washing tower to obtain a

washing fraction.

In the soda washing tower, an acid component such as carbon dioxide
contained in the fraction can be removed, whereby separation efficiency in the
cryogenic separation step can be improved. The first compression step established
prior to the washing step can compress the volume of the fraction to be introduced to
the soda washing tower and can improve operation efficiency in the soda washing
tower.

40



[0069]

The method for producing light olefin according to the present embodiment

comprises, as the ethanol conversion process E mentioned above,

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst

to obtain an ethanol conversion fraction containing ethylene and propylene.
[0070]

The method for producing light olefin according to the present embodiment

may optionally have, as the ethanol conversion process E mentioned above,

a refining step of refining the ethanol conversion fraction to obtain a refined

ethanol conversion fraction.

The established refining step can increase the concentration of the compound
of interest contained in the ethanol conversion fraction and improves refining

efficiency in the cryogenic separation step.
[0071]

The method for producing light olefin according to the present embodiment
may optionally have, as the refining step in the ethanol conversion process E

mentioned above,

a third cooling step of introducing the ethanol conversion fraction to a third
cooling tower to obtain a cooled ethanol conversion fraction mainly containing olefin

having 6 or less carbon atoms.

The established third cooling step can reduce the amount of hydrocarbon

having 7 or more carbon atoms contained in the ethanol conversion fraction or a
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fraction derived therefrom and improves refining efficiency in the cryogenic

separation step.
[0072]

The method for producing light olefin according to the present embodiment
may optionally have, as the refining step in the ethanol conversion process E

mentioned above,

a compression and separation step of pressure-boosting the cooled ethanol
conversion fraction using a compressor to obtain a light ethanol conversion fraction
mainly containing olefin having 3 or less carbon atoms as a gas component and to
obtain a heavy ethanol conversion fraction mainly containing olefin having 4 or more

carbon atoms as a liquid component.

The established compression and separation step can reduce the amount of
hydrocarbon having 4 or more carbon atoms contained in the ethanol conversion
fraction or a fraction derived therefrom and improves refining efficiency in the

cryogenic separation step.
[0073]

The method for producing light olefin according to the present embodiment

may optionally have, as the ethanol conversion process E mentioned above,

a recycling step of introducing at least a portion of the aforementioned heavy

ethanol conversion fraction as a portion of the starting material to the reactor.

The established recycling step can convert the olefin contained in the heavy
ethanol conversion fraction to the compound of interest and improves ethylene and

propylene production efficiency per starting material ethanol.

[0074]
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The method for producing light olefin according to the present embodiment

comprises

a combination step of combining at least a portion of the naphtha cracking
fraction or a fraction derived therefrom with at least a portion of the ethanol

conversion fraction or a fraction derived therefrom to obtain a combination fraction.

In other words, at least a portion of the ethanol conversion fraction or a
fraction derived therefrom is combined with the naphtha cracking process, whereby
cryogenic separation is efficiently performed while an ethanol-derived starting

material is used.

The combination step is performed at any stage in the naphtha cracking

process, as mentioned later.
[0075]

The embodiments mentioned above are described in accordance with the
general categories of the naphtha cracking process N and the ethanol conversion
process E in the technical field in order to describe the organization of each step.
However, each step according to the present embodiment may belong to any of the

naphtha cracking process N and the ethanol conversion process E.
[0076]

The method for producing light olefin according to the present embodiment is
achieved with, for example, production equipment shown in Figure 2. The light
olefin production equipment has a cracking furnace 11, a first cooling tower 12, a
second cooling tower 13, a first compressor 14, a soda washing tower 15, and a
cryogenic separation equipment 16. The light olefin production equipment also has
a reactor 21 and a third cooling tower 22.
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Hereinafter, each step according to the present embodiment will be described

in detail by taking the case of using the production equipment as an example.
[0077]
<Cracking step>

In the cracking furnace 11, the cracking step mentioned above is performed.
[0078]
(Naphtha feedstock)

In the method for producing light olefin according to the present embodiment,
a naphtha feedstock is used. The naphtha feedstock contains at least naphtha.
The naphtha is a hydrocarbon mixture with a boiling point range on the order of 30 to
230°C and is divided into light naphtha and heavy naphtha depending on the boiling
point range, either of which may be used. The naphtha feedstock preferably
contains hydrocarbon having 2 to 40 carbon atoms, more preferably contains
hydrocarbon having 2 to 30 carbon atoms, and further preferably contains
hydrocarbon having 5 to 12 carbon atoms. The boiling point of the naphtha
feedstock may be in the range of, for example, 30 to 230°C. The naphtha feedstock
is not particularly limited and is generally derived from a fossil resource obtained
from petroleum. Alternatively, bionaphtha obtained by the decomposition of an

animal or plant oil may be used.
[0079]

The naphtha feedstock preferably contains diluted steam from the viewpoint
of being able to reduce the amount of a by-product coke. The amount of the diluted
steam supplied is preferably 0.1 to 1.0, more preferably 0.3 to 0.6, in terms of a

mass ratio to naphtha.
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[0080]

Examples of the cracking method in the cracking step include, but are not
particularly limited to, a steam cracking method of thermally decomposing heated
naphtha by bringing the heated naphtha into contact with steam heated to 950°C or
higher, and a moving-bed method of thermally decomposing naphtha by bringing the
naphtha into contact with a granular heat medium heated to a high temperature in a
moving bed. Examples of the steam cracking method include a tubular heating
method of circulating naphtha and steam in a heating tube and thermally
decomposing the naphtha by heating from the wall of the tube. In each method, a

catalyst may be used for promoting thermal decomposition.
[0081]

The naphtha feedstock is introduced to the cracking furnace 11, and steam
may be further introduced together with the naphtha feedstock. In this respect, the
amount of the steam introduced is preferably 20 to 100 parts by mass, more
preferably 30 to 70 parts by mass, more preferably 35 to 60 parts by mass, per 100
parts by mass of the naphtha feedstock. The amount of the steam introduced falls
within the range mentioned above, whereby the production of a carbonaceous

substance can be suppressed.
[0082]

The treatment temperature in the cracking furnace is preferably 700 to
1000°C, more preferably 750 to 950°C, further preferably 800 to 900°C. Within the
temperature range, the thermal decomposition of naphtha progresses favorably, and
the production of a light component such as methane can be suppressed. The

treatment temperature is controlled depending on the boiling point of the naphtha

45



feedstock, whereby cracking severity is controlled, and the ratio between ethylene
and propylene can be set to a suitable range. The mass ratio of propylene to
ethylene (P/E mass ratio) in naphtha cracking is not particularly limited and is

preferably 0.3 to 1.0.
[0083]

The reaction pressure in the cracking furnace is preferably 0.01 to 1.5 MPaG,

more preferably 0.05 to 0.5 MPaG, further preferably 0.07 to 0.2 MPaG.
[0084]
<First cooling step>

The naphtha cracking fraction obtained in the cracking furnace 11 is
introduced to the first cooling tower 12. Before being introduced to the first cooling
tower 12, the naphtha cracking fraction may be mixed with light olefin such as
ethane or propane recycled from downstream refining equipment. In the first
cooling tower 12, the first cooling step mentioned above is performed to obtain a first
cooling fraction mainly containing olefin having 6 or less carbon atoms. In the first
cooling tower 12, the naphtha cracking fraction is cooled, whereby excessive
progression of cracking can be suppressed, and further, at least a portion of olefin

having more than 6 carbon atoms is removed.
[0085]

In the first cooling tower 12, the naphtha cracking fraction is preferably
brought into contact with heavy oil, cracked gasoline, or their mixture and thereby

cooled.

[0086]
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The pressure of the first cooling fraction after treatment with the first cooling
tower 12 is preferably 0.01 to 1.5 MPaG, more preferably 0.05 to 0.5 MPaG, further

preferably 0.07 to 0.2 MPaG.
[0087]

The temperature of the first cooling fraction after treatment with the first
cooling tower 12 is preferably 50 to 300°C, more preferably 100 to 200°C, further

preferably 105 to 160°C, from the viewpoint of excellent efficiency of removal of

olefin having more than 6 carbon atoms.
[0088]
<Second cooling step>

The first cooling fraction obtained in the first cooling tower 12 is introduced to
the second cooling tower 13. In the second cooling tower 13, the second cooling
step mentioned above is performed, and the first cooling fraction is cooled so that at
least a portion of olefin having more than 4 carbon atoms is removed to obtain a
second cooling fraction mainly containing olefin having 4 or less carbon atoms. In
this operation, a second heavy fraction mainly containing hydrocarbon having 5 or

more carbon atoms and water are mainly obtained from the tower bottom.
[0089]

In the second cooling tower 13, the first cooling fraction is preferably brought

into contact with water and thereby cooled.

[0090]

47



The pressure of the second cooling fraction after treatment with the second
cooling tower 13 is preferably 0.01 to 1.5 MPaG, more preferably 0.05 to 0.5 MPaG,

further preferably 0.07 to 0.2 MPaG.
[0091]

The temperature of the second cooling fraction after treatment with the
second cooling tower 13 is preferably 10 to 100°C, more preferably 30 to 90°C, from
the viewpoint of excellent efficiency of removal of olefin having more than 4 carbon

atoms.
[0092]
<First compression step>

The second cooling fraction obtained in the second cooling tower 13 is
introduced to the first compressor 14. In the first compressor 14, the compression
step mentioned above is performed, and the second cooling fraction is pressure-
boosted. The first compression step can be performed before introduction to the
cryogenic separation equipment, and a fraction including the second cooling fraction
is preferably introduced to the first compressor 14 after the second cooling step. In
the first compressor 14, for example, the second cooling fraction may be pressure-
boosted with one compressor, or the second cooling fraction may be pressure-
boosted in stages with a plurality of, for example, two to four compressors. In the
first compression step, the second cooling fraction can be pressure-boosted as a gas
component. In addition, a liquid component may be obtained by the liquefication of
high-boiling components, such as hydrocarbon having 5 or more carbon atoms,

contained in the second cooling fraction. Such removal of high-boiling components
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by pressure boosting can improve the concentration of olefin having 3 or less carbon

atoms in the second cooling fraction.
[0093]

The pressure of the second cooling fraction after treatment with the first
compressor 14 is preferably 0.10 to 10.0 MPaG, more preferably 0.20 to 5.0 MPaG,

further preferably 0.50 to 1.5 MPaG.
[0094]
<First circulation step>

The method for producing light olefin according to the present embodiment
may have a first circulation step of introducing at least a portion of a second heavy
fraction mainly containing hydrocarbon having 5 or more carbon atoms in the second
cooling step to the first cooling tower. The second heavy fraction contains the
heavy compound of interest such as an aromatic compound. The production
efficiency of such a heavy compound of interest is reduced when the amount of the
second heavy fraction circulated to the first cooling tower in the first circulation step
is increased. On the other hand, a portion of olefin having 4 or less carbon atoms
contained in the second heavy fraction can be introduced to the cryogenic separation
step by increasing the amount of the fraction circulated. Therefore, the production
efficiency of such olefin is improved. Thus, the amount of the fraction circulated in
the first circulation step is preferably determined in consideration of the production
balance between the heavy compound of interest such as an aromatic compound
and the olefin having 4 or less carbon atoms. The amount of the fraction circulated

in the first circulation step is preferably 20 to 90% by mass, more preferably 30 to
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90% by mass, further preferably 40 to 90% by mass, based on the second heavy

fraction from the viewpoint of excellent propylene production efficiency.
[0095]
<Second circulation step>

The method for producing light olefin according to the present embodiment
may have a second circulation step of introducing at least a portion of a second
heavy fraction mainly containing hydrocarbon having 5 or more carbon atoms in the
second cooling step to the second cooling tower. In this circulation step, a liquid
component generated in the first compression step mentioned above may be
combined therewith and introduced to the second cooling tower. The second heavy
fraction contains the heavy compound of interest such as an aromatic compound.
The production efficiency of such a heavy compound of interest is reduced when the
amount of the second heavy fraction circulated to the first cooling tower in the
second circulation step is increased. On the other hand, a portion of olefin having 4
or less carbon atoms contained in the second heavy fraction can be introduced to
the cryogenic separation step by increasing the amount of the fraction circulated.
Therefore, the production efficiency of such olefin is improved. Thus, the amount of
the fraction circulated in the second circulation step is preferably determined in
consideration of the production balance between the heavy compound of interest
such as an aromatic compound and the olefin having 4 or less carbon atoms. The
amount of the fraction circulated in the second circulation step is preferably 20 to
90% by mass, more preferably 30 to 90% by mass, further preferably 40 to 90% by
mass, based on the total amount of the liquid component in the first compression
step and the second heavy fraction from the viewpoint of excellent propylene

production efficiency.
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[0096]
<Washing step>

In the washing step, the fraction before being introduced to the cryogenic
separation equipment is introduced to the soda washing tower 15 to obtain a
washing fraction. In the washing step, an acidic component such as carbon dioxide
in the fraction can be removed by treatment with the soda washing tower 15. Since
carbon dioxide has a higher boiling point than that of ethylene, carbon dioxide, if
introduced to cryogenic separation, is difficult to separate from olefin. Thus, itis
preferred to remove carbon dioxide in the fraction before introduction to the
cryogenic separation equipment. The washing step can be performed before
introduction to the cryogenic separation equipment and is preferably performed after

the first compression step because of easy operation of the soda washing tower.
[0097]

In the soda washing tower 15, the fraction is preferably brought into contact
with an aqueous sodium hydroxide solution to obtain a washing fraction. The
amount of sodium hydroxide can be appropriately selected such that an acidic

component such as carbon dioxide in the fraction can be removed.
[0098]
<Cryogenic separation step>

In the cryogenic separation step, the fraction is introduced to the cryogenic
separation equipment to separate ethylene and propylene. In this context, the
fraction to be introduced in the washing step or the cryogenic separation step is
preferably a combination fraction or a fraction derived therefrom. The "combination
fraction" is a fraction obtained by the combination step mentioned above. In this
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context, the "fraction derived therefrom" means a fraction obtained by further refining

the combination fraction with refining equipment such as a soda washing tower.
[0099]

The cryogenic separation generally separates components by distillation
operation under conditions of an ultralow temperature and a high pressure. For
example, the fraction is liquefied under conditions of an ultralow temperature and a

high pressure to separate hydrogen and methane from light olefin.
[0100]

In the cryogenic separation step, light olefin such as ethylene and propylene
is further separated through a demethanizer, a deethanizer, an ethylene rectifier, a

depropanizer, a propylene rectifier, and the like.
[0101]

The refining system of a naphtha cracker is in the form of a front-end
demethanizer or a front-end depropanizer. Hereinafter, an exemplary apparatus
configuration in each form will be described. However, the presence or absence or

order of each separation tower is not limited thereto.
[0102]

In the refining system in the form of a front-end demethanizer, light olefin is
refined by, for example, the following procedures: first, an introduction fraction
compressed with a compressor is introduced to a cooler where at least a portion of
the light olefin in the introduction fraction is liquefied while at least a portion of
hydrogen is removed. The resulting fraction is introduced to a demethanizer to
obtain a methane-free fraction mainly containing light olefin from the tower bottom

and an off-gas fraction containing hydrogen and methane from the tower top. The
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obtained methane-free fraction is introduced to a deethanizer to obtain an ethylene
fraction mainly containing ethylene from the tower top and an ethane-free fraction
mainly containing olefin having 3 or more carbon atoms from the tower bottom. The
obtained ethylene fraction is introduced to an ethylene rectifier and separated into
ethylene and ethane to obtain refined ethylene. The obtained ethane-free fraction
is introduced to a depropanizer to obtain a propylene fraction mainly containing
propylene from the tower top and a propane-free fraction mainly containing olefin
having 4 or more carbon atom from the tower bottom. The obtained propylene
fraction is introduced to a propylene rectifier and separated into propylene and
propane to obtain refined propylene. The obtained propane-free fraction is

introduced to a debutanizer to obtain olefin having 4 carbon atoms.
[0103]

In the refining system in the form of a front-end depropanizer, light olefin is
refined by, for example, the following procedures: in the refining system in the form
of a front-end depropanizer, the fraction is separated into an introduction fraction
mainly containing hydrocarbon having 3 or less carbon atoms and a detour fraction
mainly containing hydrocarbon having more than 3 carbon atoms, whereby the
amount of the fraction introduced to the cryogenic separation step is reduced, and
energy consumption related to cryogenic separation can be reduced. In other
words, for example, as shown in Figure 15, in the refining system in the form of a
front-end depropanizer, the fraction is introduced to a first distillation tower 17 to
separate an introduction fraction to be introduced to the cryogenic separation step.
Also, a detour fraction to be introduced to downstream equipment by detouring the
cryogenic separation step is obtained from the tower bottom of the first distillation

tower 17. In the first distillation tower 17, for example, the separation operation may
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be carried out with one distillation tower, or the separation operation may be carried
out in stages with a plurality of, for example, two to four distillation towers. Then,
the obtained introduction fraction is compressed with a compressor and then
introduced to a cooler where at least a portion of the light olefin in the introduction
fraction is liquefied while at least a portion of hydrogen is removed. After cooling
and compression of the introduction fraction, the compound of interest can be
separated from the introduction fraction by the same treatment as in the refining
system in the form of a front-end demethanizer. In the refining system in the form
of a front-end depropanizer, the introduction fraction obtained with the first distillation
tower 17 is introduced to a deethanizer and thereby further refined and can then be
introduced to the cryogenic separation step. The introduction fraction can thus be
refined, in addition to the first distillation tower 17, whereby energy consumption

related to the cryogenic separation step can be reduced.
[0104]
<Ethanol conversion step>

A starting material containing ethanol is introduced to the reactor 21. In the
reactor 21, the ethanol conversion step mentioned above is performed. In the
reactor 21, the starting material containing ethanol is brought into contact with a

catalyst to obtain an ethanol conversion fraction containing ethylene and propylene.
[0105]
(Starting material: ethanol conversion step)

In the ethanol conversion step, a starting material containing ethanol is used.
Ethanol produced by various methods can be used. Bioethanol, in particular, is

preferably used from the viewpoint of excellent environmental friendliness. In
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recent years, the importance of replacement of fossil resources such as crude oil
with regenerable plant-derived resources has been reaffirmed in order to realize
sustainable society or to suppress greenhouse gas emission. Accordingly,
chemical products, which heretofore been produced using fossil resources such as
crude oil, can be produced using bioethanol obtained from such a regenerable plant-

derived resource.
[0106]

The content of ethanol in the starting material is preferably 30 to 100% by
mass, more preferably 40 to 100% by mass, further preferably 50 to 100% by mass,

based on the total amount of the starting material.
[0107]

A starting material containing ethylene and ethanol may be used as the
starting material. Use of this starting material enables propylene to be produced at
a good yield by using an adiabatic reactor and controlling the internal temperature of
the reactor. The starting material may also contain olefin having 4 to 6 carbon

atoms.
[0108]

The ethylene/ethanol molar ratio in the starting material is preferably 0.05 to
2.5, more preferably 0.20 to 2.0, further preferably 0.30 to 1.8, still further preferably

0.30to 1.5.
[0109]

In the ethanol conversion step, the starting material may contain olefin having
4 to 6 carbon atoms and an oxygen-containing compound having 1 to 6 carbon

atoms other than ethanol. Examples of the oxygen-containing compound having 1
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to 6 carbon atoms other than ethanol include methanol, propanol, dimethyl ether,
and diethyl ether. These compounds are brought into contact with a catalyst in the
reactor and can thereby give the compound of interest such as ethylene and

propylene.
[0110]

The starting material may contain a saturated aliphatic hydrocarbon such as
paraffin, olefin having 7 or more carbon atoms, and an oxygen-containing compound
having 7 or more carbon atoms. The saturated aliphatic hydrocarbon, the olefin
having 7 or more carbon atoms, and the oxygen-containing compound having 7 or
more carbon atoms may be brought into contact with a catalyst and converted to the
compound of interest such as propylene, as in ethylene and ethanol, in combination
with dehydrogenation reaction or dehydration reaction and however, are less
reactive than the olefin having 4 to 6 carbon atoms and the oxygen-containing

compound having 1 to 6 carbon atoms other than ethanol mentioned above.
[0111]

The starting material can contain the whole amount or a portion of olefin
having 4 or more carbon atoms separated by a separation step from the reaction gas
containing olefin having 3 or more carbon atoms obtained by the ethanol conversion
step. Use of such a so-called recycling reaction system can achieve effective

utilization of the olefin starting material.
[0112]

The starting material may contain an inert gas such as nitrogen, in addition to
the starting material mentioned above that may be converted to the compound of

interest such as propylene by the ethanol conversion step. The starting material
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may additionally contain hydrogen and methane as diluted gases, though it is
preferred to not perform hydrogen dilution. Hydrogen may be used for suppressing

the coking-induced deterioration of a catalyst.
[0113]

In the ethanol conversion step, the starting material may contain water. The
starting material may contain "water generated in a production step" because
ethylene and ethanol contained in a mixed starting material can be produced by
various production methods. In this context, the "water generated in a production
step" refers to unremoved water generated in an ethylene and/or ethanol production

process.
[0114]

In the ethanol conversion step, the mixed starting material can be allowed to
contain steam, in addition to the "water generated in a production step”. The steam
is effective for suppressing coking-induced deterioration by decreasing an olefin
partial pressure, and improving the yield of lower olefin.  On the other hand, the
steam may promote the dealumination of zeolite. Therefore, it is preferred that the
mixed starting material should not be allowed to contain steam, in addition to the

"water generated in a production step".
[0115]

In the method for producing light olefin according to the present embodiment,
a relationship between a ratio Oe of an amount of hydrogen and methane to a total
amount of ethylene and propylene in the ethanol conversion fraction and a ratio Oc
of an amount of hydrogen and methane to a total amount of ethylene and propylene

in the naphtha cracking fraction preferably satisfies the expression (1):
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Oe <Oc ... (1).
A method for producing light olefin which reduces treatment energy in

cryogenic separation can be provided by satisfying this condition.
[0116]

In the naphtha cracking process, after naphtha cracking, light olefin is
obtained by a cryogenic separation step through a refining process. In the
cryogenic separation step, the fraction to be introduced to the cryogenic separation
step is pressure-boosted using a compressor and cooled to a temperature equal to
or lower than the boiling point of ethylene at the pressure so that light olefin in the
fraction is liquefied to separate the light olefin from off-gases such as hydrogen and
methane by gas-liquid separation. In this pressure-boosting and cooling treatment,
consumed energy is increased depending on the flow rate of the fraction to be
introduced to the cryogenic separation step. In other words, the relationship
between the ratio Oe of the amount of hydrogen and methane to the total amount of
ethylene and propylene in the ethanol conversion fraction and the ratio Oc of the
amount of hydrogen and methane to the total amount of ethylene and propylene in
the naphtha cracking fraction falls within the range as mentioned above, whereby the
proportion of hydrogen and methane in the fraction to be introduced to the cryogenic
separation step can be decreased. Therefore, the flow rate of hydrogen and
methane in the fraction to be introduced is reduced when the amount of light olefin

produced is constant; thus, cryogenic separation can be more efficiently performed.
[0117]

In the method for producing light olefin according to the present embodiment,
a difference between the ratio Oc and the ratio Oe (Oc - Ok) is preferably 5% by

mass or more, more preferably 10% by mass or more, further preferably 20% by
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mass or more, from the viewpoint of efficient refining efficiency. Owing to the
difference (Oc - Ok), the proportion of hydrogen and methane in the fraction to be
introduced to the cryogenic separation step can be decreased, and cryogenic
separation can therefore be efficiently performed. The upper limit of the difference

(Oc - Ok) is not particularly limited and may be 70% by mass or less.
[0118]

In the method for producing light olefin according to the present embodiment,
a difference |P/Ec - P/Eg| between a propylene/ethylene mass ratio P/Ek in the
ethanol conversion fraction and a propylene/ethylene mass ratio P/Ec in the naphtha
cracking fraction is preferably 0.2 or less, more preferably 0.1 or less, further
preferably 0.05 or less. The lower limit value of the difference |P/Ec - P/Eg| is not

particularly limited and may be, for example, 0 or more (i.e., the same proportions).
[0119]
(Adiabatic reactor)

In the ethanol conversion step, the reactor is not particularly limited and is
preferably an adiabatic reactor because of small energy consumption. For the
adiabatic reactor, see the description of Adiabatic Fixed-Bed Reactors (Elsevier,
2014, Ch.1,P.4, L.5 to 24, ISBN:978-0-12-801306-9). Examples of the adiabatic
reactor include fixed-bed adiabatic reactors, moving-bed adiabatic reactors, and
fluidized-bed adiabatic reactors. In the method of the present embodiment, a fixed-
bed adiabatic reactor is preferred. The fixed-bed adiabatic reactor is more
preferably a fixed-bed single-stage adiabatic reactor having one stage of a fixed
catalyst bed. Since carbonaceous matter (coke) accumulates on a catalyst in

association with reaction, a multi-tower switchable fixed-bed single-stage adiabatic
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reactor is preferred which is capable of removing this carbonaceous matter by

combustion while the reaction is continued.
[0120]

Figure 3 is a schematic configuration diagram of a fixed-bed single-stage
adiabatic reactor. A fixed-bed single-stage adiabatic reactor 211 has a reaction
housing 212 provided peripherally with a heat insulating material 216, a catalyst bed
213, areactor inlet 214, and a reactor outlet 215. The reaction housing 212 is
provided peripherally with the heat insulating material 216 and thereby does not
allow heat in the reactor to escape to the outside. In the production method
according to the present embodiment, the internal temperature of the reactor can be

controlled by heat generation and heat absorption through reaction.
[0121]

The catalyst bed 213 is filled with a catalyst mentioned later. A first sheath
thermocouple 217 is disposed immediately before contact with a catalyst bed inlet
219a of the catalyst bed 213. A second sheath thermocouple 218 is disposed
immediately after exit from a catalyst bed outlet 219b of the catalyst bed 213.
These thermocouples measure the temperatures of the mixed starting material
immediately before contact with the catalyst bed inlet 219a and a reaction gas
immediately after exit from the catalyst bed outlet 219b. The catalyst bed 213 may
be in a multi-stage form and is preferably in a single-stage form as shown in Figure

3.

[0122]
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In the fixed-bed single-stage adiabatic reactor 211, the mixed starting material
is introduced from the reactor inlet 214 and brought into contact with the catalyst bed

213, and a reaction gas is taken out of the reactor outlet 215.
[0123]

The reaction temperature in the ethanol conversion step is preferably 300 to
600°C, more preferably 450 to 590°C, further preferably 500 to 580°C, from the
viewpoint of suppressing coking-induced deterioration while enhancing reactivity.
The reaction temperature is a value calculated according to the expression: [Inlet
temperature of the catalyst bed + Outlet temperature of the catalyst bed] /2. The
inlet temperature of the catalyst bed is the temperature of the mixed starting material
immediately before the starting material fluid comes into contact with the catalyst bed
packed in the adiabatic reactor. The outlet temperature of the catalyst bed is the
temperature of a reaction gas immediately after the reaction gas passes through the
catalyst bed. In this context, the temperatures of the mixed starting material and
the reaction gas refer to temperatures from 0d to 0.8d wherein in a plane
perpendicular to the flow direction of a fluid, the center of the reactor is defined as 0,
and the distance from the center of the reactor to the inner wall surface of the reactor

is defined as d.
[0124]

The reaction pressure in the ethanol conversion step is preferably 0.01 to 3.0

MPaG, more preferably 0.01 to 1.0 MPaG.
[0125]

The supply rate of the starting material in the ethanol conversion step is

preferably 0.1 to 1000 hr', more preferably 0.1 to 500 hr', further preferably 0.5 to
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100 hr', in terms of weight hourly space velocity (WHSV) based on the mass of the
catalyst. In the ethanol conversion step, WHSYV is calculated by using ethylene-

based ethanol as represented by the following expressions.
[0126]

WHSV (hr') = Mass flow rate (kg/hr) of starting material supply / Amount (kg)

of the catalyst

Mass flow rate (kg/hr) of starting material supply = Ethylene flow rate (kg/hr) +
Ethylene-based ethanol flow rate (kg/hr) + Flow rate (kg/hr) of olefin having 4 to 6
carbon atoms + Flow rate (kg/hr) of oxygen-containing compound having 1 to 6

carbon atoms other than ethanol

Ethylene-based ethanol flow rate (kg/hr) = Ethanol flow rate (kg/hr) x

Molecular weight (g/mol) of ethylene / Molecular weight (g/mol) of ethanol
[0127]
(Catalyst)

The catalyst in the ethanol conversion step is a solid catalyst that exhibits
catalytic ability to convert olefin and ethanol to the compound of interest such as
propylene. Such a catalyst is preferably a zeolite-containing catalyst from the
viewpoint of excellent thermal durability and propylene selectivity of the catalyst. A
common problem of conventional olefin production with zeolite includes coking-
induced deterioration in which zeolite is deactivated by the accumulation of heavy
carbonaceous matter (coke) inside zeolite pores through reaction with hydrocarbon.
For regenerating catalyst performance, it is preferred to remove coke by combustion
in an atmosphere containing an oxygen molecule. However, the structural collapse

of zeolite progresses along with this coke combustion and induces the permanent
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deterioration of the catalyst difficult to regenerate. The ethanol conversion step can
suppress coke formation and therefore easily maintains catalytic activity even if the

zeolite-containing catalyst is used.
[0128]
<<Zeolite-containing catalyst>>

The zeolite-containing catalyst refers to a catalyst powder or a molded
catalyst containing zeolite as an active species. In the ethanol conversion step, so-
called intermediate pore-size zeolite having a pore size of 5 to 6 angstroms is
preferably used as zeolite in the zeolite-containing catalyst described above. The
intermediate pore-size zeolite means "zeolite having a pore size intermediate
between the pore size of small pore-size zeolite typified by A-type zeolite and the
pore size of large pore-size zeolite typified by mordenite and X-type or Y-type zeolite
in the pore size range". The "intermediate pore-size zeolite" has a so-called oxygen

10-membered ring in its crystal structure.
[0129]

Examples of the intermediate pore-size zeolite include MFI-type zeolite such
as ZSM-5, ZSM-8, ZSM-11, ZSM-12, ZSM-21, ZSM-23, ZSM-35, ZSM-38, LZ-105,
FZ-1, TS-1, and silicate. Among them, MFI-type zeolite is preferred, and ZSM-5 is
more preferred. Zeolite similar to ZSM-5 or ZSM-11 described in Stud. Surf. Sci.
Catal. 1987, 33, 167-215 can be used. Among them, MFI-type zeolite is preferred,
and ZSM-5 is more preferred, from the viewpoint of excellent catalyst

performance(catalytic activity and durability against coking).

[0130]
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The silica/alumina (SiO2/Al203) molar ratio of zeolite contained in the zeolite-
containing catalyst of the present embodiment can be appropriately selected and is
preferably 20 to 2000 from the viewpoint of excellent catalytic activity and propylene
selectivity, more preferably 100 to 1500, further preferably 300 to 1200, still further
preferably 800 to 1200, from the viewpoint of enhancing the durability of the catalyst.
The silica/alumina (SiO2/Al203) molar ratio of zeolite contained in the zeolite-
containing catalyst may be 20 to 400 or may be 100 to 300. The silica/alumina
molar ratio of zeolite can be measured by a known method and can be determined,
for example, by completely dissolving the zeolite in an alkaline aqueous solution and

analyzing the resulting solution by plasma emission spectroscopy or the like.
[0131]

A method for synthesizing the zeolite of the present embodiment is not
particularly limited, and the zeolite can be produced by optimizing various conditions
of a heretofore known hydrothermal synthesis method for MFI-type zeolite. A
general approach of efficiently obtaining MFI-type zeolite by the hydrothermal
synthesis method includes a hydrothermal synthesis method using a proper organic
structure-directing agent (SDA), a hydrothermal synthesis method of adding
hydrothermally synthesized MFI zeolite as seed crystals, or a hydrothermal synthesis
method of adding a seed slurry at a crystal stage. Examples of the organic
structure-directing agent (SDA) used here include ammonium salts, urea salts,
amines, and alcohols. It is known that not only the organic SDA but inorganic
cations or anions are also involved in the structure. Zeolite synthesis depends on
composite functions of individual components. In the hydrothermal synthesis
method for MFI-type zeolite as mentioned above, a suitable catalyst can be obtained

by appropriately optimizing synthesis conditions such as the composition of a
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starting material to be added (e.g., the types of materials and an additive (SDA), the
amount of the additive, pH, the silica/alumina molar ratio, and the abundance ratios

of a medium, a cation, and an anion), a synthesis temperature, and a synthesis time.
[0132]

Specific examples thereof include a synthesis method using a seed slurry
described in Japanese Patent No. 5426983, and methods listed in The Hydrothermal

Synthesis of Zeolites (Chemcal Reviews, 2003, 103, 663-702).
[0133]

Commercially available zeolite can also be used as long as the zeolite is MFI

zeolite having the specific physical properties and composition mentioned above.
[0134]

The zeolite-containing catalyst according to the present embodiment

preferably contains a phosphorus element or a silver element.
[0135]

Examples of the form of the phosphorus element include polymers of
phosphorus (e.g., polyphosphoric acid), oxides of phosphorus (e.g., P20s), and
compounds in the form of phosphorus added to aluminum of zeolite. Two or more
of them may be contained in the catalyst. When zeolite contains aluminum, the
phosphorus element is effective for suppressing the dealumination of the zeolite and
may be effective for improving a propylene yield. Particularly, for purposes
involving exposure to a high-temperature steam atmosphere, the effect of
suppressing dealumination is more improved because the characteristics of the

zeolite-containing catalyst vary easily depending on the dealumination.

[0136]
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The amount of the phosphorus element contained in the zeolite-containing
catalyst is preferably 0.01 to 2.0% by mass based on the mass of the whole catalyst
and is more preferably 0.05 to 2.0% by mass from the viewpoint of an excellent

effect of suppressing dealumination.
[0137]

In the present embodiment, the amount of the phosphorus element contained
in the catalyst refers to a value measured using a fluorescent X-ray analysis
apparatus. The amount of the phosphorus element contained can be measured
under usual conditions using a commercially available fluorescent X-ray analysis
apparatus in accordance with an instruction manual. In the case of using, for
example, trade name "RIX3000" manufactured by Rigaku Holdings Corp.,
measurement conditions can be set to a tubular voltage of 50 kV and a tubular

current of 50 mA using P-Ka ray.

[0138]

In the present embodiment, phosphoric acid and/or phosphate (hereinafter,
also referred to as a "phosphorus source") is used as a starting material for the
phosphorus element contained in the zeolite-containing catalyst. The phosphorus
source is more preferably phosphate. The phosphate is more preferably a

compound that exhibits a solubility of 1 g or more in 100 g of water at 25°C.

[0139]

Examples of the phosphoric acid include phosphoric acid and pyrophosphoric
acid. Examples of the phosphate include phosphoric acid ammonium salts such as
ammonium phosphate, diammonium hydrogen phosphate, ammonium dihydrogen

phosphate, and sodium ammonium hydrogen phosphate, potassium hydrogen
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phosphate, aluminum hydrogen phosphate, sodium phosphate, and potassium
phosphate. Among them, a phosphoric acid ammonium salt having a relatively high
solubility in water is preferred, and at least one member selected from the group
consisting of ammonium phosphate, diammonium hydrogen phosphate, and
ammonium dihydrogen phosphate is more preferred. These phosphorus sources

may be used singly or in combination of two or more thereof.
[0140]

The form of the silver element is, for example, a silver ion. The silver
element is effective for improving the hydrothermal resistance of zeolite by

controlling the acid site of the zeolite.
[0141]

The amount of the silver element contained in the zeolite-containing catalyst
is preferably 0.01 to 2.0% by mass based on the mass of the whole catalyst and is
more preferably 0.05 to 2.0% by mass from the viewpoint of an excellent effect of

improving hydrothermal resistance per content.
[0142]

In the present embodiment, the amount of the silver element contained in the
catalyst refers to a value measured using a fluorescent X-ray analysis apparatus.
The amount of the silver element contained can be measured under usual conditions
using a commercially available fluorescent X-ray analysis apparatus in accordance
with an instruction manual. In the case of using, for example, trade name
"RIX3000" manufactured by Rigaku Holdings Corp., measurement conditions can be

set to a tubular voltage of 50 kV and a tubular current of 50 mA using P-Ka. ray.

[0143]
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In the present embodiment, for example, silver nitrate is used as a starting
material for the silver element contained in the zeolite-containing catalyst. The
zeolite-containing catalyst containing the silver element is obtained by using a
zeolite-containing catalyst containing sodium as a counter cation and exchanging an
ion with silver nitrate, followed by sintering. The ion exchange between the counter
cation sodium in zeolite and silver nitrate can be carried out by dipping the zeolite or
the zeolite-containing catalyst in an aqueous silver nitrate solution, followed by
washing with water. In this respect, the ion exchange rate can be improved by
carrying out dipping and washing with water a plurality of times. Alternatively, the
zeolite-containing catalyst containing the silver element may be obtained by treating

proton-type or ammonium-type zeolite with silver nitrate.
[0144]

The zeolite-containing catalyst of the present embodiment can be produced
by using zeolite having the specific physical properties and composition mentioned
above, and molding the zeolite, for example, as described below. The molding
method is not particularly limited, and a general method can be used. Specific
examples thereof include a method of compression-molding a catalytic component, a
method of extrusion-molding the component, and a spray dry molding method

suitable for fluidized-bed reaction schemes.
[0145]

A binder can be used in molding. The binder is not particularly limited, and,
for example, silica, alumina, and kaolin can be used alone or as a mixture.
Commercially available products can be used as these binders. The zeolite/binder

mass ratio is preferably in the range of 10/90 to 90/10, more preferably in the range
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of 20/80 to 80/20. A silica binder is preferred from the viewpoint of being able to

suppress coking.
[0146]

In the ethanol conversion step, the zeolite-containing catalyst may be
subjected to a pretreatment step prior to contact of the zeolite-containing catalyst
with the starting material. Preferred examples of the pretreatment step include the
step of heat-treating the catalyst at a temperature of 300°C or higher in the presence
of steam. The pretreatment thus performed tends to attain a more marked effect of
suppressing the deterioration of the catalyst or improving selectivity. In the case of
the method described above, the treatment is preferably performed under conditions
involving a temperature of 300°C or higher and 900°C or lower, an atmosphere of,
but not particularly limited to, air or a mixed gas of an inert gas such as nitrogen and
steam (water vapor) circulated, and a water vapor partial pressure of 0.01 atm or
more. The heat treatment temperature is more preferably a temperature of 400°C
or higher and 700°C or lower. This pretreatment step can be performed using the

reactor for ethanol conversion.
[0147]
(Product: ethanol conversion fraction containing ethylene and propylene)

In the ethanol conversion step, the starting material is brought into contact
with the catalyst to obtain an ethanol conversion fraction containing ethylene and
propylene. The ethanol conversion fraction may contain hydrogen, aliphatic
hydrocarbon having 1 to 3 carbon atoms, aliphatic hydrocarbon having 4 to 8 carbon

atoms, an aromatic compound, and hydrocarbon having 9 or more carbon atoms.

[0148]
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The total amount of ethylene and propylene contained in the ethanol
conversion fraction is preferably 15% by mass or more, more preferably 20% by
mass or more, further preferably 25% by mass or more, from the viewpoint of
excellent efficiency of production of the compound of interest. The P/E mass ratio,
which represents the mass ratio of propylene to ethylene, can be appropriately
adjusted depending on reaction conditions and is preferably 0.40 to 1.0, more
preferably 0.45 to 0.80, further preferably 0.50 to 0.70, from the viewpoint of

excellent efficiency of refining of the compound of interest.
[0149]
<Refining step>

The method for producing light olefin may comprise a refining step of
separating the compound of interest such as ethylene and propylene from the

ethanol conversion fraction.

In the refining step, the ethanol conversion fraction is preferably refined such
that an ethylene and propylene content Ce1 after refining is higher than an ethylene
and propylene content in the naphtha cracking fraction or a fraction derived

therefrom in the combination step, to obtain a refined ethanol conversion fraction.
[0150]
(Third cooling step)

The refining step preferably has a third cooling step of introducing the ethanol
conversion fraction to a third cooling tower 22 to obtain a cooled ethanol conversion

fraction mainly containing olefin having 6 or less carbon atoms.

[0151]
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The ethanol conversion fraction obtained in the reactor 21 is introduced to the
third cooling tower 22. In the third cooling tower 22, the third cooling step
mentioned above is performed to obtain a cooled ethanol conversion fraction mainly
containing olefin having 6 or less carbon atoms. In the third cooling tower 22, the
ethanol conversion fraction is cooled to remove hydrocarbon having more than 6

carbon atoms and water.
[0152]

In the third cooling tower 22, the ethanol conversion fraction is preferably
brought into contact with water and thereby cooled. The water for use in the third
cooling tower 22 can be appropriately pH-adjusted for the purpose of suppressing

the corrosion of the apparatus.
[0153]

The pressure of the cooled ethanol conversion fraction after treatment with
the third cooling tower 22 is preferably 0.01 to 1.5 MPaG, more preferably 0.05 to 0.5

MPaG, further preferably 0.07 to 0.2 MPaG.
[0154]

The temperature of the cooled ethanol conversion fraction after treatment with

the third cooling tower 22 is preferably 5 to 200°C, more preferably 10 to 100°C.

[0155]

The method for producing light olefin according to the present embodiment
preferably has a recycling step of introducing at least a portion of the cooled ethanol
conversion fraction as a portion of the starting material to the reactor 21. The
cooled ethanol conversion fraction is thus supplied to the reactor 21 and can thereby

be converted to ethylene or propylene.
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[0156]
<Compression and separation step>

The method for producing light olefin according to the present embodiment
may have a compression and separation step of pressure-boosting the cooled
ethanol conversion fraction using a compressor to obtain a light ethanol conversion
fraction mainly containing olefin having 3 or less carbon atoms as a gas component
and to obtain a heavy ethanol conversion fraction mainly containing olefin having 4

or more carbon atoms as a liquid component.
[0157]
The method may have, as the compression and separation step:

a second compression step of pressure-boosting the cooled ethanol

conversion fraction using a compressor; and

a distillation step of using a distillation tower to obtain a light ethanol
conversion fraction mainly containing olefin having 3 or less carbon atoms as a gas
component and to obtain a heavy ethanol conversion fraction mainly containing

olefin having 4 or more carbon atoms as a liquid component.
[0158]

More specifically, as shown in Figure 4, the cooled ethanol conversion fraction
obtained by the third cooling step may be pressure-boosted with a second

compressor 23 and introduced to a distillation tower 24.
[0159]

In the distillation tower 24, a light ethanol conversion fraction mainly

containing olefin having 3 or less carbon atoms is obtained as a gas component, and
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a heavy ethanol conversion fraction mainly containing hydrocarbon having 4 or more
carbon atoms is obtained as a liquid component. In this way, the distillation step is

performed with the second compressor 23 and the distillation tower 24.
[0160]

The obtained light ethanol conversion fraction may be introduced to a
condenser 25 where a portion of the fraction is liquefied and refluxed to the
distillation tower to obtain a cooled light ethanol conversion fraction. The distillation
step thus established can reduce hydrocarbon having 4 or more carbon atoms and
water in a fraction derived from the ethanol conversion fraction and can elevate the

proportion of ethylene and propylene.
[0161]

The pressure of the cooled light ethanol conversion fraction is preferably 0.5

to 3.0 MPaG, more preferably 1.0 to 2.5 MPaG, further preferably 1.1 to 2.0 MPaG.
[0162]

The temperature of the cooled light ethanol conversion fraction is preferably O

to 50°C, more preferably 5 to 30°C, further preferably 10 to 20°C.
[0163]

In the refining step comprising the distillation step and the like, the ethanol
conversion fraction is refined such that an ethylene and propylene content Ce1 after
refining is higher than an ethylene and propylene content in the naphtha cracking
fraction or a fraction derived therefrom in the combination step, to obtain a refined

ethanol conversion fraction.

[0164]
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When the ethanol conversion fraction that has thus undergone the
compression and separation step is combined in the combination step mentioned
later, a fraction with a high content ratio of olefin having 3 carbon atoms from which
hydrocarbon having 4 or more carbon atoms has been removed is combined with a
fraction derived from the naphtha cracking fraction. Therefore, the content of
hydrocarbon having 4 or more carbon atoms is decreased in the combination
fraction, and the proportion of ethylene and propylene can be elevated. As a result,

treatment energy can be reduced in cryogenic separation.
[0165]

The method for producing light olefin according to the present embodiment
preferably has a recycling step of introducing at least a portion of the heavy ethanol
conversion fraction as a portion of the starting material to the reactor 21. The heavy
ethanol conversion fraction is thus supplied to the reactor 21 where olefin contained
in the heavy ethanol conversion fraction is converted to ethylene or propylene.

Therefore, light olefin production efficiency from ethanol can be improved.
[0166]

In the compression and separation step, a portion of the fraction is liquefied
by pressure boosting using a compressor, and the resulting fraction may be treated
with a gas-liquid separation apparatus to obtain a light ethanol conversion fraction
mainly containing olefin having 3 or less carbon atoms as a gas component and to
obtain a heavy ethanol conversion fraction mainly containing olefin having 4 or more
carbon atoms as a liquid component. Use of the gas-liquid separation apparatus
can suppress energy consumption related to the compression and separation step

as compared with the case of using a distillation tower.
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[0167]

More specifically, as shown in Figure 5, the cooled ethanol conversion fraction
obtained by the third cooling step may be pressure-boosted with a second

compressor 23 and introduced to a gas-liquid separation drum 26.
[0168]

When the ethanol conversion fraction that has thus undergone the
compression and separation step with the gas-liquid separation apparatus is
combined in the combination step mentioned later, a fraction with a high content ratio
of olefin having 3 carbon atoms from which hydrocarbon having 4 or more carbon
atoms has been removed is combined with a fraction derived from the naphtha
cracking fraction. Therefore, the content of hydrocarbon having 4 or more carbon
atoms is decreased in the combination fraction, and the proportion of ethylene and
propylene can be elevated. As a result, treatment energy can be reduced in

cryogenic separation.
[0169]

The method for producing light olefin according to the present embodiment
preferably has a recycling step of introducing at least a portion of the heavy ethanol
conversion fraction that has undergone the compression and separation step with
the gas-liquid separation apparatus as a portion of the starting material to the reactor
21. The heavy ethanol conversion fraction is thus supplied to the reactor 21 where
olefin contained in the heavy ethanol conversion fraction is converted to ethylene or
propylene. Therefore, light olefin production efficiency from ethanol can be

improved.
[0170]
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<Combination step>

In the combination step, at least a portion of the naphtha cracking fraction or a
fraction derived therefrom is combined with at least a portion of the ethanol

conversion fraction or a fraction derived therefrom to obtain a combination fraction.
[0171]

The "naphtha cracking fraction" is a fraction obtained by the cracking step
mentioned above. The "fraction derived therefrom" means a fraction obtained by
further refining the naphtha cracking fraction. The naphtha cracking fraction may be

mixed with a gas containing hydrocarbon in order to adjust properties before refining.
[0172]

The "ethanol conversion fraction" is a fraction obtained by the ethanol
conversion step mentioned above. The "fraction derived therefrom" means a

fraction obtained by further refining the ethanol conversion fraction.
[0173]

The combination step in the method for producing light olefin according to the

present embodiment will be described with reference to specific examples.
[0174]

In the first embodiment, the combination step is performed after the second
cooling step mentioned above, for example, as shown in Figure 4, Figure 5, Figure

16, and Figure 17.

The combination step can reduce the flow rate of the fraction to be introduced
to the cryogenic separation step and can reduce load in the cryogenic separation

step.
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[0175]

The production method mentioned above further comprises a first
compression step of pressure-boosting the second cooling fraction. In the second
cooling fraction, at least a portion of the naphtha cracking fraction or a fraction
derived therefrom in the combination step may be compressed. In this case, the
ethanol conversion fraction or a fraction derived therefrom is preferably a fraction

pressure-boosted by the compression and separation step or the like.

The naphtha cracking fraction or a fraction derived therefrom thus pressure-
boosted by the first compression step is combined with the ethanol conversion
fraction or a fraction derived therefrom, i.e., the ethanol conversion fraction or a
fraction derived therefrom does not undergo the first compression step, whereby
pressure boosting load can be reduced in the naphtha cracking process, and the
ethanol conversion process is easily connected with the naphtha cracking process.
When the ethanol conversion fraction or a fraction derived therefrom has a higher
pressure than that of the naphtha cracking fraction or a fraction derived therefrom,
the ethanol conversion process is easily connected with the naphtha cracking

process by lowering the pressure.
[0176]

In the second embodiment, the combination step is performed after the first
cooling step mentioned above, for example, as shown in Figure 6, Figure 7, Figure 9,

Figure 18, Figure 19, and Figure 21.

In the second embodiment, before introduction to the second cooling tower, at
least a portion of the first cooling fraction is combined with at least a portion of the

ethanol conversion fraction or a fraction derived therefrom. At least a portion of

77



components having more than 4 carbon atoms contained in a fraction derived from
the ethanol conversion fraction to be combined in the combination step is removed in
the second cooling step. Therefore, the proportion of ethylene and propylene in the
fraction to be introduced to cryogenic separation can be further elevated. For
example, when the ethanol conversion fraction or a fraction derived therefrom
contains a hydrophilic by-product such as ethanol, the ethanol conversion fraction or
the fraction derived therefrom is introduced to the second cooling tower with water as
a catalytic refrigerant, whereby the hydrophilic by-product can be extracted, and the

purity of light olefin can be improved.
[0177]

In the third embodiment, the combination step is performed, for example, as
shown in Figure 8 and Figure 20, so as to be combined with a fraction in the
circulation step of circulating the fraction to the second cooling tower mentioned

above.

In this embodiment as well, load in the cryogenic separation step can be

reduced, as in the aspects mentioned above.
[0178]

In the fourth embodiment, the combination step is performed before
introduction to the first cooling tower mentioned above, for example, as shown in

Figure 10, Figure 11, Figure 13, Figure 22, Figure 23, and Figure 25.

In the fourth embodiment, before introduction to the first cooling tower, at least
a portion of the naphtha cracking fraction is combined with at least a portion of the
ethanol conversion fraction or a fraction derived therefrom. At least a portion of

components having more than 6 carbon atoms contained in a fraction derived from
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the ethanol conversion fraction to be combined in the combination step has been
removed with the third cooling tower 22 mentioned above. In this state, the fraction
is combined with the naphtha cracking fraction. Therefore, the proportion of
ethylene and propylene in the combination fraction can be elevated. In addition,
components having more than 4 carbon atoms contained in a fraction derived from
the ethanol conversion fraction are removed in the second cooling step. Therefore,
the proportion of ethylene and propylene in the fraction to be introduced to cryogenic
separation can be further elevated. For example, when the ethanol conversion
fraction or a fraction derived therefrom contains a lipophilic by-product, the ethanol
conversion fraction or the fraction derived therefrom is introduced to the first cooling
tower with heavy oil, cracked gasoline, or their mixture as a catalytic refrigerant,
whereby the lipophilic by-product can be extracted, and the purity of light olefin can
be improved. For example, when the ethanol conversion fraction or a fraction
derived therefrom contains a hydrophilic by-product such as ethanol, the ethanol
conversion fraction or the fraction derived therefrom is introduced to the second
cooling tower with water as a catalytic refrigerant, whereby the hydrophilic by-

product can be extracted, and the purity of light olefin can be improved.
[0179]

In the fifth embodiment, the combination step is performed, for example, as
shown in Figure 12 and Figure 24, so as to be combined with a fraction in the
circulation step of circulating the fraction to be introduced to the first cooling tower

mentioned above.

In the fifth embodiment, at least a portion of the second heavy fraction in the
circulation step is combined with at least a portion of the ethanol conversion fraction

or a fraction derived therefrom. In this embodiment as well, load in the cryogenic
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separation step can be reduced, as in the aspects mentioned above. In the
circulation step, at least a portion of the second heavy fraction is combined with at
least a portion of the ethanol conversion fraction or a fraction derived therefrom,
whereby the difference in temperature between both the components is reduced as
compared with the case of being connected with at least a portion of the naphtha
cracking fraction, and change in volume caused by the liquefication of the second

heavy fraction can be suppressed.
[0180]

A relationship between a ratio O'e of an amount of hydrogen and methane to a
total amount of ethylene and propylene in the ethanol conversion fraction or a
fraction derived therefrom and a ratio O'c of an amount of hydrogen and methane to
a total amount of ethylene and propylene in the naphtha cracking fraction or a
fraction derived therefrom in the combination step preferably satisfies the expression

(1-1): O < O'c ... (1-1).
[0181]

In the method for producing light olefin according to the present embodiment,
a difference between the ratio O'c and the ratio O'e (O'c - O'e) is preferably 5% by
mass or more, more preferably 10% by mass or more, further preferably 20% by
mass or more. Since the difference (O'c - O'e) can decrease the proportion of
hydrogen and methane in the fraction to be introduced to the cryogenic separation
step, cryogenic separation can be efficiently performed. The upper limit of the

difference (O'c - O'e) is not particularly limited and may be 70% by mass or less.

[0182]
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A relationship between a propylene/ethylene mass ratio P'/E'e in the ethanol
conversion fraction and a propylene/ethylene mass ratio P/E'c in the naphtha

cracking fraction in the combination step preferably satisfies the expression (2-1):
|P'/E'c - P'/E'e| < 0.3 ... (2-1).

The expression (2-1) is satisfied, whereby refining equipment in an existing
cracker can be used directly without the need of remodeling or the like because the

fractions can have equivalent propylene/ethylene mass ratios.

|P'/E'c - P'/E'| is preferably 0.2 or less, more preferably 0.1 or less, further
preferably 0.05 or less. The lower limit value of |P'/E'c - P'/E'e| is not particularly

limited and may be, for example, 0 or more (i.e., the same proportions).
[0183]
<Light olefin>

The production method according to the present embodiment produces light
olefin. The light olefin is obtained by the cryogenic separation step mentioned
above. In the olefin production method according to the present embodiment, the
light olefin may be any of ethylene and propylene and is preferably propylene. The
production method according to the present embodiment can also produce
bioresource-derived propylene by using a bioresource such as bioethanol as a

starting material for use in the ethanol conversion step.
Examples
[0184]

Hereinafter, the present invention will be described in more detail with
reference to Examples. However, the present invention is not limited by Examples

described below.
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[0185]
[Methods for measuring various physical properties]
Methods for measuring various physical properties are as described below.
[0186]
(Silica/alumina molar ratio of zeolite in zeolite-containing catalyst)

Zeolite was completely dissolved in a sodium hydroxide solution to prepare a
solution. The amounts of Si and Al contained in the solution were measured by a
routine method using an ICP (inductively coupled plasma) emission spectrometer
(manufactured by Rigaku Holdings Corp., trade name "JY138"), and a silica/alumina
molar ratio was determined from the results. Measurement conditions were set to
high-frequency power: 1 kw, plasma gas: 13 L/min, sheath gas: 0.15 L/min, nebulizer
gas: 0.25 L/min, Si measurement wavelength: 251.60 nm, and Al measurement

wavelength: 396.152 nm.
[0187]
(Structural type of zeolite)

The structural type of zeolite in a zeolite-containing catalyst was identified by
measuring the X-ray diffraction pattern of zeolite using an X-ray analysis apparatus
(manufactured by Rigaku Holdings Corp., trade name "RINT"), and referring to the

diffraction pattern of known zeolite. Measurement conditions are as follows.
Cu negative electrode
Tubular voltage: 40 kV
Tubular current: 30 mA

Scan speed: 1 deg/min
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[0188]
[Method for preparing zeolite-containing catalyst]

Clay obtained from 70 parts by mass of intermediate pore-size zeolite proton-
type ZSM-5 (silica/alumina molar ratio: 980) and 30 parts by mass of silica (the
amount of water was adjusted using colloidal silica and fumed silica) was kneaded
and then extrusion-molded to obtain an extrudate adjusted to a diameter of 2.1 mm
and a length of 4 to 6 mm. The obtained extrudate was calcined for 5 hours to

obtain a proton-type zeolite-containing catalyst (ZSM-5).

The proton-type zeolite-containing catalyst was further impregnated with
ammonium dihydrogen phosphate for supporting so as to attain a P/Al molar ratio of
0.7, and then calcined for 5 hours to obtain a phosphorus-supplemented zeolite-

containing catalyst (P-ZSM-5).
[0189]

[Ethanol conversion method]
(Starting material)

In Examples and Comparative Examples, a starting material mainly containing
ethanol, ethylene, and olefin having 4 to 6 carbon atoms is used in ethanol
conversion. An ethylene/ethanol molar ratio was calculated according to the

following expression.

Ethylene/ethanol molar ratio (mol/mol) = Molar flow rate (mol/hr) of ethylene /

Molar flow rate (mol/hr) of ethanol
[0190]

(Temperature measurement)
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The temperature of a catalyst bed inlet and the temperature of a catalyst bed
outlet are measured with a thermocouple inserted from the outside of a reactor.
Specifically, as shown in Figure 3, in a plane perpendicular to the flow direction of a
fluid, the center of the reactor is defined as 0, and the distance from the center of the
reactor to the inner wall surface of the reactor is defined as d. Temperatures are
measured at 0.5d to 0.6d. The influence of heat release from this thermocouple

insertion is negligibly small.
[0191]
(Reaction evaluation)

In accordance with Examples and Comparative Examples given below,
reaction is carried out at an inlet-outlet average reaction temperature of 540°C. A
portion of each fraction is sampled every 3 hours from the start of reaction,
introduced to a gas chromatograph (hereinafter, also simply referred to as "GC";
TCD and FID detectors), and compositionally analyzed. The inlet-outlet average

reaction temperature is calculated according to the following expression.

Inlet-outlet average reaction temperature (°C) = [Catalyst bed inlet

temperature (°C) + Catalyst bed outlet temperature (°C)] / 2
[0192]
(Fraction gas analysis)

Apparatus: GC-2030 manufactured by Shimadzu Corp.

Column: Custom Capillary Column SPB-1 manufactured by SUPELCO (USA)

(inside diameter: 0.25 mm, length: 60 m, film thickness: 3.0 um)
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Amount of sample gas: 1 mL (the temperature of a sampling line is kept at

200°C to 300°C)

Temperature increase program: the temperature is held at 40°C for 12
minutes, subsequently increased at 5°C/min to 200°C, and then held at 200°C for 22

minutes.
Split ratio: 200:1
Carrier gas (nitrogen) flow rate: 120 mL/min

FID detector: air supply pressure: 50 kPa (approximately 500 mL/min),

hydrogen supply pressure: 60 kPa (approximately 50 mL/min)

Measurement method: The TCD detector and the FID detector are linked in
series. Compositional analysis is conducted on the basis of data on hydrogen
detected in the TCD detector and data on oxygen-containing materials such as
hydrocarbon or ethanol detected in the FID detector. The concentration of the
compound of interest in a reaction gas is determined by use of the calibration curve

method to determine the mass per time of the compound produced through reaction.
[0193]
(C2-3 olefin treatment efficiency)

C2-3 olefin treatment efficiency is calculated from a fraction introduced to a

cryogenic separation step according to the following expression.

C2-3 olefin treatment efficiency (% by mass) = (Mass of ethylene + Mass of

propylene) / Mass of the introduced fraction x 100
[0194]

(C2-3 olefin treatment efficiency index)
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In Examples A1 to A13, the olefin treatment efficiency mentioned above is
divided by the treatment efficiency of Reference Example A1, and the resulting value
is used as a C2-3 olefin treatment efficiency index. In Examples B1 to B13, the
olefin treatment efficiency mentioned above is divided by the treatment efficiency of
Reference Example B1, and the resulting value is used as a C2-3 olefin treatment

efficiency index.
[0195]
(C3L volumetric efficiency)

C3L volumetric efficiency is calculated from a fraction introduced to a

cryogenic separation step according to the following expression.

C3L volumetric efficiency (% by mol) = (Molar quantity of ethylene + Molar
quantity of propylene) / (Molar quantity of hydrogen + Molar quantity of methane +
Molar quantity of acetylene + Molar quantity of ethylene + Molar quantity of ethane +

Molar quantity of propylene + Molar quantity of propane) x 100
[0196]
(C3L volumetric efficiency index)

In Examples A1 to A13, the C3L volumetric efficiency mentioned above is
divided by the C3L volumetric efficiency of Reference Example A1, and the resulting
value is used as a C3L volumetric efficiency index. In Examples B1 to B13, the C3L
volumetric efficiency mentioned above is divided by the C3L volumetric efficiency of
Reference Example B1, and the resulting value is used as a C3L volumetric

efficiency index.
[0197]

(Off-gas ratio in each fraction)
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An off-gas ratio in a fraction is the ratio of the amount of hydrogen and
methane to the total amount of ethylene and propylene in the fraction and is
calculated from the composition of each fraction according to the expression given
below. The off-gas ratio in an ethanol conversion fraction was defined as Og, the
off-gas ratio in a naphtha cracking fraction was defined as Oc, the off-gas ratio in the
ethanol conversion fraction or a fraction derived therefrom in a combination step was
defined as O'e, and the off-gas ratio in the naphtha cracking fraction or a fraction

derived therefrom in the combination step was defined as O'c.

Off-gas ratio (% by mass) in each fraction = (Mass of hydrogen + Mass of

methane) / (Mass of ethylene + Mass of propylene) x 100
[0198]
(Ethylene and propylene content in each fraction)

A content Ce of ethylene and propylene in an ethanol conversion fraction or a
fraction derived therefrom in a combination step, a content Cc of ethylene and
propylene in a naphtha cracking fraction or a fraction derived therefrom in the
combination step, a content Ce_ap of ethylene and propylene in the ethanol
conversion fraction obtained by a reaction step without a subsequent separation
process, and a content Cc_ap of ethylene and propylene in the naphtha cracking
fraction obtained by a cracking step without a subsequent separation process are
calculated from the composition of each fraction according to the following

expression.

Content (% by mass) of ethylene and propylene in each fraction = (Mass of

ethylene + Mass of propylene) / Mass of each fraction x 100

[0199]
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(Product ratio in recycling fraction)

In the case of recycling a portion of an ethanol conversion fraction as a
recycling fraction to a reaction step, a product ratio in the recycling fraction is
calculated from the composition of the recycling fraction according to the following

expression.

Product ratio (% by mass) in the recycling fraction = (Mass of ethylene + Mass

of propylene) / Mass of the recycling fraction x 100

[0200]

(Mass ratio P/E between propylene and ethylene)

A mass ratio P/E between propylene and ethylene in each fraction is
calculated from the composition of each fraction according to the following

expression.

P/E (-) = Mass of propylene / Mass of ethylene
[0201]
[Naphtha cracking method]

In Examples and Comparative Examples, naphtha and diluted steam with a
mass ratio of 0.5 to naphtha are co-fed into a heated tubular reactor to obtain a
naphtha cracking gas. The obtained naphtha cracking fraction is analyzed in the
same manner as the ethanol conversion method. The naphtha cracking fraction is
temperature-adjusted by being mixed with a light gas recycled with downstream

refining equipment prior to a downstream step.
[0202]

[Reference Example A1]
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Reference Example A1 is carried out with the light olefin production
equipment in the form of a front-end demethanizer shown in Figure 14. 357.3 ton/y
of a naphtha feedstock containing heavy naphtha and diluted steam with a mass
ratio 0.5 to naphtha is introduced to a cracking furnace under cracking conditions of
0.17 MPaG and 825°C to obtain a naphtha cracking fraction. The naphtha cracking
fraction is introduced to a first cooling tower where the fraction is brought into contact
with a mixture of heavy oil and cracked gasoline and thereby cooled to 110°C to
obtain a first cooling fraction. Subsequently, the first cooling fraction is introduced
to a second cooling tower where the fraction is brought into contact with cooling
water to obtain a second cooling fraction of 0.11 MPaG and 41°C. The second
cooling fraction is pressure-boosted to 0.99 MPaG with a compressor and introduced
to a soda washing tower to obtain an introduction fraction to be introduced to a
cryogenic separation step. The composition of the naphtha cracking fraction and

the introduction fraction is shown in Table 1.
[0203]
[Reference Example A2]

In Reference Example A2, a naphtha cracking fraction is obtained in the same
manner as the method shown in Reference Example A1 except that the temperature
of the cracking furnace is changed to 840°C; and the amount of naphtha supplied is
adjusted depending on the amount of ethylene produced. The composition of the

naphtha cracking fraction is shown in Table 1.
[0204]

[Reference Example A3]
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In Reference Example A3, a naphtha cracking fraction is obtained in the same
manner as the method shown in Reference Example A1 except that heavy naphtha
is changed to light naphtha; and the amount of naphtha supplied is adjusted
depending on the amount of ethylene produced. The composition of the naphtha

cracking fraction is shown in Table 1.
[0205]
[Reference Example A4]

In Reference Example A4, a naphtha cracking fraction is obtained in the same
manner as the method shown in Reference Example A3 except that the temperature
of the cracking furnace is changed to 840°C; and the amount of naphtha supplied is
adjusted depending on the amount of ethylene produced. The composition of the

naphtha cracking fraction is shown in Table 1.
[0206]

As is evident from Reference Examples A1 to A4, although the yield of
methane or hydrogen varies depending on the type of the naphtha feedstock for use
in naphtha cracking and the temperature of the cracking furnace, the smallest value
of Oc is obtained when the cracking step is carried out at 825°C with heavy naphtha

as a starting material.
[0207]
[Reference Example A5]

A starting material containing 23.6% by mass of ethanol, 15.1% by mass of
ethylene, and 16.0% by mass of olefin having 4 to 6 carbon atoms is heated,
supplied at WHSV = 3.8 to a reactor packed with a zeolite-containing catalyst, and

subjected to ethanol conversion reaction to obtain an ethanol conversion fraction.
20



The starting material contains, in addition to those described above, paraffin, olefin
having 7 or more carbon atoms, and water. In this respect, a heater temperature
was adjusted such that an inlet-outlet average reaction temperature was 540°C.
The ethanol conversion reaction is carried out for 48 hours. The composition of the
ethanol conversion fraction at 24 hours from the start of reaction is converted to that
per 100.0 ton/y in terms of the amount of ethylene produced, and shown in Table 1.

The value of Oe was constantly 0.6 throughout 48 hours.
[0208]

As is evident from the comparison of Reference Examples A1 to A4 with
Reference Example A5, the yields of methane and hydrogen are lower in the case of
obtaining light olefin from a starting material containing ethanol than in the case of

obtaining the same amount of ethylene by naphtha cracking.
[0209]

[Table 1]
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Table 1

Reference Reference Reference Reference
Reference Example A1 Example A2 Example A3 Example A4 Example A5
Naphtha . .
fe egst ock Heavy naphtha Heavy naphtha | Light naphtha | Light naphtha
Amount of tonly 357.3 319.8 346.9 2846 547.4
starting material
Cracking fumace o 825 840 825 840
temperature
Cracking fumace 5. 047 0.7 047 047
pressure
" . Ethanol
Composition of Naphtha Introduction Naphtha Naphtha Naphtha .
. . . . . . ) . . . conversion
fraction cracking fraction fraction cracking fraction|cracking fraction|cracking fraction fraction
Hydrogen tonly 2.0 2.0 2.8 35 3.6 0.2
Methane tonly 48.6 48.3 54.0 55.2 55.9 0.8
Acetylene tonly 1.9 1.9 2.2 1.7 1.7 0.0
Ethylene tonly 100.0 100.0 100.0 100.0 100.0 100.0
Ethane tonly 16.7 16.8 321 16.7 324 33
Propylene tonly 62.3 62.0 473 68.4 477 62.9
Propane tonly 14 14 2.2 14 25 4.5
Butenes tonly 42.5 223 34.8 52.3 339 53.5
Butanes tonly 1.3 0.7 0.9 25 1.2 279
Pentenes tonly 17.8 4.7 8.9 33.0 138 215
Pentanes tonly 0.2 0.0 0.1 0.5 0.1 433
Cracked tonly 68.2 1.0 474 211 138 624
gasoline
Others tonly 187.8 3.7 175.0 183.4 157.5 152.8
Total tonly 550.6 264.7 507.2 539.6 464.0 538.6
P/E mass ratio 0.62 0.47 0.68 0.48 0.63
Oc (% by mass) 314 38.6 348 40.3 -
Ok (% by mass) - - - - 0.6
C2-3 olefin treatment efficiency 61.2 -
C2-3 olefin treatment efficiency
: 1.00
index
C3L volumetric efficiency 52.0
C3L volumetric efficiency index 1.00

[0210]

In Examples A1 to A13 and Examples B1 to B13 given below, an ethanol

conversion fraction refining step and the position of a combination step in a naphtha
cracking process will be discussed. In Examples A1 to A13 and Examples B1 to
B13, the ethanol conversion step is carried out in the same manner as in Reference
Example A5, and the cracking step is carried out in the same manner as in
Reference Example A1. In this respect, (P/Ee - P/Ec) is 0.01, and |Ce_ap - Cc_ap| is
0.8% by mass. Thus, the expression (a) and the expression (B-1) are satisfied.

The composition of a starting material in ethanol conversion is shown in Example A1.
[0211]

[Example A1]
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This Example is carried out with the light olefin production equipment shown

in Figure 2.
(Ethanol conversion)

209.2 tonly of a starting material containing 23.6% by mass of ethanol, 15.1%
by mass of ethylene, 16.0% by mass of olefin having 4 to 6 carbon atoms, 13.6% by
mass of paraffin having 4 to 6 carbon atoms, 4.2% by mass of an aromatic
compound, and 16.7% by mass of water is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain 123.0
ton/y of a cooled ethanol conversion fraction of 35°C and 0.15 MPaG. 40.9 ton/y of
the cooled ethanol conversion fraction is used as a recycling fraction to be recycled
in a mixed starting material without steps such as separation and refining. In this

respect, a product ratio in the recycling fraction is 49.4% by mass.
[0212]
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and
thereby cooled to 110°C to obtain a first cooling fraction, which is then introduced to

a second cooling tower 13 where the fraction is brought into contact with cooling
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water to obtain a second cooling fraction of 0.11 MPaG and 41°C. The second

cooling fraction is introduced to a pressure booster 14 and pressure-boosted to 0.99

MPaG.
[0213]
(Combination of ethanol conversion with naphtha cracking)

253.2 tonly of the pressure-boosted second cooling fraction is mixed with 82.1
ton/y of the cooled ethanol conversion fraction to prepare a combination fraction.
The combination fraction is introduced to a soda washing tower 15 where the fraction
is brought into contact with an aqueous sodium hydroxide solution to obtain a
washing fraction. The washing fraction is introduced as an introduction fraction to a
cryogenic separation step. In this Example, produced ethylene is 100.0 ton/y
contained in the introduction fraction. The composition of the introduction fraction is
shown in Table 2. As is evident from the value of a C2-3 olefin treatment efficiency
index, light olefin treatment efficiency is improved in the cryogenic separation step.
In addition, as is evident from the value of a C3L volumetric efficiency index, light
olefin treatment efficiency per volume of the fraction introduced to the cryogenic

separation step is improved.
[0214]
[Example AZ2]

This Example is carried out with the light olefin production equipment shown

in Figure 4.
(Ethanol conversion)

139.7 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a

reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
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conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a second
distillation tower 24 to obtain a light ethanol conversion fraction from the tower top of
the second distillation tower 24. The light ethanol conversion fraction is introduced
to a condenser 25 where a portion of the fraction is liquefied and refluxed to the
second distillation tower 24 to obtain a cooled light ethanol conversion fraction of
1.90 MPaG and 15°C as a gas. In this respect, 47.5 ton/y of a heavy ethanol
conversion fraction obtained from the tower bottom of the second distillation tower 24
is used as a recycling fraction to be recycled in the starting material for introduction
to the reactor 21 without additional steps such as refining. In this respect, a product

ratio in the recycling fraction is 0.7% by mass.
[0215]
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and
thereby cooled to 110°C to obtain a first cooling fraction, which is then introduced to
a second cooling tower 13 where the fraction is brought into contact with cooling

water to obtain a second cooling fraction of 0.11 MPaG and 41°C. The second
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cooling fraction is introduced to a pressure booster 14 and pressure-boosted to 0.99

MPaG.
[0216]
(Combination of ethanol conversion with naphtha cracking)

253.2 ton/y of the second cooling fraction is mixed with 45.4 ton/y of the
cooled light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a soda washing tower 15 where the fraction is
brought into contact with an aqueous sodium hydroxide solution to obtain a washing
fraction. The washing fraction is further pressure-boosted and thereby introduced
as an introduction fraction to a cryogenic separation step. In this Example,
produced ethylene is 100.0 ton/y contained in the introduction fraction. The flow

rate and composition of the introduction fraction are shown in Table 2.

As is evident from the comparison of this Example with Example A1, a
distillation step of introducing the fraction obtained by ethanol conversion to the
second distillation tower 24 to separate a light ethanol conversion fraction and a
heavy ethanol conversion fraction is established, whereby the amount of the fraction
introduced to the cryogenic separation step is reduced, and energy efficiency related
to cryogenic separation can be improved. Furthermore, the distillation step is thus
established, whereby the product ratio in the recycling fraction to be recycled as a
mixed starting material is reduced, and light olefin such as ethylene or propylene can

be efficiently produced from a smaller amount of the mixed starting material.
[0217]

[Example A3]
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The same procedures as in Example A2 are carried out except that the
naphtha cracking-derived fraction and the ethanol conversion fraction are combined
in amounts that attain 50.0 ton/y of ethylene obtained by ethanol conversion and
50.0 ton/y of ethylene obtained by naphtha cracking in 100.0 ton/y of ethylene to be
introduced to the cryogenic separation step. The flow rate and composition of the

introduction fraction are shown in Table 2.
[0218]
[Example A4]

The same procedures as in Example A2 are carried out except that the
naphtha cracking-derived fraction and the ethanol conversion fraction are combined
in amounts that attain 75.0 ton/y of ethylene obtained by ethanol conversion and
25.0 ton/y of ethylene obtained by naphtha cracking in 100.0 ton/y of ethylene to be
introduced to the cryogenic separation step. The flow rate and composition of the

introduction fraction are shown in Table 2.
[0219]
[Example A5]

This Example is carried out with the light olefin production equipment shown

in Figure 5.
(Ethanol conversion)

145.6 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling

tower 22 where the fraction is brought into contact with cooling water to obtain a
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cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a gas-liquid
separation drum to obtain a 51.3 ton/y of a light ethanol conversion fraction of 1.90
MPaG and 40°C as a gas. In this respect, 49.5 ton/y of a heavy ethanol conversion
fraction obtained as a liquid in the gas-liquid separation drum 26 is used as a
recycling fraction to be recycled in the starting material for introduction to the reactor
21 without additional steps such as refining. In this respect, a product ratio in the

recycling fraction is 11.3% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and
thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction. The first
cooled naphtha cracking fraction is introduced to a second cooling tower 13 where
the fraction is brought into contact with cooling water to obtain a second cooled
naphtha cracking fraction of 0.11 MPaG and 41°C. The second cooled naphtha
cracking fraction is introduced to a pressure booster 14 and pressure-boosted to

0.99 MPaG.
(Combination of ethanol conversion with naphtha cracking)

253.2 tonly of the second cooled naphtha cracking fraction is mixed with 51.3
ton/y of the light ethanol conversion fraction to prepare a combination fraction. The

combination fraction is introduced to a soda washing tower 15 where the fraction is
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brought into contact with an aqueous sodium hydroxide solution to obtain a washing

fraction.

cryogenic separation step.

The washing fraction is introduced as an introduction fraction to a

In this Example, the amount of ethylene produced is the

total amount of ethylene contained in the introduction fraction and is 100.0 ton/y.

The flow rate and composition of the introduction fraction are shown in Table 2.

[0220]
[Table 2-1]
Table 2(112)
Example A1 Example A2 Example A3
Propertes ofeach Naphltha Ethan?l . Naph'tha EthanPI ) Naphltha ElhanPI .
fraction crac}(mg- conversion- Total Difference crac}(mg- conversion- Total Difference cragkmg- conversion- Total Difference
derived derived derived derived derived derived
Amount of tarting o\, [ g6 2092 457 265 1397 4062 m1 m3 4570
material used
Temperature °C # 35 6 #“ 15 26 4 15 26
Pressure MPaG 0.99 0.15 0.84 0.99 1.90 1.01 0.99 1.90 1.01
Prodyct ratlolln % by 094 o7 o7
recycling fraction  mass
Composition of Naphlt ha Ethanpl Combination : Introduction Naph.l ha Ethan?l Combination | Introduction Naphll ha Elhangl Combination : Introduction
fraction cracking:  conversion- | e o fraction | Cracking- - comversion- | T o fraction | Cracking- - conversion- | T ) fraction
derived derived derived derived derived derived
Hydrogen tonly 15 0.0 15 15 15 0.0 15 15 1.0 0.0 10 1.0
Methane tonly 36.2 0.2 364 36.4 362 0.2 364 364 4.2 0.3 45 245
Acetylene tonly 14 0.0 14 14 14 0.0 14 14 0.9 0.0 09 09
Ethylene tonly 75.0 25.0 100.0 100.0 75.0 250 100.0 100.0 50.0 50.0 100.0 100.0
Ethane tonly 126 07 133 13.3 126 07 133 133 8.4 15 99 99
Propylene tonly 465 15.5 62.0 62.0 465 15.2 61.7 61.7 310 304 614 614
Propane tonly 1.0 11 22 22 1.0 11 21 21 0.7 22 29 29
Butenes tonly 7 130 447 26 7 23 340 179 214 45 2.7 135
Butanes tonly 09 37 47 25 09 09 19 1.0 0.6 19 25 13
Pentenes tonly 133 6.7 200 53 133 0.0 133 35 8.8 0.0 88 24
Pentanes tonly 04 1.2 14 28 04 0.0 04 0.0 0.4 0.0 04 0.0
Cracked gasoline ~ tonly 29 24 N3 09 289 0.0 289 0.7 19.3 0.0 19.3 0.5
Others tonly 40 25 6.5 45 40 0.0 40 28 27 0.0 27 19
Total tonly 253.2 821 | 33%3 2563 253.2 454 1 2986 2424 168.8 908 . 2506 2201
Cc (% by mass) 480 480 480
Ce (% by mass) 494 88.5 88.5
(Ce-Ce) 14 405 405
0Oc (% by mass) 34 34 34
Ok (% by mass) 0.6 0.6 0.6
0'c (% by mass) 31.0 3.0 3.0
0'e (% by mass) 04 0.4 0.4
C2-3 olefin treatment efficiency 63.2 66.7 733
C2-3 olefin trleatment efficiency 103 109 120
index
C3L volumetric efficiency 58.7 58.7 67.3
C3L volumetric efficiency index 113 113 1.29

[0221]

[Table 2-2]
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Table 2(2/2)

Example A4 Example A5
. Naphtha Ethanol Naphtha Ethanol
Pmpigztsi:: each cracking-  conversion- Total Difference | cracking- conversion- Total Difference
derived derived derived derived
Amount of starting | ggg 4190 507.8 . 2665 1456 4121 .
material used
Temperature °C 41 15 - 26 41 40 - 1
Pressure MPaG 0.99 1.90 - 1.01 0.99 1.90 - 0.91
Product ratio in % by
recycling fraction  mass 07 13
Composition of 3_:2:::: coEltJ:":i::n- Combination : Introduction 3—:2:::; coIrE\?;Z?Jn- Combination | Introduction
fraction deri . fraction fraction . . fraction fraction
erived derived derived derived
Hydrogen tonly 0.5 0.0 0.5 0.5 1.5 0.0 15 1.5
Methane tonly 124 0.5 12,5 12.5 36.2 0.2 36.4 36.4
Acetylene tonly 0.5 0.0 0.5 0.5 14 0.0 14 1.4
Ethylene tonly 25.0 75.0 100.0 100.0 75.0 25.0 100.0 100.0
Ethane tonly 4.2 22 6.4 6.4 126 0.8 134 134
Propylene tonly 15.5 456 61.1 61.1 46.5 12.7 59.2 59.2
Propane tonly 0.3 3.3 3.7 37 1.0 0.9 1.9 1.9
Butenes tonly 10.6 6.8 174 9.2 37 6.0 377 19.9
Butanes tonly 0.3 28 3.4 1.7 0.9 29 3.8 20
Pentenes tonly 44 0.0 44 1.2 133 0.9 14.2 3.8
Pentanes tonly 0.0 0.0 0.0 0.0 0.1 1.6 1.7 04
Cracked gasoline  tonly 9.6 0.0 9.6 0.2 289 0.2 291 0.8
Others tonly 1.3 0.0 1.3 0.9 4.0 0.1 4.2 29
Total tonly 84.4 1362 2206 . 197.8 253.2 51.3 L3045 . 2435
Cc (% by mass) 48.0 48.0
Ck (% by mass) 88.5 735
(Ce-Cc) 405 25.6
Oc (% by mass) 3141 3141
Ok (% by mass) 0.6 0.6
O'c (% by mass) 31.0 31.0
O't (% by mass) 0.4 0.7
C2-3 oleflr] treatment 814 65.4
efficiency
C2-3 olefin treatment
efficiency index 133 1.07
C3L volumetric efficiency 78.9 58.3
C3L volumetrlc efficiency 1.52 142
index
[0222]
[Example AG]

This Example is carried out with the light olefin production equipment shown

in Figure 6.
(Ethanol conversion)

209.2 tonly of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol

conversion fraction. The ethanol conversion fraction is introduced to a third cooling
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tower 22 where the fraction is brought into contact with cooling water to obtain 138.6
ton/y of a cooled ethanol conversion fraction of 45°C and 15 MPaG. 46.1 ton/y of
the cooled ethanol conversion fraction is used as a recycling fraction to be recycled
in a mixed starting material without steps such as separation and refining. In this

respect, a product ratio in the recycling fraction is 43.8% by mass.
[0223]
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooling fraction.
[0224]
(Combination of ethanol conversion with naphtha cracking)

474 1 ton/y of the first cooling fraction is mixed with 92.5 ton/y of the cooled
ethanol conversion fraction to prepare a combination fraction. The combination
fraction is introduced to a second cooling tower 13 where the fraction is brought into
contact with cooling water to obtain a second cooling fraction of 41°C. The second
cooling fraction is introduced to a pressure booster 14 and pressure-boosted to 0.99
MPaG. The pressure-boosted second cooling fraction is introduced to a soda
washing tower 15 where the fraction is brought into contact with an aqueous sodium
hydroxide solution to obtain a washing fraction. The washing fraction is further

pressure-boosted and thereby introduced as an introduction fraction to a cryogenic
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separation step. In this Example, produced ethylene is 100.0 ton/y contained in the
introduction fraction. The flow rate and composition of the introduction fraction are

shown in Table 3.
[0225]
[Example A7]

This Example is carried out with the light olefin production equipment shown

in Figure 7.
(Ethanol conversion)

139.7 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a second
distillation tower 24 to obtain a light ethanol conversion fraction from the tower top of
the second distillation tower 24. The light ethanol conversion fraction is introduced
to a condenser 25 where a portion of the fraction is liquefied and refluxed to the
second distillation tower 24 to obtain a cooled light ethanol conversion fraction of
1.90 MPaG and 15°C as a gas. In this respect, 47.5 ton/y of a heavy ethanol
conversion fraction obtained from the tower bottom of the second distillation tower 24
is used as a recycling fraction to be recycled in a mixed starting material without
additional steps such as refining. In this respect, a product ratio in the recycling

fraction is 0.7% by mass.
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[0226]
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooling fraction.

[0227]

(Combination of ethanol conversion with naphtha cracking)

474 1 ton/y of the first cooling fraction is mixed with 45.4 ton/y of the cooled
light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a second cooling tower 13 where the fraction is
brought into contact with cooling water to obtain a second cooling fraction of 41°C.
The second cooling fraction is introduced to a pressure booster 14 and pressure-
boosted to 0.99 MPaG. The pressure-boosted second cooling fraction is introduced
to a soda washing tower 15 where the fraction is brought into contact with an
aqueous sodium hydroxide solution to obtain a washing fraction. The washing
fraction is further pressure-boosted and thereby introduced as an introduction
fraction to a cryogenic separation step. In this Example, produced ethylene is 100.0
ton/y contained in the introduction fraction. The flow rate and composition of the

introduction fraction are shown in Table 3.
[0228]

[Example A8]
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This Example is carried out with the light olefin production equipment shown
in Figure 8. This Example is carried out in the same manner as in Example A7
except that the location of connection is changed. In this Example, the cooled light
ethanol conversion fraction of 15°C is combined with a second tower bottom reflux
fraction of 68°C that includes a fraction obtained from the tower bottom of the second
cooling tower 13 and is refluxed into the second cooling tower 13, to prepare a
combination fraction. The amount of the second tower bottom reflux fraction is
determined depending on the production balance of the compound of interest. In

this Example, 52.6 ton/y of the second tower bottom reflux fraction is used.

Since the second tower bottom reflux fraction and the ethanol conversion
fraction are combined so that the ethanol conversion fraction is introduced to the
second cooling tower 13, the composition or flow rate of the resulting introduction
fraction is not different between Example A7 and this Example. At the location, the
naphtha cracking fraction and the ethanol conversion fraction are combined,
whereby the difference in temperature between the fractions is 53K, which is smaller
than 96K of Example A7, and change in volume associated with the liquefication of a

high-temperature fraction can be suppressed.
[0229]
[Example A9]

This Example is carried out with the light olefin production equipment shown

in Figure 9.
(Ethanol conversion)

145.6 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
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conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a gas-liquid
separation drum 26 to obtain a 51.3 ton/y of a light ethanol conversion fraction of
1.90 MPaG and 40°C as a gas. In this respect, 49.4 ton/y of a heavy ethanol
conversion fraction obtained as a liquid in the gas-liquid separation drum 26 is used
as a recycling fraction to be recycled in the starting material for introduction to the
reactor 21 without additional steps such as refining. In this respect, a product ratio

in the recycling fraction is 11.3% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction.

(Combination of ethanol conversion with naphtha cracking)

474 .1 ton/y of the first cooled naphtha cracking fraction is mixed with 51.3
ton/y of the light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a second cooling tower 13 where the fraction is
brought into contact with cooling water to obtain a second cooled naphtha cracking

fraction of 0.11 MPaG and 41°C. The second cooled naphtha cracking fraction is
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introduced to a pressure booster 14 and pressure-boosted to 0.99 MPaG. The

combination fraction is introduced to a soda washing tower where the fraction is

brought into contact with an aqueous sodium hydroxide solution to obtain a washing

fraction.

The washing fraction is further pressure-boosted and thereby introduced

as an introduction fraction to a cryogenic separation step. The composition of the

introduction fraction is shown in Table 3.

In this Example, the amount of ethylene

produced is the total amount of ethylene contained in the introduction fraction and is

100.0 tonly.
[0230]
[Table 3-1]
Table 3(1/2)
Example A6 Example A7
Properties of each Naph_tha Ethanc_)l . Naph_tha Ethanf)l ]
fraction cracking-  conversion- Total Difference | cracking- conversion- Total Difference
derived derived derived derived
Amountofstarting .\ | 5665 2002 475 266.5 1307 406.2
material used
Temperature °C 110 45 65 110 15 95
Pressure MPaG 0.13 0.15 0.02 0.13 1.90 1.77
Product ratio in % by
recycling fraction ~ mass 438 0.7
Composition of Nap:.t ha Ethan9l Combination | Introduction Nap::.t ha Ethan9l Combination : Introduction
fraction c;ac. ing- CONVersion- ¢ stion fraction cracking-  CONVErsion- | ¢, tion fraction
erived derived derived derived
Hydrogen tonly 1.5 0.0 1.5 1.5 1.5 0.0 1.5 1.5
Methane tonly 36.2 0.2 36.4 36.4 36.2 0.2 36.4 36.4
Acetylene tonly 14 0.0 14 14 14 0.0 14 1.4
Ethylene tonly 75.0 25.0 100.0 100.0 75.0 25.0 100.0 100.0
Ethane tonly 12.6 0.7 133 13.3 12.6 0.7 133 133
Propylene tonly 46.5 15.5 62.0 62.0 46.5 15.2 61.7 61.7
Propane tonly 1.0 11 2.2 2.2 1.0 11 21 21
Butenes tonly 3.7 13.0 44.7 23.6 31.7 23 34.0 179
Butanes tonly 0.9 37 4.7 25 0.9 0.9 1.9 1.0
Pentenes tonly 13.3 6.7 20.0 5.3 13.3 0.0 13.3 35
Pentanes tonly 0.1 11.2 11.4 2.8 0.1 0.0 0.1 0.0
Cracked gasoline  tonly 113.8 12.8 126.6 0.9 113.8 0.0 113.8 0.7
Others tonly 140.1 25 142.6 2.8 140.1 0.0 1401 28
Total tonly 4741 92.5 566.6 254.6 4741 45.4 519.5 2424
Cc (% by mass) 25.6 25.6
Ce (% by mass) 43.8 88.5
(Ce-Cc) 18.2 62.9
Oc (% by mass) 3141 3141
Ok (% by mass) 0.6 0.6
O'c (% by mass) 31.0 31.0
O't (% by mass) 0.4 0.4
C2-3 olefin treatment 63.6 66.7
efficiency ) )
C2-3 olefin treatment 1.04 1.09
efficiency index ! '
C3L volumetric efficiency 58.7 58.7
C3L volumetric efficiency 113 113

index
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[0231]

[Table 3-2]
Table 3(2/2)
Example A8 Example A9
Properties of each Naph.tha Ethanc?l . Naph.tha Ethanf)l )
fraction cracking-  conversion- Total Difference | cracking- conversion- Total Difference
derived derived derived derived
Amount of starting | 9665 1397 4062 . 2665 145.6 21 .
material used
Temperature °C 68 15 - 53 110 40 - 70
Pressure MPaG 0.21 1.90 - 1.69 0.13 1.90 - 1.77
PrOdI:Ict ratlo.ln % by 0.7 13
recycling fraction ~ mass
Composition of Naph.t ha Ethanc?l Combination | Introduction Naph.t ha Ethanf)l Combination | Introduction
fraction c(rlaclk Ing- conversion- . - . tion fraction cracking-  conversion- | "¢ oy fraction
erived derived derived derived
Hydrogen tonly 0.0 0.0 0.0 1.5 1.5 0.0 1.5 1.5
Methane tonly 0.0 0.2 0.2 36.4 36.2 0.2 36.4 36.4
Acetylene tonly 0.0 0.0 0.0 14 1.4 0.0 14 1.4
Ethylene tonly 0.2 25.0 25.2 100.0 75.0 25.0 100.0 100.0
Ethane tonly 0.0 0.7 0.8 133 12.6 0.8 134 134
Propylene tonly 0.4 15.2 15.6 61.7 46.5 12.7 59.2 59.2
Propane tonly 0.0 11 11 21 1.0 0.9 1.9 1.9
Butenes tonly 1.0 23 3.2 17.9 N7 6.0 377 19.9
Butanes tonly 0.0 0.9 1.0 1.0 0.9 29 3.8 2.0
Pentenes tonly 1.0 0.0 1.0 35 13.3 0.9 14.2 3.8
Pentanes tonly 0.0 0.0 0.0 0.0 0.1 1.6 1.7 0.4
Cracked gasoline  tonly 36.8 0.0 36.8 0.7 113.8 0.2 114.0 0.7
Others tonly 1341 0.0 1341 2.8 140.1 0.1 140.2 2.8
Total tonly 52.6 45.4 98.0 2424 474.1 51.3 v 525.4 243.5
Cc (% by mass) 1.1 25.6
Ce (% by mass) 88.5 73.5
(Ce-Cc) 87.4 47.9
Oc (% by mass) 311 314
Ok (% by mass) 0.6 0.6
O'c (% by mass) 3.9 31.0
O't (% by mass) 0.4 0.7
C2-3 olefin treatment
efficiency 66.7 654
C2-3 f)|.efln trgatment 1.09 1.07
efficiency index
C3L volumetric efficiency 58.7 58.3
C3L volun]etnc efficiency 113 112
index
[0232]
[Example A10]

This Example is carried out with the light olefin production equipment shown

in Figure 10.

(Ethanol conversion)
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209.2 ton/y of a starting material is heated, supplied at WHSV =3.8to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain 138.6
ton/y of a cooled ethanol conversion fraction of 45°C and 0.15 MPaG. 46.1 ton/y of
the cooled ethanol conversion fraction is used as a recycling fraction to be recycled
in a mixed starting material without steps such as separation and refining. In this

respect, a product ratio in the recycling fraction is 43.8% by mass.
[0233]
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under

cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.

[0234]

(Combination of ethanol conversion with naphtha cracking)

417.2 tonly of the naphtha cracking fraction of 360°C is mixed with 92.5 ton/y
of the cooled ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a first cooling tower 12 where the fraction is
brought into contact with a mixture of heavy oil and cracked gasoline and thereby
cooled to 110°C to obtain a first cooling fraction. The first cooling fraction is
introduced to a second cooling tower 13 where the fraction is brought into contact
with cooling water to obtain a second cooling fraction of 41°C. The second cooling

fraction is introduced to a pressure booster 14 and pressure-boosted to 0.99 MPaG.
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The pressure-boosted second cooling fraction is introduced to a soda washing tower
15 where the fraction is brought into contact with an aqueous sodium hydroxide
solution to obtain a washing fraction. The washing fraction is further pressure-
boosted and thereby introduced as an introduction fraction to a cryogenic separation
step. In this Example, produced ethylene is 100.0 ton/y contained in the
introduction fraction. The flow rate and composition of the introduction fraction are

shown in Table 4.
[0235]
[Example A11]

This Example is carried out with the light olefin production equipment shown

in Figure 11.
(Ethanol conversion)

139.7 tonly of a starting material was heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a second
distillation tower 24 to obtain a light ethanol conversion fraction from the tower top of
the second distillation tower 24. The light ethanol conversion fraction is introduced
to a condenser 25 where a portion of the fraction is liquefied and refluxed to the
second distillation tower 24 to obtain a cooled light ethanol conversion fraction of

1.90 MPaG and 15°C as a gas. In this respect, 47.5 ton/y of a heavy ethanol
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conversion fraction obtained from the tower bottom of the second distillation tower 24
is used as a recycling fraction to be recycled in a mixed starting material without
additional steps such as refining. In this respect, a product ratio in the recycling

fraction is 0.7% by mass.
[0236]
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under

cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.

[0237]

(Combination of ethanol conversion with naphtha cracking)

417.2 ton/y of the naphtha cracking fraction of 360°C is mixed with 45.4 ton/y
of the cooled light ethanol conversion fraction to prepare a combination fraction.
The combination fraction is introduced to a first cooling tower 12 where the fraction is
brought into contact with a mixture of heavy oil and cracked gasoline and thereby
cooled to 110°C to obtain a first cooling fraction. The first cooling fraction is
introduced to a second cooling tower 13 where the fraction is brought into contact
with cooling water to obtain a second cooling fraction of 41°C. The second cooling
fraction is introduced to a pressure booster 14 and pressure-boosted to 0.99 MPaG.
The pressure-boosted second cooling fraction is introduced to a soda washing tower
15 where the fraction is brought into contact with an aqueous sodium hydroxide
solution to obtain a washing fraction. The washing fraction is further pressure-
boosted and thereby introduced as an introduction fraction to a cryogenic separation

step. In this Example, produced ethylene is 100.0 ton/y contained in the
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introduction fraction. The flow rate and composition of the introduction fraction are

shown in Table 4.
[0238]
[Example A12]

This Example is carried out with the light olefin production equipment shown
in Figure 12. This Example is carried out in the same manner as in Example A9
except that the location of connection is changed. In this Example, the cooled light
ethanol conversion fraction of 15°C is combined with a first tower bottom reflux
fraction of 80°C that is obtained from the tower bottom of the second cooling tower

13 and refluxed into the first cooling tower 12, to prepare a combination fraction.

Since the first tower bottom reflux fraction and the ethanol conversion fraction
are combined so that the ethanol conversion fraction is introduced to the first cooling
tower 12, the composition or flow rate of the resulting introduction fraction is not
different between Example A9 and Example A10. At the location, the naphtha
cracking fraction and the ethanol conversion fraction are combined, whereby the
difference in temperature between the fractions is 65K, which is smaller than 345K of
Example A9, and change in volume associated with the liquefication of a high-

temperature fraction can be suppressed.
[0239]
[Example A13]

This Example is carried out with the light olefin production equipment shown

in Figure 13.

(Ethanol conversion)
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145.6 ton/y of a mixed starting material gas is heated, supplied at WHSV =
3.8 to a reactor 21 packed with a zeolite-containing catalyst, and subjected to
ethanol conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a gas-liquid
separation drum 26 to obtain a 51.3 ton/y of a light ethanol conversion fraction of
1.90 MPaG and 40°C as a gas. In this respect, 49.4 ton/y of a heavy ethanol
conversion fraction obtained as a liquid in the gas-liquid separation drum 26 is used
as a recycling fraction to be recycled in the starting material for introduction to the
reactor 21 without additional steps such as refining. In this respect, a product ratio

in the recycling fraction is 11.3% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under

cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
(Combination of ethanol conversion with naphtha cracking)

417.2 tonly of the naphtha cracking fraction is mixed with 51.3 ton/y of the
light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a first cooling tower 12 where the fraction is
brought into contact with a mixture of heavy oil and cracked gasoline and thereby
cooled to 110°C to obtain a first cooled naphtha cracking fraction. This fraction is

introduced to the first cooling tower 12 where the fraction is brought into contact with
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cooling water to obtain a second cooled naphtha cracking fraction of 0.11 MPaG and
41°C. The second cooled naphtha cracking fraction is introduced to a pressure
booster 14 and pressure-boosted to 0.99 MPaG. The pressure-boosted second
cooled naphtha cracking fraction is introduced to a soda washing tower 15 where the
fraction is brought into contact with an aqueous sodium hydroxide solution to obtain
a washing fraction. The composition of the introduction fraction is shown in Table 4.
The washed combination fraction is further pressure-boosted and thereby introduced
as an introduction fraction to a cryogenic separation step. In this Example, the
amount of ethylene produced is the total amount of ethylene contained in the

introduction fraction and is 100.0 ton/y.

[0240]
[Table 4]
Table 4
Example A10 Example A11 Example A13
Propetes of ach Naph.tha Ethangl . Naph}ha EthantI)I . Naph}ha Ethant.)l ,
fraction crac}(mg- conversion- Total Difference crac}(lng- conversion- Total Difference crac}(lng- conversior- Total Difference
derived derived derived derived derived derived
Amountoftatng | pggg 292 s . %65 1397 s . %65 1456 s
material used
Temperature o 360 45 - it} 360 15 - 45 360 4 . 320
Pressure MPaG 0.15 0.15 - 0.00 0.15 190 - 175 0.15 190 . 175
Productratioin oo ) 0 13
recycling fraction
Composition of Naph.t he Ethangl Combination | Introduction Naph} he Ethan?' Combination | Introduction Naph} he Ethanql Combination | Introduction
fraction cracking - comversion- | "o fraction crcking:  comversion- | "o fraction cracking  comversion- | "o fraction
derived derived derived derived derived derived
Hydrogen tonly 15 0.0 15 15 15 0.0 15 15 15 0.0 15 15
Methane tonly 3.2 02 364 3.4 362 02 364 364 362 02 364 3.4
Acetylene tonly 14 0.0 14 14 14 0.0 14 14 14 00 14 14
Ethylene tonly 750 250 100.0 100.0 750 20 100.0 100.0 750 20 100.0 100.0
Ethane tonly 126 07 133 133 126 07 133 133 126 08 133 134
Propylene tonly 45 155 62.0 620 4.5 152 617 617 4.5 127 617 59.2
Propane tonly 10 11 22 22 10 11 21 21 10 09 21 19
Butenes tonly kil 13.0 “ur 26 ki 23 340 119 KiNg 6.0 340 199
Butanes tonly 09 37 41 25 09 09 19 10 09 29 19 20
Pentenes tonly 133 6.7 200 53 133 0.0 133 35 133 09 133 38
Pentanes tonly 04 1.2 14 28 04 0.0 0.1 0.0 0.1 16 0.1 04
Cracked gasoline tonly 509 128 63.7 09 509 0.0 509 0.7 509 02 509 07
Others tonly 1461 25 1485 28 1461 0.0 1461 28 146.1 04 146.1 28
Total tonly 12 92.5 509.7 2546 112 454 4626 24 412 53 1 4626 35
Cc (% by mass) 21 21 21
Ce (% by mass) 438 885 135
(Ce:Ce) 141 594 44
Oc (% by mass) kiRl 3 3
O (% by mass) 0.6 0.6 0.6
0'c (% by mass) 10 il il
O't (% by mass) 04 04 0.7
C2-3 olefin treatment efficiency 63.6 66.7 654
C2:3 olefin trgatment efficiency 10 10 0
index
C3L volumetric efficiency 58.7 58.7 58.3
C3L volumetric efficiency index 143 143 112
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[0241]
[Reference Example B1]

Reference Example B1 is carried out with the light olefin production
equipment in the form of a front-end depropanizer shown in Figure 26. 357.3 ton/y
of a naphtha feedstock containing heavy naphtha and diluted steam with a mass
ratio 0.5 to naphtha is introduced to a cracking furnace 11 under cracking conditions
of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction. The naphtha
cracking fraction is introduced to a first cooling tower 12 where the fraction is brought
into contact with a mixture of heavy oil and cracked gasoline and thereby cooled to
110°C to obtain a first cooled naphtha cracking fraction. The first cooled naphtha
cracking fraction is introduced to a second cooling tower 13 where the fraction is
brought into contact with cooling water to obtain a second cooled naphtha cracking
fraction of 0.11 MPaG and 41°C. 339.5 ton/y of the second cooled naphtha
cracking fraction is introduced to a pressure booster 14, pressure-boosted to 0.99
MPaG, and introduced to a soda washing tower 15 to obtain a washing fraction.

The washing fraction is further pressure-boosted to 1.82 MPaG and then introduced
to a first distillation tower 17 to obtain an introduction fraction to be introduced to a
cryogenic separation step, at -18°C from the tower top. Also, a detour fraction to be
introduced to downstream equipment by detouring the cryogenic separation step is
obtained from the tower bottom. The composition of the introduction fraction and

the detour fraction is shown in Table 5.

In the form of a front-end depropanizer, the naphtha cracking fraction is
separated into an introduction fraction mainly containing hydrocarbon having 3 or
less carbon atoms and a detour fraction mainly containing hydrocarbon having 3 or

more carbon atoms, whereby the amount of the fraction introduced to the cryogenic
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separation step is reduced, and energy consumption related to cryogenic separation

can be reduced.
[0242]
[Example B1]

This Example is carried out with the light olefin production equipment shown

in Figure 15.
(Ethanol conversion)

209.2 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain 123.0
ton/y of a cooled ethanol conversion fraction of 35°C and 0.15 MPaG. 40.9 ton/y of
the cooled ethanol conversion fraction is used as a recycling fraction to be recycled
in the starting material for introduction to the reactor 21 without steps such as
separation and refining. In this respect, a product ratio in the recycling fraction is

49.4% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction. The first
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cooled naphtha cracking fraction is introduced to a second cooling tower 13 where
the fraction is brought into contact with cooling water to obtain a second cooled
naphtha cracking fraction of 0.11 MPaG and 41°C. The second cooled naphtha
cracking fraction is introduced to a pressure booster 14 and pressure-boosted to

0.99 MPaG.
(Combination of ethanol conversion with naphtha cracking)

253.2 tonly of the pressure-boosted second cooling fraction is mixed with 82.1
ton/y of the cooled ethanol conversion fraction to prepare a combination fraction.
The combination fraction is introduced to a soda washing tower 15 where the fraction
is brought into contact with an aqueous sodium hydroxide solution to obtain a
washing fraction. The washing fraction is pressure-boosted to 1.82 MPaG and then
introduced to a first distillation tower 17 to obtain an introduction fraction to be
introduced to a cryogenic separation step, at -18°C from the tower top. Also, a
detour fraction to be introduced to downstream equipment by detouring the
cryogenic separation step is obtained at 16°C from the tower bottom. The
composition of the introduction fraction and the detour fraction is shown in Table 5.
In this Example, the amount of ethylene produced is the total amount of ethylene

contained in the introduction fraction and the detour fraction and is 100.0 ton/y.
[0243]
[Example B2]

This Example is carried out with the light olefin production equipment shown

in Figure 16.

(Ethanol conversion)
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139.7 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a second
distillation tower 24 to obtain a light ethanol conversion fraction from the tower top of
the second distillation tower 24. The light ethanol conversion fraction is introduced
to a condenser 25 where a portion of the fraction is liquefied and refluxed to the
second distillation tower 24 to obtain a cooled light ethanol conversion fraction of
1.90 MPaG and 15°C as a gas. In this respect, 47.5 ton/y of a heavy ethanol
conversion fraction obtained from the tower bottom of the second distillation tower 24
is used as a recycling fraction to be recycled in a mixed starting material without
additional steps such as refining. In this respect, a product ratio in the recycling

fraction is 0.7% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and
thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction. The first
cooled naphtha cracking fraction is introduced to a second cooling tower 13 where

the fraction is brought into contact with cooling water to obtain a second cooled
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naphtha cracking fraction of 0.11 MPaG and 41°C. The second cooled naphtha
cracking fraction is introduced to a pressure booster 14 and pressure-boosted to

0.99 MPaG.

(Combination of ethanol conversion with naphtha cracking)

253.2 tonly of the second cooled naphtha cracking fraction is mixed with 45.4
ton/y of the cooled light ethanol conversion fraction to prepare a combination
fraction. The combination fraction is introduced to a soda washing tower 15 where
the fraction is brought into contact with an aqueous sodium hydroxide solution to
obtain a washing fraction. The washing fraction is pressure-boosted to 1.82 MPaG
and then introduced to a first distillation tower 17 to obtain an introduction fraction to
be introduced to a cryogenic separation step, at -18°C from the tower top. Also, a
detour fraction to be introduced to downstream equipment by detouring the
cryogenic separation step is obtained at 16°C from the tower bottom. The
composition of the introduction fraction and the detour fraction is shown in Table 5.
In this Example, the amount of ethylene produced is the total amount of ethylene

contained in the introduction fraction and the detour fraction and is 100.0 ton/y.

As is evident from the comparison of this Example with Example B1, a fraction
mainly containing light olefin is separated by distillation from the ethanol conversion
fraction before the ethanol conversion fraction is combined with the naphtha cracking
fraction, whereby the amount of the fraction introduced to the cryogenic separation

step can be reduced, and energy efficiency related to refining can be improved.

As is evident from the comparison of this Example with Example B1, use of
the cooled ethanol conversion fraction as a recycling fraction without additional steps

such as separation and refining elevates a product ratio in the recycling fraction,
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increases the amount of the starting material necessary for production, and reduces

ethylene production efficiency per starting material.
[0244]
[Example B3]

The same procedures as in Example B2 are carried out except that the
naphtha cracking-derived fraction and the ethanol conversion fraction are combined
in amounts that attain 50.0 ton/y of ethylene obtained by ethanol conversion and
50.0 ton/y of ethylene obtained by naphtha cracking in 100.0 ton/y of ethylene to be
produced. The composition of the introduction fraction and the detour fraction is

shown in Table 5.
[0245]
[Example B4]

The same procedures as in Example B2 are carried out except that the
naphtha cracking-derived fraction and the ethanol conversion fraction are combined
in amounts that attain 75.0 ton/y of ethylene obtained by ethanol conversion and
25.0 ton/y of ethylene obtained by naphtha cracking in 100.0 ton/y of ethylene to be
produced. The composition of the introduction fraction and the detour fraction is

shown in Table 5.
[0246]
[Example B5]

This Example is carried out with the light olefin production equipment shown

in Figure 17.

(Ethanol conversion)
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145.6 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a gas-liquid
separation drum 26 to obtain a 51.3 ton/y of a light ethanol conversion fraction of
1.90 MPaG and 40°C as a gas. In this respect, 49.5 ton/y of a heavy ethanol
conversion fraction obtained as a liquid in the gas-liquid separation drum 26 is used
as a recycling fraction to be recycled in the starting material for introduction to the
reactor 21 without additional steps such as refining. In this respect, a product ratio

in the recycling fraction is 11.3% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and
thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction. The first
cooled naphtha cracking fraction is introduced to a second cooling tower 13 where
the fraction is brought into contact with cooling water to obtain a second cooled
naphtha cracking fraction of 0.11 MPaG and 41°C. The second cooled naphtha
cracking fraction is introduced to a pressure booster 14 and pressure-boosted to

0.99 MPaG.
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(Combination of ethanol conversion with naphtha cracking)

253.2 tonly of the second cooled naphtha cracking fraction is mixed with 51.3
ton/y of the light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a soda washing tower 15 where the fraction is
brought into contact with an aqueous sodium hydroxide solution to obtain a washing
fraction. The washing fraction is pressure-boosted to 1.82 MPaG and then
introduced to a first distillation tower 17 to obtain an introduction fraction to be
introduced to a cryogenic separation step, at -18°C from the tower top. Also, a
detour fraction to be introduced to downstream equipment by detouring the
cryogenic separation step is obtained at 16°C from the tower bottom. The
composition of the introduction fraction and the detour fraction is shown in Table 5.
In this Example, the amount of ethylene produced is the total amount of ethylene

contained in the introduction fraction and the detour fraction and is 100.0 ton/y.
[0247]

[Table 5-1]
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Table 5(112)

Reference Example B1 Example B1 Example B2
Naphtha Ethanol Naphtha Ethanol
Properties of each fraction cracking:  conversion- i Total Difference | cracking-  conversion- i Total Difference
derived derived derived derived
Anountofsatngmaterl 13 %5 W2 | 45T %5 197 62
Temperature °C 4 3 6 4 15 2%
Pressure MPaG 099 0.15 0.84 099 190 091
A'“°""v:;'s‘:1’i‘l’1‘;”§:e‘r° o0y WS 53 285
Product rf:::til:nrecycllng Yy by mass 28 07
Naph?ha ’ Naphtha Ethanol . Naphtha Ethanol '
Composition of fraction lrac;;zmgriv lmfr;i:?,l,on f?::zg; cracking: ~ conversion- lm{;‘i:?:’" f?:ctgg; cracking: ~ conversion- Intfr;(i:lizt;on f[::ct:g;
o derived derived derived derived
Hydrogen tonly 20 18 0.1 15 00 14 0. 15 00 14 0.
Methane tonly 486 428 58 36.2 02 322 42 36.2 02 322 42
Acetylene tonly 19 0.0 19 14 00 00 14 14 00 00 14
Ethylene tonly 100.0 67.7 323 750 250 67.7 323 750 250 67.7 323
Ethane tonly 16.7 9.4 18 126 07 13 6.1 126 07 13 6.1
Propylene tonly 62.3 33 5.7 4.5 155 33 58.7 4.5 15.2 33 58.4
Propane tonly 14 0.4 13 10 14 0.1 2 10 14 0.1 20
Butenes tonly 425 0.0 23 KiN| 13.0 00 236 n1 23 00 119
Butanes tonly 13 0.0 07 09 37 00 25 09 09 00 10
Pentenes tonly 118 0.0 47 133 6.7 00 53 133 00 00 35
Pentanes tonly 02 0.0 00 0.1 1.2 00 28 0. 00 00 00
Cracked gasoline tonly 68.2 0.0 10 29 24 00 09 29 00 00 07
Others tonly 1878 0.4 38 40 25 02 43 40 0.0 0.1 27
Total tonly 550.6 1249 1398 253.2 82.1 120 1442 253.2 454 120 1304
Cc (% by mass) - 480 4.0
Ce (% by mass) 494 8.5
(Ce:Ce) . 14 40.5
Oc (% by mass) 1 KNl 1
Oc (% by mass) . 06 08
0'c (% by mass) 0 10
0'k (% by mass) . 04 04
C2-3 olefin treatment efficiency 56.8 63.3 63.3
C2:3 olefin treatment efficiency index 100 112 112
C3L volumetric efficiency 391 460 4.0
C3L volumetric efficiency index 1.00 117 117

[0248]

[Table 5-2]
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Table 5(212)

Example B3 Example B4 Example B5
) Naphtha  Ethanol Naphtha  Ethanol Naphtha  Ethanol
Propef::z;;: each cragking- conversio | Total |Difference cragking- conversio | Total | Difference cragking- conversio | Total |Difference
derived  n-derived derived  n-derived derived  n-derived
Amountofstarting 0 | 4777 g3 410 88 2529 37 665 56 | 4121
material used
Temperature °C 4 15 26 4 15 26 4 40 1
Pressure MPaG 0.99 1.90 091 0.99 1.90 091 0.99 1.90 091
Ameunt a"s‘m‘;”t:fe'f tonly 296 206 3045
Product ratio in % by
recycling fraction mass 07 07 "3
Composition of fraction ch:zII:::; cE::lzl:leo IntroduF t Detqur ch:zII:::; cE::lzl:leo IntroduF t Detqur ch:zII:::; cE::lzl:leo IntroduP t Detqur
derived  n-derived | " fraction fraction derived  nderived | " fraction fraction derived  nderived | " fraction fraction
Hydrogen tonly 1.0 0.0 09 04 05 0.0 05 0.0 15 0.0 14 04
Methane tonly 242 0.3 216 28 124 0.5 14 14 36.2 0.2 323 42
Acetylene tonly 09 0.0 0.0 09 05 0.0 0.0 0.5 14 0.0 0.0 14
Ethylene tonly 50.0 50.0 67.7 323 250 750 67.7 323 75.0 250 67.7 323
Ethane tonly 84 15 54 45 42 22 35 29 126 08 73 6.1
Propylene tonly 310 304 32 58.1 15.5 456 32 578 46.5 121 3 56.1
Propane tonly 0.7 22 01 28 0.3 33 02 35 1.0 09 041 18
Butenes tonly 214 45 0.0 135 10.6 6.8 0.0 9.2 kil 6.0 0.0 199
Butanes tonly 0.6 19 0.0 13 0.3 28 0.0 17 09 29 0.0 20
Pentenes tonly 8.8 0.0 0.0 24 44 0.0 0.0 12 133 09 0.0 38
Pentanes tonly 01 0.0 0.0 0.0 0.0 0.0 0.0 0.0 01 16 0.0 04
Cracked gasoline tonly 19.3 0.0 0.0 05 9.6 0.0 0.0 02 289 02 0.0 08
Others tonly 27 0.0 01 18 1.3 0.0 0.0 0.9 40 04 01 27
Total tonly 168.8 90.8 99.1 1214 84.4 136.2 86.1 1.7 253.2 51.3 111.9 131.6
Cc (% by mass) 48.0 48.0 48.0
Ce (% by mass) 88.5 88.5 135
(Ce-Ce) 405 40.5 25.6
Oc (% by mass) 34 KiN| KiN|
Ok (% by mass) 0.6 0.6 0.6
0'c (% by mass) 310 310 310
0'c (% by mass) 04 04 0.7
C2-3 olefin treatment efficiency 71.6 82.3 63.2
€2-3 olefin trgatment efficiency 126 145 "
index
C3L volumetric efficiency 55.7 70.6 457
C3L volumetric efficiency index 1.42 1.80 147

[0249]

[Example B6]

This Example is carried out with the light olefin production equipment shown

in Figure 18.

(Ethanol conversion)

209.2 tonly of a starting material is heated, supplied at WHSV = 3.8 to a

reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol

conversion reaction at a reaction temperature of 540°C to obtain an ethanol

conversion fraction.

123

The ethanol conversion fraction is introduced to a third cooling




tower 22 where the fraction is brought into contact with cooling water to obtain 138.6
ton/y of a cooled ethanol conversion fraction of 45°C and 0.15 MPaG. 46.1 ton/y of
the cooled ethanol conversion fraction is used as a recycling fraction to be recycled
in the starting material for introduction to the reactor 21 without steps such as
separation and refining. In this respect, a product ratio in the recycling fraction is

43.8% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction.

(Combination of ethanol conversion with naphtha cracking)

474 1 ton/y of the first cooled naphtha cracking fraction is mixed with 92.5
ton/y of the cooled ethanol conversion fraction to prepare a combination fraction.
The combination fraction is introduced to a second cooling tower 13 where the
fraction is brought into contact with cooling water to obtain a second cooled naphtha
cracking fraction of 0.11 MPaG and 41°C. The second cooled naphtha cracking
fraction is introduced to a pressure booster 14, pressure-boosted to 0.99 MPaG, and
introduced to a soda washing tower 15 where the fraction is brought into contact with
an aqueous sodium hydroxide solution to obtain a washing fraction. The washing
fraction is pressure-boosted to 1.82 MPaG and then introduced to a first distillation

tower 17 to obtain an introduction fraction to be introduced to a cryogenic separation
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step, at -18°C from the tower top. Also, a detour fraction to be introduced to
downstream equipment by detouring the cryogenic separation step is obtained at
16°C from the tower bottom. The composition of the introduction fraction and the
detour fraction is shown in Table 6. In this Example, the amount of ethylene
produced is the total amount of ethylene contained in the introduction fraction and

the detour fraction and is 100.0 ton/y.
[0250]
[Example B7]

This Example is carried out with the light olefin production equipment shown

in Figure 19.
(Ethanol conversion)

139.7 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a second
distillation tower 24 to obtain a light ethanol conversion fraction from the tower top of
the second distillation tower 24. The light ethanol conversion fraction is introduced
to a condenser 25 where a portion of the fraction is liquefied and refluxed to the
second distillation tower 24 to obtain a cooled light ethanol conversion fraction of
1.90 MPaG and 15°C as a gas. In this respect, 47.5 ton/y of a heavy ethanol

conversion fraction obtained from the tower bottom of the second distillation tower 24
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is used as a recycling fraction to be recycled in the starting material for introduction
to the reactor 21 without additional steps such as refining. In this respect, a product

ratio in the recycling fraction is 0.7% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction.
(Combination of ethanol conversion with naphtha cracking)

474 .1 ton/y of the first cooled naphtha cracking fraction is mixed with 45.4
ton/y of the cooled light ethanol conversion fraction to prepare a combination
fraction. The combination fraction is introduced to a second cooling tower 13 where
the fraction is brought into contact with cooling water to obtain a second cooling
fraction of 41°C. The second cooling fraction is introduced to a pressure booster 14
and pressure-boosted to 0.99 MPaG. The pressure-boosted second cooling
fraction is introduced to a soda washing tower where the fraction is brought into
contact with an aqueous sodium hydroxide solution to obtain a washing fraction.

The washing fraction is pressure-boosted to 1.82 MPaG and then introduced to a
first distillation tower 17 to obtain an introduction fraction to be introduced to a
cryogenic separation step, at -18°C from the tower top. Also, a detour fraction to be
introduced to downstream equipment by detouring the cryogenic separation step is

obtained at 16°C from the tower bottom. The composition of the introduction
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fraction and the detour fraction is shown in Table 6. In this Example, the amount of
ethylene produced is the total amount of ethylene contained in the introduction

fraction and the detour fraction and is 100.0 ton/y.
[0251]
[Example B8]

This Example is carried out with the light olefin production equipment shown
in Figure 20. This Example is carried out in the same manner as in Example B7
except that the location of connection is changed. In this Example, the cooled light
ethanol conversion fraction of 15°C is combined with a second tower bottom reflux
fraction of 68°C that includes a fraction obtained from the tower bottom of the second
cooling tower 13 and is refluxed into the tower, to prepare a combination fraction.
The amount of the second tower bottom reflux fraction is determined depending on
the production balance of the compound of interest. In this Example, 52.6 ton/y of

the second tower bottom reflux fraction is used.

Since the second tower bottom reflux fraction and the ethanol conversion
fraction are combined so that the ethanol conversion fraction is introduced to the
second cooling tower 13, the composition or flow rate of the resulting introduction
fraction and detour fraction is not different between this Example and Example B7.
The difference in temperature between the naphtha cracking fraction and the ethanol
conversion fraction is as small as 53K, and change in volume associated with the

cooling and liquefication of a high-temperature naphtha fraction can be suppressed.
[0252]

[Example B9]
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This Example is carried out with the light olefin production equipment shown

in Figure 21.
(Ethanol conversion)

145.6 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a gas-liquid
separation drum 26 to obtain a 51.3 ton/y of a light ethanol conversion fraction of
1.90 MPaG and 40°C as a gas. In this respect, 49.4 ton/y of a heavy ethanol
conversion fraction obtained as a liquid in the gas-liquid separation drum 26 is used
as a recycling fraction to be recycled in the starting material for introduction to the
reactor 21 without additional steps such as refining. In this respect, a product ratio

in the recycling fraction is 11.3% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under
cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
The naphtha cracking fraction is introduced to a first cooling tower 12 where the
fraction is brought into contact with a mixture of heavy oil and cracked gasoline and

thereby cooled to 110°C to obtain a first cooled naphtha cracking fraction.

(Combination of ethanol conversion with naphtha cracking)
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474 .1 tonly of the first cooled naphtha cracking fraction is mixed with 51.3
ton/y of the light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a second cooling tower 13 where the fraction is
brought into contact with cooling water to obtain a second cooled naphtha cracking
fraction of 0.11 MPaG and 41°C. The second cooled naphtha cracking fraction is
introduced to a pressure booster 14 and pressure-boosted to 0.99 MPaG. The
combination fraction is introduced to a soda washing tower 15 where the fraction is
brought into contact with an aqueous sodium hydroxide solution to obtain a washing
fraction. The washing fraction is pressure-boosted to 1.82 MPaG and then
introduced to a first distillation tower 17 to obtain an introduction fraction to be
introduced to a cryogenic separation step, at -18°C from the tower top. Also, a
detour fraction to be introduced to downstream equipment by detouring the
cryogenic separation step is obtained at 16°C from the tower bottom. The
composition of the introduction fraction and the detour fraction is shown in Table 6.
In this Example, the amount of ethylene produced is the total amount of ethylene

contained in the introduction fraction and the detour fraction and is 100.0 ton/y.
[0253]

[Table 6-1]
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Table 6(1/2)

Example B6 Example B7
Naphtha Ethanol Naphtha Ethanol
Properties of each fraction cracking- conversion-  Total Difference | cracking- conversion-i  Total Difference
derived derived derived derived
Amountofstarting material oy | 2665 2092 | 4757 . 265 107 | 4062 .
Temperature °C 110 45 - 65 110 15 - 95
Pressure MPaG 0.13 0.15 - 0.02 0.13 1.90 - 1.77
Amount ;’s‘:i‘;‘é”tﬂe‘f soda  yony 3345 2986
Product ratio in recycling % by
fraction mass 438 07
Composition of fraction g:z:::: coIrE\TearI;?;n- Introdulc tio Detqur g:s:::: coi?ez:;'iﬂn- Introduf; tio Detqur
derived derived | " fraction  fraction derived derived | " fraction  fraction
Hydrogen tonly 1.5 0.0 1.4 0.1 1.5 0.0 14 0.1
Methane tonly 36.2 0.2 32.2 4.2 36.2 0.2 32.2 4.2
Acetylene tonly 14 0.0 0.0 14 14 0.0 0.0 1.4
Ethylene tonly 75.0 25.0 67.7 32.3 75.0 25.0 67.7 323
Ethane tonly 12.6 0.7 73 6.1 12.6 0.7 73 6.1
Propylene tonly 46.5 15.5 33 58.7 46.5 15.2 33 58.4
Propane tonly 1.0 11 0.1 21 1.0 11 0.1 2.0
Butenes tonly N7 13.0 0.0 23.6 317 23 0.0 179
Butanes tonly 0.9 3.7 0.0 25 0.9 0.9 0.0 1.0
Pentenes tonly 13.3 6.7 0.0 5.3 133 0.0 0.0 35
Pentanes tonly 0.1 11.2 0.0 2.8 0.1 0.0 0.0 0.0
Cracked gasoline tonly 113.8 128 0.0 0.9 113.8 0.0 0.0 0.7
Others tonly 140.1 25 0.0 2.8 1401 0.0 0.1 2.7
Total tonly 474.1 92.5 111.9 142.7 474.1 45.4 112.0 130.4
Cc (% by mass) 25.6 25.6
Ce (% by mass) 43.8 88.5
(Ce-Cc) 18.2 62.9
Oc (% by mass) 3141 3141
Ok (% by mass) 0.6 0.6
O'c (% by mass) 31.0 31.0
O't (% by mass) 0.4 0.4
C2-3 olefin treatment efficiency 63.4 63.3
C2-3 olefin treatment efficiency index 1.12 1.12
C3L volumetric efficiency 46.0 46.0
C3L volumetric efficiency index 1.18 1.18

[0254]

[Table 6-2]
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Table 6(212)

Example B8 Example B9
Naphtha Ethanol Naphtha Ethanol
Properties of each fraction cracking-  conversion- Total Difference | cracking-  conversion- Total Difference
derived derived derived derived
Amountof starting materal yopy | 2665 1307 4062 266.5 1456 4124
Temperature °C 68 15 53 10 40 70
Pressure MPaG 0.21 1.90 1.69 0.13 1.90 1.77
Amount ;’;:I‘:%”tf)‘f:e‘f soda oy 2986 3043
Product rf?:cot i|t;1nrecycllng % by mass 07 13
Composition of fraction g:s:::; coig]earg?oln- Introdu.ction Detqur cr::&?it::- coi:/}::rg?;n- Introdu.ction Detqur
derived derived fraction fraction derived derived fraction fraction
Hydrogen tonly 0.0 0.0 14 0.1 15 0.0 14 01
Methane tonly 0.0 0.2 322 42 36.2 0.2 323 42
Acetylene tonly 0.0 0.0 0.0 14 14 0.0 0.0 14
Ethylene tonly 0.2 25.0 67.7 323 75.0 25.0 67.7 323
Ethane tonly 0.0 0.7 7.3 6.1 12.6 0.8 7.3 6.1
Propylene tonly 0.4 15.2 33 58.4 46.5 12.7 31 56.1
Propane tonly 0.0 11 0.1 20 1.0 0.9 0.1 18
Butenes tonly 1.0 23 0.0 179 kil 6.0 0.0 19.9
Butanes tonly 0.0 0.9 0.0 1.0 0.9 29 0.0 20
Pentenes tonly 1.0 0.0 0.0 3.5 13.3 0.9 0.0 3.8
Pentanes tonly 0.0 0.0 0.0 0.0 0.1 1.6 0.0 0.4
Cracked gasoline tonly 36.8 0.0 0.0 0.7 113.8 0.2 0.0 0.7
Others tonly 1341 0.0 0.1 2.7 1401 0.1 0.1 2.7
Total tonly 52.6 45.4 112.0 1304 4741 51.3 111.9 131.5
Cc (% by mass) 11 25.6
Ce (% by mass) 88.5 735
(Ce-Cc) 874 47.9
Oc (% by mass) 311 314
Ok (% by mass) 0.6 0.6
0'c (% by mass) 3.9 31.0
O' (% by mass) 0.4 0.7
C2-3 olefin treatment efficiency 63.3 63.2
C2-3 olefin treatment efficiency index 112 11
C3L volumetric efficiency 46.0 45.7
C3L volumetric efficiency index 1.18 117

[0255]

[Example B10]

This Example is carried out with the light olefin production equipment shown

in Figure 22.

(Ethanol conversion)

209.2 tonly of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol

conversion reaction at a reaction temperature of 540°C to obtain an ethanol

conversion fraction. The ethanol conversion fraction is introduced to a third cooling
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tower 22 where the fraction is brought into contact with cooling water to obtain 138.6
ton/y of a cooled ethanol conversion fraction of 45°C and 0.15 MPaG. 46.1 ton/y of
the cooled ethanol conversion fraction is used as a recycling fraction to be recycled
in the starting material for introduction to the reactor 21 without steps such as
separation and refining. In this respect, a product ratio in the recycling fraction is

43.8% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under

cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
(Combination of ethanol conversion with naphtha cracking)

417.2 tonly of the naphtha cracking fraction is mixed with 92.5 ton/y of the
cooled ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a first cooling tower 12 where the fraction is
brought into contact with a mixture of heavy oil and cracked gasoline and thereby
cooled to 110°C to obtain a first cooled naphtha cracking fraction. The first cooled
naphtha cracking fraction is introduced to a second cooling tower 13 where the
fraction is brought into contact with cooling water to obtain a second cooled naphtha
cracking fraction of 0.11 MPaG and 41°C. The second cooled naphtha cracking
fraction is introduced to a pressure booster 14, pressure-boosted to 0.99 MPaG, and
introduced to a soda washing tower 15 where the fraction is brought into contact with
an aqueous sodium hydroxide solution to obtain a washing fraction. The washing
fraction is pressure-boosted to 1.82 MPaG and then introduced to a first distillation

tower 17 to obtain an introduction fraction to be introduced to a cryogenic separation
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step, at -18°C from the tower top. Also, a detour fraction to be introduced to
downstream equipment by detouring the cryogenic separation step is obtained at
16°C from the tower bottom. The composition of the introduction fraction and the
detour fraction is shown in Table 7. In this Example, the amount of ethylene
produced is the total amount of ethylene contained in the introduction fraction and

the detour fraction and is 100.0 ton/y.
[0256]
[Example B11]

This Example is carried out with the light olefin production equipment shown

in Figure 23.
(Ethanol conversion)

139.7 tonly of a starting material gas is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol
conversion fraction. The ethanol conversion fraction is introduced to a third cooling
tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a second
distillation tower 24 to obtain a light ethanol conversion fraction from the tower top of
the second distillation tower 24. The light ethanol conversion fraction is introduced
to a condenser 25 where a portion of the fraction is liquefied and refluxed to the
second distillation tower 24 to obtain a cooled light ethanol conversion fraction of
1.90 MPaG and 15°C as a gas. In this respect, 47.5 ton/y of a heavy ethanol

conversion fraction obtained from the tower bottom of the second distillation tower 24
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is used as a recycling fraction to be recycled in the starting material for introduction
to the reactor 21 without additional steps such as refining. In this respect, a product

ratio in the recycling fraction is 0.7% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under

cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.

(Combination of ethanol conversion with naphtha cracking)

417.2 tonly of the naphtha cracking fraction of 360°C is mixed with 45.4 ton/y
of the cooled light ethanol conversion fraction to prepare a combination fraction.
The combination fraction is introduced to a first cooling tower 12 where the fraction is
brought into contact with a mixture of heavy oil and cracked gasoline and thereby
cooled to 110°C to obtain a first cooling fraction. The first cooling fraction is
introduced to a second cooling tower 13 where the fraction is brought into contact
with cooling water to obtain a second cooling fraction of 41°C. The second cooling
fraction is introduced to a pressure booster 14 and pressure-boosted to 0.99 MPaG.
The pressure-boosted second cooling fraction is introduced to a soda washing tower
15 where the fraction is brought into contact with an aqueous sodium hydroxide
solution to obtain a washing fraction. The washing fraction is further pressure-
boosted and thereby introduced as an introduction fraction to a cryogenic separation
step. In this respect, the amount of ethylene in the combination fraction is 100.0
ton/y. The flow rate and composition of the combination fraction are shown in Table

7.

[0257]
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[Example B12]

Example B12 is carried out by the process flow shown in Figure 24.
Example B12 is carried out in the same manner as in Example B11 except that the
location of connection is changed. In Example B12, the cooled light ethanol
conversion fraction of 15°C is combined with a first tower bottom reflux fraction of
80°C that includes a fraction obtained from the tower bottom of the second cooling
tower 13 and is refluxed into the first cooling tower 12, to prepare a combination

fraction.

Since the first tower bottom reflux fraction and the ethanol conversion fraction
are combined so that the ethanol conversion fraction is introduced to the first cooling
tower 12, the composition or flow rate of the resulting introduction fraction is not
different between Example B11 and Example B12. The difference in temperature
between the naphtha cracking fraction and the ethanol conversion fraction is as
small as 65K, and change in volume associated with the cooling and liquefication of

a high-temperature naphtha fraction can be suppressed.
[0258]
[Example B13]

This Example is carried out with the light olefin production equipment shown

in Figure 25.
(Ethanol conversion)

145.6 ton/y of a starting material is heated, supplied at WHSV = 3.8 to a
reactor 21 packed with a zeolite-containing catalyst, and subjected to ethanol
conversion reaction at a reaction temperature of 540°C to obtain an ethanol

conversion fraction. The ethanol conversion fraction is introduced to a third cooling
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tower 22 where the fraction is brought into contact with cooling water to obtain a
cooled ethanol conversion fraction of 45°C. The cooled ethanol conversion fraction
is pressure-boosted with a pressure booster 23 and introduced to a gas-liquid
separation drum 26 to obtain a 51.3 ton/y of a light ethanol conversion fraction of
1.90 MPaG and 40°C as a gas. In this respect, 49.4 ton/y of a heavy ethanol
conversion fraction obtained as a liquid in the gas-liquid separation drum 26 is used
as a recycling fraction to be recycled in the starting material for introduction to the
reactor 21 without additional steps such as refining. In this respect, a product ratio

in the recycling fraction is 11.3% by mass.
(Naphtha cracking)

266.5 ton/y of a naphtha feedstock containing heavy naphtha and diluted
steam with a mass ratio 0.5 to naphtha is introduced to a cracking furnace 11 under

cracking conditions of 0.17 MPaG and 825°C to obtain a naphtha cracking fraction.
(Combination of ethanol conversion with naphtha cracking)

417.2 ton/y of the naphtha cracking fraction is mixed with 51.3 ton/y of the
light ethanol conversion fraction to prepare a combination fraction. The
combination fraction is introduced to a first cooling tower 12 where the fraction is
brought into contact with a mixture of heavy oil and cracked gasoline and thereby
cooled to 110°C to obtain a first cooled naphtha cracking fraction. This fraction is
introduced to a second cooling tower 13 where the fraction is brought into contact
with cooling water to obtain a second cooled naphtha cracking fraction of 0.11 MPaG
and 41°C. The second cooled naphtha cracking fraction is introduced to a pressure
booster 14 and pressure-boosted to 0.99 MPaG. The pressure-boosted second

cooled naphtha cracking fraction is introduced to a soda washing tower 15 where the
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fraction is brought into contact with an aqueous sodium hydroxide solution to obtain

a washing fraction.

The washing fraction is pressure-boosted to 1.82 MPaG and

then introduced to a first distillation tower 17 to obtain an introduction fraction to be

introduced to a cryogenic separation step, at -18°C from the tower top. Also, a

detour fraction to be introduced to downstream equipment by detouring the

cryogenic separation step is obtained at 16°C from the tower bottom. The

composition of the introduction fraction and the detour fraction is shown in Table 7.

In this Example, the amount of ethylene produced is the total amount of ethylene

contained in the introduction fraction and the detour fraction and is 100.0 ton/y.

[0259]
[Table 7]
Table 7
Example B10 Example B11 Example B13
Naphtha Ethanol Naphtha Ethanol Naphtha Ethanol
Properties of each fraction cracking-  conversion-:  Total Difference | cracking- conversion-:  Total Difference | cracking- conversion-:  Total Difference
derived derived derived derived derived derived
Amountof slaring materil oo | 265 we2 | ama 65 19T 4062 W65 U6 42
Temperature °C 360 45 35 360 15 345 360 40 320
Pressure MPaG 015 0.15 trace 0.15 1.90 1.75 0.15 1.90 1.75
Amount |ntrloduced to soda tonly 156 286 3043
washing tower
Productatio I 1e6YeNg by mass 58 07 13
¢ - . Naph.t ha Etha"?l Introduction  Detour Naph.t ha Etha"?l Introduction  Detour Naph.t ha Etha"?l Introduction  Detour
omposition of fraction cracking-  conversion- fract " cracking-  conversion- . " cracking-  conversion- . "
" : raction fraction " : fraction fraction " : fraction fraction
derived derived derived derived derived derived
Hydrogen tonly 15 0.0 14 0.1 15 0.0 14 01 15 0.0 14 01
Methane tonly 36.2 02 22 42 36.2 02 22 42 36.2 02 323 42
Acetylene tonly 14 0.0 0.0 14 14 0.0 0.0 14 14 0.0 0.0 14
Ethylene tonly 75.0 250 67.7 323 75.0 250 67.7 323 75.0 250 67.7 323
Ethane tonly 126 07 73 6.1 126 07 73 6.1 126 08 73 6.1
Propylene tonly 46.5 155 33 58.7 46.5 152 33 58.4 46.5 127 3 56.1
Propane tonly 1.0 11 041 21 1.0 11 041 20 1.0 09 041 18
Butenes tonly kil 130 0.0 26 kil 23 0.0 179 kil 6.0 0.0 199
Butanes tonly 09 37 0.0 25 09 09 0.0 1.0 09 29 0.0 20
Pentenes tonly 133 6.7 0.0 53 133 0.0 0.0 35 133 09 0.0 38
Pentanes tonly 041 1.2 0.0 28 041 0.0 0.0 0.0 041 1.6 0.0 04
Cracked gasoline tonly 50.9 128 0.0 09 264 0.0 0.0 0.0 264 02 0.0 0.7
Others tonly 146.1 25 0.0 28 146.1 0.0 04 27 146.1 01 04 21
Total tonly 41.2 92.5 1.9 1421 41.2 454 1120 1304 41.2 51.3 1.9 1315
Cc (% by mass) 241 21 21
Ce (% by mass) 238 88.5 735
(Ce-Ce) 147 504 “4
Oc (% by mass) 311 311 311
Ok (% by mass) 06 06 0.6
0'c (% by mass) 3.0 310 310
0'e (% by mass) 04 04 0.7
C2-3 olefin treatment efficiency 63.4 63.3 63.2
C2-3 olefin treatment efficiency index 112 112 1M
C3L volumetric efficiency 46.0 46.0 45.7
C3L volumetric efficiency index 1.18 1.18 147
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[0260]

As is evident from the results of Examples and Comparative Examples, the
method for producing light olefin according to the present embodiment can decrease
the amount of off-gases such as hydrogen and methane and can reduce treatment

energy in cryogenic separation.
[0261]

In Examples C1 to C5 and Comparative Examples C1 to C4, the influence of
the difference in composition between an ethanol conversion fraction obtained in an
ethanol conversion step and a naphtha cracking fraction obtained in a naphtha

cracking step on refining equipment will be discussed.
[0262]
(Production rate of each compound)

In Examples C1 to C5 and Comparative Examples C1 to C4, the amount of
each product produced in a naphtha cracking furnace is decreased, and the
decrement is substituted with an ethanol conversion fraction so as to compensate
therefor. The amount of each product produced after substitution with the ethanol
conversion fraction is divided by the amount of each product produced in the
naphtha cracking furnace before decreased production, and the resulting value is
referred to as a production rate. In this context, the amount of each product
produced is the total sum of the amount of each product in the ethanol conversion

fraction and the amount of each product in the naphtha cracking fraction.
[0263]

[Examples C1 to C4 and Comparative Examples C1 to C4]
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In Examples C1 to C4 and Comparative Examples C1 to C4, 100 ton/y of
ethylene produced in a naphtha cracking furnace is decreased to 75 ton/y, and an
ethanol conversion fraction is connected instead. In these Examples and
Comparative Examples, an ethanol conversion step and a cracking step are carried
out under the conditions shown in Table 8, and light olefin is then refined through a
combination step and a cryogenic separation step. In this respect, the purity of a
product is decreased when a production rate exceeds 100%. Therefore, the
amount of the ethanol conversion fraction produced is adjusted such that the
production rates of ethylene, propylene, and hydrocarbon having 4 or more carbon

atoms do not exceed 100%.

As is evident from the comparison of Examples with Comparative Examples,
the production rates of ethylene, propylene, and hydrocarbon having 4 or more
carbon atoms do not fall below 90% when the ethanol conversion fraction and the
naphtha cracking fraction are used in combination so as to satisfy the expression (o)
and the expression (3-1). The production rate of each product that falls below 90%
is not preferred because refining efficiency is drastically reduced due to a problem
arising in refining equipment, for example, the occurrence of surging in a

COmpressor.
[0264]
[Example C5]

Example C5 is carried out in the same manner as in Example C4 except that
the amount of ethylene produced in a naphtha cracking furnace is decreased to 50
ton/y. A higher rate of substitution of naphtha cracking with ethanol conversion

more largely influences the production rate of a product.
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[0265]

[Table 8]
Table 8
:Comparativ Comparativ Comparati Comparati
Example Example Example Example Example E ¢ Example e Example ve ve
c1 Cc2 C3 C4 C5 1 Example Example
C3 C4
Catalyst P-ZSM-5 P-ZSM-5  ZSM-5 ZSM-5 ZSM-5 + P-ZSM-5  P-ZSM-5 P-ZSM-5 P-ZSM-5
Temperature °C 560°C 460°C 540°C 540°C 540°C 500°C 560°C 485°C 485°C
WHSV - 1.84 2.28 3.80 3.80 3.80 343 1.84 7.02 7.02
PIEe - 0.82 0.41 0.63 0.63 0.63 0.39 0.82 0.24 0.24
Ethanol Cemr %Oy g 308 297 297 297 286 411 54.0 54.0
conversion mass
step Amount of
ethylene tonly 17.0 250 24.8 221 442 234 143 25.0 25.0
produced
Amount of
propylene tonly 13.9 10.3 15.6 13.9 27.8 9.1 118 6.0 6.0
produced
Heavy Light Light Heavy Heavy Light Heavy Heavy Heavy

Starting material naphtha naphtha naphtha naphtha  naphtha : naphtha naphtha  naphtha  naphtha

Temperature °C 840°C 830°C 830°C 830°C 830°C 830°C 850°C 825°C 840°C

% by

Cracking Cc ap mass 27.2 30.6 30.6 27.2 272 306 26.1 28.7 2712
step Amount of
ethylene tonly 75.0 75.0 75.0 75.0 50.0 75.0 75.0 75.0 75.0
produced
Amount of
propylene tonly 417 489 48.9 417 27.8 489 353 46.5 41.70
produced
P/Ee-PIEc 0.26 -0.24 0.02 0.07 0.07 -0.26 0.35 -0.43 -0.32

0,
Ce_ap-Cc ap % by

Production rate of ethylene  ton/y | 92.0% 100.0% 99.8% 97.1% 94.2%
Production rate of propylene ton/y | 100.0% 90.7% 98.9% 100.0%  100.0%
Production rate of
hydrocarbon having 4 or more tonly | 91.5% 99.8% 100.0% 97.9% 97.9%
carbon atoms

98.4% 89.3% 100.0%  100.0%
89.0% 100.0% 78.1% 85.8%

100.0% 90.9% 88.3% 87.6%

PIEc - 0.56 0.65 0.65 0.56 056 : 065 0.47 0.67 0.56

Reference Signs List
[0266]

11 ... cracking furnace, 12 ... cooling tower, 13 ... second cooling tower, 14 ...
first compressor, 15 ... soda washing tower, 16 ... cryogenic separation equipment,

21 ... reactor, and 22 ... third cooling tower.
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Claims

[Claim 1] A method for producing light olefin, comprising:

a cracking step of introducing a naphtha feedstock to a cracking furnace to
obtain a naphtha cracking fraction;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst
to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the naphtha cracking
fraction or a fraction derived therefrom with at least a portion of the ethanol
conversion fraction or a fraction derived therefrom to obtain a combination fraction;
and

a cryogenic separation step of introducing the combination fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene
and propylene, wherein

a relationship between a content Ce of ethylene and propylene in the ethanol
conversion fraction or a fraction derived therefrom and a content Cc of ethylene and
propylene in the naphtha cracking fraction or a fraction derived therefrom in the
combination step satisfies the expression (A):

Ce>Cc ... (A).

[Claim 2] The method for producing light olefin according to claim 1, wherein a

difference between the content Ce and the content Cc (Ce - Cc) in the combination

step is 5% by mass or more.
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[Claim 3] The method for producing light olefin according to claim 1, wherein a
relationship between a propylene/ethylene mass ratio P/Ek in the ethanol conversion
fraction and a propylene/ethylene mass ratio P/Ec in the naphtha cracking fraction
satisfies the expression (a.):

-0.25 < (P/Ee - P/Ec) < 0.30 ... (o).

[Claim 4] The method for producing light olefin according to claim 1, wherein a
relationship between a content Ce_ap of ethylene and propylene in the ethanol
conversion fraction and a content Cc_ap of ethylene and propylene in the naphtha

cracking fraction satisfies the expression (-1):

|Ce_ap - Cc_ar| < 20% by mass ... (B-1).

[Claim 5] A method for producing light olefin, comprising:

a cracking step of introducing a naphtha feedstock to a cracking furnace to
obtain a naphtha cracking fraction;

an ethanol conversion step of introducing a starting material containing
ethanol to a reactor where the starting material is brought into contact with a catalyst
to obtain an ethanol conversion fraction containing ethylene and propylene;

a combination step of combining at least a portion of the naphtha cracking
fraction or a fraction derived therefrom with at least a portion of the ethanol
conversion fraction or a fraction derived therefrom to obtain a combination fraction;
and

a cryogenic separation step of introducing the combination fraction or a
fraction derived therefrom to a cryogenic separation equipment to separate ethylene

and propylene, wherein
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a relationship between a propylene/ethylene mass ratio P/EEe in the ethanol
conversion fraction and a propylene/ethylene mass ratio P/Ec in the naphtha
cracking fraction satisfies the expression (a):

-0.25 < (P/Ee - P/Ec) < 0.30 ... (o), and

a relationship between a content Ce_ap of ethylene and propylene in the
ethanol conversion fraction and a content Cc_ap of ethylene and propylene in the
naphtha cracking fraction satisfies the expression (p-1):

|Ce_ap - Cc_ap| < 20% by mass ... (B-1).

[Claim 6] The method for producing light olefin according to claim 5, wherein the
relationship between the content Ce_ap of ethylene and propylene in the ethanol
conversion fraction and the content Cc_ap of ethylene and propylene in the naphtha

cracking fraction satisfies the expression (3-2):

0 < (Ce_ap - Cc_arP) < 20% by mass ... (B-2).

[Claim 7] The method for producing light olefin according to claim 1 or 5,
comprising a first cooling step of introducing the naphtha cracking fraction or the
combination fraction to a first cooling tower to obtain a first cooling fraction mainly

containing olefin having 6 or less carbon atoms.

[Claim 8] The method for producing light olefin according to claim 1 or 5,
comprising a second cooling step of introducing the naphtha cracking fraction or the
combination fraction or a fraction derived therefrom to a second cooling tower to
obtain a second cooling fraction mainly containing olefin having 4 or less carbon

atoms.
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[Claim 9] The method for producing light olefin according to claim 1 or 5,
comprising a third cooling step of introducing the ethanol conversion fraction to a
third cooling tower to obtain a cooled ethanol conversion fraction mainly containing

olefin having 6 or less carbon atoms.

[Claim 10] The method for producing light olefin according to claim 9, comprising
a compression and separation step of pressure-boosting the cooled ethanol
conversion fraction using a compressor to obtain a light ethanol conversion fraction
mainly containing olefin having 3 or less carbon atoms as a gas component and to
obtain a heavy ethanol conversion fraction mainly containing olefin having 4 or more

carbon atoms as a liquid component.

[Claim 11]  The method for producing light olefin according to claim 10, comprising
a recycling step of introducing at least a portion of the heavy ethanol conversion

fraction as a portion of the starting material to the reactor.

[Claim 12] The method for producing light olefin according to claim 1 or 5,
comprising, after the combination step, a washing step of introducing the
combination fraction or a fraction derived therefrom to a soda washing tower to

obtain a washing fraction.

[Claim 13] The method for producing light olefin according to claim 1 or 5,
comprising, after the second cooling step and before the cryogenic separation step,

a first compression step of pressure-boosting the fraction.
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[Claim 14] The method for producing light olefin according to claim 1 or 5, wherein
a relationship between a ratio Oe of an amount of hydrogen and methane to a total
amount of ethylene and propylene in the ethanol conversion fraction and a ratio Oc
of an amount of hydrogen and methane to a total amount of ethylene and propylene
in the naphtha cracking fraction satisfies the expression (1):

Oe<Oc ... (1).

[Claim 15] The method for producing light olefin according to claim 1 or 5, wherein
the method satisfies any of the following (1) to (5):
(1) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or
less carbon atoms; and

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or
less carbon atoms, wherein

in the combination step, at least a portion of the second cooling fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction
derived therefrom,

(2) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or
less carbon atoms; and

a second cooling step of introducing the combination fraction or a fraction
derived therefrom to a second cooling tower to obtain a second cooling fraction

mainly containing olefin having 4 or less carbon atoms, wherein
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in the combination step, at least a portion of the first cooling fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction
derived therefrom,

(3) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or
less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or
less carbon atoms;

a circulation step of introducing at least a portion of a second heavy fraction
mainly containing hydrocarbon having 5 or more carbon atoms in the second cooling
step to the second cooling tower; and

a first introduction step of introducing the combination fraction to the second
cooling tower, wherein

in the combination step, at least a portion of the second heavy fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction
derived therefrom,

(4) comprising:

a first cooling step of introducing the combination fraction or a fraction derived
therefrom to a first cooling tower to obtain a first cooling fraction mainly containing
olefin having 6 or less carbon atoms; and

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or

less carbon atoms, wherein
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in the combination step, at least a portion of the naphtha cracking fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction
derived therefrom, and
(5) comprising:

a first cooling step of introducing the naphtha cracking fraction to a first
cooling tower to obtain a first cooling fraction mainly containing olefin having 6 or
less carbon atoms;

a second cooling step of introducing the first cooling fraction to a second
cooling tower to obtain a second cooling fraction mainly containing olefin having 4 or
less carbon atoms;

a circulation step of introducing at least a portion of a second heavy fraction
mainly containing hydrocarbon having 5 or more carbon atoms in the second cooling
step to the first cooling tower; and

a second introduction step of introducing the combination fraction to the first
cooling tower, wherein

in the combination step, at least a portion of the second heavy fraction is
combined with at least a portion of the ethanol conversion fraction or a fraction

derived therefrom.
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