Journal of the Korea Industrial Information Systems Research Vol. 24 No.5, Oct. 2019 : 9-16
http://dx.doi.org./10.9723/iksiis.2019.24.5.009 ISSN:1229-3741

sz7] Belzulg o] 43 DME MAe) 223
el Q7

(Optimization of DME Reforming using Steam Plasma)

¥z A AMs 2% YA 0 F A

(Kyeongsoo Jung, U-Ri Chae, Ho Keun Chae, Myeong-Sug Chung, and Joo-Yeoun Lee)

|17l Al d A Aol M= 87 A Taido] diFsa Aok F4 dyA=

=9 A
YA delw Fgaf oA & shfol
[e)

2 i
ro
:C:L_A‘
A
!
©
=
0%
ol
ol
g
ox
to
o
ro
ol
ol
32
R

B>
e

22

A5} vas e W Fas Aot o
Atk e Mol szt AL Fa 1200C ol delAE wgo
o2 MAWGA %7

=
o} a8}, spasr)e] A
?.

T

T

—-
o
B

N
o ox o

4
Ay S

e
22

4
oy g
o
=

o,
i)
2
oZ
oft
o
fru
i
N
N
[>
Lot
N
=

A FA o]: =et=nt 7§12, DMEDI Methyl Ether) 714, =244k

% Corresponding Author: jooyeoun325@ajou.ac.kr

+ This work is supported by the 2019 Open R&D Program of .
Korea Electric Power Corporation (KEPCO)(No. R17XH02) 1. Introduction
and by Ministry of Trade, Industry and Energy(MOTIE)
and Korea Institute for Advancement of Technology (KIAT)
of the Republic of Korea under Grant (No. N0001033).

+ This paper was prepared based on the first author’'s master
thesis in Ajou University Today, the global energy market is unstable
Manuscript received June 27, 2019 / revised August 20,
2019 / accepted August 21, 2019

1) olFusn sy, A1A4 2 fossil fuels that have been used by more than

1.1 Background and Purpose

due to the uncertainty of energy supply. Of the

2) ofista 4k F et A2A4 2 86% of the world’s energy demand, the problem
3) olF st At Fet 3}, A3A A . .. i

4) o}Fuldtal AT T}, A4 2} of depletion and rising prices has come true, and
5) ol uletal Abe]FEl sl WA A A} coal is rich in reserves, but there are
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Optimization of DME Reforming using Steam Plasma

Abstract In today’s global energy market, the importance of green energy is emerging.
Hydrogen energy is the future clean energy source and one of the pollution—free energy sources.
In particular, the fuel cell method using hydrogen enhances the flexibility of renewable energy
and enables energy storage and conversion for a long time. Therefore, it is considered to be a
solution that can solve environmental problems caused by the use of fossil resources and energy
problems caused by exhaustion of resources simultaneously. The purpose of this study is to
efficiently produce hydrogen using plasma, and to study the optimization of DME reforming by
checking the reforming reaction and yield according to temperature. The research method uses a
245 GHz electromagnetic plasma torch to produce hydrogen by reforming DME(Di Methyl
Ether), a clean fuel. Gasification analysis was performed under low temperature conditions (T3 =
1100°C), low temperature peroxygen conditions (T3 = 1100°C), and high temperature conditions
(T3 = 1376°C). The low temperature gasification analysis showed that methane is generated due
to unstable reforming reaction near 1100°C. The low temperature peroxygen gasification analysis
showed less hydrogen but more carbon dioxide than the low temperature gasification analysis.
Gasification analysis at high temperature indicated that methane was generated from about
1150°C, but it was not generated above 1200°C. In conclusion, the higher the temperature during
the reforming reaction, the higher the proportion of hydrogen, but the higher the proportion of
CO. However, it was confirmed that the problem of heat loss and reforming occurred due to the
structural problem of the gasifier. In future developments, there is a need to reduce incomplete
combustion by improving gasifiers to obtain high yields of hydrogen and to reduce the
generation of gases such as carbon monoxide and methane. The optimization plan to produce
hydrogen by steam plasma reforming of DME proposed in this study is expected to make a
meaningful contribution to producing eco-friendly and renewable energy in the future.

Keywords: Plasma reforming, DME(Di Methyl Ether) reforming, Hydrogen production

environmental problems such as greenhouse gas
This global
warming and environmental pollution, which is

and pollutant emissions. causes
one of the world’'s energy policies (Noh, 2013).
Nuclear power which accounts for a high
proportion of energy supply, such as fossil fuels,
has been highlighted by the Chernobyl accident in
Russia and the Fukushima accident in Japan, and
the nuclear policy has been reviewed internationally.
De-fossil - De—nuclear Fuel research are needed.
Hydrogen energy technology increases the flexibility
of renewable energy and can be stored and converted
for a long time, so it is regarded as the only
alternative that can solve the environmental problems
caused by the use of fossil resources and the energy
problems caused by the depletion of resources
simultaneously (John, 1999). In the case of future clean

technology, the detailled manufacturing technology is
divided into electrolysis hydrogen production by
alternative energy, hydrolysis hydrogen production
using photocatalyst, biological hydrolysis hydrogen
production, and hydrogen production by
temperature thermochemical cycle (Lee et al, 199%).
This study focused on the production of
hydrogen using DME(Di Methyl Ether). DME is
an ether compound in which one oxygen molecule
groups are bonded. The
molecular weight is 46.07. DME is a fuel that can

be produced from various energy sources such as

low

and two methane

natural gas, coal, and biomass, and can generate
(LPG)
automotive (Diesel) by replacing fossil fuel with

electricity for home—commercial and
alternative combustion. Since combustion shows

low efficiency, it is possible to produce fuel cell
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more efficiently and economically by producing
hydrogen (Park et al, 2013).

The reforming of the DME mainly uses steam
reforming, autothermal reforming, and plasma
reforming. Steam reforming involves the risk of
which
blockage of the reactor due to carbon deposits on
the catalyst. Autothermal
expensive palladium catalysts and high emissions
There

problem of pollution. On the other hand, plasma

coking, leads to catalyst damage and

reforming  requires

from and throughout the process. s a
reforming technology has advantages such as safe
heat supply and ensuring the ease of reforming
studies
conducted in relation to the existing plasma and its

reaction. Although various have been
importance and value have also been mentioned
(Kim et al, 2001; Ryu et al, 2006; Yi and Lee, 2013),
patents related to plasma reforming technology have
fewer applications compared with steam reforming
and autothermal reforming, and it is difficult to
establish a completed technology. Conventional arc
plasma has a disadvantage that the life of the
electrode

vulnerable to moisture, so the plasma torch that has

1s short because the arc electrode is

high efficiency and stable operation can be used.

Therefore, the study of producing hydrogen by DME
reforming using water vapor electromagnetic wave
plasma torch is expected to secure the original patent
and economical effect, technical commercialization and
ripple effect in unstable energy market.

1.2 Procedure

This study is composed of five chapters. In
Chapter 1, the unstable status of the energy
market and the value of the steam plasma torch
were identified, and the background, purpose,
research method, composition, and direction of
Chapter 2
of the

electromagnetic plasma torch and DME steam

the thesis selection were presented.

summarizes the theoretical background

reforming. Chapter 3 explains the experimental

conditions and experimental procedures. Chapter
4 presents data analysis and results for each
Chapter
through analysis of the experimental results and

experiment. 5 presents conclusions

explains future research directions.

2. Literature Review

2.1 Electromagnetic Wave Plasma Troch

According to the theory of the electromagnetic
torch, when the magnetron is powered as shown
in Fig. 1, electromagnetic waves of 245 GHz are
and the
propagate through the waveguide. One end of the

generated electromagnetic ~ waves
waveguide 1s blocked to allow electromagnetic
waves to be reflected and the membrane drills a
hole at a quarter wavelength from the end. The
torch occurs best when the diameter of the
quartz tube is about 3 cm. If you ignite using an
ignition device while sending gas to make a
torch, an electromagnetic torch is generated. The
heating of the plasma torch flame results in an
internal temperature of 6,000 degrees Celsius

(Galvita et al. 2001, Kim et al, 2003).

‘\:I

Discharge Tube = \ __ Flow Pattern

A »
g

4
Waveguide

‘ B Microwave

/ \ Swirl Gas Injection

Ignitor

Fig. 1 Microwave Plasma Torch

The microwave plasma device consists of a
magnetron, an isolator, a directional coupler, a stub
tuner, and a waveguide, as shown in Fig. 1. The
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magnetron uses the signal from the microwave
power supply to generate electromagnetic waves,
and the circulator absorbs the reflected waves. Care
should be taken that failure to absorb the reflected
waves can lead to poor efficiency and damage to
the magnetron. In a microwave plasma apparatus, a
stub tuner adjusts the wavelengths of incident and
reflected waves to match impedance to increase the
efficiency of the electromagnetic waves output from
the magnetron. Optimal conditions are set for each
power so that more than 99% of electromagnetic
waves can be used (Uhm, 2008).

2.2 DME Steam Reforming

DME is a colorless gas at room temperature and
atmospheric pressure. Gas density is heavier than
air and has high solubility for many compounds. In
addition, hydrogen energy produced through DME is
chemically and thermally stable, has a suitable
vapor pressure, and has been identified as an
alternative energy (Lee et al, 2001, Galyita, et al,
2001; Pyo, 2010).

DME can be produced from various energy sources
such as natural gas, coal and biomass, and can be
used for home-commercial (LPG replacement) and
automotive (replacement diesel) generation by replacing
combustion with fossil fuels. The physical properties
are similar to LPG and propane, so they can be stored
and transported in the same way. The calorific value
is higher than methane and no sulfur content, making
it a suitable fuel for ULEV environmental regulations
(Park et al, 2009). In addition, reforming is a multi
source—multi purpose fuel that can be used for fuel cells.

When the DME is steam reforming, the following
reaction occurs as equation (1).

CH,0CH,+3H,0 - 2CO, +6H, (1)
The enthalpy and entropy of the equation

show that the DME has an enthalpy of -184.1
k] / mole and an entropy of 2664 J / mole / K.

- 12

The enthalpy of water vapor is —241.8 kJ / mole
and the entropy is 1887 J / mole / K. The
enthalpy of carbon dioxide is -393.5 kJ / mole
and the entropy is 2136 J / mole / K. Using
this information, the enthalpy change due to the
1225Kk] /
mole and the entropy change is calculated as AS
= 378.3] / mole / K. Therefore, the temperature
for the above reaction to occur is calculated at T
= AH / A S and calculated as T = 323.8K or 51
C. However, water must be at least 100 T

above reaction is calculated as AH =

because it vaporizes at 100 C at 1 atmosphere.
The energy required for the endothermic

reaction of the DME

procured by a steam plasma torch. That is,

steam reforming is
1225 kJ of energy is required to reform 1
mole of DME and 6 moles of hydrogen are
generated. When 6 moles of hydrogen oxidize
to produce water vapor, an energy of 6 X
241.8 = 1451 kJ is produced.

3. Methods

As shown in Table 1, the large framework
of the experiment was aimed at 75% hydrogen
yield for DME reforming. The results were
and the

analysis was carried out according to

analyzed for each temperature,
gas

generation.

Table 1 Outline of Experiment

Gasification Analysis

CH,OCH;+3H,0 — 6H,+2CO,
- Theory: 75% hydrogen, 25% carbon dioxide,

- Comparison of the results of reforming by
temperature

- Comparison of results with oxygen (reduced heat
loss)

- Results: Comparison of theory and reformed gas
analysis
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In the detailed experimental method of this
study, gasification analysis experiment is to
set temperature and oxygen as variables and
examine the results through gas analyzer. The
temperature was set to low temperature (1100
C) and high temperature (1376 C), and more
oxygen was injected to reduce the temperature
drop inside the gasifier, and the result was

examined.

4. Results
4.1 Low Temperature Gasification Analysis
In the case of low temperature gasification

analysis, as shown in Fig. 2, the temperature
dropped to about 40 C and hardly dropped for

30 minutes.
1080
~ 1070 DME: 30 Ipm
E 02: 30 Ipm
o)
S5
e 1080 |
E
g
[
j=9
§ 1050 -
1040 1 1 1 1 1
0 5 10 15 20 25 30
Time (Minute)
Fig. 2 Graph of Temperature Change with

Time of Low Temperature Gasification
Analysis (T3)

In Fig. 3, the density of hydrogen is
approximately 50%, CO 25%, 18% and methane
2.5%. The generation of methane is due to the
low temperature of the gasifier, which leads to
incomplete combustion and thus no complete
gasification.

50
H2
. 4of
é
£ 3o} co
=
=
=}
8
g 20 Lv’_,———\_._h_\
O L co2
10
CH4
0 1 1 1 1 1
0 5 10 15 20 25 30

Time (Minute)

Fig. 3 Low Temperature Gasification

Analysis Emission Density

This analysis shows that when the DME 10
LPM is used for oxidation, the output from
the DME 1 LPM is 1 kW, so that about 10
kW of DME oxidation energy enters and the
temperature is dropping, which is a big heat
loss.

4.2 Low Temperature and Oxygen Gasification
Analysis

As shown in Fig. 4, the temperature did not
change significantly over the 1 hour period
and tended to rise, but after 30 minutes, the

temperature suddenly dropped.

1090
~ 1080 |
E
&
o 1070}
o
é 1060
I
5 DME 30 Ipm
g' 02 40 Ipm
& 1050 H20 60 lpm

1040

1 1 1 1 1
0 10 20 30 40 50 60
Time (Minute)
Fig. 4 Over-oxygen Gasification Analysis Graph

of Temperature Change with Time
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In Fig. 5, the hydrogen density is
approximately 40-45%, CO 25%, 25-30% and
methane 0%. However, after about 30 minutes,
The
reason for this can be presumed to be the

the gas reaction changes dramatically.

occurrence of special events such as changes
in the amount of gas or flow in the gasifier
as shown in the time-temperature graph. As
shown in the graph above, in the oxygen-rich
condition, compared to the experiment 1, less
hydrogen and more carbon dioxide can be
seen. This can be seen as a low hydrogen
density because a lot of DME is burned by
oxXygen.

60
S5k
50
45
40
35k
30
25
20
15
10

Concentration (%)

DME 30 lpm
02 40 lpm
H20 60 Ipm

0 T T T T T
50 60

30 40
Time (Minute)

Fig. 5 Over-oxygen Gasification Analysis
Exhaust Gas Density

4.3 High Temperature Gasification Analysis

Fig. 6 shows a decrease of about 100 C for
30 minutes. In Fig. 7, we can see that the
density of hydrogen is about 55%, CO is 29%,
and is 14%. The singularity in this graph is
methane, which can be produced after 10
minutes. The temperature of the zero methane
point is about 1160 C, and perfect gasification
starts from about 1200 C. That is, it can be
seen that methane is generated when the
temperature

1200 C.

inside the gasifier drops below

1220
. 1200
2
Z 1180
2
o 1160
2
=
g 1140
g
= 1120

1100 |-

0 5 10 15 20 25 30
Time (Minute)
Fig. 6 Graph of Temperature Change with Time of

High Temperature Gasification Analysis

60

H2
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CH4
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Fig. 7 High Temperature Gasification Analysis

Emission Density

5. Conclusion

This study focused on the production of
hydrogen by steam plasma reforming DME to
overcome the unstable energy market. DME's
plasma reforming has a relatively small share
of patent applications steam
but it

has begun to attract attention as economics

compared to
reforming and autothermal reforming,

such as safe heat supply of plasma reforming
and guarantee of reforming reaction ease are
emerging.

Low temperature gasification analysis began
reforming at around 1100 C based on T3. As
a result of the the

reaction, density of
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hydrogen is about 50% and the density of
methane is about 2.5%. The low temperature
gasification analysis showed that methane is
generated due to incomplete combustion below
1100 C.

The low temperature peroxygen gasification
analysis began reforming at around 1100 T
based on T3. The peroxygen condition was
tested to reduce the internal temperature of
Although methane
produced, it was about 30% compared to the

the gasifier. was not
low temperature gasification analysis because
DME burned a lot of DME with oxygen
instead of reforming reaction. It occurred a lot
and the density of hydrogen was 40 ~ 45% so
it was not worth considering.

The high temperature gasification analysis
began reforming at around 1376 C based on
T3. As a result of the reaction, the density of
hydrogen is about 55% and the density of
about 0-5%. That is,
confirmed that more hydrogen is distributed at
high The high

gasification analysis shows that methane is

methane 1is it was

temperature. temperature
not generated at 1200 T, but methane is
generated as the temperature is lowered to
about 1160 T after 10 minutes after the
reaction. Therefore, the temperature of 1200 T
or more can be completely burned to produce
hydrogen by plasma reforming, and it can be
seen that no methane is generated.

As a result of gasification analysis, the
higher the temperature, the higher the yield of
hydrogen. However, if you look at the theory
of DME and steam reforming reaction, the
ratio of hydrogen should be 75% and the ratio
of carbon dioxide should be 25%, but the ratio
of hydrogen is low. In addition, the ratio of
CO represents 25-30%

which is a problem to be considered when

in each experiment,

using a fuel cell as a PEM. This converts CO
to water using water shift. The current CO

appears to be due to the internal temperature
of the heated by the
temperature, not directly by the plasma when
the DME decomposes.
necessary to redesign the injected part of the
plasma and the DME.

The redesign of the gasifier closes the

gasifier plasma

Therefore, it is

location of the electromagnetic plasma torch
and the DME inlet so that the DME can be
modified by direct steam plasma. Water vapor
plasma torch flames have high levels of OH
that can help water shift in the conversion of
CO to CO,. Thus, the complete reaction of the

DME reforming may increase the yield of
hydrogen and reduce the amount of methane
produced. It is also expected to reduce the
temperature of the gasifier without preheating,
and more experiments will have to be carried
out to find the optimum conditions for the gas
(DME,)

redesigned gasifier.

and temperature injected from the

References

Galvita, V. V., Semin, G. L., Belyaev, V. D,

Yurieva, T. M., and Sobyanin, V. A. (2001).
Production of hydrogen from dimethyl ether,

Applied Catalysis A General, 216(1-2),
85-90.
John. N. A. (1999). The Multiple Roles for

Catalysis in the Production of H2, Applied
Catalysis A. General, 176(2). 159-176

Kim, I. S, Jang, I. H. and Son, Y. H. (2001).
The Study on Characteristics of a-C:H
Films Deposited by ECR Plasma, Journal of
Korea  Industrial  Information
Society, 2001(5), 224-231.

Kim, J. H.,, Hong, Y. C., Kim, H. S. and Uhm,
H. S. (2003).
Source at Atmospheric Pressure, Journal of
Korean Physics Society, 42, 876-879.

systems

Simple Microwave Plasma

_15_



Optimization of DME Reforming using Steam Plasma

Lee, S. H, Choi, J. W., Kim, J. W. and Sim,
K. S. (2001). Research Papers: Hydrogen
Production from DME Steam Reforming
Reaction, Journal of the Korean Hydrogen
Energy Society, 12(4). 293-305.

Lee, S. J, Yi, H. S. and Kim, E. S. (1995).
Combustion Characteristics of Intake Port
Injection Type Hydrogen Fueled Engine,
International Journal of Hydrogen Energy,
20(4), 317-322.

Noh, D. W. (2013). GHG Mitigation Potential
and Price Compatability of Hydrogen Energy,
Regional Development Research Institute,
45(2), 1-19.

Park, C. H., Kim, K. S., Jun, J. W., Cho, S. Y.
and Lee, Y. K. (2009).
Analysis of DME Steam Reforming for
Hydrogen Production, Journal of the Korean
Industrial and Engineering Chemistry, 20(2),
186-190.

Park, S. H,, Jang, S. Y., Oh, S. Y., Han, J. S,,
Cha, M. H., Byeon, M. ], Park, J. H, Jin, S.
W. and Ha, D. M. (2013). Investigation of
Combustion Properties of DME, Proceedings
of 2013 Korean Institute of Gas Conférence,
Nov. pp. 656-65, Jeju, Korea.

Pyo, Y. D. (2010). The Status of DME Vehicle
Technology, Journal of the Korea Society of
Automotive Engineers, 32(4), 45-52.

Ryu, J. T., Ikuno, T., Honda. S., Katayama, M.
and Oura, K. (2006). Device
Character and Fabrication of Advanced Thin
Film including Nano Particles, Journal of the
Korea  Industrial
Research, 11(4), 66-71.

Uhm, H. S. (2008). Pure Water Vapour Torch
Generator

Thermodynamic

Electric

Information  Systems

generated by Electromagnetic
Waves and Hydrogen Generating Device
using the Same, Patent Application No.
10-08564695.

Yi, K. H. and Lee, D.S. (2013). Cost Effective

Plasma Display Panel TV Driving System

_16_

with an Address Misfiring Compensation
Circuit, _Journal of the Korea Industrial
Information Systems Research, 18(3), 1-8.

A 74 4 (Kyeongsoo Jung)

e o}l stul 7| Al E- e} et
« o}l 4H4]F et F A AL
s HAFEoF ¢ AAE Fep=vl

71 A& &

A % @ (U-Ri Chae)
BB A S WA AL
oFEoStn A EEh AIE Yy

TH71edT, A9%-

ofd
Lok
o
=
>~
=
o
o

EEE




