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a b s t r a c t

Thermal plasma gasification has been demonstrated as one of the most effective and environmentally
friendly methods for solid waste treatment and energy utilization in many of studies. Therefore, the ther-
mal plasma process of solid waste gasification (paper mill waste, 1.2 ton/day) was applied for the recovery
of high purity H2 (>99.99%). Gases emitted from a gasification furnace equipped with a nontransferred
thermal plasma torch were purified using a bag-filter and wet scrubber. Thereafter, the gases, which con-
eywords:
hermal plasma
aper mill waste
asification
yngas

tained syngas (CO + H2), were introduced into a H2 recovery system, consisting largely of a water gas shift
(WGS) unit for the conversion of CO to H2 and a pressure swing adsorption (PSA) unit for the separation
and purification of H2. It was successfully demonstrated that the thermal plasma process of solid waste
gasification, combined with the WGS and PSA, produced high purity H2 (20 N m3/h (400 H2-N m3/PMW-
ton), up to 99.99%) using a plasma torch with 1.6 MWh/PMW-ton of electricity. The results presented

mal p
proac
2 recovery here suggest that the ther
H2 may provide a new ap

. Introduction

The recovery of energy from the increasing amounts of solid
aste would be very useful as a supply of sustainable energy. There-

ore, a more recent trend for the treatment of solid waste is the
ombination of incineration and energy recovery in the so-called
waste-to-energy (WtE)” plants [1]. This combination helps to solve
wo problems: one is the energy involved; with increasing or fluc-
uating oil prices, as well as the imminent exhaustion of oil with
ime, the demand for energy has still been increasing. The other is
he environment; conventional solid waste treatment methods, i.e.,
andfill, are considered inappropriate from environmental safety
nd public awareness perspectives. Therefore, thermal gasification
f solid waste has been proposed and developed as an alterna-
ive solution for the destruction of waste with the simultaneous
ecovery of energy [2,3].

Plasma gasification technology has attracted increasing atten-
ion as an environmental friendly alternative to fuel burning

ystems for the treatment of waste due to the following unique
dvantages: (1) the high energy density and temperature, (2) the
reatment of a wide range of waste, and (3) the high heat flux den-
ity at the reactor boundary that lead to the fast attainment of

∗ Corresponding author. Tel.: +82 55 751 3348; fax: +82 55 751 3484.
E-mail address: jwchung@gntech.ac.kr (J.W. Chung).
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lasma process of solid waste gasification for the production of high purity
h as a future energy infrastructure based on H2.

© 2011 Elsevier B.V. All rights reserved.

steady state condition, etc. [4,5]. With the plasma gasification, the
organic components of waste are converted to syngas, mainly com-
posed of carbon monoxide (CO) and hydrogen (H2), which can be
used directly as a source of fuel in power plants for the production
of electricity or synthetic fuels, while the inorganic components are
changed into innocuous slag [6]. Therefore, over the past decade,
the thermal plasma process has been regarded as a viable alterna-
tive for the treatment of highly toxic waste, such as the residue from
MSW incineration (bottom ash + fly ash), radioactive, and medical
wastes [7–15].

For several years, a pilot test of the thermal plasma process
for the purpose of municipal solid waste (MSW) and paper mill
waste (PMW) gasification (10 tonnes/day) has been conducted by
our institute [5,6]. However, in our previous study, the utilization
of the syngas generated was not considered as a source of energy.
Methods for the recovery of energy from the gasification of solid
waste include: (1) manufacturing fuels or chemicals from the syn-
gas, (2) the recovery and utilization of H2 as a fuel, (3) the recovery
of H2 and the production of electricity using fuel cells, and (4) the
production of electricity using a complex gas-steam turbine cycle
[16]. Of these, it is worth noting that the recovery of H2 from the

gasification process has increased, which has motivated the devel-
opment of H2 recovery technology in several investigations using
the thermal plasma treatment of solid waste, while no purifica-
tion process has been conducted for the recovery of high purity H2
[17,18].

dx.doi.org/10.1016/j.jhazmat.2011.03.052
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jwchung@gntech.ac.kr
dx.doi.org/10.1016/j.jhazmat.2011.03.052


3 dous M

f
o
i
l
s
t
f
w
m
a
h
w
s
w
s
w
w
i
t

2

g
w
s
i
g
p

2

a
t
p
p
t
w
a
d
f
i
c
p
r
r
(
r
o
A
w
n
p
o
T
p
t
t
fi
t
b
s
t

18 Y. Byun et al. / Journal of Hazar

Hydrogen is emerging as an influential alternative to fossil
uels; therefore, intensive research activities for the production
f H2 are progressing based on many principles. A future energy
nfrastructure based on H2 has long been proposed as an ideal
ong-term solution to energy-related environmental and supply
ecurity problems [19,20]. Therefore, the recovery of H2 from the
hermal plasma treatment of waste has been considered as a use-
ul and economically feasible tool [17,18]. To date; however, little
ork has been conducted on the recovery of H2 from the ther-
al plasma gasification of waste combined with pressure swing

dsorption (PSA). Therefore, for the first time, the recovery of
igh purity H2 from the thermal plasma gasification of paper mill
aste (1.2 ton/day) combined with PSA was conducted using a

elf-developed pilot plant. This study had two objectives: one
as to produce syngas, which can be utilized as a H2 recovery

ource from the thermal plasma gasification of paper mill waste,
ith the other being to optimize the H2 recovery process using
ater gas shift (WGS) plus PSA to produce H2 with high purity,

.e., over 99.99%. The following article reports the results of these
ests.

. Materials and methods

The schematic diagram and a picture of the thermal plasma
asification/H2 recovery systems are shown in Fig. 1. The process
as composed of two sub systems: a thermal plasma gasification

ystem, which converts the organic components of the feed waste
nto syngas, and an H2 recovery system, which converts the syn-
as generated by the thermal plasma gasification of PMW into high
urity H2 (>99.99%) using WGS and PSA.

.1. Thermal plasma gasification system

The thermal plasma gasification system was a 3 tonnes/day scale
pparatus (maximum capacity), consisting of a waste feeding sys-
em, a thermal plasma furnace equipped with a nontransferred
lasma torch, a heat exchanger, flue gas treatment units, and a
ost-combustion chamber. A pressurized ram type feeder was used
o supply waste into the plasma furnace. Approximately 1–2 kg of
aste, enveloped in a plastic bag, was placed in the entrance slot,

nd then pushed into the plasma furnace continuously by a 10 cm
iameter piston. The waste feed rate was about 50 kg/h. A nontrans-
erred plasma torch, with a power capacity of 100 kW, was installed
n the plasma furnace at a 20◦ angle. The torch angle induced
yclonic flows of the gas streams to allow effective gas mixing and
revent the emission of fly ash [5]. The operational voltage and cur-
ent of the plasma torch were maintained to 350 ± 10 V and 200 A,
espectively; the energy efficiency of the plasma torch was 70%. O2
12 N m3/h at 506.5 kPa), which was produced by a two stage PSA
eactor packed with a zeolite molecular sieve and activated carbon
n sites with a purity of 93%, was injected into the plasma torch.
n auxiliary gas burner, which used liquefied natural gas (LNG),
as also installed at the top of plasma torch to preheat the fur-
ace (LNG: 2 N m3/h and air: 20 N m3/h). The temperature in the
lasma gasification furnace was maintained at 1400–1450 ◦C. An
utlet for the molten slag was placed at the bottom of the furnace.
he heat exchanger played the role of decreasing the flue gas tem-
erature to about 180 ◦C. A bag filter and wet scrubber were used
o eliminate particulate matters and acidic gases produced from
he thermal plasma gasification. The bag filter was composed of 18

lters and a gas pulsing system to remove the particles adhered
o the bag surface. An inert gas, either N2 or CO2, was used as the
ag filter pulsing gas to prevent the syngas from exploding. Caustic
oda (NaOH) was used to adjust the acidity of the scrubbing solu-
ion to pH 7. The syngas produced was supplied to the H2 recovery
aterials 190 (2011) 317–323

system or post-combustion chamber which was equipped with a
gas burner to combust the syngas.

2.2. H2 recovery system

The H2 recovery system was mainly composed of the WGS and
the PSA connected in series. The gases entering the WGS were
compressed to nearly 700 kPa. Two stage WGS reactors were used,
connected in series: one was a high temperature shift (HTS) reactor
operated at about 350 ◦C, with the other being a low temperature
shift (LTS) reactor operated at approximately 200 ◦C. The HTS and
LTS reactors were filled with Fe/Cr type and Cu/Zn type catalysts,
respectively. In addition, a guard bed for the removal of H2S was
installed between the HTS and LTS as the catalyst packed in LTS can
be deactivated by the deposition of sulfur [21].

The role of the PSA system was to produce high purity H2 by
separating the impurities by the different volatilities and polar-
ities of the gas components. The PSA system was composed of
four-bed reactors operated in parallel. The adsorption and regener-
ation cycles were continuously repeated in a controlled sequence
to generate high purity H2. The H2 produced was also used as a
purging gas to regenerate the PSA adsorbent after the adsorption
cycle. The operating pressure of the PSA reactor was controlled by
a gas compressor installed in front of the H2 recovery system. The
optimization of H2 recovery system was conducted focusing on
the PSA unit, since the performance of the WGS system was stable
throughout the entire experimental procedures.

2.3. Waste characteristics and gas analysis

The waste generated from the process of raw materials in a
paper mill plant was used as the feed material for the recovery
of H2; the chemical characteristics of this material were similar to
those of biomass reported in the literature [22–25]. The waste was
made up of 68.8% combustibles, 20.6% moisture, and 10.6% non-
combustibles. The most abundant element was carbon, at 46.8%,
followed by oxygen, hydrogen, nitrogen, chlorine, and sulfur at
33.7, 7.5, 0.9, 0.1, and 0.02%, respectively. The lowest heating value
of the waste was 3300 kcal/kg.

Almost all the operational processes, such as the operational
voltage, O2 supply, cooling water supply for the plasma torch,
the air pollution control system, and H2 recovery system, were
automatically controlled and monitored. A gas analyzer (A&D
9000 series, Korea) and gas chromatography (Acme 6100, PDHID,
Younglin, Korea) were used to analyze the gas components.

3. Results and discussion

Five sets of experiment were carried out over a 6 month period
using paper mill waste, focusing on the compositions and envi-
ronmental safety of the gases generated from the thermal plasma
gasification system and the optimization of the H2 recovery system
(WGS + PSA units) for the production of high purity H2 (>99.99%).

3.1. Characteristics of syngas generation

The concentrations of air pollutants, such as HCl, NOx, and SO2,
were measured at the wet scrubber outlet (Table 1). The major
air pollutants were observed to have much lower concentrations
than those in the regulatory standards in Korea, USA, and EU
[5,26,27]. In addition, the concentrations of dioxins were also mea-

sured at the stack (Fig. 2, 0.021 ng-TEQ/N m3), and were also much
lower than the emission regulation of Korea (0.1 ng-TEQ/N m3),
USA, and EU (0.1 ng-TEQ/N m3), indicating that all the organics in
the waste were effectively decomposed by the high temperature
in the thermal plasma furnace [5,26,27]. These low air pollutant
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Fig. 1. Schematic diagram of the thermal plasma process for the recover

oncentrations were sustained during all the experimental sets.
hese results show that thermal plasma gasification is an envi-
onmentally friendly process for the recovery of H2 from solid
aste.

The concentrations of CO2, CO, and H2 were also measured at
he wet scrubber outlet; the flow rate of the gases was 65.2 N m3/h
uring the five experimental sets. The total average concentrations
f CO and H2 were 39.56% and 34.90%, respectively, resulting in a

um 74.46% for the two components (Table 2). These results sug-
est the production rates of CO and H2 from the inlet PMW were
16 and 455 N m3/PMW-ton, respectively. In addition, the con-
entration of CO2 emitted during the five experiments was 12.6%
164 N m3/PMW-ton). From the concentrations of CO and CO2, we

able 1
omparison of the concentrations of air pollutants emitted at the outlet of the wet scrubb

Species Emissions (ppm, 2% O2) Regulatory standard in
Korea (ppm, 12% O2)

NOx 18 ± 10 100
SOx 2.5 ± 1.5 50
HCl 2 ± 1.5 20

a In the case of waste-burning kilns.
gh purity H2. Bottom picture has shown the overall demonstrated plant.

calculated the carbon conversion efficiency as follow;

carbon conversion efficiency(%)

= total reacted carbon in the system (kg)
total carbon fed in the system (kg)

× 100 (1)

The total amounts of reacted carbon in the system were obtained
from the CO and CO2 concentrations generated. As a result, a 97%

carbon conversion efficiency was obtained. This result suggests that
the process of thermal plasma gasification completely gasified the
solid waste.

The yields of syngas in our study were compared with the other
reported gasification process, i.e., fuel burning; the selection of the

er with the regulatory standards in Korea, USA and the EU.

Regulatory standard in EU
(ppm, 11% O2)

Regulatory standard in
USAa (ppm, 7% O2)

97 (200 mg/N m3) 140
18 (50 mg/N m3) 3.6
6 (10 mg/N m3) 1.5
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Fig. 2. The concentration of dioxins measured at the stack.

Table 2
Concentration of emitted CO and H2 measured at the outlet of wet scrubber accord-
ing to the experimental set.

Avg. CO (%) Avg. H2 (%) Sum of CO + H2 (%)

Exp. 1 38.77 35.21 73.98
Exp. 2 40.58 34.65 75.23
Exp. 3 37.65 33.93 71.58
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Table 3
Comparison of gas composition between inlet and outlet of WGS reactor.

Exp.1 and Exp. 2 Exp. 3 Exp. 4 and Exp. 5

Inlet (%) Outlet (%) Inlet (%) Outlet (%) Inlet (%) Outlet (%)

CO 37–40 0.2–0.3 40 0.3 37–40 0.3–0.4
CO2 13–15 35–36 12.3 42.1 14–18 36–37
Exp. 4 40.38 35.60 75.98
Exp. 5 40.44 35.09 75.53

Total avg. (%) 39.56 34.90 74.46

eed material was restricted to biomass because the chemical char-
cteristics of biomass are similar to those of the paper mill waste
sed in this study (Fig. 3) [22–25]. Lv et al. [22] conducted biomass
asification both with and without the addition of steam. In some
ases (the upright triangles in Fig. 3), the production rates of H2 and
O were higher than those in our study due to the addition of steam.

t has been reported that steam/oxygen gasification has an advan-
ageous hydrogen yield [28]. However, steam was not added in our

asification process. With the exception of this case (the upright
riangles in Fig. 3), thermal plasma gasification has higher H2 and
O yields (the circle in Fig. 3) than those in other reports. In addi-
ion, the rate of CO2 generated compared to CO was lower than with
he other gasification process (0.32 in our study). This was thought

ig. 3. Comparison of the thermal plasma gasification process with the fuel burning
asification processes on the syngas yields. The selections of gasified materials were
estricted to biomass. The dotted lines show the ratio of H2 to CO.
H2 34.5 52 40.3 45.6 34–37 52–55
N2 8–10 7–9.5 7.4 12 5–6 4–5.5
H2O 4 4 – – 4 4

to have been caused for the following reasons: compared with the
other biomass gasification process, the lower O2 feeding rate (0.24
in this study, the circle in Fig. 3) into the thermal plasma furnace
lead to the partial oxidation of carbon and the higher temperature
originating from the thermal plasma lead to a higher carbon con-
version rate. From these results, it was concluded that the plasma
treatment of solid waste can achieve a greater syngas yield and
lower CO2 emissions than those burning fuel (For interpretation of
the references to color in this figure legend, the reader is referred
to the web version of the article.).

As mentioned above, steam can be an important role on the
generation of H2. Many researchers have also reported the impor-
tance of steam. Especially, Gil et al. reported that the use of steam
as a gasifying agent doubles the H2 content of the gas compared
with the use of O2 as the gasifying agent at the same tempera-
ture [29]. This is because a relatively high steam content in the
flue gas increases steam reforming and water gas shift reactions.
However, in a gasification system without an external heat source,
a steam injection lowers the operating temperature. This could
lead to a decrease in the syngas content and increase the tar yield
[30]. Therefore, in the thermal plasma process, the input of elec-
tricity to the plasma torch must be increased to maintain the
desired operating temperature, which leads to decreased electrical
efficiency. Our current objective is to optimize thermal plasma gasi-
fication/vitrification combined with the PSA and WGS. Therefore,
the detailed effect of steam has not yet been carefully investigated.
However, we are now planning to investigate the effect of steam
in the gasification/vitrification of solid waste using thermal plasma
with respect to the electrical efficiency and syngas yield.

3.2. Optimization of the H2 recovery process

Before the introduction of the gases into the PSA for the separa-
tion and purification of H2, a WGS unit was installed, which played
a role in converting CO to H2, using a catalyst, via the following
reaction with the supplied steam (H2O) [21].

CO + H2O ↔ H2 + CO2 (�H
◦
298 = −41.2 kJ/mol) (2)

The reforming reaction is exothermic; the yield of H2 is
decreased with increasing temperature. Therefore, a two-stage
WGS unit was used, which considered the yield as well as the kinet-
ics of the reaction with respect to the temperature. One unit was
the HTS packed with the Fe/Cr catalyst. The other unit was the LTS
packed with the Cu/Zn catalyst. The lifetime of WGS catalysts is
typically determined by sulfur poisoning. Mostly, sulfur only deac-
tivated the Cu/Zn catalyst of the LTS because the high temperature
of the HTS prevents the adsorption of sulfur onto the surface of the
Fe/Cr catalyst in the HTS; the capacity of the Fe/Cr catalyst for sulfur
adsorption is also low [21]. Therefore, a guard bed packed with cop-
per oxide/zinc oxide/chromia catalyst was installed between the

HTS and LTS to adsorb the H2S. The H2S concentrations at the inlet
and outlet of guard bed were 1 ppm and below 0.1 ppm, respec-
tively. After passing the gases through the guard bed, they entered
the LTS. Table 3 presents comparisons of the gas compositions
for all five experimental sets between the inlet and outlet of the
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Table 4
Operating sequence and H2 recovery results.

Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5

Bag filter pulsing gas N2 N2 N2 CO2 CO2

Flow rate of input syngas (N m3/h) 25–35 25–35 35–45 28–36 36–42
Operating parameters of PSA

Pressure (kPa) 709.1 810.4 861.1–911.7 861.1–911.7 810.4
Adsorption time (min) 3–4 3–4 3–4 3–4 2
Purge H2 flow rate (L/min) 50 100 100 50 100

Recovered H2 purity (%) nd 99.5 90.0 99.6 >99.99%

nd, not determined.

Table 5
Inlet and outlet gas composition of PSA according to experimental sequence.

H2 CO CO2 CH4 N2 H2O

Exp. 1 Inlet (%) 52 0.2–0.3 35–36 ND 7–9.5 4
Outlet (ppm) nd 1373 0 114 >2000 5

Exp. 2 Inlet (%) 52 0.2–0.3 35–36 ND 7–9.5 4
Outlet (ppm) 99.50% 260 0 20 >2000 5

Exp. 3 Inlet (%) 45.6 0.3 42.1 ND 12 4
Outlet (ppm) 90.13% 2700 800 200 9.5% 0.54

Exp. 4 Inlet (%) 53 0.3 38 ND 6 4
Outlet (ppm) 99.96% 102.12 125.14 ND 130.34 0.54

0.4

n

W
w
W
t
m
t

T
s
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Exp. 5 Inlet (%) 53 0.3–
Outlet (ppm) 99.99% 4.95

d, not determined; ND, not detected.

GS reactor (HTS + LTS). Almost all the CO was converted to CO2,
ith an increase in the production of H2 after passing through the
GS reactor. The initial CO concentration, 37–40%, was decreased

o 0.2–0.3% and the 34.5% H2 was increased to 52%. The perfor-
ance of the WGS reactor was properly sustained throughout all

he experimental sets.

The gases that had passed through the WGS entered the PSA.

he PSA is a mature technology widely used for the purification and
eparation of H2 from different components [31]. This technology
s based on the effect of pressure changes due to H2 adsorption in a
xed bed. However, optimization of the PSA is necessary due to the

Fig. 4. Material balance of the overall process for the r
36–37 ND 4–5.5 4
15.34 ND 64.99 0.28

complicated nature of the cyclic process, as well as the large number
of design parameters, such as step time, pressure, and gas velocity,
which can affect the PSA performance. Therefore, five experimental
sets were performed as the optimization process to obtain high
purity H2 from the PSA (>99.99%).

Multiple absorbents were placed in layers on the beds of PSA.

The compositions of the bottom and top layers were activated car-
bon and zeolite, respectively. The gases flow rate introduced into
the PSA was 52 N m3/h (0.3% for CO, 38% for CO2, and 52% for H2). In
our study, the most troublesome gas component in obtaining high
purity H2 (>99.99%) was N2; N2 cannot be perfectly trapped in the

ecovery of high purity H2 using thermal plasma.
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Table 6
H2 production cost based on Korean prices.

Price Notes

Total capital cost 898472 US$ –
Operational cost 835 US$/day Operational cost per one day

Depreciation cost 164 US$/day Depreciation period = 15 years
Labor cost 270 US$/day Five labors
Electricity cost 272 US$/day 180 kWh/h × 24 h/day × 0.063 US$/kWh
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LNG cost 60 US$/day
Maintenance cost 25 US$/day
Consumables cost 45 US$/day

H2 production cost 1.74 US$/N m3

ed. Initially, N2 was used in the pulsing gases of the bag filter (Exp.
–3 of Table 4), leading to an observed N2 concentration entered the
SA of 9.5 ± 2.5%. In these cases, the required H2 purity (>99.99%)
ould not be obtained. Thereafter, the pulsing gas for bag filter was
hanged from N2 to CO2, resulting in an N2 concentration enter-
ng the PSA of nearly 5 ± 1%. Therefore, H2 with a purity of 99.6%

as obtained (Exp. 4 in Table 4). However, this value was also not
ur H2 purity goal. Eić et al. conducted parametric studies to obtain
igh purity H2 on the PSA system and concluded that a decreased
dsorption time and increased purging time resulted in greater
leaning of the adsorption bed, which enhanced the purity [31].
herefore, the adsorption time was reduced from 3–4 min to 2 min
nd the flow rate of the H2 purging gas increased from 50 L/min
o 100 L/min for greater cleaning of the adsorption bed (Exp. 5 of
able 4). As a result, high purity H2 (>99.99%) was obtained, where
he flow rate of H2 was 20 N m3/h; the recovery rate of H2 was 73%
o the amount of H2 contained in the inlet of the PSA. The detailed
as compositions at both the inlet and outlet of the PSA are shown
n Table 5 for all five experimental sets. From these results, it was
oncluded that the thermal plasma gasification, combined with the
SA, can be viable for the production of high purity H2 (>99.99%).

.3. Material balance and cost analysis

The technical and economical justification of the effectiveness
f this plasma gasification technology has been fulfilled by this
tudy. Fig. 4 shows the material balance on the basis of the exper-
mental results of the optimized thermal plasma gasification/H2
ecovery systems. Commercially available H2, with purity higher
han 99.99%, was produced at a rate of 20 N m3/h. This result led us
o conclude that the H2 production rate for the amount of injected
MW was 400 H2-N m3/PSM-ton.

The consumption of electricity and the supplementary fuels
ere based on the actual amounts consumed into practice.

hat is, a total of 180 kWh of electricity (thermal plasma torch
0 kWh/h + utility 100 kWh/h) was used for operating the plasma
orch and supplemental apparatuses. In addition, the 4 N m3/h of
NG was used to preheat the plasma gasification reactor and post-
ombustion chamber. The market prices of industrial electricity and
NG in Korea are 0.063 US$/kWh and 0.63 US$/N m3. Using these
esults, the production cost of H2 was obtained. A depreciation
eriod of 15 years was considered, with the labor cost estimated
n the basis of the real wages of five simple laborers, because
he process can be simply operated due to automation. One per-
ent of the capital cost was considered for the maintenance costs
Table 6). Using these results, the calculated H2 production cost
as approximately 1.74 US$/N m3, which is very expensive com-
ared with the required retail price of H2 from coal to H2 produced

f about 0.1 US$/N m3 [31]. In addition, the electric efficiency was
btained using the consideration of gas turbine efficiency. Gener-
lly, the efficiency of the gas turbine using hydrogen was ∼40%
32]. Therefore, 20 N m3/h of H2 can produce 60 kW of electricity.

e used an 80 kW thermal torch and 100 kW utility power, mean-

[

[

4 N m /h × 24 h/day × 0.63 US$/N m
1% of capital cost
Water supply, chemical additives, etc.
20 N m3/h (480 N m3/day), (835 US$/day)/(480 N m3/day) = (1.74 US$/N m3)

ing that the electrical efficiency was 33%. This result lead the high
H2 product cost compared with the market price mentioned in the
manuscript. However, it is worth noting that H2 obtained from this
study was originated from not coal paid but solid waste been paid.
Therefore, the economical feasibility is expected to be positive with
the added profits from waste treatment and potentially recoverable
CO2. Scale-up of the process can also reduce the H2 production cost
on an economy of scale.

4. Conclusions

The production of high purity H2 from the thermal plasma pro-
cess of solid waste with WGS and PSA systems was performed.
The results from this study crucially show the feasibility of the
production of high purity H2 (>99.99%) from the thermal plasma
gasification of waste. However, many tasks still remain for the
development of a more reliable and stable process, which are as
follows: (1) the process scale-up must be accomplished to reduce
the H2 production cost, (2) the technology for the stable operations
of both the thermal plasma gasification and H2 recovery systems
must be accomplished on a larger capacity than that currently in
operation, and (3) additional research must be conducted to obtain
higher purity of H2 (>99.999%) than at present (>99.99%) for the uti-
lization of H2 in the fuel cells, such as a proton exchange membrane
fuel cell (PEMFC). The detailed design is currently under consider-
ation, which will be applied to our next goal of constructing an H2
recovery process using a thermal plasma (H2 = 1000 N m3/h, up to
99.999%).
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