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Abstract: Hydrogen is attracting attention as a low-carbon fuel. In particular, economical hydrogen
production technologies without carbon emissions are gaining increasing attention. Recently, alka-
line thermal treatment (ATT) has been proposed to reduce carbon emissions by capturing carbon
in its solid phase during hydrogen production. By adding an alkali catalyst to the conventional
thermochemical hydrogen production reaction, ATT enables carbon capture through the reaction of
an alkali catalyst and carbon. In this study, a thermodynamic feasibility evaluation was carried out,
and the effects of the process conditions for ATT with wheat straw grass (WSG) as biomass were
investigated using Aspen Plus software V12.1. First, an ATT process model was developed, and basic
thermodynamic equilibrium compositions were obtained in various conditions. Then, the effects of
the process parameters of the reactor temperature and the mass ratio of NaOH/WSG (alkali/biomass,
A/B value) were analyzed. Finally, the product gas compositions, process efficiency, and amount
of carbon capture were evaluated. The results showed that the ATT process could be an efficient
hydrogen production process with carbon capture, and the optimal process conditions were a reactor
temperature of 800 °C, an A/B value of three, and a flow rate of steam of 6.9 x 10~° L/min. Under
these conditions, the maximum efficiency and the amount of carbon dioxide captured were 56.9%
and 28.41 mmol/g WSG, respectively.
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1. Introduction

The effects of climate change have been increasing due to greenhouse gas emissions,
which are produced from fossil fuels. Thus, various scenarios are being analyzed around
the world to achieve the goal of carbon neutrality. Research on new energy sources to
replace fossil fuels is actively being conducted. These new energy sources should be easy
to produce and transport as sustainable, clean energy without generating greenhouse gas
emissions during their combustion.

Hydrogen is an energy source that satisfies this condition, and it could play an im-
portant role in decarbonizing to net zero CO; emissions by 2050 [1-5]. Hydrogen is used
in various applications [6]. Compared to other fuels, hydrogen is good for use as a fuel
because of its high energy efficiency [7]. For example, the energy from 9.5 kg of hydrogen is
equal to the energy from 25 kg of gasoline [8]. In addition, hydrogen fuel cells can generate
about five times more energy per unit of weight compared to lithium-ion batteries [9].
Because of these advantages, hydrogen fuel cells have a high energy density, allowing
simple transportation [10]. In addition, hydrogen can be used as an energy carrier and
storage medium [11]. Unlike other carbon-based fuels, hydrogen does not emit CO, during
its combustion. Because of these advantages, hydrogen is widely used for power genera-
tion, vehicles, energy storage, and transportation. For power generation, hydrogen fuel
cells have started to be used for small-to-medium-scale power plants [12]. Fuel-cell-based
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ships, aircraft, and cars have been developed and commercialized in many countries [13].
Hydrogen-based energy storage systems (ESSs) are considered to improve the stability of
power grids [14]. In addition, hydrogen imports across continents are being considered
in some countries, such as Japan, Korea, and some European countries. The International
Energy Agency (IEA) predicts that hydrogen demand will increase to 150 million tons
in 2030. As of 2022, hydrogen usage was 43% of the oil refining sector and 56% of the
industrial sector [15]. As hydrogen utilization methods become more diverse, hydrogen
demand is expected to increase, and research related to hydrogen production is becoming
more important.

Currently, there are three major methods of hydrogen production that are commer-
cially available: coal gasification, methane reforming, and water electrolysis [16,17]. Since
coal gasification and methane reforming are based on fossil fuels, they have limitations
in terms of generating carbon dioxide, and water-electrolysis-produced hydrogen has the
limitations of a high production cost and low efficiency [18]. Hydrogen production using
fossil fuels can emit approximately 10.65 billion tons of CO, per year [19], which makes
these conventional technologies unfavorable. On a commercial scale, hydrogen production
in SMR, which accounts for about 40% of hydrogen production, can be more expensive
than biomass gasification [20,21]. Hydrogen production using biomass is drawing atten-
tion for these reasons [22]. Biomass is abundant in nature and consumes CO, through
photosynthesis as it grows, so it is both carbon-neutral and potentially carbon-negative,
making it suitable as a green hydrogen production raw material. As a result, biomass
thermochemical hydrogen production is drawing attention as a sustainable process [23-25].
However, the biomass steam gasification reaction, which is the most common method
of hydrogen production from biomass, has the limitations of producing tar and several
by-products, lowering the hydrogen purity. The conventional steam gasification hydrogen
production process has a complex reaction path, and various by-products are produced in
addition to hydrogen.

The alkaline thermal treatment (ATT) process resolves the above problems. The ATT
process simplifies the reaction path by reacting alkali catalysts with biomass. Then, the
sodium ions of the alkali catalyst used in the reaction react with CO,, which is produced
during gasification as a by-product of Na,COj3 (sodium carbonate). As a result, the ATT
process has the advantages of suppressing CO, generation and reducing the energy re-
quired for hydrogen production by simplifying the reaction path. In addition, porous
solid carbon can be obtained as a product of the ATT process, and it can be used in a
wide range of applications including as adsorbents or electrode materials in wastewater
treatment [19]. In this way;, it has the advantages of both reducing carbon emissions and
allowing by-products to be used in various ways compared to conventional gasification.

However, most previous studies have focused on the basic feasibility of the ATT
process by selecting catalyst materials and finding suitable reaction conditions using a
screening method [26-29]. Qi et al. used rice husk as the biomass to investigate a strategy
for the co-production of porous carbon and high-purity hydrogen through the ATT process
and reported optimal conditions of an alkali/rice husk mass ratio of 3:1 and a reaction
temperature of 500 °C [27]. Doranehgard et al. studied a process using CaO to prevent
tar formation and CO, emissions, which are major obstacles to hydrogen production [26].
Stonor et al. investigated the role of CaOH, as a catalyst to produce hydrogen with carbon
capture using the ATT process and reported suppressed CO, formation with a low reaction
temperature of 773 °C compared to other catalysts [28]. Ming Zhao et al. reported the ATT
process with cellulosic biomass as a fuel for hydrogen production, and it showed high
hydrogen yield at an elevated temperature [29].

To further evaluate the feasibility of the ATT process, a more comprehensive study in
terms of thermodynamic equilibrium and process design should be conducted, in addition
to simple chemical reaction testing. The purpose of this study was to investigate the effects
of the reaction conditions on the ATT process based on thermodynamic equilibrium and
reactor system modeling and simulation to calculate efficiency and amount of carbon
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capture and to explore the optimal reaction conditions of the ATT process. To achieve
the goal, we conducted a process modeling and simulation study on the ATT process
utilizing Aspen Plus software V12.1, which is the most common chemical process modeling
tool in the petrochemical industry. The process modeling was developed based on a
thermodynamic-based Gibbs reactor and a field reactor based on experimental data. In
each model, the changes in hydrogen production and gas compositions were explored
according to the reactor temperature and the amount of catalyst. The effects of process
conditions on the ATT process and carbon capturing during the reaction were discussed.

2. Modeling and Simulation
2.1. Hydrogen Production Process Modeling

For the ATT process, wheat straw grass (WSG) was used as the biomass. The material
properties of WSG were obtained from the literature [30]. Ultimate and proximate analysis
results are shown in Tables 1 and 2, respectively [30,31]. The WSG was mainly composed
of carbon, hydrogen, and oxygen from the ultimate analysis. The basic process conditions
of this study are shown in Table 3. To simulate the reaction of WSG, the catalyst and WSG
were supplied together with feed. In this study, the ATT hydrogen production process
was simulated in two ways: thermodynamic equilibrium-based and experimental-based.
The thermodynamic equilibrium-based process simulation is shown in Figure 1a, and
the experimental-based process is shown in Figure 1b. The following is a description of
the process conditions for each component used in Aspen Plus. The drying processes
proceeded in the same way, and the phase to be performed after the drying process is
described separately for the two processes.

Table 1. Ultimate analysis of biomass WSG.

Ultimate Analysis wt% (Dry

Element Ash-Free Basis)
C 49.0
H 6.8
O 44.2 [31]
N 0.0
Table 2. Moisture, ash ratio, and proximate analysis of biomass WSG.
Type Proximate Analysis wt%
Moisture (wet basis) 2.3
Ash (dry basis) 42
1
FC (dry basis) 10.98 [30,31]
VM (dry basis) 82.12
Table 3. Basic process conditions.
Variables Basic Process Conditions
(WSG Supply 250 mg/min)
Reactor temperature 500 °C
Alkali/Biomass mass ratio 3/1 [31]

Steam flow rates (mg/min) 5.75
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Figure 1. Schematic diagram of gasification modeling based on (a) thermodynamic equilibrium and

(b) experiments.

For WSG to participate in the reaction, the dryer must evaporate the water in the
catalyst solution. The dryer is designed as an RStoic reactor, and the temperature of the
dryer was set to 100 °C. Wet WSG and NaOH solution (50 wt%) were supplied to the dryer
at a flow rate of 250 mg/min and 750 mg/min, respectively, resulting in an alkali/biomass
(A/B) ratio of 3. Evaporated water in the catalyst solution was removed through a separator
of the dryer. Subsequent phases of pyrolysis and gasification processes were explored
based on thermodynamic equilibrium and experimental-data-based modeling as follows.

2.1.1. Gasification Modeling Based on Thermodynamics

For thermodynamic modeling, the pyrolysis of WSG in a pyrolysis reactor was mod-
eled using an RYield reactor. Since biomass WSG is a non-conventional material in the
Aspen Plus software, thermochemical properties were not provided. Therefore, WSG py-
rolysis was modeled based on the ultimate and proximate data. The pyrolysis temperature
was assumed to be 500 °C. As a result, the WSG was decomposed into 49.0 wt% carbon,
6.8 wt% hydrogen, 44.2 wt% oxygen, and 4.2 wt% ash. The decomposed ash was removed
through a separator.

Then, gasification of the WSG was modeled with an RGibbs reactor. Carbon, hydrogen,
and oxygen obtained from the RYield reactor reacted with dry NaOH, and N, and water
were supplied to the reactor to produce hydrogen in the RGibbs reactor at a temperature
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of 500 °C. Then, the final gas composition of the outlet gas from the RGibbs reactor was
analyzed to investigate the product gases of the ATT process.

2.1.2. Gasification Modeling Based on Literature Data

In addition to the thermodynamics equilibrium, the following modeling was also
performed based on the previously reported experimental results [31]. The results are
presented in Tables 4 and 5 below. For this modeling, the experimental results were used as
process conditions, and a single RYield reactor was used for modeling both the pyrolysis
and gasification reactors. Using this modeling, the ATT process was simulated to compare
the modeling based on thermodynamics and experimental data. Since only 500 °C data
were complete, comparisons between processes were performed only for 500 °C.

Table 4. Yields from the ATT of wet WSG at temperatures from 300 to 600 °C based on experiments
(A/B mass ratio = 3).

300 °C 400 °C 500 °C 600 °C
H) (mmol/g WSG) 24174 29.652 37.262 37.913
CH, (mmol/g WSG) 0.083 5.222 5.253 7.250
CyHg (mmol/g WSG) 0.002 0.001 0.001 0.140
CO; (mmol/g WSG) 0.079 0.103 0.252 0.448
NaOH (mmol/g WSG) Unknown Unknown 58.303 Unknown
NapyCO3 (mmol/g WSG) Unknown Unknown 8.570 Unknown

Table 5. Yields from the ATT of wet WSG with A /B mass ratio varied from 0 to 5 based on experiments

(reaction temperature = 500 °C).

0:1 1:1 2:1 3:1 5:1
H; (mmol/g WSG) 3.191 15.837 29.416 37.262 36.342
CH, (mmol/g WSG) 0 0 1.477 5.253 5.036
CyHg (mmol/g WSG) 0.002 0.253 0.001 0.001 0
CO; (mmol/g WSG) 3.310 2.046 0.948 0.252 0.107

2.2. Efficiency Calculation

To calculate the efficiency of each model, heat input calculated with Aspen Plus soft-
ware was used. The thermal efficiency was calculated for the process simulated under the
basic process conditions, and efficiency was measured as system efficiency, cold gas effi-
ciency (CGE), and gas yield (GY). CGE only considers the produced gas heating value [32].
Since WSG was supplied at 250 mg/min, the input heating value in all models is as below.
Because only the higher heating value (HHV) has been reported for the biomass composi-
tion in this study, HHV was used for the efficiency calculation and comparison [33]. The
HHYV of WSG is 17.988 MJ/kg on a dry basis [33]. Therefore, the heating value of 250 mg of
WSG is 17.988/4 k] = 4.497 k]. The HHV of H; is 142 M] /kg [34]. An efficiency calculation
was performed according to the following equation.

System efficiency: Hp HHV x mass of Hy /(HHV for 250 mg WSG + heat required)

CGE: H, HHV x mass of Hy /(HHV for 250 mg WSG)
GY: Mass of (H, + CHy + CO; + CoHg + O»)
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2.3. Sensitivity Analysis
2.3.1. Gasification Modeling Based on Thermodynamics

Three variables were selected for the sensitivity analysis of thermodynamics modeling:
the temperature of the reactor, the A/B ratio, and the flow rate of steam. First, the effects
of RGibbs reactor temperature were analyzed. In the hydrogen production process, the
temperature of the reactor greatly affects the product gas composition. Therefore, sensitivity
analysis according to the temperature of the RGibbs reactor was conducted from 200 °C
to 1200 °C, and the changes in hydrogen, CO,, CHy4, and C,Hg were compared. Second,
the effects of A/B ratio were analyzed. In the ATT process, as Na* ions of NaOH can
capture carbon and prevent greenhouse gas emissions, the effects of NaOH mass were
investigated to find a suitable amount of NaOH for the ATT process. Sensitivity analysis
was conducted for A/B values from 1 to 5 to confirm the changes in hydrogen production
and CO, captured during the ATT process according to the A/B value. Third, hydrogen
production was analyzed with different flow rates of steam. The amount of steam can
change the product gas composition and process efficiency significantly. Therefore, a
sensitivity analysis was conducted using a four times greater feed rate of 23 mg/min.

2.3.2. Gasification Modeling Based on Literature Data

The sensitivity analysis based on the results of experiments involved an analysis of the
thermal efficiency obtained in each condition because it sets a fixed amount of production
based on the results of the experiments. Thermal efficiencies for the different temperatures
and catalyst amounts were analyzed as an important index in the efficiency of the process.

3. Results and Discussion
3.1. Process Modeling Based on Thermodynamic Equilibrium
3.1.1. Results Based on Basic Conditions

Figure 2 and Table 6 show the yield of each product of the reaction obtained by the
model according to the basic process conditions of Table 3. For 1 g of WSG, 42.99 mmol/min
of hydrogen was produced and 28.41 mmol/min of NayCO3 was produced. Nap,COj; is
a residue of the reaction of the catalyst NaOH with CO,, in which carbon capture can be
conducted as follows:

2NaOH + CO,; — NayCO5; +H,O

50

40

30 4

20 H

Yield (mmol per gram WSG)

-

— T T T T T T T — T T
NAOH H, NACO, N, C O, CO, CH, CH

2 2 2 4 2’6

Products
Figure 2. Yield of ATT H; production based on thermodynamics (reaction temperature = 500 °C,

A/B mass ratio = 3).

The molar ratio of the CO, captured to the production of NayCOs is 1:1. Therefore, as
Na,CO3 was produced at 28.41 mmol/min per 1 g of WSG, 28.41 of CO,; mmol/min was
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captured. Also, because NaOH was supplied at 75 mmol/g WSG, the remaining NaOH
was 18.18 mmol/g WSG.

Table 6. Yields from the ATT of wet WSG based on thermodynamic equilibrium (reaction
temperature = 500 °C, A/B mass ratio = 3).

Products Yields (mmol/g WSG)
H, 37.88
CH, 11.05
C,H, 453 x 107>
CO, 0
NaOH 18.18
NayCO;5 28.41

3.1.2. Sensitivity Analysis for ATT Based on Thermodynamic Equilibrium
Effects of RGibbs Reactor Temperature

The results of the sensitivity analysis with a reactor temperature from 200 °C to 1200 °C
are shown in Figure 3. The product yields of the reaction and the system efficiencies were
obtained based on the thermodynamics equilibrium. The number of moles of hydrogen
produced greatly increased between 600 °C and 800 °C but showed little change at higher
temperatures. CO, showed a result close to zero even at low temperatures. At the same
time, Na,CO3 showed a constant value regardless of temperature. Thus, CO, reacted
quickly with Na ions to produce Na,CO3 immediately after CO, was generated based on
the rapid reaction of alkali catalysts with CO, [35]. A relationship between the increase
in hydrogen production and the decrease in methane was observed. Since the amount of
hydrogen produced increased by twice as much as the amount of methane production
decreased, we concluded that methane decomposed into carbon and hydrogen as the
temperature increased, thereby increasing the amounts of hydrogen and carbon. Therefore,
conducting the reaction at a temperature higher than that of methane decomposition can
provide good results. While increasing the temperature aids in hydrogen production, if the
temperature is too high, a lot of energy is required for the reaction, and costs may increase
due to the need for a material that can withstand high temperatures. Accordingly, we
concluded that the optimum temperature is 800 °C.

100
#-H
€01 o co, ="
A-CH, =

50 4 “¥CH, | | 80
) —4-C
8 < Na,CO,
< —p— STEAM 800,62.76
c 40 | .
] = 907 B M
= < e yd “m
> 30 > .y .
g 4« 4 4 4 4 4 4 4 4« <« 4 5 500, 50 63 j E—
5 S 404
£ 20 - 5
S
2 A A A A
;1__) 10 4 A 2/‘/&‘0(4—0 20 4

A
0+ 0—0—0—0—140—'—‘—‘—0—0
T T T T T T T 0 T T T T T T T T T
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Temperature (°C)

Temparature (°C)
(a) (b)

Figure 3. (a) Effects of reaction temperature yield and (b) system efficiency as a function of temperature.
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Yield (mmol per gram WSG)

Yield (mmol per gram WSG)

Effects of Alkali/Biomass Mass Ratio

The number of moles of gas produced per 1 g of WSG according to the alkali/biomass
mass ratio and system efficiency based on the thermodynamics equilibrium is presented in
Figure 4. The amount of Na,CO3 produced increased rapidly up to an A/B value of 2 and
then changed little with further temperature increase. Amounts of carbon, CO,, and CHy4
decreased above an A/B ratio of 2 because the substances are involved in the synthesis
of NapyCOs. Overall, CO, production decreased and Na,COj3 production increased as the
NaOH catalyst supply increased, which implies that NaOH captures CO;. An increase in
alkali catalyst supply can also increase hydrogen production and CO; capture. However,
an increase in the supply of the alkali catalyst may lead to an increase in cost. Therefore, an
optimal A/B ratio of 3 was used here.

100

604 ™ H
®-Co,
A CH,
504 “vCH, 801
—&-cC
< Na,Co
40 P STEAM N
- ] o:c: 60 5261
-
30 P < g / \-\-
S 40
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A AN
° BN
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(a) (b)
Figure 4. Effects of A/B ratio on (a) yield and (b) system efficiency.
Effects of Steam Flow Rate
The product yields of the reaction and system efficiencies according to the amount
of steam are shown in Figure 5. As the steam participating in the reaction increases, the
amount of hydrogen produced increases. This can be attributed to the effect of hydrogen
production by the decomposition of steam. Accordingly, since the amount of hydrogen
produced increases as more water is involved in the reaction, supplying as much water as
possible can be a good option. However, since increasing the water supply increases water
cost and decreases the efficiency of the reaction, a balance is appropriate.
100
60 g, .
A-CH,
50 -| LEH " 80
< Naco, -
{ —p-steam -
40 - —
" S 604 /./
] < « = .
30 . « < g —
S 404
20+ 5
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o ¥
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Steam (added wt/ initial wt)

(a) (b)

Figure 5. Effects of steam rate on (a) yield and (b) system efficiency of steam addition.
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3.2. Process Modeling Based on Experimental Data

Process simulation can be used in numerous ways by changing simulation condi-
tions. However, the experimental results are limited because it is difficult to conduct
experiments for all conditions. As shown in Table 7 and Figure 6, the product yields
obtained from the process modeling based on the experimental data revealed differences
from the thermodynamic-based model shown in Figure 2. The amount of hydrogen pro-
duced was similar, but a significantly smaller amount of Na,CO3 was produced in the
experiment-based simulation.

Table 7. Yields from the ATT of wet WSG based on experiments (reaction temperature = 500 °C,
A /B mass ratio = 3).

Products Yields (mmol/g WSG)
H, 37.262
CH, 5.253
C,oHg 0.001
Co, 0.252
NaOH 58.303
Na,CO; 8.570

60

o
o
1

N
o
1

Yield (mmol per gram WSG)
3 8
1 1

-
o
1

0 'I'—'I'I‘-'I'I
NAOH H, NACO, N, C 0O, CO, CH, C}H,

Products

Figure 6. Yield of ATT H, production based on experiments.

The following are possible reasons for the difference between simulation and ex-
periment results. First, the reaction could not achieve the thermodynamics equilibrium
demonstrated in the experiments. The experiment was conducted for a fixed time of 3 h
at the reaction temperature [31]. By fixing the reaction temperature, a fair comparison of
the effects of reaction temperature was possible; however, the completeness of the reaction
could not be ensured. Second, the smaller amount of CO, produced from the biomass may
be due to changes in reaction completeness. In the simulation thermodynamics, all the
carbon was assumed to be converted to gas phase species; a carbon-containing solid residue
was observed in the experiments. As a result, NaOH could react with a small amount of
COy, resulting in a larger amount of remaining NaOH and a smaller amount of Na,COs.

3.3. Comparisons of Gasification Results: Stoichiometric Equation, Thermodynamic Equilibrium,
and Literature Data

3.3.1. Efficiency Calculation of a Stoichiometric Model

The chemical reaction formula representing the general ATT reaction presented in the
literature is as follows [31]:
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C38Hg2006 (S) + 5NaOH (S) + (—0.1 HzO) (g) —4.1H, (g) + 2.5 NapCO3 (S) +0.7 CHy (g) +0.6C (S)

The product yield was calculated based on the above reaction equation as shown in
Table 8.

Table 8. Calculated yields from the ATT of wet WSG (reaction temperature = 500 °C, A/B mass ratio = 3).

Products Yields (at 500 °C)
H; (mmol/g WSG) 42.90
Na,CO3 (mmol/g WSG) 26.37
CHy4 (mmol/g WSG) 7.364
C (mmol/g WSG) 6.323
CO; (mmol/g WSG) 0.1895
CyHg (mmol/g WSG) 0.1380

The heat required in the stoichiometric model is 77 kJ /h (1.283 kJ /min). Also, because
10.73 mmol (=21.45 mg) of hydrogen was produced per 250 mg WSG in 1 min, it can release
142 kJ/g x 21.45 mg = 3.046 k] according to the HHV of hydrogen. As mentioned in
Section 2.2, the heating value of 250 mg of WSG is assumed to be 17.988/4 kJ = 4.497 kJ.

System efficiency: 3.046/(4.497 + 1.283) = 52.40%

CGE: 3.046/4.497 = 67.73%
GY: 0.2171 g/1 g WSG

3.3.2. Efficiency Calculation of a Thermodynamic-based Model

The heat required in the thermodynamic-based model was 143 k] /h from process mod-
eling. Therefore, the amount of heat to be supplied per minute was 143 /60 kJ /min = 2.383 kJ.
As 9.47 mmol = 18.94 mg of hydrogen was produced per 250 mg WSG in 1 min, it can
release 142 kJ /g /1000 x 18.94 = 2.689 K] of energy according to the HHV of hydrogen.

System efficiency: 2.689/(4.497 + 2.383) = 39.08%

CGE: 2.689/4.497 = 59.80%
GY: 0.2435 g/1 g WSG

3.3.3. Efficiency Calculation of the Experiment-based Model

The heat required in the thermodynamic-based model was 77 k] /h. Therefore, the amount
of heat to be supplied per minute was 77/60 kJ /min = 1.283 KJ. Since 9.316 mmol = 18.63 mg
of hydrogen was produced per 250 mg WSG in 1 min, 142 kJ /g /1000 x 18.63 = 2.645 k]
energy was released according to the HHV of hydrogen.

Efficiency: 2.645/(4.497 + 1.283) = 45.76%

CGE: 2.645/4.497 = 58.82%
GY: 0.1705 g/1 g WSG

Table 9 shows a comparison of the results for stoichiometric, thermodynamic, and
experiment-based modeling. Through process simulation, we determined the amount
of heat required, system efficiency, and CGE for each of the three models. The model
with the worst system efficiency was the thermodynamic-based model, likely because
the heat required for modeling was included in the system efficiency calculation. The
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thermodynamic-based model provides a lot of heat because all reactions reach thermo-
dynamic equilibrium. Additionally, since the thermodynamic-based model produced
hydrogen through pyrolysis, the heat consumed in the pyrolysis process was also included.
The highest efficiency was with the model based on stoichiometry, which considers only the
quantitative relationship of the reactants, ignoring both thermodynamic and experimental
limitations. Therefore, good efficiency was achieved because more hydrogen was produced
and less heat was supplied. In comparison, CGE depends only on the supplied reactants
and the amount of hydrogen produced and was highest in the stoichiometry-based model
and similar in the thermodynamic- and experiment-based models. In the case of GY, the
thermodynamic-based simulation showed the largest value, as the experiment did not
reach the thermodynamic equilibrium.

Table 9. Comparison of the results of all models.

Heat Required H; Production System Efficiency CGE GY
(kJ/h) (mmol/g WSG) (%) (%) (g/1 g WSG)
Stoichiometry 77 42.90 52.40 67.73 0.2171
Thermodynamic 143 37.88 39.08 59.80 0.2537
Experiment 77 37.26 45.76 58.82 0.1705

3.4. Implications and Limitations

In this study, a comprehensive simulation of the recently proposed ATT process
was conducted using Aspen Plus software. We reached three main conclusions. First,
thermodynamic modeling was performed to analyze the characteristics of the ATT reaction
depending on the process conditions. Suggesting optimal process conditions based on
thermodynamic equilibrium provided an increased understanding of the characteristics
of the ATT reaction, and these can be used to determine the process conditions in follow-
up studies. Second, by simulating the process, we predicted the amounts of hydrogen
production and carbon capture that could be obtained, confirming the feasibility of the
ATT process for hydrogen production and carbon capture. Additionally, by comparing
and analyzing simulations based on thermodynamic equilibrium and experimental results,
we quantitatively demonstrated that the ATT experiment did not achieve thermodynamic
equilibrium, indicating a potential for improved hydrogen production and carbon capture
through the development of new catalyst materials, structures, and reactor designs.

The ATT process is in its initial research stage and has the following limitations. Firstly,
the scope of published research is limited. This made it difficult to compare and analyze our
results. Secondly, we were unable to conduct comparative analysis on various biomasses
of rice husk, cellulosic biomass, straw, and celery or catalyst materials of KOH, CaO, and
Ca(OH), This is because research on the ATT process is still in the early stage. Lastly,
optimal process and hydrogen production conditions and detailed economic comparative
analysis studies must be performed for the commercialization of the ATT process. Based on
this, the strengths and limitations of ATT must be compared to those of existing hydrogen
production and carbon capture technologies. In addition, both the economic aspect and
the amount of greenhouse gases emitted during hydrogen production are attracting atten-
tion due to decarbonization [36]. However, since the ATT process is in the initial stages
of development and the related literature is scarce, discussing this aspect was challeng-
ing. Therefore, we expect that more detailed comparative analyses will be possible with
continuing research.

4. Conclusions

In this study, the hydrogen production reaction using the ATT process with WSG was
simulated through Aspen Plus. To commercialize the ATT process technology, an approach
from the process unit is required along with the results obtained from experiments. In
Aspen Plus, the process was simulated using certain variables, and the thermodynamically
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calculated results were derived. Under the basic conditions of the process based on
thermodynamic equilibrium, hydrogen was produced at 37.88 mmol/g WSG, and carbon
dioxide was captured at 28.41 mmol/min. As a result of hydrogen production through
ATT, the production of hydrogen was 1.75 times higher than in a previous study [33], which
showed a production rate of 21.6 mmol/min per 1 g of WSG. In other words, the ATT
process has strengths both in suppressing greenhouse gas emissions and in producing
high-purity hydrogen if the conditions are optimized and proper catalysts are developed.
Based on the sensitivity analysis, the optimum temperature of the reactor, the amount of
alkali, and the amount of steam based on efficiency were 800 °C, 3:1, and the maximum
amount of steam, respectively. Under these conditions, the maximum efficiency was 56.9%.
In addition, the maximum carbon dioxide capture was 28.41 mmol/g WSG. Overall, we
conducted a comprehensive study on the ATT process, which is still in its early stage. It is
expected that this work will contribute to the development and commercialization of the
ATT process.
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