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Abstract: Research was conducted to improve the system efficiency of a fuel-processing system
combined with a hydrogen-purification system to supply hydrogen to a 10 kW residential building
proton-exchange membrane fuel cell (PEMFC). The system consists of a steam-reforming reactor, a
water–gas shift reactor, heat exchangers and a pressure swing adsorption (PSA) system, increasing
the purity of the produced hydrogen by over 99.97%. Aspen Plus® and Aspen adsorption® simu-
lators were used to optimize operating conditions by calculating thermal efficiency and hydrogen-
production yield under various temperature and pressure conditions in the reformer. To optimize
the hydrogen-production system, simulations were performed under conditions of 1 to 10 atm and
600 to 1000 ◦C, and simulations were also performed while maintaining the PSA pressure at 9 atm.
The overall system efficiency was expressed as a function of methane conversion, and the methane
conversion was expressed as a function of reformer temperature and pressure. The fuel-processing
system showed the highest thermal efficiency of 82.40% at a pressure of 1 atm and a temperature
range of 800 ◦C. For the combined system of a fuel-processing system and a hydrogen-purification
system, the highest hydrogen-production yield was 43.17% at 800 ◦C and 1 atm.

Keywords: hydrogen production; hydrogen processing system; PSA

1. Introduction

Energy consumption in public buildings and general households is gradually increas-
ing [1]. Lombard and his colleagues predict that energy consumption will increase from
6500 Mtoe in 2020 to about 7500 Mtoe in 2025 [1]. As energy consumption increases, so
do carbon emissions, and there is an increasing need to develop new methods to reduce
CO2 emissions. Distributed power generation is one of the possible solutions [2–6], which
is a form of power generation that directly generates and supplies power in areas where
power supply is needed [7,8]. Distributed power generation includes photovoltaic power
generation, wind power generation, cogeneration using waste heat recovery, and fuel
cells [9,10]. Fuel cells for residential buildings and homes are a representative form of
distributed power generation since they have a relatively small installation area compared
to other renewable energy systems and can utilize existing urban natural gas infrastructure
when combined with a fuel-processing system [7,8,10,11]. Accordingly, hydrogen fuel cells
are attracting attention as an emergency power source for power since they produce a
large amount of power per unit area and are easy to install [12]. Therefore, the demand
for fuel cell systems for residential buildings is increasing worldwide, and their electricity
output, durability, system size, and cost for system installation and operation are becoming
competitive [1,13]. Additionally, the fuel cell produces electrical energy and thermal energy
through electro-chemical reactions of hydrogen and does not emit harmful substances; it
only emits water. Also, fuel cells are high-efficiency power generation systems with an over-
all efficiency of around 50% and over 70% if combined with a heat recovery system, while
conventional primary energy systems such as coal and oil have a conversion efficiency of
about 31% [14]. Fuel cells have the advantage of continuously producing energy without
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affecting the environment compared to other renewable energy sources. Commonly used
types of fuel cells include PEMFCs (Polymer Electrolyte Membrane Fuel Cells), DMFCs
(Direct Methanol Fuel Cells), SOFCs (Solid Oxide Fuel Cells), and MCFCs (Molten Carbon-
ate Fuel Cells). Among them, PEMFCs operate at a relatively lower temperature than other
types of fuel cells, have a high-power density, have a simple structure with excellent space
efficiency, and have power production flexibility [15]. Hydrogen fuel cells are expected to
be a next-generation energy source and are expected to be in high demand [16,17]. Because
of these advantages, they are the most commercialized and are mainly used as fuel cells for
homes and residential buildings [18].

The growing demand for hydrogen for residential buildings has had a significant
impact on the development of hydrogen-production processes for fuel cell systems in resi-
dential buildings [1]. Widely used hydrogen-production methods include water electrolysis
methods, which electrolyze water to produce hydrogen; the ammonia photolysis method,
which irradiates light through a bulb to decompose ammonia into hydrogen and nitrogen;
and the hydrocarbon reforming method, which extracts hydrogen from various hydro-
carbons such as methanol, ethanol, LNG (Liquefied Natural Gas) and PNG (Pressurized
Natural gas). Reforming processes are the most popular hydrogen-production methods
and include autothermal reforming, partial oxidation reforming, steam reforming, and
ethanol reforming [17,19–21].

Among them, the natural gas steam-reforming system has the advantage of rela-
tively high hydrogen production, the lowest unit hydrogen-production cost and stable
operation, making it the most commonly used technology for industrial use [17,22,23].
As the residual fuel cell system increases, it is needed to maximize the efficiency of the
hydrogen-production system [17,21].

The natural gas steam-reforming system consists of a steam-reforming reactor, a water
gas shift (WGS) reactor and a preferential oxidation reactor (PROX). In the steam-reforming
process, natural gas and steam react to form hydrogen, along with carbon monoxide and
carbon dioxide. Reformate gas is further reacted with water in the water–gas shift re-
actor and produces additional hydrogen and carbon dioxide from CO and water. After
the water–gas shift reaction, the concentration of hydrogen of the product gas would be
around 75% and the concentration of CO2 is around 20%, with a very small amount of CO
and unreacted hydrocarbons [12,23,24]. If carbon monoxide is introduced to the polymer-
exchange membrane fuel cell (PEMFC) along with hydrogen, carbon monoxide reacts with
the platinum catalyst of the fuel cell and acts as a poison, reducing the performance and
durability of the fuel cell, and the carbon dioxide also acts as a poison in the anode [25,26].
The allowable concentration of carbon monoxide is 10 ppm in a normal state and 100 ppm
in an excessive state. Also, CO2 is emitted from the steam-reforming process, which needs
to be separated and stored or utilized. Therefore, high-purity hydrogen is required as a fuel
in PEMFCs, and hydrogen-purification systems must be combined [17,21,27–29], which re-
quires the development of a separation and purification process [30]. Existing technologies
include a low-temperature distillation method, a non-porous polymer membrane method,
a preferential oxidation (PROX) reaction method and an adsorption method (PSA: Pressure
Swing Adsorption, TSA: Temperature Swing Adsorption).

The hydrogen separation and purification process using the swing adsorption method
is an energy-saving process without a phase transition for the mixture and enables sep-
aration and recovery at the same time [31,32]. In addition, it is a process that enables
precise separation at the molecular level through the pore size and surface treatment of the
adsorbent, and it has technical advantages when applied to small- to large-scale processes.
With the swing adsorption method, CO2 that cannot be removed from the PROX reactor
also can be removed and used as a carbon capture and storage (CCS) method. In addition
to these advantages, a PSA system was selected as a hydrogen-purification method, pos-
sessing additional advantages of relatively low operating costs, easy operation, and easy
automation of the process in the commercialization process [31–33].
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In this study, the PSA system was applied for hydrogen purification to obtain
over 99.97% pure hydrogen. The PSA system purifies hydrogen by adsorbing and
desorbing substances other than hydrogen, depending on the diffusivity, molecular
weight, and density of the gas, by repeating the adsorption and desorption of two or
more chambers crossing each other [31,33]. For hydrogen production, a fuel-processing
system was applied.

Much research has been conducted on fuel-processing systems and PSA systems,
respectively. However, there is not much research on systems combining fuel-processing
and PSA systems and economical pure-hydrogen-production methods, especially at the
small and medium scale [31,32]. In this study, we combined two cost-effective systems—the
methane steam reforming system and the PSA system—for small- to medium-sized pure
hydrogen production and investigated the influence of various thermodynamic parameters
on the overall system efficiency using Aspen Plus® and Aspen Adsorption®. The concentra-
tion of gas discharged from the fuel-processing system varies depending on the temperature
and pressure conditions of the reformer, which affect the hydrogen-purification efficiency
of PSA systems. During PSA operation, the pressure of the PSA system was maintained at
9 atm, and the use of a compressor was essential depending on the operating pressure of
the fuel-processing system.

The combined system was analyzed using the following:

(1) Efficiency analysis according to the temperature and pressure of the fuel-processing system.
(2) Purification efficiency analysis according to PSA injection gas composition.
(3) Selection of optimal operating conditions through efficiency analysis according to the

operating conditions of the fuel-processing and PSA combined system.

For optimizing the process of producing hydrogen with a purity of 99.97% or higher
by linking the PSA system to the existing fuel-processing process, the overall thermal
efficiency and the hydrogen-production yield were analyzed.

2. Theoretical Background

The system for producing high-purity H2 consists of a methane reformer, a water–
gas shifter, and a pressure swing adsorber. Theoretical calculations for the system were
performed using the following assumptions.

I. The steam-reforming reaction and the water–gas shift reaction in the reformer are
considered to have reached chemical equilibrium at the reactor outlet.

II. The water–gas shift reaction in the water–gas shift reactor reaches chemical equilib-
rium at the outlet of the reactor.

3. Methane Steam-Reforming Reaction/WGS Reaction

The steam-reforming reaction is an endothermic reaction in which natural gas reacts
with steam to produce hydrogen and carbon monoxide, while the water–gas shift reac-
tion is an exothermic reaction in which carbon monoxide reacts with steam to produce
additional hydrogen and carbon dioxide. There are more than 11 chemical reactions in
the reformer internal reaction, including the steam-reforming reaction, the water–gas shift
reaction, the carbon dioxide reforming reaction, the methanation reaction, and the methane
decomposition reaction, which are summarized in Table 1 [34,35].

Among those reactions, two main reactions were considered to calculate the concentra-
tion of each gas at the exit stream of the steam reformer, assuming that these two reactions
are dominant reactions [36,37]. In the water–gas shift reactor, only the water–gas shift
reaction is considered [36,37]. In the water–gas shift reactor, CO concentration is reduced
to less than 0.05% [23,37,38].
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Table 1. Possible reactions in methane steam reforming.

Reactions Energy Amount

Steam reforming CH4 + H2O → CO + 3H2 ∆H0
298KJmol−1 = 205, 800

Steam reforming + Water–gas shift CH4 + 2H2O → CO2 + 4H2 ∆H0
298KJmol−1 = 164, 600

Dry reforming CH4 + CO2 → 2CO + 2H2 ∆H0
298KJmol−1 = 247, 000

Combustion CH4 + 2O2 → CO2 + 2H2O ∆H0
298KJmol−1 = −802, 600

Partial oxidation CH4 + 0.5O2 → CO + 2H2 ∆H0
298KJmol−1 = −36, 000

CO oxidation CO + 0.5O2 → CO2 ∆H0
298KJmol−1 = −282, 993

Hydrogen oxidation H2 + 0.5O2 → H2O ∆H0
298KJmol−1 = −241, 856

Water–gas Shift CO + H2O → CO2 + H2 ∆H0
298KJmol−1 = −41, 200

Methanation I CO + 3H2 → CH4 + H2O ∆H0
298KJmol−1 = −205, 800

Methanation II CO2 + 4H2 → CH4 + 2H2O ∆H0
298KJmol−1 = −164, 600

Methanation III CO2 + H2 → CH4 + CO2 ∆H0
298KJmol−1 = −247, 000

Endothermic water–gas shift CO2 + H2 → CO + H2O ∆H0
298KJmol−1 = 41, 200

Methane decomposition CH4 → C + 2H2 ∆H0
298KJmol−1 = 74, 500

To calculate the outlet composition for each reactor, equilibrium constants in
Equations (1) and (2) are applied, respectively.

KSR =
pCO pH2

3

pCH4 p H2 atm2 (1)

KWGS =
pH2 pCO2

pH2O pCO
(2)

Equation (1) represents the formula for the steam-reforming reaction, and Equation (2)
represents the formula for the water–gas shift reaction. In Equations (1) and (2), KSR repre-
sents the equilibrium constant for the steam-reforming reaction, and KWGS represents the
equilibrium constant for the water–gas shift reaction, which are temperature-dependent
variables. These equilibrium constants have been compiled and are listed in Table 2 [39].
Also, px denotes the partial pressure of component x. Based on this information, it is
possible to determine the composition at an equilibrium state using equilibrium constants
and partial pressure. For reforming reactors, Ni-based catalysts are used to prevent carbon
decomposition in the temperature range of 500 ◦C to 800 ◦C. However, above 600 ◦C and
up to 1100 ◦C, Ru-based catalysts are used [23,40,41]. For water–gas shift reactors, Cr-based
and Cu-based catalysts are predominantly used and are operated within the temperature
range of 150 ◦C to 350 ◦C [41].

Table 2. Equilibrium constant for temperature.

Temperature (◦C) KSR KWGS

400 5.93 × 10−8 1.17
600 5.22 × 10−1 2.55
800 1.69 × 102 1.04

1000 1.0934 × 10−4 0.58

4. PSA (Pressure Swing Adsorption) System

When a gas is physically adsorbed into a solid surface, an adsorption equilibrium is
achieved between gas molecules and the adsorbed sites on the surface of the adsorbent
(activated carbon). The expression of the coverage is defined as the ratio of the area
occupied by gas molecules to the total surface area of the adsorbent, which depends on the
partial pressure of the gas and is called the adsorption isotherm [42,43].

To calculate the adsorption isotherm, several models have been proposed, such as the
Langmuir isotherm, the Langmuir–Freundlich isotherm, IASR, DSL, and VSM. Among
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them, the Langmuir and Langmuir–Freundlich isotherms are commonly used to predict
the adsorption equilibrium compared to the IAST (Ideal Adsorbed Solution Theory) or
VSM (Vacancy Solution Model) models, which have a large number of parameters and
relatively complex equations [42,43]. DSL (Dual-Site Langmuir) also has many parameters,
but its shape is similar to the existing Langmuir model, which is not complicated and is
easy to predict [42,43]. Understanding the dynamics of adsorption beds filled with porous
particles such as zeolites or activated carbon in PSA processes is essential for understanding
mathematical models for controlling and estimating hydrogen purification [27].

For the analysis of the PSA system, the mass balance and energy balance were calcu-
lated along with the extended Langmuir isotherm for gas consumption using the following
assumptions [31,32].

(1) Radial gradients for flow velocity, concentration, and temperature can be ignored,
and the flow of fluid is a one-dimensional plug flow.

(2) There is no pressure drop due to friction between the fluid and the adsorbent in
the chamber.

(3) The temperature of the adsorbent is constant at any point, and there is always a
thermal equilibrium between the fluid and the adsorbent.

(4) The main resistance of material transfer exists in the adsorbent, and the external
epidural material transfer resistance is ignored.

Based on the assumptions, the following mass balance and energy balance equations
were set and used in the simulation [31,32].

RT
P

ρ

(
1− ε

ε

)
∂qi
∂t

+
∂(uyi)

∂z
− Dax

∂2yi
∂z2 = 0 (3)

(
εbcCpg + (1− εb)ρpCps

)
∂T
∂t = −εbcCpgUz

∂T
∂z + KZ

∂2T
∂z2 + (1− εb)ρp ∑N

j=1

(
∆Hj

∂qj
∂t

)
−ε 2hin

Rin
(T − Tw)

(4)

The mass balance equation can be written as Equation (3) and the energy balance
equation is written as Equation (4). In the mass balance equation, the RT/P is the equation
of state, ε represents the volume fraction in the mixture, ∂qi

∂t represents the rate of change

over the time of component i, ∂(uyi)
∂z represents the mass flow in the vertical direction, and

Dax represents the diffusion rate of component i. In the energy balance equation, ε is
the volume fraction, Cp is the heat capacity, Uz is the speed of the fluid, ∂T

∂z is the rate of
temperature change in the z direction, KZ is the effective axial thermal conductivity, and Hj
is the reaction enthalpy.

To calculate the number of gas molecules adsorbed per unit of adsorbent in the cham-
ber, the extended Langmuir isotherm is applied, and it is given as the following equation.

q =
qmiBiPi

1 + ∑N
j BjPj

(5)

where q represents the number of moles of gas molecules adsorbed per unit mass of
adsorbent and qm represents the maximum adsorption amount of gas as a parameter. Bi is
the Langmuir isotherm parameter of species i and Pi is the partial pressure of species i. The
amount of saturated adsorption is given as the following equation.

qm = a1 + a2T (6)

B = b0 exp
(

b1

T

)
(7)
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Parameters according to the adsorbent applied to the PSA system are shown in
Table 3 [44].

Table 3. Langmuir parameters for activated carbon and zeolite.

Langmuir Parameters

Component ai1 (mol/kg) ai2×102 (mol/K/kg) bi1×104 (1/bar) bi1 (K) ki(1/s) ∆Hi(cal/mol)

activated carbon

H2 163,943 −2.1 0.6248 1229 0.7 2880
CO 33.85 −9.072 2.311 1751 0.15 4300
CH4 23.86 −5.621 34.78 1159 0.195 4290
CO2 28.7973 −7 100 1030 0.0355 5240

Zeolite 5A

H2 4.314 −1.06 25.15 458 0.7 2800
CO 11.8454 −3.13 202 763 0.063 5000
CH4 5.833 −1.192 6.0504 1731 0.147 5300
CO2 10.03 −1.858 15,781 207 0.0135 9330

5. Simulation Results

The entire simulation process is in Figure 1. The simulation was conducted in two
parts: The fuel-processing system and the hydrogen-purification system.

(1) The fuel-processing system consists of a reformer, a water–gas shift reactor and three
heat exchangers and is simulated with an Aspen Plus® simulator using a chemical
equilibrium model.

(2) The hydrogen-purification system employs a PSA system, which is simulated by an
Aspen Adsorption® simulator, where kinetic models are employed.
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6. Reformer, WGS Reactor Simulation

The simulations were performed using the Aspen Plus® simulator for the reformer
and WGS reactor. In the simulation, the Peng–Robinson equation of state is employed to
calculate the thermodynamic properties of the gas, and the steam-table method is employed
to calculate the water properties, which is available in the Aspen Simulator [36]. In a
reformer, the methane reforming reaction and the water–gas shift reaction are considered,
and both reactions are considered to be in reaction equilibrium at given temperature and
pressure conditions, assuming that the reactor is large enough to have sufficient residence
time. As a raw material for hydrogen production, pure methane was introduced into the
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fuel processor at 15 ◦C and 1 atm during simulations. The simulations were performed
at temperatures from 600 ◦C to 1000 ◦C and a pressure of 1 atm to 10 atm. Simulations
for the WGS reactor were conducted at 200 ◦C and at a pressure corresponding to that of
the reformer. The gas flow rate of methane was controlled between 30 lpm and 61 lpm
tor, making 10 kW of H2. The simulation conditions for the pure processing system are
summarized in Table 4. The amount of methane supplied to the process is the summation
of process natural gas (PNG) and burner natural gas (BNG). At this time, PNG refers to
natural gas used in reforming reactors and BNG refers to natural gas used in burners
for heat duty. The PNG flow rate is controlled to make 10 kW at given temperature and
pressure conditions.

Table 4. Operating conditions for Aspen Plus® simulation.

Simulation Conditions

Reformer temperature (◦C) 600–1000
Reformer pressure (atm) 1–10

Water–gas shift temperature (◦C) 200
Input gas temperature (◦C) 15

Total input methane gas amount (lpm) 30–61
Compressor efficiency 0.8

Steam-carbon ratio (S/C ratio) 3

In the case of the water–gas shift reactor, only the water–gas shift reaction was con-
sidered when calculating the equilibrium composition under the given temperature and
pressure conditions. For heat recovery, three shortcut heat exchangers were added, as
shown in Figure 1. Heat exchanger B5 is a heat exchanger for cooling the reformed gas
temperature to the operating temperature of the WGS reactor, and B2 is a heat exchanger
for making the outlet reformed gas temperature the same as the PSA inlet temperature.
Any remaining water at the outlet of the water–gas shift reactor must be removed for the
PSA process. Heat exchanger B2 and water separator B1 are added to the simulation for
water removal by condensation. In the PSA process, over 99.97% hydrogen is produced,
where the operating conditions for the hydrogen-purification system are 15 ◦C and 9 atm.

Figure 2 shows the simulation results of each gas composition in the WGS reactor outlet
flow according to the reformer temperature. As is shown in the figure, the concentration of
H2 increases as the reformer temperature increases. Since the operating pressure of PSA
is 9 atm for hydrogen purification, a compressor is needed to increase the pressure of the
stream entering the PSA to 9 atm. The efficiency of the compressor was calculated as a
mechanical efficiency of 0.8 and an isentropic efficiency of 0.8 [45].

The reaction equilibrium assumption was applied to the reforming reaction and the
WGS reaction. Reformer temperatures of 600 ◦C to 1000 ◦C and pressures of 1 atm to
10 atm were simulated to investigate the effects of temperature and pressure on product
gas composition. The WGS temperature was fixed at 200 ◦C at the pressure of 1 atm to
10 atm, and the steam-to-carbon ratio at the inlet stream to the reformer was fixed at 3.
Concentration changes for each gas due to temperature change at 1 atm in the WGS reactor
outlet are listed in Figure 2. Since the methane reforming reaction occurs in a reformer only,
the amount of unreacted methane decreases as the reformer temperature increases.

Figure 3 shows the change in concentration of H2 and CO according to the change
in the temperature of the reformer (from 600 ◦C to 1000 ◦C) and the change in process
pressure (from 1 atm to 10 atm). As is shown in the figure, the concentration of hydrogen
increased as the temperature of the reformer increased, but it appeared to stabilize at a
temperature of 750 ◦C to 950 ◦C depending on the process pressure. This is because the
equilibrium constant is an exponential function of the reciprocal of temperature and has a
smaller value at high pressures due to Le Chatelier’s law.
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Figure 3. Variations of composition by gas according to temperature and pressure.

Simulations of CH4 conversion at various reformer temperatures and system pressures
are shown in Figure 4. The conversion ratio of CH4 increases with increasing temperature
and decreases with increasing pressure. Since the conversion rate of CH4 is an endothermic
reaction, it increases as the temperature increases, and according to Le Chatelier’s law, the
conversion ratio decreases as the pressure increases.
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As the conversion of CH4 increases, the products of the steam-reforming reaction
increase and the concentrations of H2 and CO increase, as shown in Figure 3 [39].

7. Reformer Heat Duty

The heat of the reaction for the steam-reforming reaction under various temperature
and pressure conditions and the heating energy required to bring the reactant temperature
to the reformer temperature without a heat exchanger were calculated; they are summarized
in Figure 5. For all simulations, PNG flow rates and BNG flow rates were used to produce
10 kW hydrogen through the methane reforming reaction and the WGS reaction. Because
more methane is needed to make 10 kW of hydrogen at lower conversions, and less methane
is needed at higher conversions, the heat duty required at low methane conversions is
higher than at higher conversions. With these heat duties, the amount of heat to supply to
the burner as well as the flow rate of methane introduced to the burner as a fuel would be
calculated at a given methane conversion. If the heat exchanger is added to the process,
the heat loss generated by the burner and the process can be minimized, which can reduce
heat duty and increase efficiency. Therefore, three heat exchangers were added to the entire
process, which were placed at each outlet of the reformer, the WGS reactor, and the burner.
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Figure 5. Reformer heat duty at the methane-conversion ratio in the reformer.

Total flow rate is the sum of the flow rate of BNG and the flow rate of PNG, which
is shown in Figure 6. As is mentioned, a higher flow rate of PNG is needed at a lower
methane conversion to make 10 kW hydrogen, since a small portion of PNG is converted
into H2. At the low conversion of PNG, most of the heat supplied by BNG is used to heat
the reactants for the steam-reforming reaction, while a small amount of heat is used to heat
the steam-reforming reaction. At the high conversion of CH4, most of the heat supplied by
BNG is used for the heat of reaction of steam methane reforming, since less PNG is needed.
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8. Calculation of Reformer Efficiency According to S/C Ratio

The methane conversion at the reformer varies depends on the steam-to-carbon (S/C)
ratio—that is, the ratio between numbers of moles of water and the number of moles of
carbon in the PNG. The efficiency was calculated with simulation results to determine the
optimal S/C ratio. Figure 7 shows the results of calculating the S/C ratios as 2, 3, and 4,
respectively. The maximum yield of 79.51% was obtained at an S/C ratio of 3 to 1. Yield is
defined as the ratio of the energy amount of output hydrogen and the energy consumption
of input methane, and the related equation is shown in Equation (8). According to Kuhn’s
research, carbon deposition occurs when the S/C ratio is less than 2.5, and when the S/C
ratio is more than 4, the heat load of heating water increases and efficiency decreases [46].
Therefore, the SC ratio was fixed at 3 for all subsequent simulations.
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9. Calculation of the Reformer Yield

The efficiency of the reformer-WGS system was analyzed using the Aspen Plus®

simulation results. Figure 8 shows the calculated efficiency of the reformer-WGS system
measured according to the reformer temperature change. The efficiency of the reformer
system would be calculated as the ratio between the energy of produced hydrogen and the
energy of supplied natural gas, which is shown in Equation (8) [16,17,42,43].

η1 =
LHVH2 × nH2(produced)

LHVCH4 ×
(
nCH4(burner) + nCH4(process)

) (8)



Appl. Sci. 2023, 13, 11947 13 of 23
Appl. Sci. 2023, 13, x FOR PEER REVIEW 14 of 24 
 

 
Figure 8. Fuel-processing system yield at various T and P for 10 kW H2 production. 

The fuel-processing system yields at various temperature and pressure conditions for 
10 kW H2 production were calculated using Equation (8) and are summarized in Figure 8. 
As the conversion of CH4 increases, less PNG is needed to make 10 kW H2, and the lower 
the conversion of CH4, the more PNG is needed. The amount of BNG supplied to the sys-
tem according to the conversion of CH4 is shown in Figure 5. As shown in Figure 8, fuel-
processing system yield increases and stabilizes with increasing temperature at a fixed 
pressure. In addition, under the same temperature conditions, as the pressure increased, 
the CH4 conversion rate decreased according to Le Chatelier’s law, resulting in a decrease 
in yield. The maximum yield is 82.40% at a pressure of 1 atm and a temperature of 800 °C, 
which is estimated at the highest CH4 conversion under this condition. 

10. PSA Simulation 
The PSA system was simulated by the Aspen Adoption® simulator. In the simulation, 

the Peng–Robinson equation of state was employed for the calculation of the thermody-
namic properties of gases, and the Langmuir isotherm was applied for the calculation of 
the adsorption equilibrium. The pressure change in the bed was calculated using the 
Ergun equation [47]. Product gas streams at a reformer temperature between 600 °C and 
1000 °C in the fuel-processing system and at a system pressure between 1 atm and 9 atm 
were pressurized and supplied to the PSA system to purify H2. During simulation, iso-
thermal assumption was applied for the adsorption bed [48,49]. The overall process sim-
ulation of the PSA system is shown in Figure 9. Two adsorption beds were working in 
turns during the purification process, and impurities were removed from the inlet gas. For 
simulation, one-bed PSA simulation was conducted to determine the swing time under 
the two-bed condition. The switching time was determined at the time where the hydro-
gen concentration was 99.97% in the outlet stream of bed 1. An example of the simulation 
result of bed 1 is shown in Figure 10. In Figure 10, we can see that the swing time at which 
the concentration of hydrogen is 99.97% in the outlet stream is 16 s and is a function of the 
size of the adsorber and the properties of the adsorbent. 

20%

30%

40%

50%

60%

70%

80%

90%

600 650 700 750 800 850 900 950 1000

Yi
el

d 
(η

1)

Temperature (℃)

1bar
2bar
3bar
4bar
5bar
6bar
7bar
8bar
9bar
10bar

Figure 8. Fuel-processing system yield at various T and P for 10 kW H2 production.

In Equation (8), nH2(produced) is the flow rate of produced hydrogen (mol/s) in the
fuel-processing system, nCH4(burner) is the flow rate of the methane supplied to the burner,
and nCH4(process) is the flow rate of methane supplied to the reformer as a raw material.
LHV H2 and LHV CH4 are the lower heating value of hydrogen mass at the outlet and the
lower heating value of CH4 at the inlet, respectively.

The fuel-processing system yields at various temperature and pressure conditions for
10 kW H2 production were calculated using Equation (8) and are summarized in Figure 8.
As the conversion of CH4 increases, less PNG is needed to make 10 kW H2, and the lower
the conversion of CH4, the more PNG is needed. The amount of BNG supplied to the
system according to the conversion of CH4 is shown in Figure 5. As shown in Figure 8,
fuel-processing system yield increases and stabilizes with increasing temperature at a fixed
pressure. In addition, under the same temperature conditions, as the pressure increased,
the CH4 conversion rate decreased according to Le Chatelier’s law, resulting in a decrease
in yield. The maximum yield is 82.40% at a pressure of 1 atm and a temperature of 800 ◦C,
which is estimated at the highest CH4 conversion under this condition.

10. PSA Simulation

The PSA system was simulated by the Aspen Adoption® simulator. In the simulation,
the Peng–Robinson equation of state was employed for the calculation of the thermody-
namic properties of gases, and the Langmuir isotherm was applied for the calculation of
the adsorption equilibrium. The pressure change in the bed was calculated using the Ergun
equation [47]. Product gas streams at a reformer temperature between 600 ◦C and 1000 ◦C
in the fuel-processing system and at a system pressure between 1 atm and 9 atm were
pressurized and supplied to the PSA system to purify H2. During simulation, isothermal
assumption was applied for the adsorption bed [48,49]. The overall process simulation of
the PSA system is shown in Figure 9. Two adsorption beds were working in turns during
the purification process, and impurities were removed from the inlet gas. For simulation,
one-bed PSA simulation was conducted to determine the swing time under the two-bed
condition. The switching time was determined at the time where the hydrogen concen-
tration was 99.97% in the outlet stream of bed 1. An example of the simulation result of
bed 1 is shown in Figure 10. In Figure 10, we can see that the swing time at which the
concentration of hydrogen is 99.97% in the outlet stream is 16 s and is a function of the size
of the adsorber and the properties of the adsorbent.
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Two-bed PSA process simulation was also conducted, and the cycle of the PSA process
is the following:
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I. Bed 1 is filled with the inlet stream of PSA while bed 2 is blown down.
II. Impurities are adsorbed by bed 1 due to inlet gas continuously supplied to bed 1,

while adsorbed impurities in bed 2 are desorbed and released from bed 2. After
impurities are adsorbed, the hydrogen concentration at the outlet stream of bed 1
would be 99.97%.

III. After bed 1 is completely filled with impurities, the outlet stream of bed 1 is introduced
to bed 2 to make the pressures of both beds equal.

IV. Bed 2 is filled with the inlet stream of PSA, while bed 1 is blown out.
V. Go to (i) and repeat the process after swinging bed 1 with 2.
VI. The cycle of the whole process is summarized in Table 5.

Table 5. PSA system cycle steps.

Step Bed 1 Bed 2

1 Pressurize Blow down
2 Adsorption Purge
3 Depressurize Pressure equalization
4 Blow down Pressurize
5 Purge Adsorption
6 Pressure equalization Depressurize

For the simulation, a cylindrical bed was used, the length of the bed was 1 m, the
diameter was 0.037 m, the adsorbent was assumed to be spherical, and the diameter was
0.0015 m. Langmuir parameters and bed parameters used in the simulation are shown in
Table 3 [31].

The results of calculating the concentration change at the bed outlet after going through
the above process are shown in Figure 11. As the adsorption process progresses during
operation, the hydrogen concentration at the outlet of the adsorption bed decreases. The
adsorption bed switches when the hydrogen concentration reaches 99.97%.
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The hydrogen-purification efficiency of the PSA system was defined as the ratio
between the enthalpy of hydrogen at the PSA outlet stream to the enthalpy of hydro-
gen at the PSA inlet stream, as shown in Equation (9), and the result is summarized in
Figure 12 [42,43].

η2 =
LHVH2 × nH2(PSA product gas)

LHVH2 × nH2(PSA f eed gas)
(9)

Appl. Sci. 2023, 13, x FOR PEER REVIEW 17 of 24 
 

The hydrogen-purification efficiency of the PSA system was defined as the ratio be-
tween the enthalpy of hydrogen at the PSA outlet stream to the enthalpy of hydrogen at 
the PSA inlet stream, as shown in Equation (9), and the result is summarized in Figure 12 
[42,43]. 𝜂 =  × 𝑛𝐻2(   ) × 𝑛𝐻2(   )   (9)

 
Figure 12. Hydrogen-purification yield of the PSA process. 

As shown in Figure 12, the efficiency of the PSA system was constant at about 55% at 
reformer temperatures of about 850 °C and higher. The temperature at this time is the 
operating condition of the reformer, and the PSA yield was also measured as almost con-
stant as the conversion ratio became almost constant after a specific temperature of about 
850 °C (shown in Figure 4). At lower temperatures and higher-pressure conditions, the 
PSA yield is relatively higher since the amount of hydrogen produced in the fuel-pro-
cessing system is smaller, and the amount of hydrogen purged with impurities from the 
PSA system is relatively small. This is the result of methane conversion, and when the 
methane conversion is low, the amount of input gas adsorbed is large, so the adsorption 
of hydrogen is relatively low and the measured yield is high. As a result, the yield would 
be higher, although the amount of hydrogen production is low. 

11. Overall Yield 
By definition, the efficiency of the overall system was calculated as the ratio of the 

enthalpy of hydrogen produced at the PSA outlet and the summation of the BNG enthalpy 
and the PNG enthalpy shown in Equation (10), with the results summarized in Figure 13. 𝜂 =  × 𝑛𝐻2(𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑) × (𝑛𝐶𝐻4( ) 𝑛𝐶𝐻4( ))    (10)

50%

55%

60%

65%

70%

600 650 700 750 800 850 900 950 1000

Hy
dr

og
en

 p
ur

ifi
ca

tio
n 

yi
el

d 
of

 P
SA

 (η
2)

Temperature (℃)

1bar
2bar
3bar
4bar
5bar
6bar
7bar
8bar
9bar
10bar

Figure 12. Hydrogen-purification yield of the PSA process.

As shown in Figure 12, the efficiency of the PSA system was constant at about 55%
at reformer temperatures of about 850 ◦C and higher. The temperature at this time is
the operating condition of the reformer, and the PSA yield was also measured as almost
constant as the conversion ratio became almost constant after a specific temperature of
about 850 ◦C (shown in Figure 4). At lower temperatures and higher-pressure conditions,
the PSA yield is relatively higher since the amount of hydrogen produced in the fuel-
processing system is smaller, and the amount of hydrogen purged with impurities from
the PSA system is relatively small. This is the result of methane conversion, and when the
methane conversion is low, the amount of input gas adsorbed is large, so the adsorption of
hydrogen is relatively low and the measured yield is high. As a result, the yield would be
higher, although the amount of hydrogen production is low.

11. Overall Yield

By definition, the efficiency of the overall system was calculated as the ratio of the
enthalpy of hydrogen produced at the PSA outlet and the summation of the BNG enthalpy
and the PNG enthalpy shown in Equation (10), with the results summarized in Figure 13.

η3 =
LHVH2 × nH2(produced)

LHVCH4 ×
(
nCH4(burner) + nCH4(process)

)
+ Compressor work

(10)
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Figure 13. Overall system yield.

The overall system showed a maximum yield of about 43.17% at 1 atm and 800 ◦C. By
adding compressor work to the yield of the existing fuel-processing system, the yield was
reduced due to the process of pressurizing. Therefore, the highest efficiency was shown at
1 atm and 800 ◦C.

12. Analysis of Results

This study attempted to understand improvements of the pure-hydrogen-production
system by observing the performance and sensitivity of the system according to load change
in the reformer, the water–gas shift reactor, and the PSA, and analyzing the operation
efficiency. Simulations were conducted at a temperature between 600 and 1000 ◦C at a
reformer pressure of 1 atm and 10 atm for the fuel-processing system and conducted at a
temperature of 15 ◦C and a pressure 9 atm for the PSA system. In the fuel-processing system,
efficiency varies from 35.95% to 82.40% depending on temperature and pressure conditions,
and the maximum efficiency was about 82.40% with reformer conditions of 800 ◦C and
1 atm. In the PSA system, efficiency varied between 55% and 67%, and the maximum
efficiency was 67% at reformer conditions of 10 atm and 600 ◦C. The efficiency of the overall
system ranged from 21.28% to 43.17% and the highest efficiency was 43.17% with reformer
conditions of 800 ◦C and 1 atm. The most critical variable in these simulation results
is assumed to be the input methane amount, denoted as PNG. Based on this, using the
commercial software MATLAB R2023b®, 3D graphs depicting the overall yield according to
temperature and pressure conditions of the reformer were generated at various temperature
and pressure conditions (shown in Figure 14).
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As is shown in the figure, the methane conversion increases as temperature increases
and pressure decreases. However, at a higher temperature, there is no noticeable difference
in methane conversion as the reformer pressure changes. The empirical model for calculat-
ing the conversion of methane at given temperatures and pressures of the fuel-processing
system is listed at Equation (11).

Conversion(T, P) = −2.39− 0.001365P + 0.008121× T + 1.39× 10−7P2

+1.269× 10−6TP− 4.747× 10−6T2 (11)

where T is the temperature of the reformer reactor and P is the pressure of the fuel-
processing system. The R2 value of the empirical equation is 0.9805.

The overall yield of the whole system at various temperature and pressure conditions
is summarized in Figure 15.
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The overall hydrogen-production yield is also higher at relatively high reformer
temperatures and high reformer pressure conditions but stabilized at a higher temperature
regardless of the reformer pressure. The hydrogen-production yield for the overall process
was also obtained and is listed at Equation (12).

Yield(T, P) = −0.6163− 0.0004557P + 0.002533T + 7.147× 10−8P2

+3.514× 10−7TP–1.486× 10−6T2 (12)

Using similar methods, new prediction equations for calculating methane conversion and
yield calculations for other systems can be obtained from simulation results. These equations
can be used to predict overall yield under various temperature and pressure conditions.

The fuel-processing system had the highest efficiency at 1 atm and 800 ◦C at the
reformer, and the overall system considering the compressor and PSA had the highest
efficiency at 1 atm and 800 ◦C. The overall yield was plotted as a function of conversion,
which is shown in Figure 16.
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As shown in Figure 16, overall yield linearly increases as methane conversion increases,
and it is expressed as a linear function.

Equation (12) can be used to predict the overall yield of a combined processing system
and the PSA system. In the combined system, the heat energy needed for the reaction is
supplied by BNG and the compression work is conducted by two compressors. One is used
to pressurize the inlet pressure of the reformer between 1 atm and 9 atm (compressor 1)
and the other is used to pressurize the inlet pressure of the PSA to 9 atm (compressor 2).
The compressors’ work is organized according to the reformer pressure condition. The
work of compressor 1 decreases as conversion increases since a lesser amount of PNG is
needed at a higher conversion to make 10 kW hydrogen. It is also higher at high reformer
pressure conditions. In Figure 17, the amount of PNG and the amount of BNG needed
to make 10 kW hydrogen and the total compression work (work of compressor 1 and of
compressor 2) are listed. As shown in the figure, the most energy needed for hydrogen
production is PNG, and the least amount of energy supplied is compressor work.
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The amount of each energy supplied at different overall yields is also shown in
Figure 18.
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In Figure 18, the amount of PNG supplied, and the compression work decrease rapidly
as overall yield increases, while the small amount of BNG supplied decreases as overall
yield increases.

13. Conclusions

A combined system of a fuel-processing system connected with a PSA system to
produce 1 kW pure hydrogen was simulated using Aspen Plus® and Aspen Adsorption®

simulators. The reformer was operated at a temperature of 600 ◦C to 100 ◦C and at a
pressure of 1 atm to 9 atm. The water–gas shift reactor was operated at 200 ◦C and the
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same as the reformer pressure, and the PSA system was operated at 15 ◦C and 9 atm. For
energy analysis, all energies are expressed as a function of methane conversion. From the
simulation data, a prediction equation was created to calculate the methane-conversion
rate and the overall hydrogen-production yield under various temperature and pressure
conditions. For a real system, methane conversion can be calculated from experimental data;
overall yield can also be calculated using similar methods, and the operating conditions
are determined to achieve the maximum hydrogen-production yield. The amount of
natural gas and the energy needed for each unit is expressed as a function of methane
conversion. As a result, overall system yield was a linear function of methane conversion.
The maximum yield for the fuel-processing system was 82.40% at a reformer temperature
of 800 ◦C and a system pressure of 1 atm, and the maximum yield for the PSA system was
55% at an 850 ◦C reformer temperature. The overall yield was 43.17% at 800 ◦C and 1 atm
in the reformer.
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