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In order to achieve the hydrogen economy and respond to initial hydrogen demand appropriately, a hydrogen production and
operation methodology is required to secure the economic feasibility of long-term on-site HRS. This study proposes a novel
investment strategy for on-site hydrogen production to meet future hydrogen demand. The optimal investment strategy based
on the dual-modal mode of combined autothermal reforming (ATR) and steam methane reforming (SMR) is proposed for
hydrogen production using natural gas (NG) as a raw material. To predict hydrogen demand from 2020 to 2030, the machine
learning (ML) technique was adopted. R2 and MSE as result using ML were 0.9936 and 6 88 × 10−5, respectively. In addition,
the ATR-SMR hydrogen strategy (ASHS) process was analyzed and compared with the SMR-SMR and ATR-ATR hydrogen
strategy (SSHS and AAHS) processes in terms of optimal operation rate, storage tank management, economics, and
environmental impacts. The operation rate of proposed hydrogen production processes was determined by the hydrogen
demand and storage tank level, and the optimal investment plan to install additional hydrogen process depends on the total
amount of hydrogen production. In this study, these results were observed due to the effective combination of the strengths of
ATR and SMR. Consequently, the ASHS had the best cost-effectiveness (LCOH at $5.63/kg H2) and environmental friendliness
(unit CO2eq emissions at 10.21 kg CO2eq/kg H2 and 1.73 kg CO2eq/kg H2 with CCS). This study includes sensitivity analysis
and a comparison of CO2 taxes by the country for three proposed hydrogen production processes. It could contribute to the
optimal operation of the on-site hydrogen production system in preparation for future hydrogen demand.

1. Introduction

Hydrogen is a clean energy carrier with the potential to
replace conventional hydrocarbons derived from fossil fuels
over the long term. In addition, hydrogen produced from oil
refining and petrochemical processes has been widely
applied in various chemical plants, power generation, and
mobility [1–3]. However, current hydrogen usage has limita-
tions in terms of storage and transportation of large quanti-
ties because of the lack of associated technology. Hence, this

study proposes an on-site hydrogen refueling station to
overcome these issues and attempts to maximize profits by
minimizing the operation costs through optimal dual modal
process operation considering future hydrogen demand
based on machine learning (ML).

Natural gas (NG) and light hydrocarbon are widely used
around the world as a raw material for hydrogen production
[4, 5]. Hydrogen production technologies can be divided
into three representative routes, namely, steam methane
reforming (SMR), partial oxidation (POX), and autothermal
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reforming (ATR). SMR is currently one of the cheapest hydro-
gen production technologies [6]. The advantages of SMR are
its relatively high operational efficiency and low production
cost. However, SMR requires a high temperature (approxi-
mately more than 500°C), which is based on conventional
hydrocarbons owing to the endothermic reaction [7, 8]. The
required energy is supplied to the system from an external heat
source. The thermal efficiency of the general SMR in industrial
processes has a range of 70–85% [9]. ATR involves the addi-
tion of catalytic POX to the SMR process. ATR involves both
an endothermic reaction of SMR and an exothermic reaction
of POX, which occurs simultaneously. Therefore, the temper-
ature distribution of ATR sharply increases in the thermal sec-
tion by an exothermic reaction, and then constantly decreases
in the catalytic section by an endothermic reaction. No addi-
tional heat was required due to this phenomenon. Kim et al.
[10] investigated the start-up period of fermentation hydrogen
production. They overcame fluctuations in hydrogen produc-
tion for 10 days and stabilized hydrogen production. Kiaee
et al. [11] demonstrated the operating performance of a pres-
surized alkaline electrolyzer in a hydrogen refueling station
(HRS), under various operation modes. This paper provided
an acceptable control strategy for system operation consider-
ing electrolyzer characteristics when integrating the electroly-
zer loads in the power system. Genovese et al. [12] investigated
the standard operation of an HRS with on-site hydrogen pro-
duction using water electrolysis. The standard operation and
maintenance operation were investigated using calculation,
mathematical modeling, and analysis based on the database.
They found that operation strategy could lower the average
loss ratio of hydrogen from 30-35% to 2-10%. Xu et al. [13]
developed a renewable energy hub framework with optimal
operation using multiple energy supplies, considering produc-
tion, conversion, and storage costs. The proposed methodol-
ogy was applied to community microgrids under grid-
connected and grid-disconnected modes, and the operation
costs based on solar-wind accommodation could be improved
by up to 1.59% compared to the previous system. Samsatli
et al. [14] developed a novel optimization model for the oper-
ation and design of an integrated electricity system for a
hydrogen-wind network. This optimization model could be
determined by the location and size of the plant, storage, and
transportation technologies. Kim and Kim [15] developed
strategic planning using the optimization of a hydrogen supply
system with a renewable source. This optimization model was
applied to the wind-powered hydrogen supply system and
analyzed cost drivers. In addition, they developed regulation
policies based on various scenarios. Liu et al. [16] carried out
optimal planning for a distributed energy system based on
hydrogen, which adjusted to various energy supply and
demand. They minimized the capital expenditure (CAPEX)
and operating expenditure (OPEX) of the system using multi-
energy storage units. Compared to the conventional
electricity-driven energy system, CO2 emissions could be
reduced by more than 100% in high solar radiation areas,
and OPEX is reduced by a maximum of 60%. Wu et al. [17]
proposed a novel scheduling model for microgrids with
hydrogen-fueling stations under uncertainty such as renew-
able energy power and electrical hydrogen load. This study

applied a robust optimization technique, and the results pres-
ent that the distributed energy resources and hydrogen-fueling
stations were optimally adjusted.

As the current infrastructure for hydrogen is generally
insufficient, it is important to secure economic feasibility
from hydrogen production to hydrogen charging at the
HRS. Jang et al. [18] carried out a technoeconomic analysis
of various hydrogen production technologies based on the
Monte Carlo method. The levelized cost of hydrogen
(LCOH) was determined by two dominant variables such
as electricity cost and tax rate. Restrepo et al. [19] performed
a technoeconomic evaluation of hydrogen production based
on renewable energy and developed a novel methodology for
the operation of several reactors. This study shows that the
efficiency from the sun to hydrogen production was
obtained at 31.8%, and LCOH presents $4.55/kg H2.

Global greenhouse gas emissions cause climate change
from energy consumption with fossil fuels. Therefore, most
countries are trying to reduce GHGs. Most hydrogen pro-
duction processes (HPPs) currently generate very high CO2
emissions as raw materials and fuel are used without deploy-
ing a carbon capture system. A carbon capture and storage
(CCS) system is one of the important methods to reduce
CO2 emissions. The optimal location of the CCS in the
HPP could be significantly improved in reducing CO2 emis-
sions. They provided an optimal steam-to-carbon (S/C) ratio
to reduce CO2 emissions and investigated oxygen enrich-
ment effects in the furnace to improve CO2 capture perfor-
mance [20]. Air products carried out a carbon capture and
sequestration project to develop a new retrofit system to cap-
ture CO2 generated from industrial SMR plants. CO2 has
been concentrated from 15% to at least 98% of the waste
stream from SMR, resulting in a reduction of more than 1
million tons of CO2 emissions per year [21]. The traditional
HPPs use NG as a raw material and fuel. It is generally
known to emit approximately 9 to 11 kg CO2 per 1 kg H2
[22]. Meanwhile, the hydrogen production via SMR with
CCS was investigated at 3.9 kg CO2 per 1 kg [23]. Oni et al.
[24] carried out a comparative assessment of ATR with
CCS to produce blue hydrogen. They achieved low GHG
emissions and 3.91 kg CO2eq/kg H2 and demonstrated that
the economic feasibility of SMR plants depends on the
CO2 capture rate. Granovskii et al. [25] conducted a study
on GHG emissions from hydrogen production and evalu-
ated the economic aspects of using renewable energy instead
of fossil fuels. To evaluate the economic, social, and environ-
mental impacts, Acar and Dincer [26, 27] compared and
analyzed different hydrogen production methods based on
renewable and nonrenewable sources. In addition, they eval-
uated the environmental, economic, social, and technical
performance of hydrogen production, including sources,
systems, and storage options. They proposed reliable guide-
lines for evaluating the hydrogen production options. Hong
et al. [28] developed a multiobjective optimization model for
on-site SMR hydrogen production to reduce CO2 emissions.
The thermal efficiency reached between 77.5 and 87.0%, and
CO2 emissions indicated between 577.9 and 597.6 tons per
year through Pareto-optimal solutions. Furthermore, some
researchers have used modeling and optimization of
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processes using ML. Lee et al. [29] performed energy optimi-
zation using ML for on-site hydrogen production. They
optimized the operating conditions of SMR, and thermal
efficiency shows 85.6%. In order to increase the energy effi-
ciency of hydrogen production, Strusnic and Avsec [30]
developed integrating new technologies based on the ther-
mochemical Cu-Cl cycle using the exergoeconomic
machine-learning method. Haq et al. [31] analyzed the pre-
diction and evaluation of hydrogen yield through combined
ML methods and genetic algorithms. The coefficient of
determination (R2) and root mean square error (RMSE)
values of predicting hydrogen yield with Gaussian process
regression (GPR) were showed 0.997 and 0.093, and these
values indicate that the proposed model is appropriate for
dealing with complex variable-target correlation. Pourali
and Esfahani [32] carried out a performance evaluation for
an integrated hydrogen production system based on an ana-
lytical approach and ML. In addition, they provide appropri-
ate correlations for mixture properties and the heat of
reactions based on the decision tree algorithm. Ozbas et al.
[33] analyzed hydrogen production from biomass gasifica-
tion using ML methodology. In order to achieve the goal,
they performed hydrogen concentration prediction using k
nearest neighbors (KNN), support vector machine (SVM),
and decision tree (DT). Vo et al. [34] investigated an inte-
grated approach based on mathematical modeling and artifi-
cial neural network (ANN) for SMR. This study developed a
hydrogen production system using operational optimization
and design at a low computational cost. Koo et al. [35]
inferred the operating parameters of SMR from the temper-
ature field by utilizing ML and proper orthogonal decompo-
sition (POD). The authors used the reduced order model
technique based on POD to extract the low-rank features
from the training dataset to deal with the high dimensional
data resulting from computational fluid dynamics.

Previous studies have focused on optimizing operation
conditions in single hydrogen production process (HPP)
such as SMR and ATR or developing integrated processes.
However, these studies mainly aim to increase system effi-
ciency, life cycle assessment analysis based on renewable
energy, and performance evaluation of HPP by using the ML
technique. However, few studies on the hydrogen production
and operation methodology of on-site HRS for vehicles con-
sider the initial hydrogen demand to achieve the hydrogen
economy. Hence, the optimal hydrogen production method
in on-site HRS is essential to respond to initial hydrogen

demand and secure economic feasibility. The objective of this
study was to establish optimal operation strategy and hydro-
gen storage tank management strategies for the proposed
on-site hydrogen production system in response to hydrogen
demand. First, the future hydrogen demand in this study
was predicted using ML techniques such as ANN. After the
prediction, three conceptual designs were developed for on-
site HRS based on the operation of dual-modal mode. To
secure economic feasibility, the proposed optimal operation
and storage tank management strategies were analyzed for the
LCOH, CAPEX, and OPEX. The CO2 emissions from each sys-
temwere determined to evaluate its environmental impact. Fur-
thermore, this study performed a sensitivity analysis for various
descriptors, an LCOH analysis over the operation period, and a
carbon tax for various countries. Figure 1 presents a compre-
hensive overview from liquefied natural gas (LNG) import to
charge gas hydrogen (GH2) at HRS in this study.

2. Problem and Process Description

2.1. Problem Description. Nowadays, to achieve a hydrogen
economy, efficient infrastructure is required to charge
hydrogen to hydrogen vehicles considering the increasing
number of hydrogen vehicles. The HRS is classified as on-
site and off-site HRSs, according to the hydrogen supply
method. An off-site HRS is a system in which hydrogen is
produced from an oil refinery, petrochemical plant, or
hydrogen production plant that is transported to the HRS
using a tube trailer, stored, and charged to hydrogen vehi-
cles. If the demand for the transportation of hydrogen is
low, this supply system is an appropriate method in terms
of economics. However, this approach no longer becomes a
lucrative model owing to the continuously increasing future
hydrogen demand. Hence, the integrated on-site hydrogen
production system using natural gas and HRS is required
from a long-term perspective. In general, if the transporta-
tion distance from the hydrogen production source to the
HRS is long, and it is easy to supply natural gas, an on-site
hydrogen production system in HRS is preferred. The repre-
sentative hydrogen production method includes SMR and
ATR. SMR is not suitable as an early model with low hydro-
gen demand because it requires long start-up and shutdown
times due to high-temperature operation. In addition, the
operation rate should be maintained as much as possible
because frequent start-up/shutdown cycles can significantly
reduce production efficiency [36]. However, ATR is

GH2
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Figure 1: Overview of integrated on-site hydrogen production system and HRS.
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relatively easier to operate than SMR and has very short
start-up and shutdown times [37]. Therefore, it is possible
to adjust the operation rate for hydrogen production
through ATR, and if hydrogen production is excessive, the
hydrogen demand can be managed by supply control
through process shutdown. If the demand for hydrogen
increases sharply, SMR and ATR are simultaneously oper-
ated. SMR produces hydrogen continuously, and an insuffi-
cient amount of hydrogen is produced by changing the ATR
operation mode. A schematic of the proposed process
depicts Figure S1 in supplementary information (SI).

2.2. Process Description. Conventional hydrogen production
methods, such as SMR and ATR, consume NG as the raw
material. Generally, the stream from the NG pipeline first
passes through the pretreatment unit because NG contains
an odorant such as sulfur. The catalysts for SMR and water
gas shift (WGS) are very sensitive to sulfur. Hence, the sulfur
contained in NG must be removed using a pretreatment unit
such as desulfurization equipment. The mainstream then
enters the prereformer (PR). The PR plays a very important
role in converting the heavy hydrocarbons of NG to meth-
ane at a temperature range of 350 to 550°C. The mainstream
exiting the PR is heated from the external heating source and
passes through the main reactors (SMR and ATR).

2.2.1. SMR Process with WGS Unit. The main chemical reac-
tions to produce hydrogen occur in SMR. These reactions
are accompanied by an optimal catalyst for increasing the
hydrogen production rate. The catalyst used in the SMR
reaction is generally in the powder form of the Ni-base.
Ni-catalyst is widely used in industrial SMR processes and
could prevent sintering and carbon deposition under high
temperatures [38]. In addition, this reaction requires high
heat from an external source owing to the endothermic phe-
nomenon of steam reforming. NG and high-temperature
steam react at approximately 850-900°C in the SMR reactor,
producing a mixture of CO, H2O, CH4, and H2 [39].

CH4 + H2O↔ 3H2 + COΔHo
298K = +206 kJ/mol

CH4 + 2H2O↔ 4H2 + CO2 ΔHo
298K = +164 9 kJ/mol

1

To produce additional hydrogen, the stream exiting the
SMR reactor passes through the WGS reactor. Here, addi-
tional hydrogen is produced by the WGS reaction of CO
and H2O at 300°C. This CO shift reaction is slightly exother-
mic as shown in the following equation [40]:

CO +H2O⟶ CO2 + H2 ΔHo
298K = ‐41 1 kJ/mol 2

2.2.2. ATR Process with WGS Unit. ATR consists of combus-
tion and catalytic zones, and the combustion zone partially oxi-
dizes NG, whereas steam enters the catalytic zone at high
temperatures. Therefore, the reactions in the combustion and
catalytic zones were simultaneously activated. The high-
temperature heat generated by the combustion reaction was
used for the catalytic reaction. In particular, flue gas is no longer

generated because oxidation takes place within the reactor. The
operating conditions of ATR have a relatively high temperature
(900−1150°C) compared to SMR. In addition, if the steam-to-
carbon ratio is reduced, the conversion efficiency can be
increased. The use of air as the feed for oxygen is economical
and convenient. However, a large amount of N2 was produced
as a by-product. Therefore, an air separation unit (ASU) was
necessary to supply pure O2 to the process to increase the reac-
tion efficiency. The mixed stream of NG and high-temperature
steam are heated to approximately 950°C using the heater and
then entered into the ATR reactor, and three major reactions
are presented in the following equations [41]:

CH4 +
3
2
O2 ↔ 3H2O + CO ΔHo

298K = ‐520 kJ/mol

CH4 + 2H2O↔ 4H2 + CO2 ΔHo
298K = +164 9 kJ/mol

CO +H2O⟶ CO2 + H2 ΔHo
298K = −41 1 kJ/mol

3

Themainstream exiting the ATR reactor passes through the
WGS reactor and produces additional hydrogen. Finally, to
obtain the highest hydrogen purity, syngas travels through the
pressure swing adsorption (PSA) unit. PSA is generally aimed
to recover approximately 90% of hydrogen. PSA is operated
using periodic pressure changes, and impurities are removed
by adsorption and desorption. The capacity of the PSA unit is
determined based on the amount of impurities such as CO2,
CO, and N2 removed from the syngas. The tail gas from PSA
and exhaust gas from the furnace were mixed and transferred
to CCS to capture CO2. The top outlet stream of the absorber,
including high-caloric components such as CH4 and H2 in the
CCS system, was sent to the furnace. The hydrogen purity grade
exiting from PSA is expressed as a standard decimal notation,
and the hydrogen purity of vehicles is generally 99.9995%.

This study proposes a novel conceptual design to achieve
optimal operational performance considering future required
hydrogen demand. The hydrogen of the proposed HPPs is
produced using an on-site hydrogen production method
according to hydrogen demand. The total production capacity
of the proposed system is 600Nm3/h. SMR and ATR in this
model produce hydrogen in parallel at the same time. When
the hydrogen demand is low, hydrogen is first produced using
ATR, which is easy to operate; when a large amount of hydro-
gen is required, SMR begins to operate.

3. Methodology

3.1. Hydrogen Demand Prediction Based on the ML
Technique. In this study, the future demand for hydrogen
was predicted using an artificial neural network (ANN) algo-
rithm for ML, as shown in Figure 2. The major factors
included the number of vehicles registered by region, the
amount of by-product hydrogen from refineries and petro-
chemical plants, vehicle mileage by region, and fuel effi-
ciency by vehicle type. All descriptors were listed at
monthly intervals from January 2015 to December 2018. In
addition, the dataset of this study had 48 points. Major data,
such as vehicle registration and mileage by region, were
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obtained from the official Korean government database. A
prediction model was developed based on the collected data.
The accuracy of the prediction model mainly depends on the
quantity and quality of the data. To obtain high-quality data,
the data were normalized such that the information could be
clearly displayed and defined [42–44]. This study also
applies an outlier removal technique to remove irrelevant
data. To determine an outlier, a threshold point is required
that has a distinguishing feature compared to normal data.
Hence, this study applied Z-score normalization as a statisti-
cal methodology with a probability distribution. The Z-score
normalization is shown in the following:

Zi =
xi − x
S

i = 1, 2, 3,⋯,n , 4

where x is the mean of the data, S is the standard deviation
of the data, and xi is the data points of the descriptors. As
the value of Zi increased, the outlier probability of the data
point increased. ANN model is learned through loss func-
tion. The loss function is a method to evaluate a particular
algorithm model fit with a given data. This study adopted
mean squared error (MSE) as a loss function and R2 as an
indicator of the performance to secure the reliability of
ANN. However, an overfitted model can show a high R2

value. MSE and R2 are as follows:

MSE =
1
n
〠
n

i=1
yi − ŷi

2,

R2 =
∑n

i=1 yi − ŷi
2

∑n
i=1 yi − yi

2 ,

5

where n is the total number of considered data to learn ANN
model. yi and ŷi indicate actual and predicted values of the i
th data. yi is the average value of total data.

In order to minimize the loss function or to maximize
the efficiency of production, the ANN model was composed
of feedforward using a multilayer perceptron based on a
backpropagation algorithm using a gradient descent opti-
mizer and was trained using supervised learning. ANN
model was developed to predict hydrogen demand. The
input variables were considered as the daily mileage of vehi-
cles such as cars, buses, and trucks, the fuel efficiency of fuel
cell electric vehicles, the amount of by-product hydrogen
supply from petrochemicals and refineries, and the number
of vehicles registered for each region. In this study, the input
descriptors were 71 (see Table S1 in SI), and the output of
this model is one. The outputs obtained for future
hydrogen demand will be subjected to the ANN modeling
with 70% for training and 30% for validation. In addition,
the number of hidden layers was set to 4. Furthermore, the
hyperparameters, including training epochs, activation
function, number of neurons for the hidden layer, and the
optimizer were tuned and applied. Specifically, Levenberg-
Marquardt (LM) and sigmoid are used for the training
algorithm and activation function, respectively.

3.2. Optimization Model for Hydrogen Investment Strategy.
The operating rate of HRS for hydrogen production relies
on hydrogen demand. However, future hydrogen demand
includes uncertainty and volatility. Hence, the optimal pro-
duction strategy for HPP is required. In general, an on-site
hydrogen production system with HRS produces hydrogen
considering hydrogen demand and storage tank capacity.
The hydrogen tank is used for storage, to charge vehicles
from the high-pressure tank, and plays an important role

Data collection Data curation Data 
pre-processing

ANN model 
construction Test & validation

Descriptor : 71 factors Normalization MSE and R2Training and validationData cleaning

Outlier techniqueZ-scoreTime interval: 1 month Result
MSE : 6.88 × 10–5

R2 : 0.9936

In1
In2
In3

Inn

Out

(i)
(ii)

Hyperparameter turning
 Training epochs
 Activation function
 Optimizer
 Number of hidden
 layer

(i)
(ii)

(iii)
(iv)

Activation function
 Hyperbolic tangent(i)

Figure 2: Structure of the proposed ANN for the hydrogen demand prediction.
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as a buffer. Generally, the hydrogen storage tanks in HRS
were pressurized to 25MPa, 35MPa, or 70MPa [45]. The
proposed integrated on-site hydrogen production system
and HRS provide the optimal operation rate considering
the hydrogen demand and input data change every month.
The optimization predicts the monthly usage for each
month based on hydrogen demand data over the years,
which is used to determine the optimal operation rate and
storage tank management per month. The optimization is
performed for a specified period, and the hydrogen demand
can determine an optimal operation pattern for an on-site
HRS. Table 1 shows the assumptions used to analyze the
economic feasibility.

The objective function is to maximize the total profit,
which is calculated by

Objctive function max profit =〠
t∈T

MPt ,∀t ∈ T ,

subject to TSLt ≤ TSt ≤ TSUt ,

ORSMR,L
t ≤ORSMR

t ≤ORSMR,U
t ,

ORATR,L
t ≤ORATR

t ≤ORATR,U
t ,

APHt < RHt + 0 9TSt

6

ORSMR,L
t and ORSMR,U

t are the lower and upper bounds
of the operation rate for SMR during the period t. ORATR,L

t

and ORATR,U
t are the lower and upper bounds of the opera-

tion rate for ATR during the period t. cc and TSUt are lower
and upper bounds of the level of the storage tank during the
period t. RHt is amount of required hydrogen production
per month. The lower and upper bound values of the storage
tank and operation rates of SMR and ATR are provided in
Table S5 of SI.

MPt = TPt‐TIt‐OCt‐RMt , 7

where TPt , TIt , OCt , and RMt represent total profit,
annualized total investment costs, operation cost, and raw
material cost, respectively.

TPt =HSt × AHt , 8

where HSt and AHt indicate hydrogen selling price and
amount of hydrogen sales, respectively.

The operation cost consists of maintenance, labor, and
other costs.

OCt = CMt + CLt + COTt , 9

where CMt and CLt represent maintenance and labor costs,
respectively. COTt denotes other costs during the period t.

RMt = CRt × ARt ,

ARt = 〠
J

j∈J
ANj,t + AFj,t ,

10

where CRt and ARt represent the raw material price as raw
material and the total amount of raw material during time
period t, respectively. AFj,t denotes the amount of used
NG to maintain the reaction temperature of reactors by
hydrogen production types j during time period t.

The amount of stored hydrogen in the storage tank was
calculated as follows:

TSt = TSt‐1 + APHt‐AHt , 11

where TSt indicates the amount of stored hydrogen in the
storage tank, TSt−1 presents the amount of storage in the
hydrogen tank from the previous month, and APHt indicates
the amount of hydrogen production during the period t.

The amount of hydrogen produced per month was the
sum of the amounts of hydrogen produced by SMR and
ATR. In addition, the amount of hydrogen produced from
SMR and ATR is expressed as the product of the conversion
rate from NG to hydrogen, operation rate, and amount of
NG input for each process.

APHt = 〠
J

j∈J
AP j,t ,

AP j,t = 〠
J

j∈J
ANj,t × CR j,t × OR j,t ,

12

where AP j,t denotes the amount of produced hydrogen by
hydrogen production types j during time period t. ANj,t ,
CR j,t , and OR j,t indicate the amount of NG inputs, conver-
sion rate, and operation rate by hydrogen production types
j during time period t, respectively.

3.3. Economic Analysis. The economic analysis of proposed
HPPs is performed to select the optimal HPP based on the
CAPEX and OPEX. CAPEX consists of direct costs, includ-
ing equipment purchase and installation costs, and indirect
costs containing contingency and licensing fees as shown
in Eq. (13). In addition, in order to estimate the equipment
purchase cost for a different size, the six-tenths rule was
adopted in this study, as formulated in Eq. (14). This cost
estimation method provides very reliable results when only

Table 1: Assumptions for economic evaluation [46–48].

Parameter Value Unit

Natural gas 500 $/ton

Electricity 0.06 $/kwh

Process water 2.73 $/ton

Cooling water 1.34 $/ton

Maintenance 3 % Annualized capital cost

Plant life 20 yr

Tax rate 25 %

Discount rate 7 %

Others 1 % Annualized capital cost
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an approximate cost is required within ±20%. OPEX consists
of variable costs (e.g., raw materials, utility, and labor costs)
and fixed costs (e.g., maintenance, insurance, and deprecia-
tion costs) [46].

CAPEXtotal = CAPEXdirect + CAPEXindirect, 13

Cb = Ca
Sb
Sa

α CEPCItar
CEPCIref

, 14

OPEXtotal = OPEXvariable + OPEXfixed, 15

where Cb and Ca are approximate and reference costs of
main equipment, respectively. Sb and Sa are the target and
reference sizes of the main equipment, respectively. α indi-
cates a scaling factor, and its value is 0.6. CEPCItar and
CEPCIref present the chemical engineering plant cost index
of the target year and reference year, respectively.

Furthermore, the LCOH is calculated by dividing the
total annual expenditure by the amount of annually pro-
duced hydrogen, as shown in the following:

LCOH =
CAPEXann × CRF + OPEXann

PH2

,

CRF =
i × 1 + i PL

1 + i PL − 1
,

16

where CRF, i, PL, and PH2
denote the capital recovery factor,

the interest rate, plant life, and the total amount of produced
H2, respectively.

3.4. Environmental Analysis. The environmental evaluation
of this study was conducted based on unit CO2 equivalent
emissions per kg H2. Most of the CO2 emissions are gener-
ated by SMR and WGS reactions and by burning fuel gas
in the furnace to maintain a reforming reaction environ-
ment. However, this environmental evaluation does not con-
sider the CO2 emissions captured in the CCS. The unit
CO2eq emissions could be expressed as in

Unit CO2eqemissions =
total direct CO2 emissions

amount of produced hydrogen
17

4. Results and Discussions

This study considers the operation methodology for three
proposed HPPs (ATR-SMR, SMR-SMR, and ATR-ATR) to
maximize the total profit during a given period through
hydrogen demand, prediction using an ML technique. The
investment plan of the established model was determined
considering the operation rate of the on-site hydrogen pro-
duction and the amount of hydrogen production. In addi-
tion, an economic evaluation was carried out in terms of
LCOH based on CAPEX and OPEX. Furthermore, CO2
emissions during the production of hydrogen were calcu-
lated based on the optimal operation in the three proposed
HPPs.

4.1. Simulation Result. The simulation in this study was per-
formed assuming that the on-site hydrogen production sys-
tem was operated at 100% capacity. Figure 3 shows the
process flow diagram (PFD) of ASHS for the simulation,
along with the major streams and major stream information
summarized in Table S2 in SI. In addition, PFD and major
stream information of SSHS and AAHS are summarized in
Figures S2-S3 and Tables S3-S4, respectively. This study
considered an annual hydrogen production of
approximately 1.29 tons per day (TPD) in an on-site
hydrogen production system. The required NG and H2O
feeds for the hydrogen production process were 10.56 and
21.23 kmol/h, respectively. In the SMR process, the NG
and H2O mixed feed goes through the PR after its
temperature is increased to 501°C using an external
heating source. The PR plays a major role in the
conversion of heavy hydrocarbons to methane. The outlet
stream from the PR entered the separator to separate the
unreacted heavy hydrocarbons and nitrogen. The flow rate
of the outlet stream from the separator was 14.16 kmol/h,
and the mole fraction of CH4 was increased to 0.2651.
Then, to meet the SMR operating conditions, the
temperature of stream “7” was increased to 750°C using an
external heating source. In the SMR reactor, the reaction is
performed to produce hydrogen at high temperature and
pressure using a Ni-based catalyst. The flow rate of the
outlet stream from SMR was 21.67 kmol/h, and the mole
fraction of hydrogen was 0.6749. Most of the CH4 was
converted to H2 and CO, and a small amount of methane
remained unreacted owing to the insufficient conversion
rate. To produce additional hydrogen, the temperature of
stream “8” was decreased by 300°C to satisfy the WGS
operating condition, it entered the high-temperature shift
(HTS) reactor of the WGS, and then passed through the
low-temperature shift (LTS) reactor again. In the WGS
reactor, the mole fraction of H2 increased from 0.5194 to
0.6749. Water was removed from the stream using a
separator before entering the PSA. Then, 13.33 kmol/h of
pure hydrogen was produced through PSA, and
5.264 kmol/h of tail gas was sent to the furnace. The CO2
from tail gas was separated by PSA and then mixed with
exhausting gas which is discharged from the furnace. The
mixed steam is sent to CCS to capture CO2, and
approximately 83% of CO2 is captured in CCS. After being
captured from CCS, the remaining gas enters the furnace
and is used as a heat source for the system. On-site
hydrogen production using ATR also produces hydrogen
in a procedure similar to SMR. The remarkable difference
compared to SMR is that the temperature should be raised
to approximately 1050°C to satisfy the operating conditions
of ATR for hydrogen production, as shown in the
information of stream “11.”

4.2. Hydrogen Demand Prediction. To achieve high accuracy
in hydrogen demand prediction, outlier removal was per-
formed using Z-score normalization for data preprocessing.
The preprocessing method using the outlier technique is as
follows. First, the upper and lower limits of the data were
set. Then, (1) if the data points were lower than the lower
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limit, they were replaced with the lower limit value, and (2)
if the data points were higher than the higher limit, they
were replaced with the higher limit value. In addition, to
minimize errors in ANN prediction, hyperparameter tuning
plays an important role in determining the number of opti-
mal epochs and determining early stopping. Furthermore,
the number of hidden layers was determined for the high
performance of the ANN. Finally, the predicted output value
was calculated using the four hidden layers used for the
hyperbolic tangent transfer function. Figure 4 shows the
results of applying the preprocessing and hyperparameter
tuning techniques with random search. The error between
the predicted and actual values can be confirmed through
data preprocessing and hyperparameter tuning techniques.
This ANN model is retrained until the coefficient of deter-
mination for validation is more than 0.99 and the mean
square error (MSE) is less than 10-4. As a result, the R2

and MSE values were 0.9936 and 6 88 × 10−5, respectively.

This means that the actual and predicted values match very
well without overfitting the data. Using the aforementioned
techniques, the performance of the ANN model was signifi-
cantly improved, whereas the original data-based model
showed an R2 of 0.8951.

The number of on-site HPP with HRS is calculated by
dividing predicted hydrogen demand by the amount of one
on-site hydrogen production. The number of hydrogen pro-
duction system with HRS required based on the predicted
hydrogen demand is depicted in Figure S4 in SI.

HRSnum =
Hd

Ohp
18

It shows an exponential tendency in which the hydrogen
demand drastically increases by approximately 10 times over
the next 10 years. The generated data imply that the
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hydrogen demand has risen sharply over the years and
inevitably requires an additional installation of an
integrated hydrogen production system with HRS
simultaneously. This could lead to a sudden increase in the
investment cost for the hydrogen systems, where the
optimal operation rate according to the number of
integrated hydrogen production system with HRS should
be determined to acquire economic benefit.

4.3. Optimal Operation Rate and Storage Tank Management.
The investment timing to install HPP depends on the total
hydrogen production through process operation rate based
on the future hydrogen demand. Figure 5 shows the invest-
ment timing of each HPP for hydrogen production. ASHS
and AAHS used HPP1 to produce hydrogen from the begin-
ning and operated HPP2 in Jun. 2024 to meet future hydro-
gen demand. On the other hand, due to limited utilization

rates, SSHS operated HPP1 for hydrogen production from
Feb. 2023. The total hydrogen production was related to
the operation rate and storage tank management for ASHS
over the operating period of HPP.

In Figure S5 in SI, the ATR operation pattern shows a
very similar tendency every year despite the increasing
hydrogen demand. The level fluctuation in hydrogen
storage tanks generally increases with an increase in the
variability of the hydrogen demand. Hydrogen storage
tanks are used to compensate for insufficient hydrogen
production owing to hydrogen demand. Hence, even if the
on-site hydrogen production system with HRS is
composed, it is necessary to supplement the hydrogen
supply by storing sufficient hydrogen for a long time
considering hydrogen demand. In Figure S5 (a), hydrogen
is first produced by ATR before it is produced by SMR,
owing to lower hydrogen demand. SMR will be operated in
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June 2024, when hydrogen production by ATR cannot
satisfy hydrogen demand. The operation rate of SMR is
maintained as much as possible considering the amount of
hydrogen demand, and as hydrogen demand increases, the
operating rate approaches 100%, and ATR is responsible
for the insufficient hydrogen production quantities. The
initial storage tank level is always maintained at maximum
to cope with the volatility of hydrogen demand. In
particular, the storage tank level depends on the hydrogen
demand and the operating characteristics of the SMR. In
addition, it has a significant fluctuation as the HPP begins
to operate in dual-modal mode. In Figure S5 (b), SSHS is a
system that purchases hydrogen and charges hydrogen
vehicles from a hydrogen production system because it is
difficult to operate in the early stages of hydrogen
production owing to the operating condition constraints of
SMR. The first SMR was operated to satisfy operating
conditions in February 2023, and the second SMR was
operated in June 2026. The SSHS also maintains a similar
operation rate to the maximum possible extent, and the
operation rate is changed by considering the operating
conditions of each other. Rapid fluctuations in hydrogen
demand simultaneously change the operating rates of the
two SMRs and minimize the difference in their operating
rates. The storage tank level of the SSHS generates
fluctuation from a single operation mode due to the
operation characteristics of the SMR. In Figure S5 (c), the
operation rate and storage tank level of initial AAHS show
a similar trend to ASHS by hydrogen production using
ATR. The storage tank management of AAHS is
maintained as the most stable owing to ATR’s dual
hydrogen production.

4.4. Economic Analysis Results. In general, total CAPEX and
OPEX can depend significantly on the size of the production
plant. The hydrogen production cost generally considers the
initial investment, including equipment purchase and instal-
lation, to the operational costs during the overall lifetime.
This study analyzed the economic feasibility of on-site
HRS while satisfying the future hydrogen demand. The over-
all economic performance of each system was evaluated
through cash flow, and the best systems with the lowest
hydrogen production costs were identified. Hence, this study
analyzes cash flow to determine the representative economic
performance for operating the on-site hydrogen production
system. The initial cash flow has a considerably high nega-
tive value owing to the low operation rate of the hydrogen
production systems. However, by 2030, the operation rate
of ASHS and AAHS will increase compared to 2020, and
cash flows will reach a break-even point (BEP). In addition,
the cash flow of the ASHS is lower than that of the other
processes through the optimal production of hybrid ATR
and SMR, considering hydrogen demand. The cash flow
for the three proposed HPPs during the operation period is
shown in Figure S6 in SI.

The total CAPEX consists of HPP, HRS, and CCS based
on direct and indirect costs. CAPEX of HPP accounts for 43-
45% of the total CAPEX. CAPEX of ASHS is similar to SSHS
and is approximately 4% more expensive due to increased

equipment purchase costs than AAHS. Figure 6 presents
the ratios of CAPEX for hydrogen production.

Figure 7 presents the cost contributions of the equip-
ment for HPP and HRS in the three proposed HPPs. The
CAPEX of the three proposed HPPs were almost identical.
However, there is a difference in equipment depending on
the operation mode. The reactor, PSA, and compressor in
the three proposed HPPs account for approximately 40
−48% of the total CAPEX, and they are important equip-
ment that determines investment costs. In particular, the
operation modes with ATR also have ASU costs to supply
high-purity oxygen.

Figure 8 presents the cost contributions of OPEX for
three proposed HPPs. OPEX of three proposed HPPs
depend on the purchase cost of raw materials. In particu-
lar, the costs of raw materials and labor account for an
absolute percentage of approximately 66% of the total
OPEX for three proposed HPPs. The OPEX of ASHS
was lowest compared to SSHS and AAHS due to saving
raw material purchase costs through optimal operational
strategy. The raw materials cost of ASHS is lower by
8.0% and 15.4% compared to SSHS and AAHS, respec-
tively. However, the operation mode with ATR requires
more raw material than SMR because of the lower process
efficiency. On the other hand, the HRS equipped with SSHS
is not initially operated when the hydrogen production is less
than the minimum operating rate and is operated by a system
that purchases and charges hydrogen from outside. Hence, the
OPEX of SSHS also includes GH2 purchase cost. ASHS has the
best economic feasibility from the perspective of process oper-
ation in on-site hydrogen production systems. Total OPEX of
ASHS was lower by 4.4% and 10.3% compared to SSHS and
AAHS.

Figure 9 presents a comparison of the LCOH for the
three proposed HPPs over the total operation period. In gen-
eral, the LCOH depends mainly on CAPEX, discount rate,
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and OPEX. All production processes in the early stages of
hydrogen production have very high LCOH owing to the
low hydrogen demand and process operation rate. However,
the LCOH sharply decreases, and the operation rate of the
hydrogen production process recovers as the hydrogen
demand increases. In the case of SSHS, the initial LCOH is
approximately 22.5 and 21.9% higher than ASHS and AAHS
by the strategy of purchasing hydrogen from outside and
charging the vehicles due to the limitation of the operation
rate of the hydrogen production process. However, the LCOH

of the ASHS and SSHS converges to a similar value (approxi-
mately $6.02/kg H2) when the process operation rate reaches a
maximum value during the operation period. In particular, the
LCOH difference between AAHS and SSHS will decrease to
4.5% by 2030. Furthermore, the price competitiveness of the
SSHS was improved by an increase in hydrogen demand.
Therefore, the SSHS might also be selected as an on-site
hydrogen production with HRS considering the stable opera-
tion of the process and low CO2 emissions.
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4.5. Environmental Analysis Results. CO2 is significantly gen-
erated during the hydrogen production processes (most CO2
emissions directly occur from SMR, ATR, and WGS pro-
cesses) and NG combustion in the furnace. CO2 generated
from HPP could be dramatically reduced by capturing the
majority of CO2 at the purge streams, including tail gas from
the process and exhaust gas from the furnace. Through this
process, gray hydrogen could be converted to blue hydrogen.
Figure 10 shows the amount of CO2 emissions generated to
produce GH2. The amount of CO2 emissions for three pro-
posed HPPs (a, b, and c) are 8.9, 8.8, and 9.1 kg CO2/kg
H2, respectively. Here, the SSHS has the lowest CO2 emissions
among the three proposed HPPs. This indicates that the initial
CO2 emissions of the SSHS are zero because hydrogen is not
produced in the on-site hydrogen production system owing
to the operation rate limitation. In addition, the CO2 emis-

sions of ASHS were lower by approximately 1.9% compared
to AAHS. In general, although ATR has a lower process effi-
ciency than SMR, it can reduce the amount of fuel required
to maintain the reaction temperature through autothermal
reactions, resulting in lower CO2 emissions. However, ATR
consumes more raw materials to produce the same amount
of hydrogen because of its low process efficiency.

5. Sensitivity and Scenario Analysis

5.1. Sensitivity Analysis for Major Parameters. To analyze the
key parameters affecting the LCOH, a sensitivity analysis
was performed for the cost drivers, including equipment
cost, discount rate, raw material purchase cost, and OPEX.
The sensitivity analysis assumes a change of ±30% compared
to the original parameters. Figure 11 shows the results of the
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sensitivity analysis of ASHS. OPEX is a more sensitive
parameter than the other parameters because it is the dom-
inant cost driver. Evidently, new technical improvements to
lower operation costs using an optimal operation strategy
can enhance the economic feasibility from GH2 production
to hydrogen charging based on the integrated on-site hydro-
gen production with HRS. In addition, the SSHS and AAHS
show similar trends to ASHS in the sensitivity analysis for all
the considered parameters.

5.2. Comparison for CO2 Emissions of Three Proposed HPPs.
The amount of NG consumed by each HPP depends on the
operation characteristics of SMR and ATR. Figure 12 shows
the CO2 emissions according to the maximum operation
rate of HPPs and each proposed HPP as of 2030. In partic-
ular, the amount of NG consumed in the SMR of ASHS
accounts for 72.7% of total consumption. If the amount of
hydrogen production increases, ASHS requires maintaining
the operation rate of hydrogen production due to the char-
acteristics of SMR. The amount of NG consumed by each
HPP in SSHS is similar because of dual operated by two
SMRs. In AAHS, HPP1 consistently maintains the operation
rate for hydrogen production, and HPP2 meets the hydro-
gen demand through variable operation.

5.3. Economic and Environmental Effect of Three Proposed
HPPs with CCS. Currently, most countries are continuously
making efforts to reduce CO2 emissions. In this study, CCS
was considered to reduce CO2 emissions from hydrogen
production facilities. Unit CO2 emissions and LCOH of
HPPs with CCS were compared with conventional HPPs.
Figure 13 presents the comparison of unit CO2 emissions,
including generated CO2 with CCS for the proposed HPPs.
The CO2 emissions were considerably reduced by CCS.
The unit CO2 emissions of three HPPs with CCS were
decreased by approximately 83% compared to the proposed
HPPs, at the values of 1.73, 1.35, and 1.71 kg CO2eq/kg pro-
duced hydrogen, respectively. Hence, according to the refer-
ence, these values are included in the range of blue
hydrogen [49].

Figure 14 shows the correlation between LCOH and CO2
emissions from CCS capture and sales. In the case of ASHS,
LCOH and CO2 emissions as of 2030 are $6.02/kg H2 and
2.88Mton, respectively. The LCOH of ASHS was increased
due to equipment purchase and installation costs of CCS.
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However, the final LCOH could be reduced by 12.2%
through the sale of captured CO2, and CO2 emissions could
also decrease by 2.45Mton compared with ASHS without
CCS.

5.4. Cost Analysis for Carbon Tax by Country. Carbon taxes
around the world are implemented to compensate for the
amount of GHGs released from industries into the Earth’s
atmosphere. To decelerate global warming, many developed
and developing countries are planning to reach net zero
emissions by 2050. Figure 15 shows the carbon tax based
on the three HPPs when the carbon tax for each country is
applied. In particular, the rates of carbon taxes vary signifi-
cantly around the world. As shown in Figure 15, developed
countries are more expensive than developing countries. In
addition, Sweden has the highest carbon tax worldwide at
approximately USD 2.38-2.47 million, while Japan has a car-
bon tax of less than USD 46 thousand. Carbon tax provides
economic motivation for polluters to reduce GHGs or switch
to more efficient processes and clean fuels.

6. Conclusion

This study proposed optimal investment strategies for three
on-site hydrogen production with dual-modal modes based
on hydrogen demand using a ML technique. The three HPPs
consist of a combination of ATR-SMR, SMR-SMR, and
ATR-ATR. This was done to determine the investment tim-
ing based on the optimal operation rate and storage tank
management for the proposed HPPs. In addition, the three
on-site HPPs were analyzed in terms of process, economic,
and environmental impacts. In particular, the optimal oper-
ation rate and storage tank management were determined by
satisfying hydrogen demand and various constraints. The R2

and MSE values were obtained at 0.9936 and 6 88 × 10−5,
respectively. The CAPEX of ASHS is similar to SSHS and
is approximately 4.0% higher than AAHS due to increased
equipment purchase costs. However, the OPEX of ASHS
could be reduced by 9.3% compared to AAHS through the
optimal operation of HPPs. The profitability of the ASHS
and SSHS was economically high in terms of long-term
operation. However, the initial profitability and environ-
mental impacts of SSHS were relatively low because of the
operating rate limitations of hydrogen production systems.
In addition, the CO2 emissions of the ASHS were lower by
1.9% compared to AAHS. CO2 generated from HPPs was
decreased by approximately 83% using CCS, while LCOH
was reduced by 12.2% through CO2 sales. Furthermore, we
investigated the economic and environmental effects of the
three proposed HPPs with CCS. Moreover, the amount of
NG consumed and CO2 emissions generated in each HPP
are analyzed using the 2030 operation rate relative to the
maximum operation rate. These results contribute to estab-
lishing an optimal production strategy for maximizing the
economic feasibility of hydrogen production systems.
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Nomenclatures

Indice
j: Hydrogen production type.

Variables and parameters
AHt : Amount of hydrogen sales during

time period t
ARt : Total amount of used raw material

during time period t
AFj,t : Amount of used NG to maintain

reaction temperature of reactors by
hydrogen production types j during
time period t

APHt : Amount of hydrogen production
during time period t

APj,t : Amounts of produced hydrogen by
hydrogen production types j during
time period t

ANj,t : Amounts of NG inputs by hydrogen
production types j during time period t

Ca and Cb: Approximate and reference costs of
main equipment

CLt and CMt : Labor and maintenance costs of
hydrogen production systems and
HRS during time period t

COTt : The other costs during time period t
CRt : The raw material price during time

period t
CR j,t : The conversion rates by hydrogen

production types j during time period t
Hd : Predicted hydrogen demand
HSt : The hydrogen selling price during

time period t
HRSnum: The number of on-site hydrogen

production with HRS
MPt : Total profit during period t

n: The total number of considered data
to learn ANN model

Ohp: Amount of one on-site hydrogen
production

OCt : Operating cost during time period t
OR j,t : The operation rates by hydrogen pro-

duction types j during time period t
ORSMR,L

t and
ORSMR,U

t :
The lower and upper bounds of
operation rate to SMR during time
period t

ORATR,L
t and

ORATR,U
t :

The lower and upper bounds of
operation rate to ATR during time
period t

PH2
: Total amount of produced hydrogen

during time period t
RMt : The raw material cost during time

period t
S: The standard deviation of the data
Sb and Sa: Target and reference sizes of main

equipment
TIt : The annualized total investment cost

during time period t
TPt : The total profit during time period t
RMt : The raw material cost during time

period t
TSt : Amount of stored hydrogen in the

storage tank during time period t
TSt−1: Amount of stored hydrogen in the

storage tank from the previous month
during time period t

α: Scaling factor
i: Discount rate
xi: The data points of the descriptor i
x: The mean of the data
yi and ŷi: The actual and predicted values of the

ith data
yi: The average value of total data.
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