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The steel industry faced a critical challenge due to its significant contribution to global
CO: emissions, mainly derived from the use of fossil fuels in conventional processes.
This situation created an urgent need for more sustainable alternatives. Hydrogen

emerged as a key energy carrier for decarbonization, particularly in its green and blue
forms. These options demonstrated strong potential to reduce emissions through
electrolysis powered by renewable energy sources and natural gas reforming with CO:
capture, respectively. In this context, the present study aimed to comparatively evaluate
the feasibility of implementing green and blue hydrogen for steel production in Peru from
a techno-economic perspective. The methodology was based on Aspen Plus scenario
simulations of proton exchange membrane (PEM) electrolysis and autothermal reforming
(ATR) with methyldiethanolamine (MDEA)-based carbon capture, followed by a techno-
economic assessment using the levelized cost of hydrogen (LCOH). The simulations
showed that a continuous hydrogen production target of 0.16 kg/s required approximately
28.8 MW of PEM electrolyzer power. Green hydrogen production increased linearly with
electrical input, while blue hydrogen performance depended strongly on ATR operating
conditions. The estimated LCOH was 6.78 USD/kg for green hydrogen and 3.83 USD/kg
for blue hydrogen, making the latter approximately 43% less expensive. The comparison
focused on process-related CO: emissions rather than a full life-cycle carbon intensity
assessment. This highlighted the trade-off between sustainability and economic
feasibility.
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1. INTRODUCTION the emissions from the electricity consumed by those sectors
[5], and Figure 2 shows the percentage of emissions from the
Industrial processes play a crucial role in the development steel industry relative to other types of industries.
of various sectors worldwide, but they are energy-intensive
and, above all, emit excessive amounts of CO, [l1].
Specifically, the steel industry is used in infrastructure, energy,
mining, transportation, manufacturing, and other fields; steel Fuel extraction;
production is one of the fundamental pillars of economic and 1%
industrial development worldwide [2]. The problem with this
industry lies in the fact that it has a large carbon footprint
compared to other types of industries [3]. Globally, the steel
industry accounts for approximately 8% of greenhouse gas
emissions and 11% of human-caused global carbon dioxide
(GHG) emissions [4], particularly due to the use of energy
sources such as natural gas and coal in various types of
furnaces. In the current context, where a shift is needed in how
we produce, consume, and live, given that climate change
already threatens our very existence, the tightening of
environmental regulatory frameworks and compliance with
international treaties, the transformation of the steel industry
toward a process with very low or zero carbon emissions has
become essential for advancing toward more sustainable
production models worldwide. Figure 1 shows the percentage
of GHG emissions from various sectors, including a portion of

Buildings; 7%

Agriculture; 12%

Figure 1. Greenhouse gas (GHG) emissions as a percentage
caused by different sectors

As shown in the figure, the industrial sector accounts for the
largest percentage of global GHG emissions. This sector is
further divided into subsectors such as steel, cement,
chemicals, and petrochemicals, among others; these
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subsectors also contribute significantly to pollution through
their processes. An important figure is the estimated global
CO; emissions, which amount to 37 Gt CO»/year [6]. This
value is useful for estimating CO, emissions in the industrial
subsectors, as shown in Figure 2.

Manufacturing and other industrial

processes s
Other metals (Al, Cu, Zn, etc.) —
Chemicals and petrochemicals
Cement and construction materials |
Iron and steel (siderurgy) |
0 05 1 15 2 25 3 35
Gt CO,/year

Figure 2. CO; emissions in Gt/year for each industrial sub-
process [7]

In the context of the energy transition, a potential solution
has emerged: the use of hydrogen as an energy carrier for the
decarbonization of various industries, such as the steel
industry. Using hydrogen as a reducing agent for iron ore
allows for a significant reduction or complete elimination of
CO; emissions in the process [8]. However, this hydrogen is
categorized by various colors, such as green, blue, gray, pink,
brown, etc., which are related to its production method and
carbon emission levels; the resulting CO, emissions depend on
these factors. Of these colors, green and blue hydrogen are of
greater interest to the scientific community for industrial
applications on a large scale, as they achieve a total or near
100% reduction in CO, emissions.

Blue hydrogen is produced through natural gas reforming,
but to be classified as blue, it must be accompanied by a carbon
capture system for subsequent use or storage; otherwise, it
would be called gray hydrogen. This option allows for a
significant reduction in carbon dioxide emissions as long as
high capture rates are achieved; according to the study [9], it
is demonstrated that blue hydrogen can be a powerful tool for
the transition to a low-carbon economy and that it has
significant room for improvement through the optimization of
methods and infrastructure. Variations in conventional
processes for producing blue hydrogen and capturing CO: can
be found in the studies [10-13], where the optimization of blue
hydrogen production and CO: capture is discussed.

On the other hand, green hydrogen is produced through the
electrolysis of water using an electrolyzer, provided that the
electrolyzer is powered by electricity generated from
renewable sources such as solar or wind. This method of
hydrogen production emits zero percent CO; since it contains
no carbon in its chemical composition; however, this method
currently entails high costs and a high demand for electricity
[14]. In the study [15], the author presents a study on green
and blue hydrogen, as well as the combination of both for the
production of hydrogen and subsequently ammonia,
highlighting that this combination is a promising solution for
the future and can bring greater visibility to the potential of
green hydrogen.

Despite the rapid growth of all these scientific studies, both
theoretical and applied, on the use of various types of
hydrogen for various industries, particularly the steel industry,
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there are technical and economic uncertainties. Specifically,
there is a great need for further technical evaluations regarding
system efficiency, investment, and operating costs; all of this
combined with product storage, prices of raw materials such
as natural gas, and economic penalties or incentives resulting
from carbon policies. This study is presented within a Peruvian
case context. The hydrogen demand was estimated based on
the projected Direct Reduced Iron (DRI) requirements of the
Peruvian steel industry, using publicly available information
from Aceros Arequipa and national climate policies. However,
the techno-economic parameters employed in the simulations,
including electrolyzer performance, autothermal reforming
(ATR) operation, and cost correlations, were primarily
adopted from internationally validated literature to ensure
methodological consistency and facilitate comparison with
previous studies.

Several recent techno-economic studies have evaluated
green hydrogen production through proton exchange
membrane (PEM) electrolysis or blue hydrogen production
using natural gas reforming with carbon capture. These studies
have mainly focused on optimizing individual production
pathways, evaluating hydrogen costs, or assessing
environmental performance under generic operating
conditions. However, direct comparisons between PEM
electrolysis and ATR-methyldiethanolamine (MDEA)
systems under a common industrial hydrogen demand
scenario remain limited, particularly for applications related to
steel decarbonization. To address this gap, this study performs
a comparative thermodynamic and techno-economic
assessment of green hydrogen (PEM electrolysis) and blue
hydrogen (ATR with MDEA-based CO: capture) under a
hydrogen demand representative of a Peruvian DRI steel
production scenario. The comparison includes hydrogen
production performance, process-related CO- emissions, and
levelized cost of hydrogen (LCOH) using a consistent Aspen
Plus simulation framework.

Consequently, this research aims to provide robust results
and evidence that contribute to a transition toward a
decarbonized steel industry through the use of hydrogen by
identifying which type of hydrogen and which method is most
suitable for the design of industrial strategies and future
research focused on the decarbonization of various industrial
sectors. Chapter 2 details the materials and methods used in
the research, presenting the hydrogen production systems
using blocks in the Aspen Plus software, covering both green
hydrogen and blue hydrogen with carbon capture. Chapter 3
presents the research results, including technical and
thermodynamic data, efficiencies, and a cost analysis,
resulting in the cost of hydrogen over the plant’s lifetime, all
of which is based on simulations of the systems built in Aspen
Plus; and Chapter 4 presents the results and recommendations
for future research.

2. MATERIAL AND METHODS

This section describes the various methods, equations, and
software employed to support the research findings. Proper
implementation ensured the generation of accurate data
aligned with the study objectives, which focused on reducing
or eliminating global CO: emissions through hydrogen
utilization. The research is based on ISO 14064, which helps
companies manage their carbon footprint to improve their
environmental performance, as well as Law 30754 and



Supreme Decree No. 012-2024-MINAM in Peru, which
establishes the country’s commitment to climate policies to
fulfill Peru’s obligations under the Paris Agreement [16, 17].

2.1 Steel industry

The steel industry is one of the cornerstones of many
industrial sectors; its value chain spans from the sourcing of
raw materials to the processes of steel reduction, melting, and
refining, which involve various technologies such as blast
furnaces and electric arc furnaces (EAF). The steel industry
contributes a significant amount of pollution that cannot be
ignored; as a result, it faces the challenge of decarbonizing its
operations by adopting cleaner technologies.

In Peru, steel is widely used, particularly in construction,
infrastructure, manufacturing, and mining. In this country,
there are large companies such as Siderperu and Aceros
Arequipa that are responsible for steel production; the latter
has a structured plan to evaluate the use of green hydrogen
starting in 2028. The progress made and next steps by Aceros
Arequipa to support decarbonization are summarized in the
timeline shown in Figure 3.

Installation of the first Implement a
decarbonization plan,
n 0

d the start 4 \ obtain
of the transition from [ 2024 )
d \ /

2026 to
2027

Set carbon footprint |

reduction targets and

bring a new steel mill
into operation

Starting up a lime
plant, committing to
the SBTi international
initiative, calculating a
detailed carbon
footprint for each
product, and

Registration of targets
under the SBTi
initiative,
modernization of the
steel mill, and the
gradual acquisition of
renewable energy
certificates.

2028 to
2030

developing hot-load
technology for rolling
mill 2

Figure 3. Timeline of progress made and steps to be taken
for decarbonization according to Aceros Arequipa [18]

There are two main methods for producing steel. The first
and most conventional method involves blast furnaces; this
method is less costly and the most efficient, but it is highly
polluting, as it generates approximately 2.3 tons of CO; per
ton of steel [7, 19]. The second method involves EAF, which
uses steel scrap or other materials that contain iron, such as
DRI or heated briquetted iron (HBI), which is DRI that has
been compacted [20]. These furnaces are less efficient and
more expensive, but using them exclusively with scrap reduces
CO; emissions by approximately 70% per ton of steel [7]. This
research focuses on the DRI process using more eco-friendly
alternative fuels and their production. DRI is iron obtained by
reducing iron oxide with a reducing gas; this gas is obtained
from natural gas reforming, but with a high percentage of
hydrogen in the mixture or pure hydrogen, DRI is produced
with very few or almost zero CO; emissions [21].

The use of DRI is necessary because a supply of good-
quality scrap alone is not sufficient to meet the demand for
steel; furthermore, adding DRI reduces impurities and
produces higher-quality steel, which is essential for use in
critical industries such as construction and mining [22, 23].
Steel production begins when iron ore is converted into DRI
using hydrogen or natural gas, which removes oxygen from
the ore; in the former, only H-O is produced, and in the latter,
COs.. This DRI, along with scrap metal, is fed into the EAF to
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adjust the steel’s composition and improve its quality. In the
furnace, temperature and chemistry are controlled by injecting
oxygen and adding alloying elements, resulting in molten steel
that is then refined, solidified, and rolled into final products.

According to the study [24], at Aceros Arequipa, sponge
iron, the product of the DRI process, is produced at the Pisco
plant. This material represents approximately 30% of the
metallic charge, while the remaining 70% consists of shredded
recycled steel scrap. It is then poured into an electric furnace
and heated to a temperature of 1600 °C; the molten steel is then
transformed into steel billets, and finally undergoes the rolling
process for subsequent sale.

The direct reduction reactor produces 90,000 metric tons of
sponge iron per year [24]. In turn, approximately 50 to 60 kg
of Hz is required for every ton of DRI produced [25, 26]. Then,
the required hydrogen production is approximately 5,046
metric tons per year (0.16 kg/s), which was used as the design
basis for the simulations. The main operating parameters used
to estimate the hydrogen demand are summarized in Table 1.

Table 1. Main operating parameters used to estimate
hydrogen demand for the direct reduced iron (DRI) process

Parameters Value
Continuous hydrogen production 0.16 kg/s
Annual H: required Slgj/get:rn
55kg
Hydrogen to produce DRI Hao/tonn
Approximate energy consumption 45-55
KWh/kgH-
Energy required at 0.16 kg/s and 50 kWh/kgH- 28.8 MW
in electrolyzer ’
Higher Heating Value of Hydrogen 142 MJ/kg
Lower Heating Value of Hydrogen 120 MJ/kg

2.2 Green hydrogen production

Green hydrogen is seen as a solution for decarbonizing
various industries that emit excessive amounts of CO,,
including the steel industry. By using water electrolysis
powered by renewable energy, it produces a clean fuel that
replaces the diesel, natural gas, or coal used in many sectors.
This eliminates the main source of CO; emissions in steel
manufacturing, paving the way toward a future of competitive
and eco-friendly green steel [8]. This requires the integration
of electrolyzers with wind or solar farms located in strategic
areas to maximize the benefits of this method.

At the heart of this green technology is the electrolyzer,
which contains an anode, a cathode, and an electrolyte; there
are various types, such as the alkaline electrolyzer cell (AEC),
the PEM electrolyzer, the solid oxide electrolyzer cell
(SOEC), and the anion exchange membrane (AEM)
electrolyzer; where the latter two are still under development,
unlike the alkaline and PEM electrolyzers, whose technology
is well-established; of these two, the PEM is more energy-
efficient than the alkaline type by approximately 11% [27, 28].

The PEM electrolyzer uses a polymer membrane that
separates water into hydrogen and oxygen by allowing protons
to pass through while blocking electrons and gases. This is
considered a superior method compared to others because it
produces high-purity hydrogen, which is necessary for
industrial applications, in addition to its high current density,
energy efficiency, lower gas crossover, and better mass-
volume ratio [29]. Many advantages are cited compared to



other hydrogen separation methods, but the main advantage
lies in the fact that its performance is not affected by
fluctuations in the power supply caused by the intermittent
nature of wind and solar energy, all thanks to the rapid proton
conduction of its membrane [30].

What allows protons to pass is the membrane electrode
assembly; this system operates in an aqueous medium. The
following are the equations for the water separation process
using a PEM electrolyzer [31]:

1
Hy0 = 50, + 2H +2¢” (1)

At the anode, the oxidation reaction occurs, where water
molecules decompose, releasing oxygen, hydrogen ions (H"),
and electrons. This is shown in Eq. (1).

The protons, which are hydrogen ions, pass through the
membrane electrode array, the electrons travel through an
external circuit, and at the cathode, the reduction reaction takes
place where the protons combine with the electrons to form
hydrogen. This is shown in Eq. (2).

H* 4+ 2e¢”~ > H, (2)

The overall reaction corresponding to the electrolysis of
water, which is considered an endothermic process driven by
electrical energy, is presented in Eq. (3).

1
Hy +50; = H,0 3)

To characterize the main parameters of the PEM system,
equations are used to quantify energy performance; these are
presented below, along with a brief introduction to each. To
evaluate the electrolyzer performance, the energy efficiency
was calculated as the ratio of the energy content of the
produced hydrogen to the electrical energy supplied by
renewable sources, as given in Egs. (4)—(7) [30].

mH, X LHVH,
nPEM stack (LHV) = ————= “4)
PStack
mH, X HHV H,
nPEM stack (HHV) = ———= (%)
PStack
mH, X LHVH,
nPEM system (LHV) = ———— (6)
PSystem
mH, Xx HHVH,
nPEM system (HHV) = ———— (7
PSystem

where,

i Hz: hydrogen mass flow rate (kg/s)

LHYV H:: lower heating value of hydrogen (MJ/kg)

HHYV H:: higher heating value of hydrogen (MJ/kg)

Pgiaci: power required by the PEM electrolyzer stack (MW)

Pgsygem: Power required by the system (MW)

Faraday efficiency is also taken into account, which is very
important for modeling the hydrogen and oxygen produced.
The equation is presented below, where it is clarified that at
low current densities, this efficiency is disproportionately low.

_ Qideal
nFaraday -
Qreal

(®)
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where,

Nraraday = Faraday efficiency

Qideas = theoretical charge associated with the hydrogen
generated according to Faraday's law (C)

Oreat = actual charge supplied to the electrolyzer during
operation (C)

The voltage efficiency is now reported; this takes into
account membrane and heat losses at the anode and cathode,
and is typically lower than the Faraday efficiency because it
considers only the losses caused by gas diffusion [32]. The
following equations regarding voltage are taken from the study
[33]. Energy is required to decompose water into its two
components; this energy is necessary for the dissociation of
water and is determined based on the change in Gibbs free
energy (AG). This value represents the thermodynamic
criterion that defines the essential energy threshold. It can be
calculated with Eq. (9):

237 K]
mol

AG = nFV,,, = 9)

where,

AG = Gibbs free energy

n = number of electrons involved (n = 2)

F = Faraday's constant = 96,500 C/mol

Ver = Reversible voltage = 1.23 V [34]

On the other hand, in the dissociation of the water molecule,
there is a change in entropy during the process; consequently,
for estimating the thermodynamic potential, it is considered
more appropriate to use the reaction enthalpy rather than Gibbs
free energy. These data are necessary to determine the
thermoneutral voltage, which is the minimum voltage required
for the reaction to occur in the electrolytic cell; Eq. (10)
represents this voltage.

_AH AG ' TAS

=—=— 1.4874V
™™ nF  nF + nF

(10)

where,

Vin = Thermoneutral voltage

AG = Gibbs free energy

n = number of electrons involved (n = 2)

F = Faraday's constant = 96,500 C/mol

AH = Change in enthalpy = 285.574 kJ/mol-H,O (according
to the formula)

4S8 = Change in entropy = 0.163 kJ/mol K [32]

T = Ambient temperature (298 K)

Based on the first law of thermodynamics, energy is neither
created nor destroyed, but only transformed. Accordingly, the
conversion efficiency is calculated as the fraction of the
supplied electrical energy that is converted into chemical
energy. The voltage efficiency is given in Eq. (11).

VTN

— 11
Vcell ( )

Nvoitage =

where,

Nvoluge = Voltage efficiency

Vv = Thermoneutral voltage

Veen = Operating cell voltage

According to the study [32], the 3 efficiencies are related,
and this is reflected in Eq. (12):
(12)

nElectrolyzer = nFaraday * nVoltage



where,

HElecrolyzer = Electrolyzer efficiency

Hraraday = Faraday efficiency

Nvolage = Voltage efficiency

Unlike previous versions, version 14 of the Aspen Plus
software implements an icon representing the electrolyzer and
guides us, based on previous research, in the block modeling
of a PEM electrolyzer with storage for later use [30, 34]. The
PEM electrolyzer is represented in Figure 4.

The figure shows the introduction of deionized (H-O) and
ultrapure water for this purpose; it can be seen that this water
is mixed with the water coming from the RECYCLE stream,
which is recycled water from the liquid and gas separators
(SEP1 and SEP2). Both the deionized and recycled water enter
a pump (PUMP) operating at 36 bar; the feed water is
preheated to 50 °C before entering the PEM electrolyzer. The

i
I storace COOLER2

1

: ‘—@ @ COMPR2

] ‘

I

COMPRESSION AND STORAGE

PEMELECT

electrochemical  reactions inside the  electrolyzer
(PEMELECT) are carried out at an operating temperature of
70 °C, which was used as the operating condition in the Aspen
Plus model, where various parameters, such as efficiencies and
power, among others, that affect hydrogen production, can be
set; this will be analyzed in the results section. In PEMELECT,
the separation into H> and O, takes place. In the cell, neither
in the anode nor in the cathode zones nor in the separators is
any heat exchange considered to occur. To maintain pressure
on each side, throttle valves are used to maintain 36 and 3.6
bar at the cathode and anode, respectively. Each stream
contains a percentage of water, which is separated from the H
and O, in SEP1 and SEP2. From there, the water is recirculated
to be combined with the feed stream, and the oxygen is
directed to other industrial applications.

CATHODE

—»[(H0 —>»f ~
> TOPUMP ! :STACK SECT'ON

i ANODE SECTION
|
|
RECYCLE :
:—————————————————————/—:————————————-HZ—;A;-OD—;—-—-—-—-—-—-—- -----------

| RecveiE |} ( e I

. E— e Tt

Figure 4. Green hydrogen production and storage using a proton exchange membrane (PEM) electrolyzer modeled in Aspen Plus

Table 2. Main parameters used in the proton exchange
membrane (PEM) electrolyzer [30, 34-36]

Parameters Value
Anode pressure 3.6 bar
Cathode pressure 36 bar
Purity of extracted H 99.99%
Operating temperature 70 °C
Water requlrer}r}lent needed for 1 kg of 17.5 Likg of H
ydrogen
Water requirement for 0.16 kg/s of Hz 2.8 kg/s
Oxygen Production 1.28 kg/s
Pump power 17 kW
Pump efficiency 0.75
Compressor power 1 and 2 260 ir\l; 267
Isentropic efficiency of the compressor 90%
Mechanical efficiency of the compressor 99%
PEM celectrolyzer cell efficiency (HHV) 78.89%
PEM electrolyzer cell efficiency (LHV) 66.67%
PEM electrolyzer system efficiency (HHV) 77.43%
PEM electrolyzer system efficiency (LHV) 65.43%
Faraday efficiency 99.99%
Voltage efficiency 79.45%

The hydrogen reaches a purity of 99.99% through other
processes; it is then sent to the two-stage compression stage
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(COMPR1 and COMPR?2) to compress the hydrogen from 36
to 200 bar, with intermediate cooling (COOLER 1 and
COOLER 2), since compressing the hydrogen also raises its
temperature, all of which ensures proper storage in a storage
tank (STORAGE). Hydrogen storage was modeled without
storage losses, assuming a storage efficiency of 100% [30]. In
Aspen Plus, the PEM electrolyzer was modeled using an
RStoic reactor operating at 70 °C. Gas-liquid separation was
performed using flash blocks, hydrogen compression was
modeled with compressor blocks assuming the specified
isentropic efficiency, and hydrogen storage was represented
by a storage vessel operating at the design pressure. The main
parameters used in the PEM electrolyzer are presented in
Table 2.

Renewable electricity was assumed to be supplied by a
photovoltaic (PV) system with a representative capacity factor
of 25%, consistent with the high solar resource available in
southern Peru. To ensure continuous hydrogen production, the
conceptual energy supply configuration includes a lithium-ion
Battery Energy Storage System (BESS), intended to provide
electricity during nighttime operation and to mitigate short-
term fluctuations in PV generation. In addition, an emergency
backup connection to the Peruvian National Interconnected
Electric System (SEIN) was assumed through the regional
transmission network, whose electricity mix is largely



supported by hydroelectric generation. Under these
assumptions, the PEM electrolyzer was considered to operate
continuously at a constant electrical input of 28.8 MW,
maintaining the target hydrogen production rate of 0.16 kg/s
throughout the simulations. The battery storage system and
grid backup were introduced as operational assumptions to
ensure an uninterrupted power supply and were not included
in the techno-economic optimization or dynamic simulation of
the renewable energy system.

2.3 Blue hydrogen production

To produce hydrogen, there are industrial processes such as
steam methane reforming (SMR) and ATR. The latter is better
for carbon capture and, therefore, the production of blue
hydrogen, while SMR is more commonly used for the
production of gray hydrogen [37].

ATR is an advanced technology for the production of
synthesis gas (CO + H:). This process does not require a
significant heat input; the methane reacts with oxygen and
steam, generating a highly efficient and compact system.
Natural gas from Camisea will be used for this purpose, along
with oxygen, both with compositions extracted from the
studies [38, 39]. The compositions of Camisea natural gas and
oxygen used in the simulations are summarized in Table 3.

Table 3. Composition of Camisea gas and oxygen

Element Composition
Camisea Natural Gas
Methane (CHa4) 88.54%
Ethane (C2Hs) 10.32%
Propane (C3Hzs) 0.02%
Nitrogen (N2) 0.54%
Carbon Dioxide (COz) 0.58%

Oxygen
Oxygen (O2) 95%
Argon (Ar) 3.4%
Nitrogen (N2) 1.6%

SYNTGAS2

[vap ]

VAP

Natural gas, which is primarily methane in an ATR, is
converted into synthesis gas through a reaction between the
natural gas, oxygen, and water vapor. This is followed by a
process called the Water Gas Shift (WGS), in which carbon
monoxide reacts with water vapor to produce more hydrogen
and CO, for subsequent capture; this is an essential step for
increasing hydrogen production and ensuring proper CO,
capture. To better understand synthesis gas, the module
number (M) is used, which is defined by Eq. (13).

M _ HZ - COZ 13
" €O +Co, (13)
To represent different efficiencies in the ATR, we present

formulas that will serve this purpose. First, the reforming
efficiency, which is based on the studies [40, 41], is modified
since the objective of this work is to use only hydrogen and
capture CO,; CO, which also has a calorific value, should not
be included here. Eq. (14) represents the usable chemical
energy relative to natural gas:

mH, X LHV H, (14)
AR = NG x LHVNG
where, the mass flow rate is expressed in kg/s and the LHV in
MJ/kg. In addition to this formula, we will also observe the
conversion of carbon to gas and the hydrogen yield; the Egs.
(15) and (16) are taken from the study [42]:

. ny ,prod
H,Yield = 2P (15)
Ny, NG T Ny, arr T Ny, wes
. nC,product
Carbon convertion = ———— (16)
nC,feed

Figure 5 illustrates the process described above. The
implementation of this process in Aspen is based on the study
[43].

AUTOTHERMAL
REFORMING

FLASH3

COMPRESSION STAGE

WATER GAS

SHIFT

Figure 5. Hydrogen production using autothermal reforming (ATR) and water gas shift (WGS), followed by modeling in Aspen

Firstly, natural gas is mixed with steam; in the first heat
exchanger (PRE), it is heated to 500 °C, then enters the pre-
reformer (PREREFOR), which operates adiabatically at 3 bar;
here, almost all heavy hydrocarbons are converted into

Plus
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methane, CO, CO2, and Ha. It is then mixed with 95% pure
oxygen and enters another heat exchanger (TOATR) at
650 °C; this mixture enters the ATR reactor, where the
methane is converted exothermically into syngas. Changes in



the temperatures of the two heat exchangers affect syngas
production and the hydrogen percentage, always staying
within the specified ranges to avoid damaging the equipment.
The hot gas is used to preheat the feed stream, then cooled in
(COOLT1) to 25 °C; the synthetic gas is combined with steam
(MIX3) to undergo the WGS process, then cooled to 25 °C in
a cooler (COOL2). It then passes through isothermal flash
drums (FLASHI, FLASH., and FLASH3) to separate the
aqueous phase, as this could cause corrosion and problems in
the subsequent compression unit. The synthesis gas in the
intermediate stage passes through compressors (COMP1 and
COMP2) with intermediate cooling (COOL3 and COOLA4);
compression is necessary to prepare it for the next step, which
is carbon capture. The ATR, WGS, and CO: capture models
were implemented in Aspen Plus following the operating
conditions and process configurations reported in the
referenced studies [43-47]. The simulations were developed
under steady-state conditions, and the operating temperatures,
pressures, flow rates, and unit specifications adopted for each
process are summarized in Tables 4 and 5. The main process
streams and operating conditions were selected to reproduce a
hydrogen production rate of 0.16 kg/s for comparison with the
PEM route. Table 4 shows the parameters used in the ATR.

Table 4. Main parameters of the autothermal reforming
(ATR) [43, 44]

Parameters Value
Pre - reforming pressure 3 bar
Pre - reforming temperature 500 °C
Natural gas flow 0.45 kg/s
Water vapor flow 0.6 kg/s
Water to WGS 0.5 kg/s
Temperature of WGS 200 °C
H>0/CHa4 (kmol/kmol) 1.48
ATR Temperature 650 °C
Oxygen flow 0.48 kg/s
02/CHa (kmol/kmol) 0.63
M 1.86
H- 0.16 kg/s
Dry syngas produced 1.42 kg/s
COz produced 98.391 kmol/h
CHa4 conversion 99.95%
Compression stages 2
Pressure ratio of compressor 3:1
Isentropic efficiency of the compressor 80%
Mechanical efficiency of the compressor 99%
Power of the two compressors 901.749 kW
Cooling between stages 45 °C
Lower Heating Value of Camisea Gas 50 MJ/kg
Calorific Value of Carbon Monoxide 10.1 Ml/kg
ATR Efficiency without WGS 62.6%
ATR Efficiency with WGS 85.4%

For gray hydrogen to become blue hydrogen, a key
technology for reducing carbon emissions is required: the
capture of carbon dioxide for future applications. For this
reason, capture using amine solutions is one of the most widely
used technologies. In this research, MDEA is used because it
has a high capture efficiency exceeding 90% as well as lower
energy consumption [45]. Figure 6 shows the model in Aspen
Plus using a RadFrac block and referencing [46]. The CO:
capture efficiency was determined from the simulated CO:
flow rates entering and leaving the absorption system,
according to the mass balance of the capture process.

The solution is fed with syngas from the ATR, so that a
hydrogen-enriched stream is produced and the MDEA can be
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recycled to continue the process. The simulation uses a
composition of 30% MDEA and 70% H:O in the stream
(MDEA + H:0). The parameters used in the simulation are
listed in Table 5; some parameters are based on the research
[47].
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Figure 6. Carbon capture with methyldiethanolamine
(MDEA) in Aspen Plus

Table 5. Main parameters of carbon capture

Parameters Value
Pressure of the MDEA + H2O solution 27 bar
Temperature of the MDEA + H:O solution 24 °C
MDEA Flow 12.775 kg/s
Syngas temperature 45 °C
Syngas pressure 27 bar
Number of stages of the absorber 20

Table 6 shows the syngas composition after ATR that will
be required for the simulation, with the parameters given in
Table 4.

Table 6. Syngas composition

Element Composition

Argon (Ar) 0.467%

Nitrogen (N2) 0.346%

Hydrogen (H>) 73.174%

Water Vapour (H20) 0.323%
Carbon Monoxide (CO) 0.5%

Carbon dioxide (CO2) 25.18%
Methane (CHa4) 0.01%

3. RESULTS AND DISCUSSIONS

This section presents the results obtained from simulations
conducted in Aspen Plus, varying different parameters such as
efficiencies, temperatures, and energy requirements, among
others, to observe the changes that occur in the production of
green or blue hydrogen, CO: separation, CO: reduction, and
various other parameters discussed in this section. The goal is
to identify the most favorable alternative for steelmaking
applications and contribute to a low-carbon industrial
transition.

3.1 Results of simulation in Aspen Plus

First, we will examine how the supplied power affects green
hydrogen production, as shown in Figure 7.

A linear and proportional relationship can be observed in
both graphs; this follows the electrochemical kinetics of



Faraday’s Law for electrolysis, which states that the amount
of substance released is proportional to the electrical charge
supplied to the electrolytic cell. In the case of Figure 7(a), an
increase in mass flow of approximately 250% is observed from
8 MW to 28.8 MW, which is supplied in this experiment.
Similarly, Figure 7(b) shows the behavior of the generated
oxygen, which exhibits a similar growth trend throughout the
graph, with an approximate 500% increase in mass flow from
peak to peak, demonstrating thermodynamic consistency and
validating the reliability of the system used. Figure 8 illustrates
the role of efficiency in hydrogen production.

This graph helps us understand how electrochemical
performance determines green hydrogen production for
steelmaking applications. HHV, LHV, and voltage
efficiencies represent three approaches that complement the
previous figure, illustrating the conversion of electrical energy
into chemical energy. First, regarding HHV efficiency, from
the lowest value up to the operating efficiency of 0.16 kg/s,
there is an approximate 28% increase in production; the
specified steelmaking requirement of 0.16 kg/s is achieved at
around 80% HHV, implying that the system must operate in a
high-efficiency region to sustain the continuous demand of the
direct iron reduction process. In the case of LHV, which is
widely used in industrial evaluations because it excludes the
latent heat of water vapor, there is an increase in hydrogen
flow from 0.1561 kg/s to 0.1886 kg/s when efficiency
increases from 65% to 79%, equivalent to a 20.8% increase. It
should be noted that an LHV efficiency of approximately 68%
is required to reach the target of 0.16 kg/s. Finally, by
increasing the voltage efficiency from 76% to 90%, hydrogen
production rises from 0.1536 kg/s to 0.1808 kg/s, representing
a 17.7% increase. The required rate of 0.16 kg/s is achieved at
around 80%, where the electrolyzer operates with minimal
overpotential and the response becomes nearly linear,
allowing for precise control through small electrical
adjustments.
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Figure 7. (a) Hydrogen mass flow and (b) oxygen mass flow
as a function of the power supplied to the electrolyzer
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The analysis shows that it is not recommended to operate
the electrolyzer at its absolute minimum production limit. An
additional margin of 3 to 6% ensures greater stability against
electrical fluctuations, membrane degradation, and variations
in demand at the DRI reactor. Therefore, the choice of
operating point must balance energy efficiency, stability, and
sustainability, thereby establishing a design criterion
compatible with the sustainable production of green hydrogen
for the steel industry.

We now analyze changes in various parameters in the ATR
to see how they affect the results, both in terms of efficiency
and hydrogen yield. Figure 9 shows the change in the Module
Number “M” as the presented ratios are altered.
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The figure shows that changing the H.O/CHj ratio produces
almost imperceptible variations in the value of M. In contrast,
changes in the O»/CHj ratio do result in significant changes,
approximately a 25% change from one extreme to the other,
which reflects that the increase in oxygen favors methane
oxidation reactions, altering the composition of the synthesis
gas and reducing the value of the M-modulus. All of this is
consistent with the research [43], except that in our study, the
analysis was performed after WGS. Figure 10 analyzes the H
yield by modifying the same ratios.

The figure shows the variation in hydrogen yield as a
function of the H.O/CHj ratio for different O,/CHj ratios in
the ATR. It can be seen that, for all operating conditions, the
hydrogen yield decreases by approximately 31% as the
H20O/CH4 ratio increases, since an excess of steam can dilute
the reactive mixture, reducing the partial concentrations of
methane and the products formed. In the case of the O,/CH4
ratio (0.6 to 0.9), it decreases by approximately 16% because
a higher amount of oxygen favors partial oxidation reactions
of methane, where part of the hydrogen formed is consumed
to produce H-0 and CO,, thereby lowering the hydrogen yield.
For these reasons, in industrial ATR processes, an optimal
balance between CHa4, H-20, and O is sought, since an excess
of steam does not necessarily increase hydrogen production
and may even decrease process efficiency. Figure 11 shows
the results of hydrogen mass flow and ATR efficiency with
respect to changes in the O,/CHj ratio.
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Figure 11. Effect of the O,/CHj ratio on (a) the resulting
hydrogen mass flow and (b) autothermal reforming (ATR)
efficiency
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It can be observed in Figure 11(a) that as the O,/CHj ratio
increases from 0.5 to 0.9, the hydrogen mass flow rate
decreases progressively by approximately 20%, with the same
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explanation as for hydrogen yield. In Figure 11(b), it is shown
that the ATR efficiency also decreases as the studied ratio
increases. All of this demonstrates that although oxygen is
necessary to maintain the reactor’s thermal balance, an excess
can reduce both hydrogen production and system efficiency.
Therefore, it is important to operate within an optimal range of
the O,/CH4 ratio to maximize process yield. Figure 12 shows
how the natural gas mass flow rate affects the hydrogen and
CO; mass flow rates.

Figure 12(a) shows that as the natural gas flow increases,
the resulting hydrogen flow also increases by approximately
116% between the extremes, since there is a greater amount of
methane available for increased synthesis gas production.
However, at higher values on the curve, the slope begins to
decrease because hydrogen is no longer proportional to
methane, as the equipment and reactor begin to approach their
limits. In Figure 12(b), it is observed that the increase in
emissions from one extreme to the other is approximately
75%; this is because a greater amount of methane fed into the
system generates more carbon available for oxidation during
the process reactions. As shown in Figure 12(a), the curve
shows a decrease in the final section for the same reason of
limitations when injecting more natural gas into the
equipment.
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We now analyze the CO» emissions of the different types of
hydrogen examined in this study. It is important to note that
we quantify the CO; from the process itself, not from indirect
emissions such as solar panels, infrastructure, etc. It should be
noted that green hydrogen, when accounting for indirect
emissions and its entire life cycle, has an approximate value of
1 kgCOy/kgH- [48]. With this clarified, Figure 13 shows the



emissions from the process of producing different types of

hydrogen.
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Figure 13. Recorded emissions of the different colors of
hydrogen applied to this research

3.2 Cost analysis

This section of the research presents a cost analysis to
compare the economic differences between the various types
of hydrogen, as this is a crucial factor in selecting hydrogen
production technology. The LCOH will be used for this
analysis, as it is a key indicator that summarizes the total cost
of producing one kilogram of hydrogen over the plant's
lifetime. This research utilizes formulas from the study [49],
primarily in Eq. (17) for the LCOH:

N Ct + Ot
10 4 1)

N Hz,t
=11 + 1)t

LCOH = (17)

where, C; is the capital expenditure (CAPEX) incurred in year
t (USD), O; is the operating expenditure (OPEX) incurred in
year t (USD/year), H,, is the hydrogen produced in year t
(kg/year), N is the project lifetime, assumed to be 28 years
including a 3-year construction period, during which the
CAPEX is distributed as 20%, 45%, and 35% over the first,
second, and third years, respectively; r is the discount rate
(8%), and t denotes the year [49].

We also need to determine the area covered by the PV
panels for the implementation of green hydrogen, for which
we use the formula from the study [50], presented in Eq. (18):

Ppy = npy X Apy X Gpy (18)
where, Ppy is the power generated by the photovoltaic system
(W), npy is the photovoltaic conversion efficiency (20%), Apy
is the total photovoltaic panel area (m?), and Gpy is the incident
solar irradiance (1,000 W/m?). In this study, the required
photovoltaic power was assumed to be 29,000,000 W.
Accordingly, the capital and operating costs associated with
the BESS and the emergency grid connection were excluded
from the LCOH calculation, as their role was limited to
defining the operational boundary conditions of the process
simulation rather than evaluating the complete energy
infrastructure.

The CAPEX for the blue hydrogen production process is
expressed in Eq. (19), as reported by the study [49], where
each term represents the investment cost of the ATR and CO:
capture system:
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CAPEX($M) = 34.2 x s0414 (19)
where, s is hydrogen produced in tons per day. To calculate
the values needed to determine the LCOH, correlations taken
from the studies [49, 51] were used and adapted to this project;
all of this is shown in Table 7. The techno-economic
assessment was performed using representative cost
assumptions consistent with the Peruvian energy context and
values commonly reported in the recent hydrogen literature.
Electricity supplied from the PV system was assumed to have
a levelized cost of 45 USD/MWh (0.045 USD/kWh). Natural
gas was valued at 4.5 USD/MMBtu, representative of
industrial supply from the Camisea gas network. Industrial
water was assumed to cost 1.0 USD/m? while oxygen
produced as a by-product of PEM electrolysis was considered
to have no economic credit because its commercialization was
outside the scope of this study. Likewise, CO: transport and
geological storage costs were not included in the economic
assessment, since the analysis focused on the hydrogen
production process and carbon capture stage rather than the
complete CO: management chain. These assumptions were
applied consistently to the LCOH calculations for both
hydrogen production pathways.

Once all of this has been accounted for in the case of blue
hydrogen, the LCOH increases by approximately $0.6/kg, as
it also incorporates various stages such as flow compression
and storage, and even the natural gas itself [49]. In the case of
green hydrogen, all these stages are already included in the
LCOH calculation; therefore, Table 8 shows the results of the
approximate costs incurred in the experiment.

Table 7. Values and correlations used to calculate the
levelized cost of hydrogen (LCOH)

Parameters Value
Green Hydrogen
Electrolyzer PEM CAPEX rate $2,077/kW
Electrolyzer PEM CAPEX $59,817,600
Electrolyzer PEM OPEX 5% x Electrolyzer CAPEX
correlation rate
Electrolyzer PEM OPEX OPEX Rate x Power (kW)
PV CAPEX rate $540/m?
PV CAPEX $ 78,300,000
PV OPEX correlation 5% x PV CAPEX
Blue Hydrogen (ATR + Carbon Capture)
s 13.824 tons/day
CAPEX 101.45 M$
OPEX correlation 6% x CAPEX
OPEX 6.09 M$/year

Notes: PEM: Proton exchange membrane, CAPEX: Capital expenditure.

Table 8. Summary of costs for green and blue hydrogen

Technology LCOH
Green Hydrogen 6.78 $/kg
Blue Hydrogen 3.83 $/kg

Notes: LCOH: Levelized cost of hydrogen.

The LCOH reflects how competitive each hydrogen
production technology is; it shows that blue hydrogen is
cheaper to produce than green hydrogen, given that
technologies such as PEM electrolyzers and solar panels
currently require significant investment as well as large tracts
of land if solar energy is used. These results are consistent with
research such as the study [49]. Despite its high cost, green
hydrogen represents the most sustainable option with the



greatest future potential, as the technologies underpinning this
method are becoming increasingly affordable. It is projected
that costs could decrease by approximately 30% by 2030,
thanks to more sophisticated technologies and reduced costs in
renewable energy, all in the interest of protecting the planet’s
environment [52].

To further evaluate the influence of future decarbonization
policies on the economic competitiveness of hydrogen
production pathways, an additional carbon price sensitivity
analysis was performed. Carbon pricing was applied only to
the residual direct CO: emissions associated with the blue
hydrogen production process (5.08 kmol/h), while green
hydrogen was assumed to have no direct process-related CO:
emissions. The analysis considered carbon prices ranging from
0 to 200 USD/tCOz, covering representative values reported in
international carbon market scenarios and long-term climate
policy projections. The resulting effect on the LCOH is
presented in Table 9.

As shown in Table 9, increasing carbon prices progressively
increase the LCOH of blue hydrogen because of the additional
cost associated with its residual CO. emissions. However,
owing to the high CO: capture efficiency achieved in the
MDEA absorption process, the increase in production cost
remains relatively small, reaching only 3.91 USD/kg at a
carbon price of 200 USD/tCO-, which represents an increase
of approximately 2.0% compared with the base case. In
contrast, the LCOH of green hydrogen remains unchanged
because the PEM electrolysis process does not generate direct
process-related CO: emissions. These results indicate that
carbon pricing alone is insufficient to eliminate the current
economic advantage of blue hydrogen under the assumptions
adopted in this study. Nevertheless, future reductions in
renewable electricity costs, improvements in electrolyzer
technology, and more stringent climate policies are expected
to further enhance the long-term competitiveness of green
hydrogen for steel decarbonization.

Table 9. Values and correlations used to calculate the
levelized cost of hydrogen (LCOH)

Carbon Green Blue Increase in
Price Hydrogen Hydrogen Blue H:
(USD/tCO») LCOH LCOH LCOH
(USD/kg) (USD/kg) (%)
0 6.78 3.83 0.00
25 6.78 3.84 0.25
50 6.78 3.85 0.51
100 6.78 3.87 1.01
150 6.78 3.89 1.52
200 6.78 391 2.03
4. CONCLUSION

This study presents a simulation-based comparative
assessment of green and blue hydrogen production pathways
for steel decarbonization under a representative Peruvian case
scenario. Green hydrogen, produced in this study using a PEM
electrolyzer, exhibits a linear relationship between power and
hydrogen production; within a range of 8 to 28.8 MW, it
achieves an increase in hydrogen and oxygen of approximately
250% and 500%, respectively, validating the electrochemical
consistency of the system; furthermore, it is necessary to
operate at around 80% HHYV efficiency to achieve the required
0.16 kg/s; additionally, a 28%, 20.8%, and 17.7% increase in
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production is observed when HHV, LHV, and voltage
efficiencies are increased, respectively. On the other hand,
blue hydrogen produced via ATR shows high sensitivity to
operating parameters: increasing the O,/CH4 ratio reduces
hydrogen yield by approximately 16% and its overall
efficiency, while increasing the H.O/CHj ratio can decrease it
by up to 31%. Similarly, increasing the natural gas flow rate
boosts hydrogen production by approximately 116%, but
increases CO; emissions by around 75%, illustrating a trade-
off between productivity and sustainability. Despite a CO,
capture efficiency of over 90% in the MDEA carbon capture
process, residual emissions still occur during blue hydrogen
production; however, these are minimal compared to those of
gray hydrogen. The LCOH cost analysis shows that the cost is
$3.83/kg, approximately 43% lower than that of green
hydrogen, which is $6.78/kg. Therefore, in the short term, it is
the most competitive alternative. However, green hydrogen
stands out for its potential for complete decarbonization and
long-term sustainability, as this technology shows a strong
trend toward lowering its implementation costs each year.
Consequently, it is concluded that the choice of technology
must balance costs, efficiency, and emissions reduction, with
blue hydrogen standing out for its current economic viability,
while green hydrogen offers the best long-term environmental
alternative. It is recommended that the results obtained in this
study be considered for future implementation in real
industrial environments, in order to validate their performance
under actual operating conditions and strengthen the reliability
of the conclusions. Under this approach, decision-making in
the Peruvian steel industry should focus on maximizing
operational efficiency and reducing environmental impact,
prioritizing optimized technological configurations that enable
compliance with decarbonization goals without compromising
economic viability. This study represents a simulation-based
assessment developed under a Peruvian case context, while
using internationally reported techno-economic parameters to
enable broader comparison and reproducibility. Additionally,
the costs and data used were mainly obtained from global
sources, complemented with reference information from
Aceros Arequipa as a guideline for the local context, in order
to strengthen the representativeness of the study without
limiting the assessment of technological and economic
feasibility to a single region, thereby enabling more
generalizable, comparable, and applicable results across
different contexts with similar energy conditions, yielding
consistent and satisfactory results.

The present study is intended as a preliminary simulation-
based comparison and does not include dynamic renewable
power fluctuations, hydrogen storage and transport, direct
coupling with a DRI reactor, or industrial-scale validation.
These aspects should be addressed in future work to support
large-scale implementation.
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NOMENCLATURE
m Mass flow rate (kg/s)
LHV Lower Heating Value (MJ/kg)

HHV Higher Heating Value (MJ/kg)

Piack Power required by the PEM electrolyzer stack
(MW)

Piystem Total system power (MW)

A% Voltage (V)

AG Gibbs energy change (kJ/mol)

AH Enthalpy change (kJ/mol)

AS Entropy change (kJ/mol-K)



z20 ™A

LCOH
CAPEX
OPEX

Temperature (K) or (°C)

Faraday constant (C/mol)

Charge (C)

Module number

Levelized Cost of Hydrogen ($/kg)
Capital expenditure ($)
Operational expenditure ($/year)
Discount rate

Time (years)

1638

PPV
APV
GPV
PEM
ATR
WGS
DRI
EAF

Project lifetime (years)

Power generated by photovoltaic system (W)
Area of photovoltaic panels (m?)

Solar irradiance (W/m?)

Proton Exchange Membrane

Autothermal Reforming

Water Gas Shift

Direct Reduced Iron

Electric Arc Furnace





