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HIGHLIGHTS

e Techno-economic evaluation of 61 off-grid hydrogen supply chains for steelmaking.

e Compressed hydrogen chains with underground storage have the lowest cost.

e Liquid organic hydrogen carrier chains have the second lowest cost.

e Methanol- or ammonia-based chains are not cost-effective due to low efficiency.

o Storage should be near demand in liquid hydrogen chains but near supply in other chains.

ARTICLE INFO ABSTRACT
Keywords: Off-grid hydrogen supply from solar or wind sources to hydrogen-based steelmaking can reduce CO2 emissions.
Hydrogen supply chain However, the techno-economic feasibility of different supply chain configurations remains uncertain. This study

Techno-economic assessment

evaluates 61 off-grid hydrogen supply chains for a 15 Mt. steel/year plant in 2030, considering renewable energy
Hydrogen-based direct reduced iron

sources (onshore/offshore wind, solar, and overseas options), transmission technologies (cables, pipelines,
trucks, and ships), storage technologies (compressed gaseous hydrogen, liquid hydrogen, ammonia, methanol,
and liquid organic hydrogen carriers), and seasonal storage locations (at the energy source or steelmaking plant).
Onshore truck transmission of hydrogen is found to be unpromising due to the significantly higher cost compared
to alternative transmission technologies. When the transmission technology is not truck, chains with under-
ground compressed hydrogen storage achieve the lowest levelized cost of hydrogen (LCOH) at 3.8-5.6 €2020/kg
Hz, outperforming other options. When underground hydrogen storage is not feasible, liquid organic hydrogen
carriers present the next lowest cost. Chains utilizing ammonia, methanol, and liquid hydrogen exhibit lower
efficiency, higher renewables capacity requirement, and consequently higher LCOH, making them less attractive.
Electricity transmission lowers the LCOH of compressed hydrogen chains compared to hydrogen pipeline
transmission, but for other chains the trend is reversed. Hydrogen storage near the steelmaking plant reduces
costs by enabling the reuse of boil-off hydrogen in liquid hydrogen chains, but for other chains storing hydrogen
near the renewable energy source lowers the cost. Impacts of input uncertainties on the LCOH, limitations of this
study, and suggestions for future studies are also presented.

national economies [2]. However, it is both energy-intensive (20.6 GJ/t
crude steel cast) and CO-intensive (1.9 tcoo/t crude steel cast). In 2022,
the global crude steel production reached 1885 Mt. [3,4]. The transition
from the current fossil-based primary steel production to low-emission
options is necessary, and many projects focusing on emission

1. Introduction

Achieving the Paris climate goals requires deep cuts in CO2 emissions
in all sectors [1,2]. The iron and steel industry is essential in many
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Nomenclature t time (h)
WasH waste heat
ACAPEX annuity of the capital expenditures (€2020)
base base plant Greek letters .
c levelized cost of hydrogen (€5020/unit) “ S.Cahng factor -
s cost of waste heat (E090/MWh) B fixed percentage of the total hydrogen mass entering the
CReE cost of baseload renewable electricity (€2020/MWh) seasonal.storage
CAPEX unit. averaged unit capital expenditures (€2020/unit) P ma.ss. ratio
CAPEX capital expenditures (€5920) i’ efficiency
cond conditioning Abbreviations
carrier carrier production ASU air separation unit
chem chemical BF/BOF blast furnace-basic oxygen furnace
D distance (km) CF capacity factor
e unit energy demand (kWh/kgy2) CGH,  compressed gaseous hydrogen
el electricity CH30H methanol
E energy demand (kWh) DAC direct air capture
EL electrolyzer DRI direct reduced iron
ENEX  energy related expenses (€2020) EAF electric arc furnace
l loss rate of a process (%) Hy-DRI  direct reduced iron with hydrogen
L energy loss (kWh) HVAC  high-voltage alternative current
LR loss rate of each chain step HVDC  high-voltage direct current
m mass flow rate (kg/h) ISI iron and steel industry
M mass (kg) LH, liquified hydrogen
n lifetime (year) LHV lower heat value
O&M operation and maintenance costs (€2020) LOHC liquid organic hydrogen carrier
OPEX  annual operational expenditures (€2020) NH;3 ammonia
P power (kW) PEM proton exchange membrane
q unit heat demand (kWh/kgy2) PV photovoltaic
Q heat dgrl?anfi (kwh) RES renewable energy sources
recond  reconditioning o UHS underground hydrogen storage
ReE renewable electricity WACC  weighted average cost of capital
store storage
S size of the plant (t Hp/d)

reduction technologies have been initiated [5,6]. Of the potential
decarbonization options, the direct reduction of iron with hydrogen (H»-
DRI) has attracted much attention recently [2,7-9]. Thirty-nine Hy-DRI
projects are expected to operate by 2030, of which twenty-four will be at
full scale [10]. The deployment of Hy-DRI will result in a hydrogen
demand of 50-60 kgps/t steel [11,12], and developing relevant
hydrogen supply infrastructure is challenging. Techno-economic eval-
uation of hydrogen supply options to steelmaking plants is essential for
infrastructure planning and policymaking.

Possible hydrogen sources for Ho-DRI include fossil fuel gasification
and water electrolysis powered by off-grid renewable energy sources
(RES) or the grid. Hydrogen production via electrolysis does not
generate direct carbon emission, whereas fossil fuel gasification is
highly carbon-intensive [13]. Vogl et al. [11] assessed the techno-
economic performance of hydrogen supply to a DRI-electric arc
furnace (EAF) plant from the electrolyzers powered by the electricity
grid. Their analysis showed that the emissions from the Hy-DRI-EAF
would be equivalent to those from the blast furnace-basic oxygen
furnace (BF/BOF) processes (1.9 tcoa/tliquid steel) if the power grid
emission intensity reaches 0.53 tcoo/MWh. Additionally, at an elec-
tricity cost of 40 €3018/MWh, the production cost of the Hy-DRI-EAF
route is 36 % higher than the BF/BOF route. Elsheikh and Eveloy [14]
evaluated the techno-economic performance of hydrogen production
from a combination of solar photovoltaic (PV) and grid electricity for an
Ho-DRI-EAF plant in a solar-rich area. They found that integrating PV
reduces the emission intensity of hydrogen production and steelmaking
by approximately 36 % (from 0.89 to 0.57 tcoz/tliquid steel) cOompared to
using the grid electricity alone, while also slightly lowering levelized
cost of steel production. Superchi et al. [15] assessed the costs and

emission of an Hy-DRI-EAF plant using hydrogen produced from a mix of
grid electricity and wind energy in Italy. They found that the emission
intensity of the Hy-DRI-EAF process under the most cost-effective
configuration is approximately 0.33 tco2/tliquid steel, With a levelized
cost of hydrogen at 5.7 €3022/kgpa.

To avoid indirect CO5 emission by the grid, it is worth exploring the
use of 100 % off-grid renewable solar and wind energy for hydrogen
production combined with hydrogen storage. Off-grid solar and wind
energy are inherently variable, but DRI plants typically require contin-
uous operation to maximize profitability. As a result, seasonal storage is
necessary for hydrogen supply chains relying on 100 % RES. For large-
scale seasonal energy storage, hydrogen storage could be more cost-
effective than electricity storage, especially for hydrogen consumer
like DRI plants [7]. Pimm et al. [7] assessed the energy system
requirement of an H2-DRI-EAF plant with solar and wind energy as the
power sources in the UK. They found that the required hydrogen storage
capacity to buffer the variable renewable energy accounts for ~20 %
and ~ 30 % of the total hydrogen energy supplied to the H2-DRI plant
for wind and solar sources, respectively. The most common high-density
hydrogen storage technologies include compressed gaseous hydrogen
(CGHy) and liquified hydrogen (LH:). The material-based hydrogen
storage technologies, e.g., ammonia (NHs)-based, methanol (CH3OH)-
based, and liquid organic hydrogen carrier (LOHC)-based, are alterna-
tives with the merits, including easy handling conditions and the pos-
sibility of using existing infrastructure. Previous studies [7,14-17]
mainly assumed CGHy, for buffer storage in the hydrogen supply chain
from variable solar or wind energy to the DRI plant, but the techno-
economic competitiveness of the storage technologies is unclear.
When a DRI plant is located far from off-grid solar or wind energy,



L. Liet al

hydrogen storage could be implemented at different locations. For
example, available caverns for underground CGHj, storage could be on-
site at the DRI plant, at the RES site, or in the middle. However, there is a
lack of comparative studies on the techno-economic performance of
supply chains with different hydrogen storage locations is lacking, as
previous studies [16,17] have considered only a single location.

Besides on-site solar or wind sources at the DRI plant, as assumed in
[7,14,15], RES could be located in distant regions. Favorable distant
renewable energy locations include offshore wind energy, typically
located tens of kilometers from the shore; onshore solar and wind energy
in resource-rich regions on the same continent, that is normally hun-
dreds to thousands of kilometers away; and oversea renewables, which
may be thousands of kilometers away. When off-grid solar or wind en-
ergy is distant from the DRI plant, energy transport becomes necessary.
Ortiz Cebolla et al. [17] assessed the techno-economic performance of
delivering 1 Mt. of renewable hydrogen per year to a Hy-DRI plant over a
distance of 2500 km. Their study compared different hydrogen delivery
options, including CGH,, LH>, ammonia, methanol, and LOHC, via
shipping and pipeline route. The delivery cost included conditioning,
reconditioning, and hydrogen transport but excluded the hydrogen
production and seasonal storage costs. Devlin and Yang [16] evaluated
the techno-economic performance of shipping ammonia and liquid
hydrogen as carriers of renewable hydrogen from Australia to Japan. In
addition to hydrogen transport, electricity transport via cables is
another option for large-scale energy transport [18]. However, insights
into the competitiveness of hydrogen transport versus electricity trans-
mission for delivering energy from distant renewable sources to the DRI
plants remains limited, as previous studies primarily focused on
hydrogen transmission. Furthermore, the costs of off-grid hydrogen
delivery under different geographic configurations of RES and DRI
plants remain unclear. For example, previous studies [16,17] did not
assess the hydrogen supply from dedicated offshore wind farms to
steelmaking plants.

The literature overview indicates that the techno-economic
competitiveness of potential hydrogen supply chains from distant off-
grid solar or wind sources to a DRI plant remains unclear, as previous
studies have overlooked several possible configurations. This study
seeks to bridge this knowledge gap by addressing the following research
question,

What are promising hydrogen supply chains from distant off-grid
solar or wind sources to a DRI plant?

To answer this question, this study systematically evaluates and
compares the energy efficiency and cost of the hydrogen supply chains
incorporating seasonal hydrogen storage. The analyzed supply chains
differ in multiple aspects, including renewable energy location (onshore,
offshore, or overseas), renewable energy type (solar or wind), hydrogen
storage technologies (CGHp, LH2, NH3, CH3OH, or LOHC), energy
transport technologies (pipeline, truck, ship, or cables), and hydrogen
storage locations (at the DRI plant or the RES).

2. Methods and data

Section 2.1 outlines the layout of the designed chains, considering
the integrations of different steps within the chains. Section 2.2 presents
the overall techno-economic methodology. Sections 2.3-2.5 detail the
capacity calculation methods of each chain step and provide the relevant
techno-economic data. Section 2.6 defines the energy efficiency and loss
rates of the supply chains.

2.1. Chains description

This study designs sixty-one hydrogen supply chains from wind or
solar sources to a large DRI plant with an annual demand of 1 Mt. of
hydrogen, which is sufficient to support a steel production capacity of 15
Mt. per year. The DRI plant is assumed to operate continuously, as this
maximizes the profitability [7,11]. Fig. 1 (a) illustrates the general flow
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charts of these chains. To account for different geographical relation-
ships between supply and demand, this study considers five RES:
onshore wind, onshore solar, offshore wind, overseas wind, and overseas
solar. The assumed distance for offshore, onshore, and overseas supply
chains are 50 km, 2000 km, and 5000 km, respectively, based on real
world scenarios and literature. Recent projects in Europe have primarily
been developed in waters with depths between 30 m and 50 m, with an
increasing number of projects located between 50 km and 120 km
offshore [19]. For onshore transmission, 2000 km is approximately the
distance from Inner Mongolia (Northwest China) to Shanghai (East
China) [20] or from Southern Europe to Northwestern Europe [17]. For
oversea transmission, 5000 km is comparable to the distance from
Tunisia to Germany [21], from the MENA region to Germany [22], and
from Australia to Singapore [23]. The DRI plant is assumed to be located
near the shore, facilitating access to offshore wind electricity and
overseas hydrogen transported by ships. Electricity generated from solar
or wind energy powers electrolyzers for hydrogen production.

This study considers both electricity transmission and hydrogen
transport. With electricity transmission, high voltage direct current
(HVDC) cables deliver electricity from the RES site to the DRI plant,
where electrolyzers generate hydrogen on-site. With hydrogen trans-
port, hydrogen is produced at the RES site and then transported to the
DRI plant via pipeline, trucks, or ships. In the hydrogen transport chains,
the hydrogen storage facilities can be located either at the RES site or at
the DRI plant, whereas in electricity transmission chains, storage is only
at the DRI plant. This study considers five large-scale hydrogen storage
technologies: CGH; LH2, NHs, CH30H, and LOHC. The DBT pair
(dibenzyltoluene)/perhydro-dibenzyltoluene) is chosen among LOHC
carriers for its high heat recovery potential [24] and easy handling
[24,25]. Hydrogen from electrolyzers undergoes a conditioning process
to increase its energy density before storage. This process includes
compression for CGHa, liquefaction for LH>, ammonia synthesis for NHa,
and hydrogenation for CHsOH and DBT. All conditioning processes
require electricity, while chemical hydrogen storage technologies also
generate heat. Additionally, NHs and CHsOH chains require electricity
for nitrogen (N2) production via air separation units (ASU) and CO:
capture via direct air capture (DAC), respectively. To ensure a fair
techno-economic comparison, all chains must achieve climate
neutrality. In CHsOH chains, CO: generated during dehydrogenation
process is emitted into the atmosphere, whereas other chains do not emit
any CO2. Among various carbon capture options, this study adopts DAC
to offset dehydrogenation emissions in CHsOH chains, ensuring overall
climate neutrality despite DAC not being the most efficient and cost-
effective option. Chemical chains and LH- chains require an additional
reconditioning process to release stored hydrogen, including ammonia
cracking in NHj chains, dehydrogenation in CH3OH and DBT chains,
and regasification in LH2 chains. The reconditioning process in chemical
chains requires both heat and electricity.

This study designs the supply chains with energy and mass integra-
tion strategies. In CGHj, LH2, and LOHC chains, shared RES supplies the
electricity for both the conditioning process and the electrolyzers, as
shown in Fig. 1 (b). In NH3 and CH3OH chains, shared RES supplies the
electricity for the conditioning process, the ASU or DAC unit, and the
electrolyzers as shown in Fig. 1 (c). The reconditioning process relies on
waste heat from the steelmaking processes, as shown in Fig. 1 (d). When
seasonal storage is on-site at the DRI plant in the LH- chains, the boil-off
hydrogen can be directly utilized by the DRI plant, as shown in Fig. 1 (e).

This study excludes certain storage and transmission pathways due
to the lack of demonstrating projects, reliable techno-economic data, or
economic feasibility.

a. HVDC cable and pipeline transmission in overseas chains

b. Pipeline transmission of LH2

c. Ship transport of CGHy

d. Offshore hydrogen storage
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Fig. 1. The flow chart and process integrations of the hydrogen supply chains from RES to an H2-DRI plant. (a) The general flow chart without process
integrations. (b) The co-consumption of renewable electricity by the electrolyzers and the conditioning unit in the CGH;, LH2, and DBT chains. (c) The co-
consumption of renewable electricity by the electrolyzers, the conditioning unit, and the ASU or DAC unit in the NH3 and CH3OH chains. (d) The waste heat re-
covery from the DRI (or other heat sources in the steelmaking plant, e.g., heat from the EAF process) plant for the endothermic reconditioning process in the NH3,
CH30H, and DBT chains. (e) Boil-off hydrogen reutilization when the seasonal storage is on-site at the DRI plant in the LH> chains.
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2.2. Techno-economic analysis methodology

The levelized cost of the hydrogen supply chains, c_chain, is the sum
of the levelized costs of all the chain steps, including renewable energy
generation (c_RES), transmission (c_trans), electrolyzer (c_EL), condi-
tioning (c_cond), reconditioning (c_recond), carrier production
(c_carrier), and storage (c_store), expressed in €2020/kgn2, as shown in
Eq. ().

c_chain = c_RES + c.trans + c¢_EL + c.cond + c_recond + c_store + c_carrier
(€9)]

Economic input parameters from the literature are first converted to
euros (€) using the currency-exchange rate if originally in a different
currency. They are then inflation-adjusted to the year 2020 if originally
in different year [26,27]. If a publication does not specify the reference
year for its data, this study assumes the publication year as the currency
reference year.

Eq. (2) calculates the levelized cost of each step.

. _ ACAPEX + OPEX _ ACAPEX -+ O&M + ENEX

2
m_H,_DRI m_H,_DRI x 8760 2

where ACAPEX is the annuity of the capital expenditures of the chain
step, OPEX is the annual operational expenditures, which includes the
yearly fixed operation and maintenance costs (O&M) and the annual
energy-related expenses (ENEX), and m_H, DRI is the mass rate of
hydrogen in kg/h supplied to the DRI plant. Eq. (3) calculates the
ACAPEX of each technology.

WACC(1 + WACC)"

ACAPEX = CAPEX ———— = )
(1+ WACC)" -1

3

where CAPEX is the capital expenditures, WACC is the weighted average
cost of capital, set at 6 % [28], n is the technology-specific lifetime.

For processes without scaling effect, CAPEX is calculated as the
product of the process capacity and the average unit capital expenditure
(CAPEX_unit). For processes with scaling effects, Eq. (4) calculates the
CAPEX of the processes.

P_ELgypc + m_condgype X e_condgype + T=2"vee s e_carriersype
p-H2
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electricity inputs, such as solar or wind power [30].

2.3.1. Capacity calculation

The calculation of electrolyzer and RES capacity incorporates storage
and transmission parameters as inputs. In all chains, the conditioning
process consistently follows the electrolyzer. The electrolyzer capacity is
determined by Eq. (5).

m_cond x LHV_H,

P_EL = T 5)

Where P_EL is the electrolyzer input electrical power in kW, m_cond
is the maximum mass flow rate of hydrogen before entering the condi-
tioning process in kg/h, LHV_H, is the lower heat value of hydrogen in
kWh/kg, _EL is the efficiency of the PEM electrolyzer based on LHV_H,.

In hydrogen transport chains, the renewable energy capacity is the
sum of electrolyzer, conditioning, and carrier production electricity in-
puts, as shown in Eq. (6).

m_cond,
PfRESHZtran.s = PfELH2trans + m,condemm X e,condmmms + #

X e_Carrierysans

(6)

where P_RES is the solar or wind power capacity in kW, e_cond is the
electricity demand by the conditioning process, in kWh/kgyo, e_carrier is
the electricity demand to capture CO3 or N5 from the air in kWh/kg N5 or
kWh/kg CO,, e_carrier = 0 in the CGH3, LHz, and DBT chains. p_H2 is the
mass ratio of H to Ny (6/28) or CO; (6/44) in the conditioning reaction,
as shown in Eq. (7) and (8).

N2 +3H2—>2NH3 (7)

CO, + 3H,—~CH30H + H,0 8

In chains with HVDC transmission, RES also compensates for elec-
tricity losses in the cables. Eq. (9) calculates the RES capacity for the
HVDC chains.

P_RESyoc =
(1 - W%O*I-HVDC)

CAPEX = CAPEX _base S (©)]
S_base

where CAPEX base is the technology-specific capital expenditure of the
base plant size (S_base), S is the plant size in this study, and a is the
scaling factor.

The target year of this study is 2030, meaning that all techno-
economic input parameters are projected accordingly.

2.3. Electricity and hydrogen production

The RES-to-electrolyzer capacity ratio affects the overall hydrogen
production cost. Increasing this ratio can lead to higher RES curtailment
while improving the annual utilization of the installed electrolyzer ca-
pacity [29]. To eliminate RES curtailment, this study assumes that the
electrolyzer capacity equals the RES capacity. Among the promising
electrolyzer technologies, this study selects the proton exchange mem-
brane (PEM) electrolyzer due to its superior adaptability to variable

©)

Where D is the transmission distance in km, I HVDC is the electricity
loss rate in HVDC cables, in %,/1000 km.

2.3.2. Techno-economic data

Table 1 presents the techno-economic parameters for solar and wind
electricity generation, as well as electrolyzers. The CAPEX data is
derived from a projection by Sens et al. based on the experience curve
theory. They estimated that, by 2030, the CAPEX for PEM electrolyzers,
onshore solar, onshore wind, and offshore wind power generation will
decrease by approximately 35 %, 30-60 %, 10-30 %, and 10-40 %,
respectively, compared to 2020 value [21,31]. The capacity factor (CF)
values of RES are representative of countries or regions with favorable
solar or wind conditions [19,29]. According to an expert elicitation
study on future cost estimation [32], the lifetime of PEM electrolyzers
will be 41,000-60,000 h, equivalent to 9-13 years under intermittent
operation. This study takes 12 years as the reference value. The elec-
trolyzers’ efficiency and operation pressure (50 bar) are also sourced
from the expert elicitation study [32]. The cost of seawater desalination
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Table 1
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Techno-economic parameters for renewable electricity generation from solar or wind and PEM electrolyzers in 2030, the values between the branches show

the whole range, and the other is the default value for the calculation.

Parameter Unit Onshore PV [19,21,29,31] Onshore wind [19,21,29,31] Offshore wind [19,21,29,31] Electrolyzers [21,30-35]
CAPEX_unit €2020/kWer 400 (310-570) 1100 (1010-1240) 1890 (1750-2020) 860 (580-1230)

O&M Y%capEx/year 2.6 2.5 2.8 3.5

n year 30 30 30 12 (9-13)

CF. - 0.2 0.4 0.45

n-EL % - - - 70 (63-80) *

Water cost €2020/kgn2 - - - 0.02

# The efficiency of the electrolyzer is defined as the ratio of LHV of produced hydrogen to the input electrical energy.

plants and water pumped to most areas with water scarcity is estimated
to be below 2 €2020/m3 in 2030, contributing less than 0.02 €2020/kgu2
to the levelized cost of hydrogen [33-35]. This study takes 0.02 €3920/
kgyo as the cost of water for the electrolyzer.

2.4. Hydrogen conditioning, reconditioning, and storage

Seasonal large-scale hydrogen storage serves as a buffer between
intermittent renewable energy sources (RES) and the constant hydrogen
demand. The chain steps preceding the hydrogen storage unit operate
dynamically, whereas the subsequent steps operate steadily. This study
differentiates between the energy capacity and power capacity of
hydrogen storage. The energy capacity refers to the maximum annual
hydrogen storage in tanks or caverns, while the power capacity repre-
sents the peak hydrogen flow rate entering the conditioning or

reconditioning process.

2.4.1. Capacity calculation

This study assumes the energy storage capacity as a fixed percentage
of the total hydrogen mass entering the seasonal storage annually. This
percentage, f in Eq. (10) and Table 2, varies between wind and solar
energy sources and is based on a study by Pimm et al. [7]. In all the
chains except for the LH> chains where the seasonal storage follows the
truck or ship, the annual hydrogen mass entering the seasonal storage
equals the annual hydrogen mass exiting the conditioning process, and
Eq. (10) calculates the energy capacity of the storage.

M _store = m_cond x (1 —l_cond) x 8760 x § x CF 10)

where M_store is the mass of the stored hydrogen annually, m_cond is the
mass flow rate of the hydrogen entering the conditioning reactor, [_cond

Table 2
Techno-economic parameters of the conditioning, carrier production, reconditioning, and storage processes in 2030.
Parameter Unit Value
CGHy LH2 NH3 CH30H DBT
[21,36-40] [21,36,39,41] [16,21,41-47] [21,39,48] [21,22,24,36]
CAPEXpgse M€3020 0.56 (0.37-1.16) 195 (139-235) 109 (93.4-125) 65.3 (44.2-76.8) 23.4 (19.7-24.1)
Shase t Hy/d 6 100 100 100 100
a - 0.84 0.77 0.85 0.85 0.65
o&M YocapEX 5 4 4 4 4
Conditioning n year 20 20 20 20 20
l_cond % 0.5 (0-1) 2.2(1-3.3) 6.5 (0-12.5) 33 (30-35) 0.5 (0-1)
e_cond kWh/kgpo 0.81 7.4 (6-9.8) 0.7 0.8 (0.7-0.9) 0.2 (0.1-0.3)
Capex_carrier €2020/kg carrier - - - - 2.4 (1.7-4.1)
Carrier lifetime year - - - - 15
CAPEX_unit f}z‘:r‘;/ (¢ carrier/ - 190 (150-230) 400 (390-436) -
Carrier production 0&M %OCAPEX - - 2 4 -
n year - - 20 25 -
e_carrier kWh/kg carrier ” - - 0.11 (0.09-0.13) 1.7 (0.9-2.1) -
CAPEXpqse M€2020 - 16.4 63.7 (47.9-105) 21.1 (15.4-44.1) 20.3 (14.8-26.0)
Sbase t Ho/d - - 100 100 100
a - - - 0.85 0.85 0.65
i o&M YocapEx - 4 4 4 4
Reconditioning n year B 10 20 20 20
l_recond % - - 20 (10-30) * —28 (-35 ~ —20) 10 (8-12)
e_recond kWh/kgmo - 0.6 3.4 (2.6-4) 4.2 (3.9-4.5) 1.1 (0.7-1.5)
q-recond kWh/kgn2 - - 9.7 (8.3-10.1) 3.6 (3.2-4.4) 11.2(11-12)
?2::}(-”"“ €2020/Kg2 460 (220-600) 41 (18-125) 17 (7-20) 4 (3-6) 8 (6-12)
Capex_unit UHS €2020/KgH2 7 (5-10) - -
O&M %cAPEX 2 2
Storage n year 30 30 30 30 30
p-H2 - 1 1 6/28 6/44 0.062
LLH %/d - 1.5 (1-2) - - -
Booar 171 % 30
ﬂwind [7] % 20
t_s [22,36] days 60
m_H,_DRI kgyo/h 31.7
General CwasH €5020/MWh 5(0-10)
information CReE €2020/MWh 55 (40-72)
LHVy, MJ/kg 120

# The loss mainly comes from the hydrogen purification process.
b The carrier is CO, in the CH30H chains or N, in the NH; chains.
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is the hydrogen loss rate in the conditioning process, g is the fixed
percentage.

In LH: chains, where the seasonal storage follows LHa trucks or ships,
m_store is a fraction of the hydrogen delivered to the seasonal storage by
trucks or ships.

D 2tload
M _store = m_cond x (1 — l_cond) x <1 - l_LH<2—4v+ o > > an

x 8760 x f# x CF

where v is the velocity of ships or trucks, in km/h, t_load is the loading or
unloading duration, in h, [_LH is the percentage of liquid hydrogen boil-
off losses per day.

In all chains, the conditioning process always precedes seasonal
storage and operates dynamically. The conditioning capacity is the
maximum hydrogen flow rate entering the conditioning process. Eq.
(12) calculates m_cond in the CGH; chains.

m_H,_DRI

(1 — L.cond)CF 12

m_condcgrs =

where CF is the capacity factor of renewable solar or wind energy.

Eq. (12) also applies in the LH2 chains with HVDC, as the DRI plant
reuses the boil-off hydrogen. In the LH> chains with trucks or ships and
hydrogen storage on-site at the DRI plant, the trucks or ships also
consume part of the hydrogen, and Eq. (13) calculates m_cond in these
chains.

m_H, DRI
CF(1 — Lcond) (1 - l,LH<2%V + %) )

m_condyy pri = 13)

In LH: chains with trucks or ships and hydrogen storage on-site at the
renewable energy site, the boil-off hydrogen is wasted, and Eq. (14)
calculates m_cond in these chains.

m,Hz _DRI
m_ COndLH‘RES =
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that the CAPEX for a 59 kt UHS facility developed in a depleted gas field
with a working pressure range of 185-251 bar and a suction pressure of
40 bar is 0.67 (0.58-1.04) €2920/kgn2, including compressor and elec-
tricity costs. According to the DNV.GL, the LCOH of a 84 kt seasonal
hydrogen storage facility is 0.3 €/kgys [38]. Given that the UHS scale in
this study exceeds 84 kt, this study takes the CAPEX value from [37] of 7
€2020/kgny for the reference case.

The chemical hydrogen storage chains require more conversion steps
than CGH; or LHz chains. The DAC facility provides CO3 for the condi-
tioning process in CH3OH chains, while the ASU facility provides N, in
the NHj3 chains. The reconditioning process of the chemical chains re-
quires heat and electricity. The heat demand is met by waste heat
recovered from the steelmaking plant, and an external renewable energy
plant supplies the electricity for reconditioning. The waste heat is not
considered free, as it may hold economic value elsewhere. Due to the
lack of readily available data on waste heat costs (cwqsy in Table 2), this
study assumes a conservative price significantly lower than that of heat
from natural gas. Fasihi and Breyer [33] estimated baseload electricity
generation costs using variable PV, onshore wind energy, and electricity
storage. Under cost-optimized configurations, these costs range from 40
to 72 €2020/MWh globally. This study adopts 55 €3920/MWh as the
reference value for renewable electricity cost (c_ReE in Table 2). Eq. (17)
calculates the reconditioning OPEX in chemical hydrogen storage
chains.

OPEX _recond hem = O&M _recond pem + m_recond nem % e_recond pem
X c_ReE*8760 + m_recond nem
X q-recond e, *c . WH*8760
a7)

where e_recond is the electricity demand for the reconditioning process,
in kWh/kgpya, q_recond is the heat demand for the reconditioning pro-
cess, in kWh/kgys, c_.WH is the cost of waste heat from the steelmaking
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where t_s is the hydrogen seasonal storage duration in d.
Eq. (15) calculates m_cond in chemical hydrogen storage chains.
m_recond.pem

m-conderen = 7T cond)CF (15)

where chem is the chemical hydrogen storage methods, including NHs,
CH3OH, and LOHC, m_recond is the mass flow rate of the hydrogen
embedded in the carriers entering the reconditioning reactor.

The reconditioning process of all chains in this study is located on-
site at the DRI plant and operates steadily. Eq. (16) calculates m_recond.

m,Hz _DRI

1 — L_recond 16

m_recondgnem =

Where [recond is the hydrogen loss rate in the reconditioning
process.

2.4.2. Techno-economic data

This study considers CGH, LH2, NH3, CH30H, DBT tank storage, and
underground hydrogen storage (UHS) for CGHy. While tank storage
exhibits no scaling effect, UHS has a strong one. ReuB et al. [36] applied
a scaling factor of 0.28 for UHS in their study. The cost estimation of
UHS remains highly uncertainty. Yousefi et al. [37] recently estimated

CF(l —px(1—(1—-LLH)")(1 —lcond) (1 - l_LH<2%+%> >

plant, c_ReE is the cost of baseload electricity generated from integrated
solar or wind.

Table 2 summarizes the techno-economic input parameters for the
conditioning, carrier production, reconditioning, and storage process.

2.5. Transmission

This study considers electricity transmission via HVDC cables and
hydrogen transportation via pipelines, tractor-trailer trucks, or ships.
For long-distance and large-scale electricity transmission, the main-
stream technologies are high voltage alternating current (HVAC) cable
and HVDC systems. The HVAC cable suffer from higher dissipative losses
and material costs due to the “skin effect” of the alternating current,
especially at high voltage and long distances. On average, HVDC
transmission losses are approximately 3.5 % per 1000 km, whereas
HVAC transmission losses reach 6.7 % under similar conditions [18].
Regarding hydrogen transportation, LH> ships and trucks utilize boil-off
hydrogen as fuel, the tractor of the CGHy, NH3, CH30H, and DBT trucks
uses renewable hydrogen as fuel. Ammonia ships run on renewable
ammonia, while methanol and DBT ships run on renewable methanol.
Pipeline transport of CGHy, NH3, CH30H, and DBT requires compressors
to counteract pressure losses. The operating pressure ranges between 6
and 7 MPa in the hydrogen pipeline, 4-8.3 MPa in the NH3 or CH30H
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Table 3
Techno-economic parameters of the pipelines in 2030.
Parameter Unit Value
Onshore [17] Offshore ©
CGH, NH; CH50H CGH, NH;3 CH50H DBT
[21,49]
'APEX_uni
¢ “ it M€020/km 2.5(2.2-2.8) 0.7 (0.6-0.8) 0.7 (0.6-0.8) 0.32 (0.3-0.35) 5.5 (5.0-6.0) 1.54 (1.4-1.6) 1.54 (1.4-1.6) 0.7 (0.6-0.8)
o&M® YocapEx 5 2.8 2.8 8.7 4.9 4.9 0
Lifetime n 40 40 40 40 40 40 50
Diameter cm 86 45 45 86 45 45 86
kWh/
e PL® Ko/ 100 0.06 0.02 0.012 0.032 0.06 0.02 0.012 0.032
h krg:z (0.032-0.1) (0.018-0.022) (0.01-0.014) (0.028-0.038) (0.032-0.1) (0.018-0.022) (0.01-0.014) (0.028-0.038)

? The reference value is retrieved from literature, and the range is assumed by the authors.
b Except for the O&M cost, the pipelines also have an energy cost related to electricity demanded by the compressor stations, and the ENEX is calculated as, ENEXp, =

E_PL x c_ReE.

¢ The offshore pipeline CAPEX is 2.2 times the onshore pipeline CAPEX, while offshore pipeline O&M is 1.75 times the onshore pipeline O&M [18].

pipeline, and 1-7 MPa in the DBT pipeline. Integrated solar and wind
power systems with electricity storage provide the electricity demand by
the compressors.

2.5.1. Capacity calculation

For pipeline transmission, the mass flow rate of hydrogen (in kgg2/h)
serves as the capacity indicator. In pipeline chains with hydrogen stor-
age at the renewable energy site, the pipelines operate steadily, and the
mass flow rate of hydrogen equals the reconditioning capacity, as shown
in Eq. (18).

m_PLggs = m_recondggs (18)

In pipeline chains with hydrogen storage on-site at the DRI plant, the
pipelines operate flexibly, and the maximum hydrogen mass flow rate in
the pipelines equals the maximum hydrogen mass flow rate exiting the
conditioning process, as shown in Eq. (19).

m_PLpg; = m_condpg;(1 — L_cond) (19)

Regardless of whether the pipeline operates dynamic or steady, Eq.
(20) calculates the recompression electricity demand based on the
steady case, since the total annual hydrogen delivery remains
unchanged.

D
E_PL =m_PL _PL X —— 2
m_PLgs x e-PL X 700 (20)
where e_PL is the electricity demand by the compressors per kg trans-
ported hydrogen per 100 km.
For ship or truck transport, the number of trucks or ships is the ca-

pacity indicator. The ships or trucks work steadily in all trucks or ship
chains with hydrogen storage at the renewable energy site, and Eq. (21)
calculates the number of trucks or ships except for that in the LH> chains.

2D
m_H,_DRI x (V + Zt,load> ) 8760

N, =INT
RES other m_load top

+1 21

where m_load is the payload per truck/ship, t_op is the annual operating
hours of the truck or ship.

For the chains with LHz trucks or ships and hydrogen storage at the
renewable energy site, Eq. (22) calculates the trucks or ships’ number,
considering the boil-off hydrogen in the transmission process.

"I(QD}U)) x (% + 2t-load)
t_load

(1—1,LH 1=l
Nresin = INT

y 8760
m_load t_op

(22)

When hydrogen storage is on-site at the DRI plant, the maximum
number of trucks or ships is Nggs divided by the capacity factor, as shown
in Eq. (23).

Npgri = Nggs/CF (23)

Additionally, an extra vehicle is needed as buffer storage in the LH2
chains with ships or trucks.

Table 4

Techno-economic parameters of fuel cell semi-trailer trucks in 2030.
Parameter Unit Value [21]

Tractor Trailer
LH: CGH, DBT CH50H NH3

CAPEX_unit “ k€2020/unit 190 (140-270) 910 (740-1530) 680 (520-1060) 110 110 200
O&M %capEX 12 2 2 2 2 2
n year 8 12 12 12 12 12
c_fuel €2020/kWh 0.4 - - - - -
t_0P ek h 2000 - - - - -
t_load ek h 1.5 - - - - -
Viruck km/h 50 — _ _ _ _
m_loadryck kgpo/unit - 4300 1100 1670 2930 2600
e_fuel,,, kWh/km 2.3 - - - - -

@ The truck CAPEX is the sum of the tractor CAPEX and the trailer CAPEX, CAPEX ;yo« = CAPEX _tractor + CAPEX _trailer.
b Except for O&M cost, the trucks also have an energy cost related to the fuel, and the ENEX can be calculate as, ENEX o = E_fuel,, 4 x c_fuel.
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Table 5
Techno-economic parameters of HVDC cables in 2030.
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Table 6
Techno-economic parameters of fuel cell ships in 2030.

Parameter Unit Value [18,33,39,50] Parameter Unit Value [21,51]
Onshore Offshore LH: DBT CH3;0H NH3
CAPEX; Meés020/km 0.38 2.2 _ Meéxy/ 387 83 83 79
P o 0.6 0.6 CAPEXunit 4 P osa78)  (7096)  (70.96)  (72.83)
Sibase MW 1000 1000 o&M* Y%cAPEX 4 4 4 4
o&M YCAPEX 0.1 0.5 n year 25 25 25 25
n year 45 45 ¢ fuel €2020/ 0 160 160 160
Livpc,1000km % 3.5 (2.5-3.6) MWh (80-240) (80-240) (80-240)
t-0Pgpp h 8000
t_loadgyp h 54
Eq. (24) calculates the fuel demand in the ship or truck chains except Vshp (ship) ~ km/h 30
for the LH- chains, regardless of whether the vehicles are dynamic or m-loadsy,  tHyp/unit 11,000 6600 13,750 9350
steady. e_fuely,, kWh/km - 920 920 690

E_fuel = Nggs oer X t-0p X v X e_fuel 24

where e_fuel is the fuel demand by the truck or ship, in kWh/km, which
is constant for both loaded or unloaded vehicles.

The HVDC cables always operate flexibly, and the cable capacity
(P_HVDC) equals P_RE, as shown in Eq. (25).

P_HVDC = P_RE (25)

2.5.2. Techno-economic data
Tables 3-6 show the techno-economic parameters for the pipelines,
semi-trailer trucks, HVDC cables, and ships.

2.6. Energy efficiency and loss rate

Eq. (26) defines the overall energy efficiency of the chains.

m_H,_DRI x LHV_H,

2 Except for O&M cost, the ships also have an energy cost related to the fuel,
and the ENEX can be calculate as,ENEXg;, = E_fuely,,*c_fuel.

Lcarrier prod =

m
<ond s Peaier X CF x 8760 (29)
PH2
Eq. (30) calculates the energy loss in the storage process in the LH:
chains with seasonal storage on-site at the renewable energy site.

Lyore = px (1— (1 = LLH)")
m_H,_DRI

CF(1 — L_cond) (1 - l_LH<% + %) )

X LHV_H, (30)

Eq. (31) calculates the energy loss in the transmission process.

(26)

n

where m_PL is non-zero only in the pipeline chains, while E_fuel is non-
zero only in the truck or ship chains.

Energy loss in each chain step is defined as the sum of hydrogen
energy loss and energy consumption. Eq. (27) calculates the electrolyzer
energy loss.

Ly, = P_EL x (1 —n_EL) x CF x 8760 27)

Eq. (28) calculates the energy loss in the conditioning and recon-
ditioning processes.

L
LR;

~ P_RE x 8760 x CF + m_recond x (p-recond + q_recond) x 8760 + m_PL x p_PL x 2+ E_fuel

D
Lyans = P-HVDC x 700#(1 = lyvnc) +P-PL + E_fuel (31)
where P_HVDC is non-zero only in the HVDC chains, P_PL is non-zero
only in the pipeline chains, E_fuel is non-zero only in the truck or ship
chains.
Eq. (32) calculates the energy loss rate in each chain step.

Lcond&remnd = 8760(mcond X Pcond X CF + mrecund*precond + mrecond*qrecond
+ Meond X lcond x LH VH2 X CF + Myecond X lrecond x LH VHZ)

(28)

where My econg = 0 in the physical chains.
Eq. (29) calculates the energy loss in the carrier production process
of the chemical chains.

" P_RE x 8760 x CF + m_recond x (p_recond + q_recond) x 8760 + m_PL x p_PL x -2- + E_fuel

(32)

100

3. Results

This section summarizes the key findings from the calculations.
Section 3.1 presents energy-related results, while Section 3.2 provides
economic analysis. Section 3.3 analyses the impact of input parameters
on the LCOH and identifies the input parameters with the most signifi-
cant impact.
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Fig. 2. Overall energy efficiency and loss rate breakdown of the chains.

3.1. Energy results

Fig. 2 illustrates the overall energy efficiency of the chains and the
loss rates at each step for thirty-three selected chains, rather than all
sixty-one. This selection was made because solar and wind chains
exhibit the same efficiency and loss rates when using identical hydrogen
storage and transmission methods in both onshore and overseas cases,
except for LHz chains with ships or trucks. In these LH2 chains, efficiency
differs between solar and wind due to variations in hydrogen storage
capacity and boil-off losses. Onshore and overseas chains in Fig. 2 have
hydrogen storage at the renewable energy site, whereas offshore chains
have storage at the DRI plant. Table 7 presents the capacity and energy
demand of each chain step, grouping the chains into eleven categories
based on renewable energy source (RES), location, and transmission
technology to facilitate comparisons of various hydrogen storage
methods. This grouping system will be used throughout the paper for
consistency.

The CGH: storage chain consistently demonstrates the highest energy
efficiency (58.1-68.4 %) among various storage technologies, except in
cases involving truck or ship transport. Although the CGH: chains
exhibit higher transmission losses, they have lower losses in other steps
of the supply chain. For instance, in the onshore pipeline configuration,
the CGH: chain requires 1.2 TWh of energy for transmission, compared
to 0.3-0.7 TWh for NHs, CHsOH, and DBT pipelines, due to the high
operating pressure of the CGH: pipeline. Consequently, the CGH: pipe-
line incurs a loss rate of 2.4 %, whereas NHs, CHsOH, and DBT pipelines
experience losses ranging from 0.4 % to 1.1 %. In the onshore HVDC
configuration, the CGHz chain exhibits the lowest absolute energy loss in
transmission, but its transmission loss rate appears higher because the
total energy input of the supply chain is lower than that of alternative
chains.

The efficiency ranking among the chemical chains remains consis-
tent in all the groups, following the order: DBT (45.8-49.7 %) > CH30H
(40.5-43.2 %) > NHj3 (38.5-40.8 %). In the DBT chains, the dominant
loss rate is that of the conditioning and reconditioning process
(24.3-26.6 %), that is slightly higher than the electrolyzer loss rate
(21.8-23.8 %). The NHj chain has the lowest efficiency primarily due to
its high energy demand and significant hydrogen loss during the con-
ditioning and reconditioning. The lower energy efficiency of the CH30H
chain is attributed to the substantial energy demand of the carrier pro-
duction process, i.e., direct air capture of CO».

The efficiency of the LHz chain is influenced by the transmission
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method and distance. Under HVDC transmission, LHz chain exhibits an
efficiency level between that of the CGH, and the DBT chains, as the DRI
plant can utilize the boil-off hydrogen during storage. In offshore cases
involving ship transmission, the LH> chain maintains a similar efficiency
ranking due to minimal transmission losses resulting from the short
transport distance and the presence of hydrogen storage at the DRI
plant. However, for the cases involving long-distance transmission of
LH:, e.g., the onshore truck and overseas ship groups, the efficiency
declines due to increased hydrogen boil-off during both transmission
and storage. In the overseas wind group, it ranks between the CH:OH
and NHs chains, while in the overseas solar group, its efficiency is even
lower than that of the NHs chain.

3.2. Economic results

Fig. 3 illustrates the LCOH and its breakdown across different chain
steps under the reference case. The competitiveness of specific chain
configurations, including hydrogen storage method, storage location,
transmission methods (electricity transmission and hydrogen transport),
and RES type (solar and wind), is analyzed in Section 3.2.1-3.2.5. In
addition, Section 3.2.5 presents the results under the most conservative
and progressive cases.

3.2.1. The competitiveness of hydrogen storage methods

When applicable, the CGHy-U chain always has the lowest LCOH
(3.8-5.6 €2020/kgn2) in all the groups except for the onshore truck
group. Given that the LCOH of the truck chains is highly sensitive to
transmission distance, this study evaluates its impact, as shown in Fig. 4.
The CGH; chain LCOH decreases more rapidly with the decrease in
transmission distance. When the transmission distance is below 500 km
in the wind chains (750 km in the solar chains), the CGH5 chain achieves
the lowest LCOH.

The application of UHS depends on whether the specific geophysical
conditions are suitable for building a UHS facility, making a secondary
option necessary when UHS is unavailable. In the offshore and overseas
ship groups where CGH; transmission is assumed to be impossible, the
DBT chain has the lowest LCOH (5.3-7.5 €3920/kgn2). In other groups
except for the onshore truck group, the DBT chain has the second lowest
LCOH. As illustrated by Fig. 4, when the transmission distance reaches a
certain value in the onshore truck group, DBT also has the second lowest
LCOH.

In all the groups, the LCOH ranking of the chemical chains aligns
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Table 7

Capacity and energy demand of the chain steps.

Chains Capacity of Energy demand of
RES Electrolyzer  Conditioning  Transmission Reconditioning Storage  Conditioning Carrier Reconditioning Reconditioning Transmission
(GWe)  (GWe) (kt Hy/day) ° (kt/day) (Mt) electricity electricity electricity heat energy
(GWen) (GWep) (GWe1) (GWh) (TWh)
Onshore Pipeline CGH, 139 13.7 6.9 1.0 - 0.20 0.2 - - - 1.2
wind NHj3 18.6 18.2 9.2 1.3 3.4 0.25 0.27 0.2 0.5 1.4 0.5
CH;0H  20.6 15.8 8.0 1.2 2.1 0.16 0.3 4.5 0.4 0.3 0.3
DBT 15.2 15.2 7.6 1.1 3.0 0.22 0.06 - 0.1 1.4 0.7
HVDC CGH, 14.9 13.7 6.9 14.9 - 0.20 0.2 - - - -
LH: 17.3 13.9 7.0 17.3 2.7 0.2 2.1 - 0.07 - -
NH; 20.0 18.2 9.2 20.5 3.4 0.25 0.27 0.2 0.5 1.4 -
CH3;0H 22.2 15.8 8.0 22.2 2.1 0.16 0.3 4.5 0.4 0.3 -
DBT 16.4 15.2 7.6 16.4 3.0 0.22 0.06 - 0.1 1.4 -
Truck CGH, 13.9 13.7 6.9 37,727 - 0.2 0.2 - - - 8.7
LH. 18.7 16.2 8.2 9918 2.7 0.23 2.5 - 0.06 - 0
NH3 18.6 18.2 9.2 19,952 3.4 0.25 0.27 0.2 0.5 1.4 3.5
CH;0H  20.6 15.8 8.0 11,066 2.1 0.16 0.3 4.5 0.4 0.3 31
DBT 15.2 15.2 7.6 16,717 3.0 0.22 0.06 - 0.1 1.4 5.5
Onshore Pipeline  CGH, 27.8 27.3 13.8 1.0 - 0.30 0.5 - - - 1.2
solar NH;3 37.3 36.3 18.3 1.3 3.4 0.38 0.5 0.5 0.5 1.4 0.5
CH;0H 41.2 31.7 16.0 1.2 2.1 0.23 0.5 9.0 0.4 0.3 0.3
DBT 30.5 30.4 15.3 11 3.0 0.33 0.1 - 0.1 1.4 0.7
HVDC CGH, 29.9 27.3 13.8 29.9 - 0.30 0.5 - - - -
LH: 34.5 27.8 14.0 34,5 2.7 0.30 4.3 - 0.07 - -
NH;3 40.0 36.3 18.3 411 3.4 0.38 0.5 0.5 0.5 1.4 -
CH3;0H 44.4 31.7 16.0 44.4 2.1 0.23 0.5 9.0 0.4 0.3 -
DBT 32.8 30.4 15.3 32.8 3.0 0.33 0.1 - 0.1 1.4 -
Truck CGH, 27.8 27.3 13.8 37,727 - 0.30 0.5 - - - 8.7
LH. 40.1 34.8 17.5 9918 2.7 0.38 5.4 - 0.06 - 0
NH3 37.3 36.3 18.3 19,952 3.4 0.38 0.5 0.5 0.5 1.4 3.5
CH;0H 41.3 31.7 16.0 11,066 2.1 0.23 0.5 9.0 0.4 0.3 31
DBT 30.5 30.4 15.3 16,717 3.0 0.33 0.1 - 0.1 1.4 5.5
Offshore Pipeline CGH, 12.3 12.1 6.1 2.2 - 0.20 0.2 - - - 0.07
wind NH; 16.6 16.1 8.1 3.0 3.4 0.25 0.2 0.2 0.5 1.4 0.5
CH;OH 18.3 14.1 7.1 2.6 2.1 0.16 0.2 4.5 0.4 0.3 0.3
DBT 13.5 13.5 6.8 2.5 3.0 0.22 0.06 - 0.1 1.4 0.7
HVDC CGH_ 12.3 121 6.1 12.3 - 0.20 0.2 - - - -
LH: 14.3 12.4 6.2 14.3 2.7 0.20 1.9 - 0.07 - -
NH3 16.6 16.1 8.1 17.0 3.4 0.25 0.2 0.2 0.5 1.4 -
CH3;0H 18.4 14.1 7.1 18.7 2.1 0.16 0.2 4.5 0.4 0.3 -
DBT 13.6 13.5 6.8 13.6 3.0 0.22 0.06 - 0.1 1.4 -
Ship LH. 17.4 15.0 7.6 3 2.7 0.24 2.4 - 0.06 - 0
NH3 16.6 16.1 8.1 3 3.4 0.25 0.2 0.2 0.5 1.4 0.07
CH;0H 18.3 14.1 7.1 3 2.1 0.16 0.2 4.5 0.4 0.3 0.07
DBT 13.5 13.5 6.8 4 3.0 0.22 0.06 - 0.1 1.4 0.14
Overseas  Ship LH: 22.0 19.0 10.2 7 2.7 0.27 2.9 - 0.06 - 0
wind NH; 18.6 18.2 9.2 7 3.4 0.25 0.2 0.2 0.5 1.4 0.7
CH3;0H  20.6 15.8 8.0 6 2.1 0.16 0.3 4.5 0.4 0.3 0.7
DBT 15.2 15.2 7.7 10 3.0 0.22 0.06 - 0.1 1.4 1.4
Overseas  Ship LH: 47.2 40.9 22.2 10 2.7 0.44 6.3 - 0.06 - 0
solar NH;3 37.3 36.3 18.3 8 3.4 0.38 0.5 0.5 0.5 1.4 0.7
CH;OH  41.3 31.7 16.0 7 2.1 0.23 0.5 9.0 0.4 0.3 0.7
DBT 30.5 30.4 15.3 10 3.0 0.33 0.1 - 0.1 1.4 1.4

# The unit for the pipeline is Mt./year, truck or ship is the number, and HVDC is GW,,.
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Fig. 4. Effects of transmission distance on the LCOH of the onshore truck wind (a) and solar (b) chains.

with their total loss rate ranking, i.e., DBT < CH30H < NHs. Since the
costs of electrolyzer and power generation from RES constitute the
primary component of the LCOH, the higher loss rate in the CH3OH and
NHj chains result in increased capacity requirement of electrolyzers and
RES, thereby leading to a higher LCOH. The LCOH of the CGH2-T chains
is exceptionally high at 12.2-26.7 €5020/kgn2, primarily due to the high
CAPEX of the high-pressure tanks.

12

3.2.2. The competitiveness of hydrogen storage location

The onshore and oversea chains with trucks or ships in Fig. 3
incorporate on-site hydrogen storage at the RES site. For CGHy and
chemical chains, placing hydrogen storage at the renewable site ensures
stable operation of the trucks or ships, thereby reducing costs. However,
in LH2 chains, this approach results in boil-off losses, which must be
compensated by additional renewable energy production. Fig. 5 (a)
compares the LCOH of the overseas chains with hydrogen storage
located either at the DRI plant or at the RES site. Storing hydrogen at the
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Fig. 5. Effects of storage location on LCOH in the overseas LHz chains (a) and the onshore CGH; pipeline chains (b).

DRI site leads to a lower LCOH, as the reduction in shipping costs out-
weighs the additional cost in production and storage costs compared to
hydrogen storage at the RES site.

Given the high uncertainty in the real-world location of UHS due to
geophysical conditions, this study evaluates the impact of UHS location
on the LCOH in the onshore pipeline CGH; chain, as shown in Fig. 5 (b).
When hydrogen storage is placed at the DRI site, the transmission costs
increase by 0.5 €2020/kgn2, as the pipelines work flexibly, necessitating a
higher installed capacity. Nevertheless, even when storage is located at
the DRI site, the LCOH of chains utilizing UHS remains more competitive
than other storage methods.

3.2.3. The competitiveness of electricity transmission and hydrogen
transport
This study presents a case study on the techno-economic

competitiveness of electricity transmission versus hydrogen transport,
considering the conditions of a hydrogen consumer and a transmission
distance of 2000 km, by comparing the onshore HVDC group and the
onshore pipeline group. As shown in Fig. 2, electricity transmission via
HVDC with hydrogen storage at the DRI site results in a lower LCOH
than the CGH;, pipeline transmission with hydrogen storage at the RES
site, despite the HVDC chain having a lower efficiency than the pipeline
chain. The primary reason is that the CGHy pipeline CAPEX is higher
than that of the HVDC cable. However, for the chains with chemical
hydrogen storage, the pipeline chain achieves a lower LCOH than the
HVDC chain, with a difference at 0.3-0.5 €2020/kgmu2.

3.2.4. Competitiveness of solar and wind RES
The LCOH of solar-based hydrogen supply chains is consistently
higher than that of wind-based chains with the same RES location, with

Hydrogen tank Capex — Capex LH; tank Capex —
Electrolyzer Capex — Electrolyzer effciency L — apex
Electrolyzer effciency - Electrolyzer lifetime  — Fieeirclyase sifcioncy B —
Electrolyzer lifetime o —
Electrolyzer lifetime - Onshore wind Capex - Onshore wind Capex [e—
Onshore wind Capex " Hydrogen cavern Capex [} LH; conditioning Capex —
HDCas HDCKas s 1) LH; conditioning electricity demand -
it oiiy LH; conditioning loss rate -
CGH; conditioning Capex CGH; conditioning Capex . ey el T
CGH; conditioning loss rate CGH; conditioning loss rate " Base load electricity price
6 8 10 12 1 16 3 35 4 45 5 45 5 55 6 65 7 75
(a) (b) (c)
Capex apex Capex
Electrolyzer effciency L — Ammonia reconditioning loss rate —— Electrolyzer effciency C —
DBT carrier cost — Electrolyzer effciency ——— Methanol reconditioning loss rate —_—
Electrolyzer lifetime - — Ammonia conditioning loss rate — Onshore wind Capex ——
Onshore wind Capex —— Electrolyzer lifetime - Electrolyzer lifetime —
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DBT reconditioning electricity demand u Ammonia reconditioning Capex - DA Copex ]
Base load electricity price -
HVDC loss rate ' Base load electricity price - ey o
DBT conditioning loss rate u ASU Capex - il Fecsnaiioning Caax L
Base load electricity price " Waste heat price - Wioktiaio I Gark Cogei L
DBT reconditioning Capex Ammonia reconditioning electricity demand - Waste heat price 4
DBT conditioning Capex HVDC loss rate . Methanol reconditioning elecricity demand !
DBT conditioning electricity demand Ammonia reconditioning heat demand Methanol conditioning electricity demand
DBT reconditioning heat demand ASU electricity demand Methanol reconditioning heat demand
45 47 49 51 53 55 57 59 61 63 55 6 65 7 75 8 55 57 59 61 63 65 67 69 7.1 7.3 7.5
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Fig. 6. Sensitivity of the LCOH (€3020/kgn2) to the input parameters of the chains belonging to the onshore-wind-HVDC group. (a) the CGH,-U chain, (b) the
CGH,-T chain, (c) the LH> chain, (d) the LOHC chain, (e) the NH; chain, (f) the CH30H chain.
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a LCOH difference ranging from 1.5 to 5.8 €2029/kg Hz. Despite the lower
cost of solar power generation, the lower solar capacity factor necessi-
tates a higher electrolyzer capacity. Since electrolyzer costs constitute a
significant portion of the total expenditure, this results in a higher LCOH
for solar-based chains. Additionally, solar-based supply chains require
larger hydrogen storage capacities compared to their wind-based
counterparts.

The cost advantage of wind-based supply chains persists even when
comparing different RES locations. For instance, oversea wind-based
supply chains using NH3, CH3OH, and DBT achieve lower LCOH than
corresponding onshore solar supply chains with pipeline transmission,
despite the longer transport distances and higher transmission costs.
This underscores the critical role of renewable resource availability in
shaping cost-effective hydrogen supply chains. For a region with limited
wind resources and no underground hydrogen storage facilities,
importing hydrogen from other regions with abundant wind resources
could achieve a lower cost of hydrogen supply.

3.2.5. The most conservative and most progressive results

Fig. 3 also presents the LCOH under the most conservative and
progressive case. This study accounts for the uncertainties in the input
parameters, including the CAPEX, efficiency, loss rate, lifetime, and
energy demand, of several processes. Each parameter has a reference
value and a corresponding range, as detailed in Tables 1-6. The most
progressive case assumes the highest efficiency and longest lifetime
while adopts the lowest CAPEX, loss rates, and energy demand.
Conversely, the most conservative case follows the opposite assump-
tions. As shown in Fig. 3, the difference between the maximum and
minimum LCOH under these two cases is substantial (from 2.6 to 35
€2020/kgu2). The variation is primarily driven by the electrolyzer pa-
rameters, as discussed in Section 3.3. The competitiveness of different
hydrogen storage methods can shift when input values are adjusted
within their respective ranges

3.3. Sensitivity analysis

In this sensitivity analysis, the variation of LCOH of the chains is
examined within the parameter ranges specified in brackets in
Tables 1-6, aiming to identify the factors with the most significant ef-
fects. Fig. 6 presents the sensitivity analysis results of the onshore-wind-
HVDC chains, while results for the remaining chains are provided in the
Appendix. The red bars represent the LCOH corresponding to the lower
bound of each parameter, whereas the blue bars indicate the LCOH at
the upper bound.

As shown in Fig. 3, electrolyzer costs constitute a major component
of the LCOH. Sensitivity analysis results show that the electrolyzer pa-
rameters have a significant impact LCOH. When EL CAPEX increases
from 580 to 1230 €5920/kW,], LCOH of the chains increases by 1.2-4.5
€2020/kgu2. An increase in EL efficiency from 63 % to 80 % reduces the
LCOH of the chains by 0.8-1.8 €9920/kgn2. Except for a few chains of the
onshore truck group, EL CAPEX and efficiency rank consistently among
the top three factors influencing LCOH. The renewable electricity gen-
eration costs also contribute significantly to LCOH, the sensitivity results
show that the impact of RE CAPEX is lower than EL parameters, pri-
marily due to the narrower range of the RE CAPEX.

Parameters related to storage, conditioning, reconditioning, and
transmission processes significantly impact specific chains:

o Increasing the CAPEX of the CGH; tanks from 286 to 780 €2020/kgn2
increases the LCOH by 9.2-13.7 €2020/kgn2 in the CGHy chains,
while increasing the LH> tanks CAPEX from 18 to 125 €9920/kgu2
increases the LCOH by 2.2-5.1 €3020/kgp2 in the LH2 chains.
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e In the LOHC chains, the LOHC carrier cost is a critical factor.
Increasing the carrier cost from 1.7 to 4.1 €3020/kg carrier increases
the LCOH by 1.0-1.5 €2020/kgH2.

Loss rates during the conditioning and reconditioning process
significantly impact NH3 and CH30H chains. In NHg chains, the
LOHC variation is 0.7-1.2 and 1.7-3.1 €3020/kgn2 with the change of
conditioning loss rate and reconditioning loss rate, respectively. In
CH3OH chains, the variation is 0.4-0.7 and 0.7-1.2 €2020/kghg,
respectively.

Increasing the DAC electricity demand from 0.9 to 2.1 kWh/kg car-
rier increases the LCOH by 0.3-0.5 €2920/kgu.

4. Discussion

Section 4.1 compares the results from this study with findings from
the literature to validate the quantified outcomes. Given the different
chain configurations in previous studies, this comparison also examines
the underlying reasons for discrepancies between the results. Section 4.2
presents the final considerations of this study.

4.1. Comparison with literature

Sens et al. assessed the hydrogen supply costs from hybrid wind and
solar energy to a hydrogen refueling station in Germany under various
renewable energy locations (onshore and overseas) and different
hydrogen storage methods, including CGHj, LH2, DBT, CH30H, and NH3
[21]. Their foundlings indicate that, in 2030, CGH; storage and trans-
mission has the lowest LCOH of 5 €3920/kgn2 for CGHj, refueling, while
LH: storage and transmission has the lowest LCOH of 7 €3020/kgpua for
LH: refueling. In comparison, this study finds that the lowest LCOH of
the CGH; supply chain to the DRI plant is 3.8 €3920/kgu2, which is
relatively lower than the hydrogen refueling station case. Two main
factors contribute to this difference. First, UHS has a strong scaling effect
with a scaling effect of approximately 0.28 [36], and the CAPEX of UHS
(7 €2020/kgu2) in the DRI chain in this study is lower than that (12-128
€2020/kgn2) in the hydrogen refueling chain in the study by Sens et al.
Second, the DRI plant operates at a relatively lower pressure, typically
below the pressure in the CGH; storage and transmission (100 bar).
Consequently, recompression of the hydrogen after the storage and
transmission process is not necessary, unlike in the hydrogen refueling
station chains, where a pressure level of >700 bar is required for the
vehicle refueling [20,21,52].

Steelmaking plants typically generate substantial waste heat
[5,53-57], which can be recovered and used in the endothermic
hydrogen release process of the chemical hydrogen storage technolo-
gies. This reduces costs compared with the hydrogen refueling chains,
where waste heat is generally unavailable [58-61]. Sens et al. found that
the CH3OH chain exhibits the lowest LCOH among the chemical chains.
However, this study indicates that the DBT chain has the lowest LCOH
among the studied chemical chains. The primary reason is the stronger
scaling effect for the DBT conditioning and reconditioning processes,
with a scaling factor of 0.65. Ortiz Cebolla et al. analyzed various
hydrogen storage and transport methods from a stable hydrogen source
to a steelmaking plant, considering a hydrogen transport distance of
2500 km via pipeline or ship. Their findings indicate that when waste
heat from the steelmaking plant is utilized for LOHC dehydrogenation,
the LOHC chain has the lowest delivery cost compared with NH3 and
CH30H chains. This conclusion aligns with the findings of this study
regarding the competitiveness of chemical hydrogen storage chains.
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4.2. Final considerations

The findings of this study are influenced by the sensitivity of the
input parameters and assumptions regarding chain configurations. The
sensitivity analysis of the input parameters is extensively discussed in
Section 3.3. This section, instead of providing a quantitative assessment,
introduces possible variations in chain configurations that were not
included in Fig. 1 and quantitatively discusses their possible effects.

Further process integration strategies, including heat and mass
integration, could enhance the efficiency of hydrogen supply chains. 1)
The heat generated during the hydrogenation process in chemical
hydrogen carriers could be recovered and reutilized. Given the potential
lack of local heat demand near the hydrogenation process, repurposing
this heat for electricity generation or hydrogen production represents a
promising avenue for further investigation. 2) The oxygen byproduct
from electrolysis could be monetized to improve the economic viability
of the supply chains. 3) This study assumed that heat demand in the DAC
process is electrified, However, in CHsOH-based chains with HVDC
transmission, where the DAC process is located at the steelmaking site,
utilizing waste heat from the steelmaking plant could be a viable
alternative.

Integrating solar and wind energy while optimizing the RES-to-
electrolyzer capacity ratio can reduce hydrogen production costs. In
certain regions, such integration can lower renewable power generation
costs, electrolyzer capital expenditures, and the required hydrogen
storage capacity [7]. Brandle et al. [29] conducted a global assessment
of hydrogen production costs from electrolyzers powered by RES and
found that the hybrid systems offer only marginal cost advantages in
specific geographic locations with certain conditions. Additionally, their
study indicates that the LCOH could decrease by 5-20 % with an opti-
mized RES-to-electrolyzer capacity ratio of 1.5-2. This optimization
enhances electrolyzer utilization, thereby decreasing its costs contribu-
tion to the total LCOH, albeit at the expense of increased RES
curtailment.

Several assumptions in this study may lead to an underestimation of
the losses and LCOH. 1) This study assumed that the DRI plant is located
near the shore, thereby excluding onshore delivery costs in offshore and
overseas chains. However, the plant may be situated further inland,
increasing transportation costs. 2) In the overseas chains, it is assumed
that the RES in the exporting country is located near the harbor,
neglecting inland energy transmission costs. In practice, the RES may be
situated inland, requiring additional transmission infrastructure, which
would decrease the efficiency and increase LCOH. 3) Additional harbor
costs may arise in the chains involving maritime transport. In particular,
LH: chains could incur higher costs due to the need for dedicated
infrastructure, unlike the chemical carriers that can leverage existing
facilities. 4) This study assumed that the offshore electrolyzer CAPEX
and Opex, as well as the DAC and ASU CAPEX and Opex, are identical to
their onshore counterparts. However, offshore chains may require
additional costs due to the marine environment conditions. 5) Deliver
the heat from the steelmaking plant to the reconditioning process may
necessitate additional facilities, such as heat exchangers, pipelines, and
pumps. The associated energy demand and cost have not been accounted
for in this study. 6) This study assumed significant cost reduction for
various technologies by 2030. For instance, the electrolyzer CAPEX is
projected to be 850 (580-1230) €2920/kW,, whereas current real-world
projects report values exceeding 2000 €2020/kWe] [62,63]. Similarly, the
current CAPEX of solar, onshore wind, and offshore wind is 628, 1325,
2840 €5920/kWe], respectively, according to [31]. Therefore, the findings
of this study are contingent on future technological advancements and
cost reductions. 7) The operation pressure of the UHS is higher than that
of pipelines and electrolyzer, necessitating additional compression
work. This study does not account for this compression work in
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efficiency calculation. 8) Transmission routes may require detours due
to geographical and infrastructural constraints, leading to higher
transmission cost and lower supply chain efficiency.

5. Conclusion

This study quantifies the techno-economic competitiveness of
hydrogen supply chains from off-site wind or solar energy to a hydrogen-
based direct reduced iron (Hy-DRI) plant. The analysis is based on the
levelized cost of hydrogen for sixty-one chains, which vary by renewable
energy type and location, energy storage methods, energy transmission
methods, and hydrogen storage location. A mathematical model is
developed to evaluate the losses, capacity, and costs of each chain step.
The key findings under the reference input parameters are as follows,

1. Compressed gaseous hydrogen (CGHj) chain with underground
hydrogen storage (UHS) has the lowest levelized cost of hydrogen
(LCOH) when available, with an LCOH at 3.8-5.5 €2020/kgy», out-
performing alternative storage methods, including liquid hydrogen
(LH2), ammonia (NHj3), methanol (CH30H), and liquid organic
hydrogen carrier (DBT). This cost advantage is primarily due to the
strong scaling effect and, therefore, the low cost of UHS.

2. When the CGH; chain with UHS is unavailable, DBT chains are the
next-best options.

3. CGH; chains with tank storage, methanol chains, and ammonia
chains are economically less competitive. The reason for the high
LCOH for the CGH; chains with tank storage is the high CAPEX of the
high-pressure tanks, for CH3OH chains is the high energy demand in
the direct air capture, and for NH3 chains is the high hydrogen loss
during reconditioning.

4. When using LH2 for hydrogen storage and transmission, the
hydrogen storage location should be placed near the DRI plant.
However, in the CGH;, NH3, CH30H, and LOHC chains, the storage
location should be near the renewable energy site.

5. In CGH; chains, high voltage direct current (HVDC) cable trans-
mission is preferred above pipeline transport when considering
LCOH, whereas in chemical chains, pipeline transport is more cost-
effective option.

An extensive sensitivity analysis identifies the parameters with the
most significant impact on LOHC across different chains. Hydrogen
production parameters play a dominant role in all the chains, with EL
CAPEX and EL efficiency consistently ranking among the top three fac-
tors affecting LCOH. Other key parameters include the tank CAPEX in
the CGHy chains with tank storage and LH- chains, LOHC carrier cost in
the LOHC chains, loss rates during the conditioning and reconditioning
process in NHz and CH3OH chains, and direct air capture (DAC) energy
demand in the CH30H chains.

This study introduces a general framework for assessing hydrogen
supply chains from renewable solar or wind sources to steelmaking,
allowing for a comparative assessment of different chain configurations
and identification of the most promising options. To ensure a fair
comparison, several simplifying assumptions were made, which may
differ from real-world scenarios. To address these limitations, future
research is recommended in two key areas. First, a more comprehensive
assessment of integrated energy systems involving multiple industrial
and energy sectors is needed. Although this study incorporates various
heat and mass integration strategies, some integration potentials, e.g.,
the recovery of hydrogenation heat, can only be fully explored within a
broader multi-sector energy modeling framework. Second, spatially
explicit assessments of hydrogen supply chains should be conducted.
Many key input parameters in this study, including solar and wind
resource availability, transportation distances, and infrastructure
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constraints, are highly dependent on location.
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Fig. Al. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the onshore-wind-pipeline group. (a) the CGHz-U chain, (b)
the CGH,-T chain, (c) the LOHC chain, (d) the NH3 chain, (e) the CH30H chain.
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Fig. A2. Sensitivity of the LCOH (€3920/kgn2) to the input parameters of the chains belonging to the onshore-wind-truck group. (a) the CGHs-U chain, (b) the
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Fig. A3. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the onshore-solar-pipeline group. (a) the CGH,-U chain, (b)
the CGH»-T chain, (c) the LOHC chain, (d) the NH3 chain, (e) the CH3OH chain.
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Fig. A4. Sensitivity of the LCOH (€2020/kgn) to the input parameters of the chains belonging to the onshore-solar-HVDC group. (a) the CGH,-U chain, (b)

the CGH,-T chain, (c) the LH2 chain, (d) the LOHC chain, (e) the NH3 chain, (f) the CH30H chain.
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Fig. A5. Sensitivity of the LCOH (€2020/kgu2) to the input parameters of the chains belonging to the onshore-solar-truck group. (a) the CGH»-U chain, (b) the
CGH,-T chain, (c) the LHz chain, (d) the LOHC chain, (e) the NH3 chain, (f) the CH30H chain.
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Fig. A6. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the offshore-pipeline group. (a) the CGH»-U chain, (b) the
CGH>-T chain, (c) the LOHC chain, (d) the NH3 chain, (e) the CH3OH chain.
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Fig. A7. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the offshore-HVDC group. (a) the CGH,-U chain, (b) the
CGH»-T chain, (c) the LH2 chain, (d) the LOHC chain, (e) the NH3 chain, (f) the CH30H chain.
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Fig. A8. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the offshore-ship group. (a) the LH> chain, (b) the LOHC
chain, (c) the NH3 chain, (d) the CH30H chain.
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Fig. A9. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the overseas-wind group. (a) the LH: chain, (b) the LOHC

chain, (c) the NH3 chain, (d) the CH30H chain.
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Fig. A10. Sensitivity of the LCOH (€2020/kgn2) to the input parameters of the chains belonging to the overseas-solar group. (a) the LHz chain, (b) the LOHC
chain, (c¢) the NH3 chain, (d) the CH30H chain.
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