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ARTICLE INFO ABSTRACT

Handling Editor: Prof. J. W. Sheffield Hydrogen is envisioned to become a fundamental energy vector for the decarbonization of energy systems. Two
key factors that will define the success of hydrogen are its sustainability and competitiveness with alternative
solutions. One of the many challenges for the proliferation of hydrogen is the creation of a sustainable supply
chain. In this study, a methodology aimed at assessing the economic feasibility of holistic hydrogen supply chains
is developed. Based on the designed methodology, a tool which calculates the levelized cost of hydrogen for the
different stages of its supply chain: production, transmission & distribution, storage and conversion is proposed.
Each stage is evaluated individually, combining relevant technical and economic notions such as learning curves
and scaling factors. Subsequently, the findings from each stage are combined to assess the entire supply chain as
a whole. The tool is then applied to evaluate case studies of various supply chains, including large-scale remote
and small-scale distributed green hydrogen supply chains, as well as conventional steam methane reforming
coupled with carbon capture and storage technologies. The results show that both green hydrogen supply chains
and conventional methods can achieve a competitive LCOH of around €4/kg in 2030. However, the key
contribution of this study is the development of the tool, which provides a foundation for a comprehensive
evaluation of hydrogen supply chains that can be continuously improved through the inputs of additional users

and further research on one or more of the interconnected stages.

1. Introduction

With the rising concern to limit global warming to 1.5 °C, countries
around the world are facing unprecedented challenges. To fulfil their
commitments under the Paris agreement, a deep decarbonization and
rapid energy transition is necessary, involving all sectors and systems
[1]. As such, alternative solutions to fossil fuels are needed, and
hydrogen has become a promising candidate as an energy carrier that
can be produced from zero- and low-carbon sources and adapted to meet
the needs of different applications. Specifically, its potential to decar-
bonize hard-to-abate sectors gives it a central role in the efforts toward
decarbonizing energy systems. However, despite technological ad-
vancements and cost reductions, the path to hydrogen’s competitiveness
as an energy carrier and its large-scale deployment remains unclear [2].

Currently, hydrogen is mainly used as a reagent in various industrial
processes, with the two largest uses being ammonia production and
fossil fuel refining [3]. The global demand for pure hydrogen is around
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90 Mt per year, with 96% of it produced from fossil fuels [4]. This
translates into 900 Mt of carbon dioxide (CO3) emitted per year [3]. The
future increase in hydrogen demand requires a shift to cleaner produc-
tion processes, such as water electrolysis powered with renewable
electricity, pyrolysis, or conventional methods (e.g. steam methane
reforming) coupled with carbon capture and storage (CCS) technologies
[3].

A strong hydrogen market is closely linked to the availability of
reliable infrastructure that would ensure the security of supply and
flexibility to the end users. Both efficient delivery and storage options
are therefore crucial. Hydrogen transmission and distribution (T&D)
involves similar methods to those of natural gas, namely pipelines and
its shipping in liquid form. Trucks are also a possibility for shorter dis-
tances. Complementarily to transportation, the link between supply and
demand is further secured by storage options. Depending on the size and
duration, both geological sites and pressure vessels are under
investigation.
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Fig. 1. Tool scope and possible

This paper aims to study the whole hydrogen supply chain to assess
its costs with the key indicator being the levelized cost of hydrogen
(LCOH). For each stage, several options are considered, and the impact
of some key parameters is analyzed. The paper is organized as follows: a
literature review is provided in Subsection 1.1; Section 2 provides a brief
description of each stage, the methodology adopted to study it, and the
supply pathways considered; Section 3 presents the results, and finally,
Section 4 concludes the paper with final remarks.

1.1. Literature review

Several studies have explored the hydrogen supply chain using two
main approaches, optimization and linear modeling. Stockl et al. [5]
optimized and compared large- and small-scale hydrogen production
from grid electricity. The study showed that small-scale on-site elec-
trolysis is the most beneficial when there are low shares of renewable
energy in the electricity mix and low hydrogen demand. For higher
renewable shares or higher hydrogen demand, large-scale production
becomes more favorable. In particular, liquid hydrogen (LH>) results to
be the best solution with these settings due to its high efficiency, flexi-
bility, and investment costs. Almansoori and Shah [6] also formulated a
similar optimization problem, but only considered conventional
methods for hydrogen production. They found that the optimal supply
chain comprises medium-to-large centralized steam methane reforming
(SMR) plants for hydrogen production, distributed via LH, tanker trucks
and stored in centralized storage sites.

On the other hand, Brandle et al. [7] followed a linear approach to
estimate hydrogen supply costs until 2050. They found that in the me-
dium term, SMR will be the cheapest option, while hydrogen from
electrolysis could become competitive in the long term, with production
cost below 1 $/kg in some regions. To transport such hydrogen to
Europe, retrofitting natural gas pipelines would provide the opportunity
for a low-cost transportation method, especially compared to shipping
options. The authors suggest that these would lead to the development
of a regional market, rather than a global exchange.

A plethora of studies focused on a single stage of the hydrogen supply
chain, such as production or transmission. Janssen et al. [8] showed a
potential cost decline to produce renewable hydrogen in various Euro-
pean countries, from a current range of 2.1-15 €/kg to a LCOH well
below 2 €/kg in 2050. The Hydrogen Council [2] predicted a similar
trend for Europe, from 5.5 €/kg today to 2.3 €/kg in 2030. Meanwhile,
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the International Energy Agency (IEA) [3] compared different trans-
mission carriers and modes for hydrogen, concluding that the most
economical option depends greatly on the distance of transmission, the
form of hydrogen being transported, and the additional costs of con-
version and reconversion.

Calculating the LCOH is a fundamental and essential step of opti-
mizing the hydrogen supply chain. It involves assessing capital invest-
ment, operating costs, hydrogen production analysis, transportation and
storage expenses, feedstock costs, and potential revenue streams. By
synthesizing data and assumptions from these stages, a comprehensive
LCOH analysis is derived. This in-depth evaluation facilitates informed
comparisons between various hydrogen production methods and supply
chain configurations, thereby aiding in making optimal decisions.

Despite the considerable body of literature concerning specific stages
and technologies within the hydrogen supply chain, a holistic and all-
encompassing calculation, spanning from production to final distribu-
tion, remains largely unexplored. For instance, existing studies have
analyzed the hydrogen supply chain from production to storage, but
often with limited options for production technologies [9-13], trans-
portation methods [14-16], and storage solutions [17-19]. Further-
more, a majority of these studies have neglected to account for
hydrogen’s final distribution or its levelized cost when imported from
other countries. As such, this research seeks to address this knowledge
gap by presenting a user-friendly, replicable, and scalable tool designed
to bridge the existing literature divide. The proposed tool not only cal-
culates the LCOH while providing a range of technological options for
each stage, including final distribution, but also enables the evaluation
of LCOH when hydrogen is imported from North Africa, the Middle East,
Latin America, and Southern Europe. The tool takes into consideration
various factors, such as production means/technologies, feedstock
sources in the exporting country, transportation distances, and methods,
as well as other comprehensive details essential for a thorough analysis.
By offering such an integrated and comprehensive approach, this
research contributes novel insights to the field of hydrogen supply chain
optimization.

2. Methodology
This section briefly introduces the different stages of the hydrogen

supply chain and presents a methodology to evaluate its overall cost.
The supply chain is divided in four stages: production, transmission and
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distribution (T&D), storage, and conversion. For each stage, different
technologies are identified (see Fig. 1). Subsection 2.1 expands on the
concept of LCOH, which the key indicator we used in assessing the cost
of hydrogen. Subsections 2.2 to 2.5 then delve into each of the four
stages and their respective technologies, and detail the distinct ap-
proaches used to assess their associated costs. The different stages, and
their costs, are then aggregated with different combinations, referred to
as hydrogen pathways, which serve as case studies to illustrate the po-
tential of the proposed tool.

As highlighted before, the focal point of this research is the devel-
opment of the tool that incorporates calculations for each stage and
integrates their results to provide the overall cost for a chosen pathway.
The tool is described in detail in Subsection 2.6 and the examined
pathways in Subsection 2.7.

2.1. The levelized cost of hydrogen

In the context of cost analysis, Levelized refers to the practice of ac-
counting for the time value of money. This concept originates from the
levelized cost of electricity (LCOE), which calculates the average cost
per unit of electricity produced by an energy system over its lifetime.
The LCOE approach provides a consistent and standardized metric for
comparing the costs of different energy sources and enables decision-
makers to identify the most economically viable options [20]. The
LCOE formula has been adapted for use in the analysis of the cost of
hydrogen production and delivery [21]:

N
S
NP — (1+d)
LCOH = Vcoxt _ n=0 (1)
NPV, % Qin
four (1+4)"

where NPV is the net present value; C, is the sum of the system costs
in the year n; Qua,, is the annual amount of hydrogen handled; N is the
system economic lifetime; and d is the discount rate. Assuming that the
system starts to operate one year from its construction (i.e., the sheer,
initial investment occurs in year 0), and that costs and quantities of
hydrogen handled are constant throughout the years of operation,
Equation (1) can be rewritten as:

(as, + OPEXy,)-CAPEX
Qu,
where OPEX,, are the operating expenditures, expressed as a per-

centage of the CAPEX; and ay, is the amortization factor, function of the
discount rate d and the economic lifetime N:

d

o 1-@d+1)7"
(1+d)"

LCOH= (2)

3

Ao, =

N
2.
n=1

The use of Equation (2) is restricted to those stages of the hydrogen
supply chain where its underlying assumptions hold true, namely, where
the operational expenses and hydrogen production remain constant
throughout the years. In instances where these assumptions are not met,
Equation (1) in combination with cash and hydrogen flow analyses
conducted on an annual basis are utilized.

The LCOH is individually calculated for each stage of the hydrogen
supply chain, namely.

- LCOH;: levelized cost of hydrogen production

- LCOHg: levelized cost of hydrogen storage

- LCOHyggq: levelized cost of hydrogen transportation, sum of the
transmission (LCOHy) and distribution (LCOH4) components

- LCOHony: levelized cost of hydrogen conversion

The LCOH for the whole hydrogen supply chain is then calculated as
the sum of these components:
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The capital expenses associated with each technology are a sub-
stantial component of the LCOH equation. To investigate the CAPEX of a
generic system, it is important to introduce the concept of economy of
scale, that has a dual effect on the system costs. First, it influences the
manufacturing process as an aspect of technological learning. Its po-
tential to reduce costs is expounded using learning curves, which posit
that the cost of a technology reduces by a constant factor, known as the
learning rate (LR), with every doubling of the installed capacity [22,23].
The general expression of learning curves for the cost of technology at a
specific time t is:

(%)
Co | —
Xo
where ¢ is the cost of the technology at the reference time ty; X(t) is the
installed capacity at time t; Xj is the installed capacity at the reference

time to; b is the slope of the function on a log-log plot and it is related to
the LR by:

LCOH = LCOH,, + LCOH; + LCOH,g4 + LCOH_opy,

c(t) 5

LR=1-2" 6)

Second, the economy of scale can reduce specific unitary investment
costs through the upscaling of capacity. This effect is represented by
scaling factors [24], which relate the costs of a system with a capacity
(size) S to the reference one:

t

2.2. Production

Sref (7)

C:Cref’<

The present study considers three hydrogen production methods:
electrolysis, steam methane reforming (SMR), and pyrolysis. Due to the
annual fluctuations in some pertinent expenses, such as electricity and
gas prices, it is deemed preferable to employ Equation (1) and normalize
it per unit of capacity:

c
(1+a)

M=

t=0

LCOH, = @®

qH2.t
(1+d)

M=

t=0

The unit of capacity for electrolysis is denoted by power consump-
tion (kWep), whereas for SMR and pyrolysis, it pertains to production
capacity (kWpa,1av). As a result, the calculation of annual hydrogen
production for electrolysis is derived based on its power consumption
unit, as expressed by Equation (9). Conversely, the annual hydrogen
production for both SMR and pyrolysis is computed based on their
production capacity, as indicated in Equation (10).

kg2 /a _ Qua¢ _ Hiay CF-8760h ©
e\ Sew | = Py LHVp
kgﬂz/a :| QH2 t CF-8760h
|82/ | _ Quze  CF8760R 10)
iz {kWHz,LHv P, LHVip

where CF is the electrolyzer capacity factor and 7,y , is its efficiency in
the year n. Further details on the efficiency parameter for electrolysis
can be found in Appendix L.

The succeeding subsections provide a detailed breakdown of the cost
components associated with the three production technologies consid-
ered in this study, namely electrolysis, SMR, and pyrolysis. Furthermore,
the subsections also expound on the fundamental features of each
technology.
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Table 1

Summary of the main technical parameters, maturity level, advantages and
disadvantages of four different electrolyzer technologies [25,26, author’s
analysis].

AEL PEM SOEC
Temperature 70-90 °C 50-80 °C 700-850 °C
Pressure 1-30 bar <70 bar 1 bar
Electrolyte Liquid Solid, polymeric Solid, ceramic
Stack efficiency ~ 59-70% 65-82% Up to 100%
System 50-78 50-83 45-55
efficiency
[kWh/kgp]
Maturity level Commercial Near-term Laboratory scale
commercialization
Advantages Low CAPEX, Compact design, fast ~ Enhanced kinetics
relatively start-up, high-purity ~ and
stable, mature H, thermodynamics,
technology lower energy
demand
Disadvantages Corrosive High-cost polymeric ~ Mechanically
electrolyte, gas membranes unstable electrodes,
permeation, safety issues

slow dynamics

2.2.1. Electrolysis

Water electrolysis is a process where water splits into hydrogen and
oxygen under the influence of direct current. This study considers three
electrolysis technologies: alkaline electrolyzer (AEL), proton exchange
membrane (PEM), and solid-oxide electrolyzer cell (SOEC). Despite
sharing the same operating principle, they differ in technology, mate-
rials, applications, and maturity. Table 1 compares the different tech-
nologies and their main parameters.

The methodology used to calculate the cost of hydrogen production
is composed of the following parameters, which are common to all
electrolysis technologies.

- Electrolyzer (whole system) capital expenses

- Fixed operational expenses

- Stack replacement costs

- Electricity costs, either from the grid or from specific RE plant
- Water cost

- Revenues from oxygen sale

Capital expenses: the CAPEX is calculated by combining learning and
scaling effects, and dividing the electrolysis system into stacks and
auxiliary components. A general formula is used to calculate the CAPEX
of a system of size S in the year t:

tto)l 1-LR, S (175fsz.0)-e S/Smax
Cetts =Celty Srey” Yostasys * ¢! +AGR)’( —t9)-1ogy(1-LRy) (S_) + (l
ref
U - S\ a1
—%g2y5) - (1 +AGR) (tto)10g (1~LRaux) (s_>
ref
11
—> No
(Mode 1)
SMR
—>» Yes

NGf#s: natural gas need as feedstock )
NGgye|: natural gas need as fuel

CCo: percentage of CO2 captured )
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where Celty Sy 1S the CAPEX of the reference system size S in the
reference year to; %2qys is the ratio between the stack and the total cost
for the reference electrolyzer system; AGR is the annual growth rate for
the global electrolyzer production capacity; LRy and LRg, are the
learning rates for stack and auxiliary components; sfy; o and sfq, are their
scaling factors; Smqy is the maximum stack size. Appendix I provides a
more detailed overview of Equation (11) and its variables.

Fixed operational expenses: the annual fixed OPEX are calculated as a
percentage of the initial investment.

Stack replacement costs: the stack typically has a shorter operational
lifetime compared to the whole system. For this reason, it is assumed
that the stack is replaced after a certain number of load hours. Its cost is
equal to the stack component of Equation (11).

Electricity cost: the electrolyzer can either be connected to the grid or
to a dedicated Renewable Energy Sources (RES) plant. In the former
case, the electricity cost is described by Equation (12), while in the latter
case, the electricity cost is added after the cash flow analysis to avoid
double accounting for the value of money, as shown in Equation (13).

Celectricity.t :priceelecm'city.t'CF‘8760 (12)
ﬁ’: c
— (1+d" LHV,

LCOH, =" + LCOE=—2 (13)
Z qH2.n nel
= (1+d)"

The electricity cost of the dedicated RES plant, expressed as LCOE, is
also calculated within the tool, as shown in Appendix I.

Water cost: water cost is calculated based on the stoichiometry of the
reaction, where 9 kg of water are required for producing 1 kg of
hydrogen [27]. The annual cost of water per kW of hydrogen is thus
equal to:

Mp20
M

qm2 a4

€ _ €

Crz20 |:kWH2.LHV'a:| =m0 {E}

Revenues from oxygen sale: In the electrolysis process, 8 kg of oxygen
are produced (as a by-product) with every kilogram of hydrogen [28].
As oxygen has various commercial applications, such as in the medical
field, additional revenue can be generated from the sale of this
by-product. This additional revenue is accounted as a negative cost in
the electrolysis cash flow and can be calculated using Equation (15)
[28].

Mo2

02, 1
P qm2 (15)

e e
2 kWi mv-al Poz kgo2

2.2.2. Steam Methane Reforming

The steam reforming process is based on the endothermic reaction of
steam and hydrocarbons to produce hydrogen and carbon oxides. In an
SMR conventional facility, natural gas is the process feedstock and, in
most cases, also the process fuel. Otherwise, also the produced hydrogen
can be partly used as fuel [4,29]. To cut the carbon footprint of such

NGg: 2.92 kgng/kaH
NGiyer: 0.48 kgng/kaH2
CCy: 0%

NGs: 2.92 kgng/k
NG fs . Ing/KIH2
NGyer: 0.82 kgng/kgH2
(Mode 2) CCo: 90%
NGys: 3.71 kgng/k
H2 fs ; Ing/KIH2
NGtyer: 0 kgng/kgH2
(Mode 3) CCy: 67%

Fig. 2. SMR modes, with related natural gas requirements and carbon capture percentages. Own elaboration, data from Ref. [29].
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plants, they can be complemented with carbon capture and storage
(CCS). In particular, the most suitable capture technology combined to
SMR is gas absorption with amine-based solvents [30].

The SMR process can generate hydrogen with varying levels of car-
bon emissions depending on its configuration. The present tool models
three modes of operation, which are determined by two factors: the
presence of a carbon capture plant; and the choice of process fuel, which
could be either natural gas or recirculated hydrogen. Fig. 2 depicts the
potential combinations and displays the associated CO, emissions and
natural gas requirements, as per the scenarios put forth by Collodi et al.
[29].

The cost breakdown of the SMR process can be categorized into
different components, regardless of the mode of operation.

- Capital expenses

- Fixed operational expenses

- Natural gas cost

- CO, emission price, either from emission trading system or carbon
tax

- CO, transportation-and-storage costs

- Revenues from combined steam turbine electricity

Capital expenses: the CAPEX of a SMR plant can be divided into the
conventional plant components and the carbon capture plant. The
notion of economy of scale influences the plant CAPEX due to learning
and scaling effects. The learning effects consider only the carbon capture
component, since it is assumed that the conventional plant components
are well-established technologies and a decrease in their cost is not
forecastable (LR.ony = 0). On the other hand, the scaling effect concerns
the plant as a whole. The combination of learning and scaling effects is
described with the following equation:

~(t—to)-logy(1~LRconv
CsMrR = [CCOHV.fO,Smf . (1 +AGR) (t=t9)-logy ( ) +Ccc‘t0.S,ef .

where the abbreviations conv and cc refer respectively to conventional
and carbon capture components.

Fixed operational expenses: the annual fixed OPEX are calculated as a
percentage of the initial investment.

Natural gas costs: natural gas is the main energy input of the SMR
facility, therefore its cost has a significant impact on the plant eco-
nomics. The annual natural gas consumption is calculated using Equa-
tion (17) and the cost associated with it is calculated using Equation
(18).

kWhyg ny / a} ( |:kgng:| {kgng] > HHV,,
g |~ | T f5 + Qnefuet | 7| | - CF-8760h-———
& { kWha 1y nes: kg ng uct kg LHVy,
a7
Cng = PrgQng (18)

where g5 and g are respectively the gas needed as feedstock and
as fuel per unit of output. These values are reported in Fig. 2. Py, is the
natural gas price in €/kWhyg nuv

CO; emissions price: CO, is generated as a by-product of the SMR
process. A typical plant usually generates annual emissions that is equal
to:

qctot :Ean‘qng 19)

where EF,, is the natural gas emission factor. A part of these emissions
gets released into the atmosphere, therefore an emission surcharge

-1
(1+ AGR) o lon1- 1R <i)
sref
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needs to be added to the overall costs. The CO, emitted to the atmo-
sphere in a year is equal to:

dcem = qC,mt'(l - CC%) (20)
where CCy, is the percentage of CO5 captured, as reported in Fig. 1. The
emission tax or price P¢ on the total costs is calculated in the following
way:

Ccem = PC'qC.em (21)

CO;, transportation-and-storage costs: the captured portion also has a
cost associated with its transportation and storage:

€

€ €
Ccras |70, | =Ccras P *qc1es = Cc.1&s P “qc,r*CCy
o2 o2

22
kWi 1av @2

Revenues from combined steam turbine electricity: the SMR process
produces excess steam, that can be converted to electricity in a steam
turbine island, and the associated revenue is accounted for as a negative
cost:

Cel :pel.feed—in'elcons'qH2 (23)
where pej feed—in is the electricity feed-in tariff and elcons is the electricity
consumption. Since the SMR plant is a net electricity producer, this
value is negative.

2.2.3. Pyrolysis

Pyrolysis is a thermochemical process characterized by the decom-
position of a material at high temperatures in the absence of an oxidizing
agent. This process has been widely utilized to produce hydrogen from
methane obtained from natural gas, where the only resultant product is
elemental hydrogen and solid carbon. The exclusion of oxygen in the

(16)

reaction leads to the absence of carbon monoxide (CO) and carbon di-
oxide (CO2), negating the requirement for further carbon separation
units [31].

To narrow the scope, pyrolysis is described in the tool by a single
configuration: the molten metal process, despite the existence of alter-
native methods. Moreover, with the objective of studying a completely
COy-free process, a hydrogen-fired layout is selected, since other fuel
supply options (electricity, natural gas) have direct and indirect emis-
sions. The pyrolysis costs considered in the analysis include.

- Capital expenses

- Fixed operational expenses

- Natural gas cost

- Solid carbon cost (revenues from its sale or disposal costs)

The consumption of electricity and its corresponding costs are
deemed negligible as their impact on the overall cash flow for this
particular configuration is minimal [31].

Capital expenses: in this case, learning curves are not utilized due to
the early development stage of the pyrolysis process. Instead, the Lang
factor concept, as described by Parkinson et al. [31], is utilized to
determine the plant’s CAPEX, based on its technology readiness level
(TRL). The total equipment cost is multiplied by the Lang factor, which
varies depending on the TRL of the technology. In our tool, a Lang factor
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of 10 (first-of-a-kind') is used to calculate the CAPEX of the pyrolysis
process in 2022. This means that the CAPEX is assumed to be ten times
the total equipment cost. The Lang factor is then assumed to decrease
linearly to 6 (nth-of-a-kind) by 2030, as the technology becomes more
mature, and the costs associated with it decrease. This means that the
CAPEX in 2030 is assumed to be six times the total equipment cost.

Fixed operational expenses: the annual fixed OPEX are calculated as a
percentage of the initial investment.

Natural gas costs: natural gas is the only input of the process, and its
cost is a crucial factor in determining the overall LCOH. The natural gas
annual consumption and its corresponding costs are calculated using
Equations (24) and (25), respectively.

kWhng_HHv/a:| |:kgng:| |: kgHz/(l :|

I T = RN ——=—|.HHYV, 24
ng { kKW 1y ng kguo r2 kWi 1y " (24)
Cng = Prg-Qng (25)

where gy, is the quantity of natural gas per mass of hydrogen produced
and Py, is the natural gas price.

Solid carbon cost: hydrogen and solid carbon are the only products of
the pyrolysis reaction. For every kg of hydrogen, 3 kg of solid carbon are
generated [7,32]. Equation (26) outlines the calculation for the amount
of solid carbon produced per unit of hydrogen. This solid carbon can be
disposed of, incurring associated costs, or sold, resulting in associated
revenues (refer to Equation (27)).

kgc } { kgu» }
— ot l_y. ot 26
e |:kWH2,LHV Yol kWha1av-a (20)
€ €
¢ B B @7)
¢ |:kWH2.LHV:| derce {kgc}

2.3. Transmission and distribution

The delivery of hydrogen can be divided into two conceptual stages,
namely transmission and distribution. The delivery of hydrogen in these
stages can be carried out using various methods, with the most
commonly used being pipelines for both stages. However, shipping is
usually preferred for the transmission stage, while truck delivery is
typically used for distribution purposes. To examine the different
methodological approaches utilized by these delivery modes, the sub-
sequent three subsections provide a detailed overview of each.

2.3.1. Pipelines

Compressed gaseous hydrogen can be transported through pipelines
using one of three options: constructing new hydrogen pipelines, ret-
rofitting existing gas networks, or blending with natural gas (which is
not analyzed in this study). Prior to injection, hydrogen is compressed to
the operating pressure of the pipeline, which typically depends on the
size, flowrate, and material of the pipeline. Compression stations are
also necessary along the pipeline route to maintain pressure difference
for flow driving, as stated by references. [3,33].

Pipeline transportation can serve both transmission and distribution
purposes for both onshore and offshore applications. In this tool, the
choice between constructing new pipelines or retrofitting existing gas
networks is included, and it has an effect on various parameters such as
the initial investment. Another choice available in the tool is the selec-
tion of pipeline size, which offers options between Small, Medium, and

1 “first-of-a-kind" refers to a new technology or process that has not been
implemented before, or that is being implemented for the first time at a large
scale. In the context of the Lang factor method, a technology that is first-of-a-
kind is considered to have a higher capital cost than a technology that is
"nth-of-a-kind" or more mature, because of the risks associated with imple-
menting a new and unproven technology.
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Large, based on Jens et al.’s classification [34]. Equation (28) describes
the LCOH¢:

LHVy,

Qu,-CF-8760h (28)

LCOH, = (ay + OPEXy,) - CAPEX [ﬁ 1

Given the high level of uncertainty about future projections, the
capital costs for pipelines are assumed to be constant throughout the
investigation period. The compression stage is a crucial component in
the pipeline evaluation, but its methodology is treated separately in
Subsection 2.5.1. Nevertheless, it is known that a compression station is
required after a distance legnen:, Which depends on flow pressures and
velocities and takes into account critical phenomena such as pipeline
erosion and pressure control [33]. The iterative process of determining
pressures, velocities, and segment lengths is thoroughly explained in
Appendix II.

2.3.2. Shipping

Hydrogen shipping can be achieved in liquefied form (as in the case
of natural gas), or using chemical compounds such as ammonia and
liquid organic hydrogen carriers (LOHCs). Besides the economic bene-
fits, shipping hydrogen can enhance the energy security of the importing
countries by providing greater diversification and faster response times
to changes in providers, which is especially crucial during sudden
geopolitical developments. This is in contrast to pipelines, which may
have limited options and longer lead times for changes in providers [3].

The tool considers two options for shipping hydrogen: liquid
hydrogen (LH;) and ammonia. , with NHj3 carriers fueled with heavy fuel
oil (HFO) and LH; ones with boil-off gas (Same assumptions as IEA [3]).
The LCOH formula for ammonia ships includes only the vessel’s CAPEX
and fuel costs (Equation (29)), while for LHj, boil-off losses and their
cost are considered, with the potential to partially fuel the ship, resulting
in fuel savings (Equation (30))

LCOHt,NHB = LCOHt.vessel + LCOHtfuel (29)

LCOH[.LH2 = LCOHLVessel + maX(LCOHt.fuel ) LCOHt.boilaff ) (30)

Looking at the common elements of Equations (29) and (30), the
LCOH vessel component can be calculated using Equation (31). The
LCOH vessel component (common to both equations) depends on the
number of routes per year (rpa), which is determined by the ship velocity
v, the route distance 1, and the average time spent in the harbor tygpor
(Equation (32)).

(as + OPEXsy,)- <=
LCOHt.vessel = pa * (31)
8760h 8760h
pa (32)

2-troundirip 2. (l + tharbor)
4

The fuel cost (Equation (33)) is based on the propellant used, while
the boil-off loss component, only relevant for LH; shipping, is defined by
the percentage of boil-off loss, roundtrip time, and the cost of the pro-
duced hydrogen being shipped (LCOH,) as described by Equation (34).

PreEper-2l
LCOH, o = % (33)
2
by,
LCOHt,boiloff = ﬁ'troundm'p LCOHp (34)

2.3.3. Truck

The transportation of hydrogen using trucks is a commonly adopted
practice. For short distances (<300 km) compressed gH, trailers are
widely utilized, while LH; trucks become favorable when the distance



P. Dogliani et al.

Table 2
Hydrogen storage for different time durations.
N° of cycles per tauration /teycte [ tioading [
year
Seasonal storage 1 12 months < 365 days < 4380
(€D)] 8760 h
Seasonal storage 2 6 months < 182 days & 2190
(2) 4380 h
Monthly storage 12 1 month & 30days & 730h 365
Weekly storage 52 1 week & 7 days & 168 h 84
Daily storage 365 lday © 24h 12

offsets the liquefaction costs. Ammonia can be also transported via
trucks [3]. The expenses associated with truck transportation are
influenced by various factors and can be represented as follows:

LCOH, tryck =

CAP. EXtractor'a%.tractor + CAP EXtank'a%,tank + CAP. Eer.chassis'a%.tr.cha.ssis + OPEX 'ln
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atmospheric pressure and a temperature of —33 °C, but may also
experience boil-off losses [37,38].

The tool considers gaseous hydrogen as part of the final storage
option, and liquid hydrogen or ammonia as intermediate storage op-
tions. For storing large quantities of gaseous hydrogen, the tool con-
siders different types of geological reservoirs, namely, salt caverns [39],
lined rock caverns [29,40], depleted natural gas or oil reservoirs [41]
and aquifers [31,42].

Regardless of the storage option, it is assumed that the OPEX is fixed
throughout the economic lifetime of the storage facility, expressed as a
percentage of the CAPEX. Equation (2) can be therefore used to assess
the LCOH;:

(ay + OPEX,,)-CAPEX

Qu2Tpa

LCOH,; = LCOH, sryck + LCOH, et + LCOH, griver + LCOH, poitofr (35)

The costs of a vehicle used for hydrogen transportation are calcu-
lated by adding the costs of the three truck components: tractor, tank,
and trailer chassis. Each of these components has a different lifetime
and, therefore, a different amortization factor.
where the OPEX is expressed in € per km, and [, is the annual distance
covered by a truck. As for shipping, the transported capacity Qu, refers
to the specific carrier and is hence converted to gaseous hydrogen
equivalent mass for the calculations. The routes per year, rpa, are
expressed as the ratio between the annual mileage and the average
distance per round trip.

The equation for calculating fuel costs is similar to the shipping
counterpart (Equation (33)) and is represented by Equation (37):

Ppuer-Epua-21
LCOH, = 21 S22 Q:m’
2

Driver costs are explicitly calculated in the truck transportation
scenario as they have a significant impact on the Total Cost of Owner-
ship (TCO) and are dependent on the range of the truck.

37

Cdriver* top

LCOH[,dJiver = QH2 Tpa

(38)

where Cgriyer is the driver salary per hour and t,, are the annual hours of
operation.

Finally, the costs associated with boil-off, which only occur during
the transportation of LH», are evaluated using a method similar to that
shown in (34).

2.4. Storage

In the tool, hydrogen can be stored in two ways: in storage tanks or in
geological reservoirs. In storage tanks, hydrogen can be stored either in
gaseous form or in liquid form. When stored as a gas, it is typically stored
in tanks at high pressure (up to 700-1000 bar), which can hold different
amounts of gas depending on the type of tank and materials used [35,
36]. Liquid hydrogen, on the other hand, is stored in cryogenic tanks at
atmospheric pressure, but there may be losses due to boil-off [35,36].
Similarly, ammonia can also be stored in cylindrical tanks at
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LCOH, = 39
Q (39)
(36)
The annual amount of hydrogen handled Qy, is:
QH; = Neycles * Qstorage ° (1 - mlosses) = Neycles * PH2 : Vstorage'(l - mlosses) (40)

where Qstorage and Viiorqge are the storage capacity, in mass and volume
terms. The storage sizing and its CAPEX depend on the form in which
hydrogen is stored: Subsection 2.4.1 discusses the gaseous hydrogen
storage, while Subsection 2.4.2 covers the liquid hydrogen and ammonia
ones.

2.4.1. Gaseous storage

Hydrogen in its gaseous form can be stored in either storage tanks or
geological reservoirs. The sizing methodology for both options is similar,
but there is a crucial difference - a cushion gas volume must be
considered when storing hydrogen in geological reservoirs. The storage
sizing depends on two factors, the quantity of hydrogen to be stored and
the storage duration. The tool offers five duration options for storage,
ranging from short-term to seasonal, as summarized in Table 2. For each
duration option, the loading time is assumed to be half of the intended
storage duration.

Given the above discussion, the desired storage capacity would
therefore be:

1 Qu,
pu, 1 — cushion gasy, 8760h

tloading

Vstorage = Vworking gas + chhion gas — (41)

The cushion gas ratio depends on the geological reservoir typology,
while it is set to zero for pressure vessels. For reservoirs, the cost of the
cushion gas kept in the reservoir needs to be considered. As such,
Equation (39) needs to be adjusted to reflect this additional cost as
follows:

(ay% + OPEXy,)-CAPEX + @y, Cgas

LCOH; = (42)
S QHZ
where Cy; is the cost of the cushion gas kept in the reservoir:
Coo— Qstorage .
gas = Pty " Veushion gasPr, -cushion gasy,-Py, 43)

" 1 — cushion gase,

with the price of hydrogen Py, assumed to be the sum of the levelized
cost of production and transmission of the selected pathway in the tool.
The CAPEX of gaseous hydrogen storage is calculated considering a
scaling effect, following the approach of Reup et al. [43] and W. A. Amos
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General input PRODUCTION
Select YEAR Select DESTINATION COUNTRY Select PRODUCTION LOCATION Select PRODUCTION METHOD
2030 Germany Algeria Electrolysis
CoolProp can be used in the tool to have a better approximation of the Plant capacity: [kW]I 100000
different fluid properties and can be download at the link Override: [kW]I
Use CoolProp?I No

Select ELECTRICITY SOURCE:I Solar

OBS: To design a new supply pathway, check and Select ELECTROLYZER TYPE| PEM

select every option (in red) in
does not update the t

this table -> Excel

oggle lists!

Click here to change default values

LCOH: 6,3 €/kg 2,09 €/kg
L]
OVERALL PRODUCTION
TRANSMISSION DISTRIBUTION
Select TR. MODE by SEA Select TR. MODE by LAND Select DISTR. MODE
Ship Pipeline Truck
?
Select CARRIER l New or repurposed? IDlcarrior selection:
LH2 New New

Default distance: 3174 km

Default distance: 0 km

AUTOMATIC or MANUAL?

Default distance: 200 km

Override below [km]

Override below [km]

Automatic

Override below [km]

Change default values

Change default values

Change default values

3,25 €/kg

TRANSMISSION AND DISTRIBUTION (without int. storage)

STORAGE
STORAGE at IMPORT TERMINAL? STORAGE at EXPORT TERMINAL? FINAL STORAGE? Select H2 FINAL STATE
Yes Yes Yes gH2

Default capacity: 11000 t_LH2

Default capacity: 11000 t_LH2

Default capacity:

Default final pressure: 300 bar

Change default capacity

Change default capacity

Change default capacity

Override below [bar]

Select STORAGE TYPE
Geological - Depleted NG or Qil Reservoir

Obs: final storage only as gH2

Change default values Change default values Change default values

0,11 €/kg

INTERMEDIATE STORAGE

0,82 €/kg

FINAL STORAGE

0,02 €/kg

FINAL CONVERSION

Fig. 3. Snapshot of the top part of the Home sheet in the designed tool.
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[44], in which the scaling effect is limited to a maximum design volume. operating pressures, such as for hydrogen compression before storage or
Vicor Vinar\ ¥ max (Viorage; Vini Vitor Vinae\ ¥

CAPEX = storage | CAPEme . < max) + CAPEXref . (( ( storage mm) _ \‘ stor ageJ ) X max) (44)
Vmax Vref Vmax Vmax Vref

If the desired quantity to be stored exceeds this upper limit, then mul- transportation via truck, and multi-stage centrifugal compressors for

tiple tanks [Vsmmge / V,efJ are required. For geological reservoirs, a min- stable flow conditions, higher flow rates, and lower pressure re-

imum amount of hydrogen storage is taken into account, which limits quirements, such as in pipeline [47].

the minimum size of the reservoir. This may result in an oversized To assess the compressor CAPEX, the tool used the scaling factor. In

storage when the desired quantity of hydrogen is smaller than this lower this case, both size and pressure scaling factors characterize the system.

limit. The general equation used for this calculation is as follows: This method follows the work of Lahnaoui et al. [10] and W. A. Amos

[44]. The compressor size is characterized by its rated power, with a
maximum value imposed. If the required rated power is higher, multiple
2.4.2. Liquid hydrogen and ammonia storages parallel compressors are used.

The storage of liquid hydrogen or ammonia is modeled as a buffer to 4 o
fac1l1tate the shipping .of hydrogen, a1.1d can be .51tuated .at both the CAPEX — CAPEX,,;- P <Pmax> ) < P ) + CAPEX,y -
import and export terminals. When storing ammonia, Equation (40) can Ppax Prys Dref
be formulated as follows: (50)

s PP VP (2]
QHz = ﬁ : (ncyclex)}« : Qstorage.NH3 (1 - mlossm) (45) Pmax Pmax Pref pref

3

where P and p are respectively the system rated power and pressure;

where my, /myy, is the percentage of hydrogen present in ammonia . . . . -
M P § ydrogen p ’ sf is the size scaling factor; sf’ is the pressure scaling factor.

Vstorage <an.x> Xf ( ( Vstorage \‘VS[DTHgCJ ) Vmax) Sf
CAPEX = CAPEX, - . + CAPEX s - —_ = . 47)
o \‘ Vma_x Vref o Vma.x Vma.x Vref
equal to 17.65% [45]. For both liquid hydrogen and ammonia, the mass Variable and fixed OPEX are also important components of the
losses are directly linked to the liquid carrier boil-off losses, bo,: compression component of LCOH. Fixed OPEX are calculated as a per-
centage of the CAPEX, while variable OPEX are dependent on the elec-
0p — Do 9 . . . .

Mosses = bos [% / dY] tsorage [days] (46) trical consumption of the system. For transportation purposes, the
The CAPEX calculations follow an approach similar to the gaseous system’s availability is assumed to be continuous, and as such, the
storage case: annual electricity consumption E,; is influenced by an availability factor:

E, = P-availability,,-8760h (51)

For storage options, cyclical operations are considered, therefore the
electricity consumption depends on their frequency, i.e., the number of
cycles:

2.5. Conversion

Hydrogen conversion is used in this paper as a broad term that en-
compasses hydrogen compression, liquefaction, regassification, and Eei = P-tioading Meycles (52)
conversion from and to ammonia. For simplification, continuous oper-
ations are assumed for almost every case, so that the quantity of con-
verted hydrogen is equal to:

The desired rated power P eventually depends on a wide array of
factors, such as the hydrogen flow rate and the system efficiencies,
pressures, and temperatures. A detailed explanation of this variable can

Qu, = availability,, - 8760h - Qu,-(1 — Mipsses) (48) be found in Appendix III.

where Qy, is the constant hydrogen flowrate to be converted. The 2.5.2. Conversion from and to liquid hydrogen and ammonia
compression of gaseous hydrogen for storage applications has a more This subsection describes the conversion of gaseous hydrogen from
cyclical nature (loading and unloading phases), so in that case Qg, is and to its liquid form, as well as from and to ammonia. Hydrogen
described with Equation (49): liquefaction is a complex process that involves multiple stages of

. compression, cooling, and expansion, resulting in a phase change from
QH; = tlauding *Meycles * QH2 (1 - mlosses) (49)

Table 3

2.5.1. Compression Parameters studied for each stage of the hydrogen supply chain.

A compression stage involves increasing the pressure of a gas, and it

is a critical step that depends on the flow rate capacity and required Production T&D Storage

compression ratio [46]. These factors also determine the type of Varying parameters Year Distance Size

compressor technology that should be used. The tool considers two ilzel ) Duration
uel price

compressor types: multi-stage reciprocating compressors for high
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Table 4
Summary of supply pathway options.
Supply pathway 1 2 3 4
Description Centralized, large-scale PV electrolysis from Distributed, small-scale PV Centralized, large-scale SMR Small-scale
remote location electrolysis with CCS pyrolysis
Production Method Electrolysis + PV Electrolysis + PV SMR with CCS Pyrolysis
Capacity [MW] 100 1 300 10
Transmission  Method & a. New, offshore pipeline - Onshore pipeline -
Carrier b. LH; shipping
Distance [km] 2000 0 300 0
Storage Type Geological Tank Geological Tank
Duration Monthly Daily Monthly Weekly
Distribution Method & a. Pipeline - Pipeline a. Pipeline
Carrier b. LH, truck b. gH, truck
Distance [km] 100 0 100 100
8€ 8€
e \ )
oo 6 €
— 6€ ~
% W
> e ol
w SO o 5S€
o 5€ ~ -
:ECL S S 8
(@) e = 4€
Q ~ —
- 4¢ = - L
< 3€ s R e
~=
-~
3€ =< 2€
3.0 3.5 4.0 4.5 5.0
- Size [10* kW]
2022 2023 2024 2025 2026 2027 2028 2029 2030
Electrolysis - Grid SMR Electrolysis - Grid = = = Electrolysis - PV

Pyrolysis = = == Electrolysis - PV

Fig. 4. Levelized cost of hydrogen production, impact of learning effects.

gas to liquid at a temperature below —253° [48]. Among several
liquefaction processes, the tool considers only the Claude process due to
its prevalence in industrial applications [49-51].

Regasification is the opposite process of hydrogen liquefaction and
involves heating liquid hydrogen above its boiling point to convert it
back to a gaseous state [52]. The tool includes the regasification process
using a thermal resistance approach, which is often overlooked despite
its importance [52].

Ammonia conversion, also known as ammonia synthesis, is the
process of producing ammonia by combining hydrogen and nitrogen
through the Haber-Bosch (H-B) process [3,53]. The reverse process,
ammonia cracking, is an endothermic reaction in which ammonia is
cracked into hydrogen and nitrogen at very high temperatures [45].

Generally describing the costs of a conversion plant, its CAPEX de-
pends on its capacity Q.qmier and an installation factor fi,:

Qcarrier s
Qrey )

The ammonia conversion CAPEX is given by the sum of its two main
components, the Haber-Bosch stage and the air-separation unit required
to obtain nitrogen. The plant capacity Q.qmer i expressed in kg of
hydrogen for liquefaction and regasification, and in kg of ammonia for
its conversion and reconversion stages. Their relationship is defined by
the hydrogen mass content in ammonia, my, /Myg, .

Variable and fixed OPEX are also an important component of the
compression LCOH. The fixed OPEX is calculated as a percentage of the
CAPEX while the variable OPEX is rather based on the system electrical
consumption:

CAPEX = fy, - CAPEX,efv( (53
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SMR Pyrolysis

Fig. 5. Levelized cost of hydrogen production, impact of scaling effects
in 2030.

Eq= <ZSEC,—> - Qcarrier - availabilitys,-8760h (54)

stages

where SEC is the specific energy consumption for each stage in
kWhe)/kgcarrierr- The SEC is a constant value with the exception of
liquefaction, where a dependence on the plant size has been observed.
Therefore, an empirical function has been extrapolated to describe the
relationship, based on respective values in the literature [54-56]. If the
plant’s size is larger than a size Qpq, the liquefaction SEC also becomes
constant [52].

_ [17.124-Qeamier **"® Qearrier < Qumax
SEC = {SECmax Qz:anier Z Qmax (55)
2.6. The tool

The central element of this research is the development of a tool that
gathers the LCOH calculations for each stage and combine them together
to assess the LCOH of a chosen supply pathway. The designed tool is a
general model, valid for any location, option, and year. At the current
moment, the tool covers specific countries, and the temporal scale is
limited, and a predetermined set of values is proposed. However, a user
has the total freedom to override any value and to extend the
geographical and temporal scope of the tool, which is facilitated by the
tool being a user-friendly platform. To provide a general outline, this
article uses a generic country as production and destination locations.

The Home sheet of the tool gives the possibility to select different
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Fig. 6. Levelized cost of hydrogen production, impact of fuel prices in 2030.
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Fig. 7. Levelized cost of hydrogen transmission, impact of distance in 2030.

options for production, T&D, and storage technologies. Fig. 3 shows a
screenshot of the top part of the Home sheet. The Home sheet is the main
interface of the tool, and it is linked to several other sheets that en-
compasses the respective calculations for each stage. Those calculation
sheets are fully accessible by users who further have the freedom to
override the default input values.

2.7. Supply pathways

Two assessments are carried out to study the functionalities of the
tool and assess the results. The first assessment involves the analysis of
the impact of individual parameters on the LCOH for each stage of the
hydrogen supply chain. Table 3 summarizes the parameters studied for
each stage.

The second assessment involves the definition of several supply
pathways for a generic country, which is used as an example to calculate
the LCOH for the entire hydrogen supply chain. For this assessment, the
reference year is 2030 and literature values are used, with global aver-
ages being used where possible, and European averages being used in
cases where the data varied greatly among regions. The final state in this
assessment was gaseous hydrogen at 300 bar.

Four supply pathways were defined and analyzed. The first two
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pathways involved electrolysis powered by a dedicated PV plant, with
one representing a centralized, large-scale case where delivery is carried
out from a remote location via pipeline or shipping, and the security of
supply is ensured by geological storage. The other pathway represents a
distributed, small-scale case located close to the final consumption.

The other two pathways involved: one with SMR and CCS, that
suggests a centralized, large-scale plant; another with hydrogen pro-
duced through pyrolysis, representing a smaller plant located closer to
the final use. Table 4 reports the supply pathways that were analyzed
and their main assumptions. The detailed settings for each supply
pathway can be found in Appendix IV, with both their numeric
assumption and source.

3. Results

This section provides an exposition of the tool’s functionality and its
outcomes. In subsections 3.1, 3.2, and 3.3, the results for individual
stages are presented, focusing on the analysis of specific parameters
related to production, transmission and distribution, and storage.
Additionally, Subsection 3.4 present the results of LCOH for the entire
supply chain for the generic supply pathways.
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Fig. 8. Levelized cost of hydrogen distribution, impact of distance in 2030.

3.1. Production

The three production methods considered by the tool, namely elec-
trolysis by electricity, SMR, and pyrolysis are investigated. Two con-
figurations of electrolysis: an alkaline electrolyzer connected to the grid
and running constantly, and a PEM electrolyzer coupled with a dedi-
cated PV plant are analyzed. For SMR, a single configuration is consid-
ered: a plant with CCS and fueled completely by natural gas.

To assess the cost of hydrogen production stage, three elements are
considered: learning rates, scaling factors, and the respective fuel prices.
Te impact of each factor is presented in the following paragraphs.

First, we examine learning effects, which determine a decrease in
CAPEX and subsequently in the LCOH throughout the years. Fig. 4 shows
the LCOH,, in different years for each technology, assuming constant
grid electricity and gas prices of 0.10 €/MWh and 0.05 €/MWhyg ynv,
respectively. Among the three production methods, electrolysis con-
nected to a dedicated PV plant shows the steepest trend, potentially
cutting down the LCOH by 2.8 €/kg by the end of the decade, making
green hydrogen the cheapest option by 2028.

The study suggests that green hydrogen, produced by electrolysis
powered by photovoltaic can become the most cost effective option by
the year 2028. This can be due to the interplay of two different aspects,
one is the learning effects that would lead to a decrease in the cost of
electrolysis equipment over time, and the other is economies of scale
that make large-scale green hydrogen production more efficient.

Second, we take into account the scaling effect, which determines a
reduction in CAPEX and LCOH with the upscaling of the production
facility. Fig. 5 shows the scaling effects in LCOH for each option in 2030,
with SMR being a competitive technology only at large scales, while the
other options are less influenced due to their more modular® nature.

Last, the respective fuel prices are also an important component for
the LCOH), as clearly shown in Fig. 6. The impact is linear in all three
production cases. For electrolysis, constant increase of 0.6 €/kg per
every additional €/kWh is observed. Pyrolysis has shown to be more
sensitive than SMR to gas prices with an additional €/MWhygnny
causing an increase of 0.7 €/kg for the former, of 0.5 €/kg for the latter.

2 Refers to the ability to easily scale up or down the production capacity. For
example, electrolysis can be easily scaled up or down by adding or removing
individual electrolyzer units. On the other hand, SMR requires a larger and
more complex production facility, which makes it (less modular) more difficult
to scale up or down.
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Fig. 9. Levelized cost of hydrogen storage, impact of storage size and duration
in 2030.

3.2. Transmission and distribution

The efficient delivery of hydrogen is a crucial aspect in the estab-
lishment of a hydrogen global market. The distance between supply and
demand determines transportation costs and which delivery method is
feasible. Fig. 7 illustrates the relationship between the cost of different
transmission modes and their respective distances, considering various
transportation means, conversion stages, intermediate storage, and a
final state of gaseous hydrogen at 300 bar. Despite the high initial in-
vestment for shipping, it does not heavily depend on the distance,
resulting in a flatter trend. On the other hand, pipeline3 costs have a
closer dependence on the distance, resulting in a steeper variation: for
every 1000 km, the LCOH; via new pipelines increases by approximately
0.18 €/kg, whereas via repurposed pipelines, it increases by about 0.10
€/kg. When considering gaseous hydrogen as the final state of use,
repurposed pipelines below 10,000 km are always the cheapest option,
while LHy becomes competitive with new pipeline infrastructure around
10,000 km. However, NH3 shipping is not economically feasible if gHj is
the desired final state, as its reconversion has a significant impact on
ammonia shipping, adding 2.1 €/kg and almost tripling its LCOH,. If the

3 Only the offshore infrastructure is shown as it has a similar LCOH to the
onshore one with only around a 1% difference despite a 25% higher CAPEX.
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Fig. 10. Levelized cost of hydrogen of the 4 + 2 considered supply pathways.

final state is the same as the delivery one (i.e., no reconversion), NH3
shipping has similar results to LH; shipping.

Similar to transmission, Fig. 8 presents an assessment for the distri-
bution segment, comparing new and repurposed pipelines in their small
and medium sizes (respectively, 500 and 900 mm) with truck delivery
using three different carriers: gHs (250 bar), LHy, and NHg. Small size
pipelines are limited to a maximum distance of 200 km, following Jens
et al. [34] assumptions. In the distance range considered, our results
indicate that pipelines are always the cheapest distribution mode. The
difference between small and medium pipelines is limited with the
medium option has a cost 0.02-0.07 €/kg lower than the smaller one.
Despite a steeper trend, gH» delivery demonstrated to the cheapest op-
tion for truck delivery when the final use is gaseous. LH; transportation
costs are somewhat close to gaseous transportation costs, but ammonia
costs are very high compared to them, requiring very expensive recon-
version at the final point of use. However, when reconversion to gaseous
hydrogen is not considered, NHj distribution (direct use) appear to be
more cost-effective than liquid hydrogen, and even cheaper than
gaseous hydrogen for distances greater than 700 km.

3.3. Storage

Hydrogen storage is also a critical element in the realization of a
hydrogen-based economy. Its development would facilitate the decou-
pling of supply and demand and bolster energy security. The size and
duration of hydrogen storage, as well as their associated costs, are vital
determinants of various supply pathways. Fig. 9 provides a comparison
between geological reservoirs (GR), with different numbers of annual
cycles (biannual, seasonal, monthly); and storage tanks (ST), with short
storage durations (monthly, weekly, daily). A general trend observed is
that shorter storage durations result in lower costs. This is because a
shorter storage duration allows for a higher number of cycles (i.e., the
number of times hydrogen can be stored and retrieved) in the same
storage facility, which helps to accelerate the amortization of costs
associated with building and maintaining the facility. In other words,
more cycles in a shorter time period allows for a quicker return on in-
vestment and lower overall costs.

A noticeable trend is that shorter storage durations generally result
in lower costs due to the greater number of cycles and hydrogen stored
in a single facility, hastening the amortization of costs. However, the
relationship between duration and cost should also consider other sys-
tem needs, such as the security of supply, but optimizing this relation-
ship is beyond the scope of this work. Similarly, the size of storage
should be determined with a more systematic view. Nonetheless, it is
observed that geological storage only reaches an LCOH; of around 1
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€/kg with sizes greater than 1 Mtpa, and thereafter, the cost curve
flattens. Due to their size limitations, storage tanks exhibit a low-cost
dependency on size, resulting in a more modular design. They display
low LCOH; only with very short durations, whereas a monthly config-
uration is only competitive with its geological alternative at small sizes,
approximately 100 tpa, but is otherwise very costly. However, the
relationship between duration and cost should also consider other sys-
tem needs, such as the security of supply, but optimizing this relation-
ship is beyond the scope of this work. Similarly, the size of storage
should be determined with a more systematic view.

3.4. Overadll supply chain

Four supply pathways, with two variations, have been introduced to
study the potential of the tool as discussed before. They contrapose
large-scale and small-scale; centralized, remote, and distributed;
electricity-fueled and gas-fueled cases. The results for 2030 are pre-
sented in Fig. 10. Electrolysis powered by PVs (1a) in a remote location
has the lowest LCOH when delivered to the end-use region via pipeline,
at 3.8 €/kg. 1b scenario was found to be uncompetitive mainly due to
high conversion costs to and from LH». The distributed electrolysis case
(2) was 0.4 €/kg more expensive than 1a, despite requiring no delivery
and smaller storage, which can be attributed to the smaller scale of the
configuration. SMR with CCS (4) had similar costs due again to a more
expensive production stage which dampen the upscaling advantages in
the storage and delivery phases. Finally, pyrolysis scenario (4) repre-
sented by the last two pathways, was the second most expensive case
owing to the small scale and high storage costs. Pipeline distribution
(4a) was found to be 0.3 €/kg cheaper than its gaseous hydrogen
respective (4b).

These results might appear higher than other literature and indus-
trial projections. For example, the LCOH values calculated in a report by
Lazard lies in the range of $1.68- $4.28 when there is subsidy and can go
up to $4.77-$7.73 without subsidy for green hydrogen [57]. The values
are further lower for pink hydrogen. However, it is worth mentioning
again that these pathways consider average input values. Therefore, the
hydrogen cost can be largely cheaper when considering location with
exceptional conditions, such as large RES availability or low gas prices.
These favorable locations cannot be neglected, since they potentially
correspond to the first sites where hydrogen projects will be developed.
The tool provides a significant advantage in that regard by enabling
users to input location- and case-specific values and promptly obtain the
LCOH for a given supply chain.

On the other hand, the analysis of hydrogen production methods
reveals the potential for notable cost reductions through learning effects
and scaling factors, particularly evident in electrolysis configurations
integrated with dedicated PV plants. Furthermore, the examination of
transport and distribution indicates that repurposed pipelines and
gaseous hydrogen delivery offer competitive advantages over alterna-
tive methods for certain distances. This in turn highlights the impor-
tance of considering distance and delivery methods in optimizing cost
efficiency. For storing hydrogen, our evaluation points out the impor-
tance of storage duration and capacity in managing costs. Shorter stor-
age periods result in lower costs due to more frequent cycling, which
stresses the need for an optimum storage design that considers economic
and operational factors.

4. Conclusion

This study introduces a tool that can be used to assess the levelized
cost of a hydrogen supply chain. The main objective of this research is to
share a complete methodology, which encompasses all stages of the
hydrogen supply chain, enabling a holistic view on the topic. This also
corresponds to the novelty of the study, which proposes to go beyond the
separate analysis of each individual stage and instead combine them in a
sole body of work. By examining the different stages of the supply chain
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(production, transmission and distribution, and storage), we have the tool contains scientific vigor and background of whole hydrogen
identified key drivers that can lead to a decline in hydrogen costs in the supply chain, which can be used analysis of various test cases. The
near future. flexibility of the tool to add additional technologies further makes it
Economy of scale is one of the most important factors that can lead to valuable for assessing hydrogen growth pathways. Such observations
a decrease in hydrogen costs. This effect can result from both techno- can support policy makers to tailor their efforts towards specefic region
logical learning and capacity upscaling. The learning effect is particu- or technology while maximizing the efficiency and effictiveness of
larly important for electrolysis, especially when coupled with RES, with hydrogen deployment efforts.
a potential cost decrease of 2-3 €/kg from 2022 to 2030. Capacity Further, this comprehensive evaluation of different stages of the
upscaling benefits both production and storage. For the former, it con- hydrogen supply chain gives a holistic understanding of the cost dy-
firms the large-scale nature of SMR, and it suggests a potential decrease namics thereby aiding in designing strategic pathways. In addition, the
with the upscaling of electrolyzer-PV systems. For the latter, geological tool considers multiple factors like learning rates, scaling effects, fuel
reservoirs are particularly influenced by the scaling effect, verifying also prices and future prognosis methodology. These factors can, therefore,
in this case a more favorable inclination for large capacity sites. In help policymakers to make informed decisions in terms of prioritizing
contrast, storage tanks are not much affected by upscaling due to their and designing investment pathways as well as policy interventions to
modular nature. promote uptake of hydrogen economy.
Another key driver of hydrogen costs is the price of input fuels, such
as electricity or gas. Low electricity costs, particularly for electrolysis- CRediT authorship contribution statement
RES systems, could make green hydrogen more competitive in the
market. Finally, the distance between supply and demand can define Pietro Dogliani: Conceptualization, Data curation, Formal analysis,
preferred methods and enable supply from remote locations, which Methodology, Validation, Visualization, Writing — original draft,
could also impact costs. Writing — review & editing. Afonso Nolan Ruas Rego Canha:
Some generic supply pathways were considered for hydrogen with Conceptualization, Data curation, Formal analysis, Methodology, Visu-
combination of different options and technologies for each stage to alization, Writing — original draft, Writing — review & editing. Ahmed
impart a deeper understanding of the functionalities of the tool. The M. Elberry: Formal analysis, Investigation, Methodology, Supervision,
considered supply pathways also provide a clear indication that, where Validation, Writing — original draft, Writing - review & editing. Jagruti
available, pipelines are the best option for both transmission and dis- Thakur: Conceptualization, Investigation, Methodology, Project
tribution. This is due to the high costs associated with the conversion administration, Resources, Supervision, Validation, Writing — review &
and compression stages required for shipping and truck delivery, which editing.

make these options less feasible.
While the present study offers an initial comparison of diverse al-

ternatives and supply pathways, certain limitations are noted, such as Declaration of competing interest
the use of generic literature values that are not specific to any location.
However, we believe that hydrogen projects will be situated in highly The authors declare that they have no known competing financial
advantageous areas, particularly during the early stages of hydrogen interests or personal relationships that could have appeared to influence
economy. the work reported in this paper.

Given the number of options provided in this multi-option analytical
tool, it provides immense possibilities to design various innovative Data availability
pathways through combinations of these options, which can provide
novel insights if different pathways are chosen. Further, the tool is The tool can be found at https://github.com/jagruti-T/Multi-Option-
simple to use, it is replicable as well as scalable which means it can be Analytical-Modeling-of-Levelized-Costs-Across-Various-Hydrogen-Sup
expanded to other locations if updated with additional dataset. Thereby, ply-Chain-Nodes.git.

Appendix I. Electrolysis parameters

This section provides more details about some key parameters introduced in Section 2.2.1.

CAPEX, scaling and sizing factor: The costs for an electrolyzer can be broken down in stack and other costs. The other costs, from now referred as
auxiliary costs, include power electronics, gas conditioning, and balance of plant. Learning and scaling effects are considered and, to add some levels of
detail, they are determined at a component level, dividing the electrolyzer system in stack and auxiliary components. Accounting for stack and other
components independently, Equation xx can be rewritten as:

c(t)=co- [%ﬁzwt,o (1 4+AGR) ™) 1 (1 = %g000) - (1 +AGR)"’“”*(H°)] (56)

where %00t 0 is the ratio between the stack and the total electrolyzer system cost in 2021.
The scaling effects are also taken into account, meaning that a larger electrolyzer system has a lower CAPEX per unit of capacity [24]. This analysis
usually refers to specific costs (€/kW¢)), therefore from Equation (7):

c 1 s\ 1 s\ s \¥1!
CSS'[C’Ef(Sref) }s' {“'ef‘%ﬂ'(smf) }“ﬂf‘(smf) ©7)

The scaling factor sf is specific to each component since the impact of the upscaling on the costs depends on the design and the structure of each
component. Following the same approach used for the learning curves, where the electrolyzer is divided in two parts, stack and auxiliary components,
Equation (57) can be rewritten as:
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S sfse—1 S Sfaux—1
Cel = Cref* %stZsys . ( S_f ) + (1 - %stZsys) . < S_f ) (58)
rej rej

The electrolyzer stack has a modular design that prevents a large cost reduction due to its upscaling. In fact, the single cell is limited in size for
different reasons (e.g., issues with leakage), with the maximum cell stack size expected to slightly increase thanks to learning effects [24]. Zauner et al.
[24] use a dynamic scaling factor for the cell stack, that depends on the system size, and thus minimizes the scaling effects for large-scale applications:

sfu=1— (1 - sfst_o).e*ﬁ (59)

where sf;; o is the basic scaling factor and S, is the average maximum stack size. For auxiliary components, the scaling effect does not consider a
maximum facility size. However, due to the nature of the formula, little variations are noticed for very large system sizes. Therefore, additional
corrections are disregarded with the proposed formula.

The combination of learning and scaling effects is considered in the tool, where the system CAPEX can be obtained for a determined year and size,
knowing the CAPEX for a 1 MW, system in 2021. The general formula used in the tool is here reported, describing both learning and scaling effects by
combining Equations (56), (58) and (59).

S (l*“fsz.o)'e S/Smax
Cel = Cref* %xtzsyx . (1 +AGR)i(titD)IIOSZ(liLR“)‘( T >

S ref

Sfaux—1
+ (1= Y6sgs) - (1 + AGR) ) omalt HRaw) ( 5 ) } ©0
ref

Efficiency: The electrolyzer stack is subject to degradation, therefore this effect needs to be considered as a time-relevant decrease in efficiency [58].
Assuming that the efficiency degrades linearly during its lifetime, the average efficiency in a year n is equal to:

3 (o + u1)/2
Netn = Melo — DI7 ’Iﬁ—-:r]el,o - Dﬂ% (61)

where 1, o is the nominal stack electrical efficiency; D, is the lifetime efficiency degradation; hy, is the cumulative average hours of use in year n; LT is
the stack lifetime. The annual hydrogen production thus decreases with an increasing number of hours of use of the stack.

Levelized cost of electricity: The concept of LCOE has been introduced previously to describe the LCOH. However, a more detailed explanation is
needed since the LCOE is explicitly used and calculated in the tool. Similarly to Equation (2), the LCOE can be expressed as:

(ay, + OPEXy,)-CAPEX,
E;

LCOE= (62)

where E, is the annual energy generated, assumed to be constant throughout the lifetime of the system [21]. If CAPEX, and E; refer to a single unit of
capacity, Equation (62) can be rewritten as:

(ay, + OPEXy;)-CAPEX
CF-8760h

LCOE = (63)

where CF is the RES capacity factor.
Appendix II. Fluid dynamics in pipelines
To allow for a safe and efficient transportation in pipelines, hydrogen needs to be compressed in compression stations along its route. The distance

between two consecutive stations, also referred as segment length, is the result of an iterative process based on Khan et al. [33]. The calculations also
provide the pressure value at the end of the pipeline segment, p,,, that corresponds to the input pressure for the next booster compressor:

0.5
P, 2
DPout = |:P¢2,p - G'Tf'lsegment'Z'f' ( Q2 b) :| (64)

K,Dz.s'ﬁ

where G is the hydrogen specific gravity (0.0696, dimensionless quantity); Ty is the average flow temperature; Z is the compressibility factor,
approximated to be equivalent to the one at base pressure and temperature (1.031, dimensionless quantity); K is an equation constant (0.0011494,
dimensionless quantity); P, and T, are the base pressure (101.352 kPa) and temperature (288.706 K); f is the friction factor, calculated from the
Haaland equation that is shown hereby:

) e \111 69
W:71.8'10g10<(3_77.D) +@> .

where ¢ is the pipeline roughness and Re is the flow average Reynolds number. The Reynolds number also depends on the velocity, that can be

calculated as follows:
P, ZT Q
=14.734.25°. < 66
v T, p D (66)

Equation (66) is dependent on the pressure, and therefore also the friction factor (Equation (65)), explaining the iterative nature of Equation (64).
To avoid pipe erosion, the velocity needs to be maintained below a limit erosional velocity:
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Voax =100+, [0.05131. 2R s (67)
Gpop

The tool ensures that the velocity is always below this limit value by controlling the segment outlet pressure p,,, (minimum pressure in the pipe
segment) to be always higher than the minimum value p,;;, from Equation (148):
P, ZT Q

n=14734222.% 68
pmm Tb Vmax Dz ( )

Appendix III. Compression rated power

The electricity consumption of a compressor is closely linked to its rated power P:

P, real o P, is 1

P= (69)

Netectric motor ﬂbemropic Netectric motor

where.

- Pyeq is the mechanical power required by the compression station

- Nelectric motor 1S the compressor’s electric motor efficiency.

- Tisentropic 1S the isentropic efficiency, which varies depending on the compressor technology.

- Pj is the isentropic power required by the compression station, described with Equation (70) [59-62].

k1 )
st EX'k
P :Nstages . (%) -Z-Tr- Qcompr ‘R- <Ip£> <N * -1 (70)

1

where.

- Nitqges is the number of compressor stages

- k is the heat capacity ratio or isentropic expansion factor

- Z is the gas compressibility factor

- T; is the temperature of the feed gas flow.

- Qcompr is the mass flow rate of the gas flowing through the compressor

- R is the universal gas constant

- p1 and p are respectively the pressure of the gas entering and exiting the compressor

The compressibility factor is calculated using the average pressure between inlet and outlet pressures (p,,) and the average temperature between
inlet and outlet temperatures (Tqy,):

2 3 _ 3

pavg :§’ <§§ 72%) (71)
T, + T

Tog=—"5 72)

where the temperature of the discharge gas flow T is calculated as follows:

( k71 )

Nitages'k

P

()" -

To=T |1+ —"Fr—— 73)

nisentropic
The number of compressor stages is equal to:

)
Nitages = ROUNDUP Tog(x) 74)

where x is the compression ratio for each stage.
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Appendix IV. Supply pathway settings
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This section gathers the settings and assumptions for each one of the four proposed supply pathways. All assumptions related to costs and prices are
presented in a range, which corresponds to the expected values within the tool horizon (2022-2030). More information on settings and assumptions

can be directly found in the tool.

Table 5 lists the settings for the production stage of the first supply pathway.

Table 5

Main settings and assumptions for the production stage of supply pathway (1).

Supply pathway (1): Centralized, large-scale PV electrolysis from remote location

Parameter Value Unit Source
Method Electrolysis + PV
Capacity 100 [MW] Own assumption
Electrolyser technology PEM
Energy source Electricity (dedicated PV)
RES plant capacity 160 [MW] Own calculations, based on [7]
OPEX (as % of CAPEX) 1.5% - [3]
Nominal discount rate 8% - Own assumption
Water cost 0 [€/L] Own assumption
Oxigen price 0 [€/kg] Own assumption
Table 6 lists the settings for the production stage of the second supply pathway.
Table 6
Main settings and assumptions for the production stage of supply pathway (2).
Supply pathway (2): Distributed, small-scale PV electrolysis
Parameter Value Unit Source
Method Electrolysis + PV
Capacity 1 [MW] Own assumption
Electrolyser technology PEM
Energy source Electricity (dedicated PV)
RES plant capacity 1.6 [MW] Own calculations, based on [7]
OPEX (as % of CAPEX) 1.5% - [3]
Nominal discount rate 8% - Own assumption
Water cost 0 [€/L] Own assumption
Oxigen price 0 [€/kg] Own assumption
Table 7 lists the settings for the production stage of the third supply pathway.
Table 7
Main settings and assumptions for the production stage of supply pathway (3).
Supply pathway (3): Centralized, large-scale SMR with CCS
Parameter Value Unit Source
Method SMR with CCS
Capacity 300 [MW] Own assumption
Energy source Natural gas (both as fuel and feedstock)
Fuel input 3.7 [kgng/kgral [29]
Average fuel cost 28-32 [€/MWhyg, Huv] Own assumptions
Average ETS price 120-145 [€/tcozl] [63] (SDS scenario)
CO, T&S cost 30 [€/tcozl [64]
OPEX (as % of CAPEX) 3.9% - [29]
Nominal discount rate 8% - Own assumption
CO, capture rate 90% [€/L] [29]

Table 8 lists the settings for the production stage of the fourth supply pathway.

Table 8

Main settings and assumptions for the production stage of supply pathway (4).

Supply pathway (4): Small-scale pyrolysis

Parameter

Method

Capacity

Energy source

Fuel input

Average fuel cost
Solid carbon price
OPEX (as % of CAPEX)
Nominal discount rate

Value
Pyrolysis
10

Natural gas
4.9

28-32

0

5%

8%

Unit

[MW]
[kgnc/kgn2]
[€/MWhyg, auv]
[€/kg]

Source
Own assumption

[31]
Own assumptions
Own assumptions
[31]

Own assumption
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Table 9 shows the main settings for the transmission stage of the first and third supply pathway. Due to their proximity to the final consumption,
the second and fourth supply pathway do not account for a transmission stage and they are therefore disregarded in the table.

Table 9

Main settings and assumptions for the transmission stage.
Supply pathway la 1b 3
Description New, offshore pipeline LH2 shipping Onshore pipeline
Distance [km] 2000 2000 300
Hydrogen state Gaseous Liquid Gaseous
Operating pressure [bar] 80 [34] - 80 [34]
Design capacity 13 GWg, 1hv [34] 11 ktya/ship [3] 13 GWhg, 1hv [34]
Nominal discount rate 6% [34] 8% [3] 6% [34]

Table 10 shows the main settings of the hydrogen storage for each supply pathway. In line with their storylines, two supply pathways consider a
large-scale, long-duration geological storage, with volumes that depend on the production stage. The other two pathways require smaller volumes
given the lower volumes and closer distance to the final consumption.

Table 10
Main settings and assumptions for the storage stage.
Supply pathway 1 2 3 3
Type Geological Tank Geological Tank
Subtype Depleted NG or oil reservoir Pressure vessel Depleted NG or oil reservoir Pressure vessel

Duration Monthly (730 h)
Operating pressure [bar] 150 [65]
Nominal discount rate 8%

Daily (24h)

325 [36]

8%

Monthly (730 h)
150 [65]
8%

Weekly (168h)
325 [36]
8%

Table 11 shows the main settings for the three distribution options considered, with a reference to which supply pathway they have been
considered in.

Table 11

Main settings and assumptions for the distribution stage.
Distribution option Pipeline gH> truck LH, truck
Supply pathway 1a, 3 1b 4
Distance [km] 100 100 100
Operating pressure [bar] 50 [34] 250 [66] -
Design capacity 1.2 GWypa, tav [34] 690 ktyo/truck 4300 ktyp/truck
Nominal discount rate 6% 7% 7%
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