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Abstract: In a recent publication, the Hydrogen Council states that scaling up to greater production
volumes leads to significant cost savings as a consequence of the industrialization of equipment
manufacturing, increased utilization, standardization, and improvements in system efficiency and
flexibility. In this study, a component-oriented techno-economic model is applied to five different
European hydrogen refueling stations within the 3Emotion project, which is planned to ensure
capacities sufficient for increasing a fleet to 100 fuel cell buses. The investigation of the various cases
shows that the levelized cost of hydrogen (LCOH) for large-scale applications will be in the range
of about 4 €/kg to 7 €/kg within the boundaries analyzed. On-site production facilities were found
to be the lower-cost design, benefiting from the high volumes at stake and the economy of scale
with respect to decentralized production due to the significant costs associated with retail hydrogen
and transport. This study also illustrates the effects on the LCOH of varying the hydrogen delivery
and production prices using a sensitivity analysis. The results show that, by utilizing high-capacity
trailers, the costs associated with delivery could be reduced by 30%. Furthermore, green hydrogen
production could be a competitive solution if coupled with low electricity prices, resulting in an
LCOH between 4.21 €/kg and 6.80 €/kg.

Keywords: large-scale hydrogen stations; techno-economic model; levelized cost of hydrogen

1. Introduction

Many published studies agree in identifying hydrogen (H;) as the critical factor
for a sustainable future [1] and a competitive and feasible solution for tackling global
warming [2]. Furthermore, Hj is likely to deeply impact the entire energy value chain as a
consequence of the increasing role of renewables [3]. However, the presuppositions that a
fully developed hydrogen economy would require broader infrastructure development, a
solid and regulated market [4], and, finally, the supportive involvement and collaboration
of industrial entities in the energy transition [5] are also widespread.

As the number of fuel cell vehicles is rapidly growing worldwide [6,7], the estab-
lishment of a hydrogen refueling station (HRS) network for alternative facilities [8] and
the investigation of the most appropriate locations to achieve the maximum impact are
needed to complement this development [9]. Hydrogen has been proven to be a safe and
reliable technology [10]; for this reason, refueling stations can also be situated within urban
areas [11] when precautionary prevention measures are applied. The sustainability of
such systems can be achieved once the optimal configuration scheme, maximizing the
operating efficiency and minimizing the total cost while reducing the carbon footprint, is
defined [12,13]. Moreover, the environmental impact will be further reduced due to the
expansion of renewables [14] and improvements in water electrolysis technologies, which
will additionally abate the footprint related to electrical energy supply [15]. Hydrogen
technologies could also be a viable solution for integrating energy production and demand
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thanks to the possibility of storing large amounts of energy for an extended period if smart
bidding strategies are implemented [16,17].

The positive role of green energies in improving environmental quality has recently
been highlighted by Liu et al. [18]. Furthermore, by applying econometric approaches,
Azam et al. [19] and Zakari et al. [20] have demonstrated the capacity of renewable energies
to mitigate CO, emissions and facilitate sustainable consumption and production. More-
over, optimal natural resource usage would help boost resilient ecosystems and contribute
to healthier and more respectful lifestyles [21]. However, economic growth, conscious use
of energy resources, and reductions in CO, emissions can only be achieved if an adequate
level of education is ensured [22].

Low-cost green hydrogen is the target that many countries pursuing deep decarboniza-
tion would like to reach as soon as possible [23]. However, the studies by Yates et al. [24]
and Tang et al. [25] have demonstrated that only regions with high solar resources or excess
wind power availability have the potential to produce hydrogen via water electrolysis at
a significantly lower cost. In general, it has been proven to be expensive and still needs
policy support to be cost-competitive [26-28]. Several actions have been identified that
would help attenuate the associated costs: stabilizing the electricity supply for hydrogen
production, developing a station design with a connection to the electricity grid [25], and
increasing the hydrogen production capacity to allow economies of scale [29,30].

Large-scale applications and worldwide studies have demonstrated the advantages
of larger stations for H, unit costs due to greater utilization of stations as a consequence
of expanded demand and reduced refueling equipment costs, improved efficiency, better
flexibility in operations, and standardization [23,31-33]. Other studies have suggested that
technology synergy between natural gas and renewables can further decrease costs [34,35].
In addition, advances have also been made in overcoming institutional barriers to rapid
station completion; for example, the time required to plan, site, and permit stations [7,36].

The path towards effective commercialization and deployment of fuel cell buses (FCBs),
in addition to the attestation of HRSs as safe, reliable, and cost-efficient systems in Europe,
has been long and challenging, passing through several projects. Among the first demo
projects on hydrogen mobility, Clean Hydrogen in European Cities (CHIC) [37] operated
54 hydrogen fuel cells and 9 infrastructure sites. The subsequent projects, 3Emotion [38]
and the Joint Initiative for Hydrogen Vehicles across Europe (JIVE) [39], demonstrated the
feasibility of greater station capacity (up to 400 kg/day) and the serviceability of higher
fleets (more than 10 FCBs per site).

However, there are no studies that apply and investigate a methodology able to assess
the consequences of implementing large-scale systems for hydrogen costs. This work
presents an approach to quantify the impact of each component on the overall costs for
on-site and delivery HRSs and applies it to a case study.

In a previous work [30], the authors developed a component-oriented cost model
intended for the investigation of capital expenditure (CAPEX), operational expenditure
(OPEX), and the levelized cost of hydrogen (LCOH) for five small-scale European HRSs
within the 3Emotion project. Currently, the 3Emotion HRSs have capacities ranging from
slightly more than 100 kgH, /day for the sites with on-site production to 400 kgH, /day.
The objective of the scaling-up activity is to be able to refuel 100 vehicles/day, the targeted
maximum hydrogen fleet in Europe. This work provides an indication of the techno-
economic parameters for such scaling up, offering the following contributions:

A realistic dataset for HRSs dedicated to heavy-duty applications;

Economic evaluation for large fleets;

The economy of scale effect on major components (compressor, electrolyzer);

A sensitivity analysis of the impact of hydrogen delivery and production costs on
the LCOH.

This study could provide a reference for investors and public transport operators
predicting the future industrial development of hydrogen demand. The article is structured
as follows: Section 2 describes the different types of hydrogen refueling infrastructure
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commercially available, with a particular focus on the stations within 3Emotion. Section 3
depicts the techno-economic boundaries and the assumptions behind the study. Section 4
explains the basic equations for the calculation of the levelized cost of hydrogen. The results
are presented and discussed in Sections 5 and 6, including a sensitivity analysis of hydrogen
delivery. Finally, in Section 7, the conclusions and recommendations are provided.

2. Description and Case Studies of Hydrogen Refueling Stations
2.1. On-Site Hydrogen Stations: The Pau and Aalborg HRSs

On-site stations, where Hj is obtained via electrolysis coupled with renewable energy
technology, represent a low-carbon energy solution for hydrogen refueling. The input
feeds for such facilities are electricity and water, thus requiring the relative availability of a
grid connection. Since the outlet pressure of commercial electrolyzer systems is usually
3040 bar, a compressor is integrated into these station to raise the pressure to the storage
level; i.e., from 200 bar up. However, an alternative solution, involving a high-pressure
water electrolyzer delivering at several hundred bars, thus making it possible to remove
the mechanical compression, has been studied. However, this type of system is not yet
widespread on the market [40].

The reliability of an HRS is extremely dependent on the electrolyzer operation, and it
is common to include a backup hydrogen supply via a tube trailer. From an operational
point of view, on-site HRSs are more versatile thanks to direct control of the flow rate
depending on the demand. Nevertheless, the overall plant configuration is more complex,
and a specific control system for the operating conditions must be implemented [23].

The city of Pau, a prefecture in the department of Pyrénées-Atlantiques in the south
of France, opened its first HRS in 2019, serving eight Van Hool Exqui.City FC 18 m Hj
buses [41]. The station is composed of a polymer electrolyte membrane (PEM) electrolyzer,
two compressors, a series of low pressure (LP; 20 bar) and high pressure (HP; 600 bar)
storage vessels, and a dispensing system at 350 bar. The station can provide H; at a nominal
capacity of 174 kg/day, increasing to a maximum of 268 kg/day. In addition, the HRS is
equipped with a connection point to discharge the supplied H; and insert it into the line.

The city of Aalborg, located in northwestern Denmark, inaugurated its HRS for public
transport in 2020 [42]. The station provides fuel to three 12 m Van Hool buses through
an on-site PEM electrolyzer, with an expected 100 kg/day capacity. The Hj is stored in a
pressurized vessel at 35 bar and later compressed at 300 and 450 bar.

2.2. Delivery Hydrogen Stations: The London, Rotterdam, and Versailles HRSs

An alternative solution to on-site production is the delivery of H, from a centralized
production facility to the point of demand via road transport or through pipelines. The
former is achieved by utilizing trucks (delivery of up to 300 kg) or tube trailers (maximum
potential of 1000 kg), in which the gas is stored in a compressed form at pressures greater
than 180 bar [43].

Alternatively, liquid hydrogen vessel trucks transporting the gas at a cryogenic tem-
perature of —253 °C are employed [44]. The advantage of low-temperature liquid hydrogen
is the much higher bulk density of the compressed gas, which increases the storage ca-
pacity per vehicle by about nine times [13]. However, the significant amount of energy
required for the liquefaction process and the large investment due to the supplementary
equipment (liquid storage tank, insulated process line, heaters, pumps, buffers) mean that
the technology is only suitable for long transportation distances and large volumes [45].

Pipeline systems transporting hydrogen at 40-80 bar are a preferred option where lines
are already available. However, in the future, when large-scale hydrogen consumption will
require a well-developed infrastructure, such systems are expected to play an important
role in delivering high volumes [46].

The London HRS has been operating as part of 3Emotion since 2015, refueling ten
buses: eight Wrightbuses with the Ballard HD-6 fuel cell module and two new Van Hool
buses with HD-7 fuel cell modules. The Hj is produced by a steam methane facility in
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Rotterdam and transported by liquid trailers to the site over 300 km. The trailers are
successively used for integrated storage (up to 900 kg). In addition, the station also includes
a permanent on-ground vessel (350 kg) at 500 bar.

The Rotterdam HRS is the only station within 3Emotion that is supplied by a pipeline.
The Hj is provided continuously at the service point at 30 bar and then stored at 495 bar
and 877 bar. The station serves two cities’ public transport operators, for a total of six FCBs,
as well as private cars.

Lastly, an HRS was built in Versailles in 2017 by AirLiquide near its research center.
Blue hydrogen is delivered to the site two or three times per week in compressed form
through tube trailers transporting 350 kg of gas at 200 bar. The storage system is provided
by the tube trailers, which remain on-site, with medium pressure (MP) storage at 495 bar
and HP storage at 877 bar. As in the Rotterdam HRS, this location is open to two public
transport operators, refueling a fleet of seven FCBs and light vehicles. A summary of the
main characteristics of the five HRSs in the 3Emotion project is illustrated in Table 1.

Table 1. Summary of the technical characteristics of the 3Emotion HRSs.

Hydrogen Source Nominal Capacity s;(;)lzcgse Dispenser Pressure  Fleet Size
Delivery trailer 400 kg/day 900 kg @350 bar
London 450 kg /trailer @350 bar ~300 km 350 kg @500 bar 350 bar 10
Rhoon RET Delivery pipeline 200 kg/day 90 kg @495 bar 2
Rhoon PZH @30 bar ~100 km 65 kg @877 bar 350 bar 4
95 kg @495 bar
Versailles SAVAC Delivery trailer 200 kg/day :15(5)8 llzg gigg EZE 350,/700 bar 2
Versailles BEGreen 350 kg/trailer @200 bar ~200 km 60 kg @877 bar 5
. . 230 kg @20 bar
Pau SMTU On-site PEM electrolysis 174 kg/day 630 kg @600 bar 350 bar 8
10 kg @35 bar
Aalborg On-site PEM electrolysis 100 kg/day 114 kg @300 bar 350 bar 3
118 kg @450 bar

3. System Boundary

The authors of [30] presented an HRS techno-economic model to evaluate in detail the
CAPEX, OPEX, and LCOH for the five HRSs in 3Emotion as designed. The results were
obtained by applying a bottom-up approach starting from the specific characteristics of
each component. The system was limited to the supply of H; (either on-site or offsite) and
the compression, storage, and dispensing systems, as represented in Figure 1. In accordance
these assumptions, the cost of hydrogen produced in centralized facilities and the cost
associated with hydrogen vaporization were not included in the model.

This work utilized the same conceptual scheme, but the aim was to evaluate the
technical requirements and associated costs for the implemented HRSs that would ensure
refueling capacities for a fleet of 100 FCBs per day for each sites.

The same infrastructure design was maintained for each site (Pau and Aalborg pro-
ducing hydrogen on-site through PEM electrolysis, London receiving liquid hydrogen,
Rotterdam connected to a pipeline, and Versailles supplied by compressed gas). At the
same time, the daily demand was assessed based on the current performances of the FCBs
in terms of Hy consumption, distance travelled, and HRS operation; i.e., the average quan-
tity of hydrogen dispensed and the refueling time per bus. Table 2 summarizes the main
hypotheses on which the scale-up model was set up.
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Figure 1. HRS cost model system boundaries Reprinted with permission from Ref. [30]. Caponi, E3S
Web of Conferences, 2021.

Table 2. Data used as the basis for the scale-up model.

London Rotterdam Versailles Pau Aalborg
Daily travelled distance per bus (km) 180 250 200 240 180
Average H) consumption (kg/100 km) 12 9.5 8.6 8.6 8
Average mass dispensed (kg) 16 27.78 24.55 27.21 23.75
Average refueling time (min) 9.4 23.1 241 27.2 20

3.1. Delivery Cost Assumptions

This section summarizes the principal assumptions used to calculate the delivered
H; costs. Except for the civil works adjustments that are required to accommodate the
compressed gas trailers to the stations, which are seen as CAPEX by the HRS operator,
the supply of hydrogen falls within the OPEX, including the transportation and distribu-
tion to the point of demand, the leasing of vehicles, and the retail hydrogen price. The
fixed costs for the civil works at the stations and related connections are estimated to be
EUR 110,000 [32].

As mentioned in Section 2, there are three delivery stations in 3Emotion, each with
a different hydrogen supply. The London HRS is designed to receive 450 kg of usable
hydrogen from liquid trailers, which travels 300 km before arriving at the site. Frequent
delivery of hydrogen would be required to satisfy the demands of 100 FCBs, which would
be about 95 kg/h. The station was assumed to be open 24/7; therefore, it was found
that about 36 vehicles per week would be necessary to comply with the Hj request. In
contrast, compressed gas tube trailers with a capacity of 350 kg and a nominal pressure of
200 bar are utilized at Versailles. The distance from the production point to the site is about
200 km. The station capacity was calculated to be 75 kg/h, depending on the buses’ specific
requirements, which is equivalent to 37 trips/week. If a liquid trailer were employed,
the frequency of the delivery for the same volumetric quantity of gas would be reduced
by one-third due to the much higher mass density for liquid form (LH; = 71 kg/Nm?3 vs.
CGH; = 0.0898 kg / Nm? at standard conditions) [47]. Since the cost associated with fuel
supply represents a significant part of the operating costs [48], a sensitivity analysis of the
LCOH when varying the quantity of H, delivered—and, thus, the frequency of trips to the
stations—was performed in this study.

Currently, hydrogen, whether in liquid or compressed form, is transported via diesel
trailers. In this study, the reference tables published by the Italian Ministry of Infrastructure
and Transport were utilized, from which the cost per kilometer of travel for vehicle weights
above 26 tons was assumed to equal 0.423 €/km [49]. Vehicle leasing prices follow specific
agreements between the supplier and the HRS operator. For the purpose of this work,
2150 €/month was utilized.



Energies 2022, 15, 7518

6 of 16

In contrast, when a pipeline secures the supply, the fuel is provided continuously,
depending on the final user demand. According to the literature, the transportation cost is
assumed to equal 0.2 €/kg (100 km) [50].

Finally, the last contribution to the delivery OPEX is given by the retail hydrogen price,
which strictly depends on the H, quality, origin of production, physical state, and distribu-
tion route. Studies indicate H, delivery prices in the range from 2 to 11 €/kg [51,52]. Thus,
to maintain consistency with a previous study, it was set at 4 €/kg for blue hydrogen [30].
A summary of the technical and economic parameters mentioned in this section is given in
Table 3.

Table 3. Data used for the evaluation of the delivery costs.

London Versailles Rotterdam
Average mileage (km) 300 200 100
Delivered quantity (kg) 450 350 Upon request
Delivery pressure (bar) 350 200 30
Number of vehicles (trip /week) 36 37 -
Lease price (€/month) 2150 -
Delivery price (€/km) 0.423 -
H, retail price (€/kg) 4.00 5.50 4.00
Civil works (€) - 110,000 -

3.2. On-Site Production Cost Assumptions

The Pau and Aalborg HRSs are designed to produce hydrogen locally via electrolysis
with energy supplied by the grid. Although the background assumption of our model
is that the HRSs serve the same number of vehicles, the station capacities of the two
sites differ (2180 kg/day for Pau and 1520 kg/day for Aalborg) because of the different
operations of the buses (see Table 1). Taking 4.5 kWhe/Nm? (or 50 kWh,/kg) specific
energy consumption (SEC) at the system level [53] as a reference for large-scale hydrogen
production, the corresponding electrolyzer sizes required to sustain the calculated flow rate
would be 5 MW and 4 MW. The HHV-based electrical to hydrogen efficiency for the two
systems is 78%, which is compatible with the 2025 alkaline technology target according to
EU studies [54].

The water consumption, around 28 lyj59/kg of hydrogen produced, was calculated as
three times the stoichiometric value based on the reaction 2H,O—2H; + O,, accounting for
purification system losses and cooling water requirements [48]. In addition, the auxiliary
consumption was assumed to be equal to 5% of the SEC.

The capital cost of the electrolyzers was obtained by applying a cost scaling function
that allows the determination of the specific cost (€/kW) of any power class with respect
to a base-case scenario in which the size is fixed at 100 kW. The CAPEX was found to be
2000 €/kW and scaled by a factor of 0.45 [27].

The operational cost includes the operating and maintenance (O&M) costs, the elec-
tricity cost for running the stack and the auxiliaries, and the water cost. Generally, O&M
costs are calculated as a percentage of the CAPEX, since the manufacturers are not able
to provide detailed indications about single component expenditure [55]. For the techno-
economic analysis in this study, an O&M OPEX of 5% of the initial CAPEX was used. The
electricity price was obtained from an evaluation of the average monthly electricity prices
in France and Denmark for the year 2020 that did not take into account the soaring prices
that followed COVID-19 and the supply shortage as a consequence of the Russia—Ukraine
war [56,57]. Finally, the water cost was set at 2.6 €/ m3 for Pau and 5.3 €/m? for Aalborg, in
accordance with the averages for the countries [58].

Table 4 summarizes all the techno-economic parameters used to evaluate the hydrogen
production cost.
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Table 4. Data used for the evaluation of the production costs.

Pau Aalborg
HHV-based system efficiency (%) 78.6
Specific energy consumption (kWh/Nm?) 4.5
Output pressure (bar) 20
Water consumption (1/kggn produced) 28.4
Auxiliary consumption (kWh/ Nm?) 5% SEC
Electricity price—average for year 2020 (€/kWh) 0.036 0.035
Water price (€/ m?) 2.6 5.3
O&M OPEX (£) 5% CAPEX
CAPEX (€/kg) C = Cpase(Spase /9)04

3.3. Compression, Storage, and Dispensing Assumptions

Regardless of how H; is supplied to the point of demand, all stations are equipped
with a compression unit to raise the gas pressure to that required for storage. Several types
of compressors can be found on the market, but the most suitable for hydrogen-filling
stations are reciprocating compressors, either diaphragm- or hydraulically piston-driven.
In the former, only the diaphragm membrane and the compressor head make contact with
the pumped gas, preventing any contamination of the process fluid. In the latter, hydraulic
power is transferred to a piston that compresses gas [59]. Although this system can provide
a large quantity of hydrogen, the main disadvantage is the vibration due to non-continuous
gas delivery [60].

In this work, a three-stage piston compressor was modeled. The electrical power of
the compressors required for the five HRSs was obtained by multiplying the corresponding
mass flow rate mp, (kg/h) by the specific work Lespec (kWh/kg) and dividing the result by
the isentropic efficiency (7;;), the mechanical efficiency (#,,), and the electric efficiency ().

mp Ty ((r;fl‘:) T 1)

Mis Mel Nmech

Le,spec = (1)
where k is the ratio of the specific heats, Tj;, (K) is the inlet temperature equal to the ambient
temperature, p;, is the inlet pressure (site-specific), and p,,: is the outlet pressure (500 bar).
The total system compression power also includes 20% of the energy absorbed by the
auxiliaries. The compressor power P (kW) was used to estimate the relative CAPEX,
obtained by applying the relation presented in [29]:

CCompressor = 43,872 possel ()

The compressor OPEX comprises the O&M cost, calculated as 8% of the CAPEX [29],
and the electricity cost, already discussed in the previous paragraph.

The hydrogen is stored at the stations using multiple compressed gas cylinders at
different pressure levels [61-63]. However, the design was simplified by modeling a single
MP level at 500 bar. The sizing criterion was a 20% increase in the daily demand. The
component CAPEX was determined assuming a specific cost of 900 €/kW [53,64]. The
OPEX was calculated as 2% of the CAPEX [29].

The number of dispensers was settled upon using the most extreme demand in the
daily requests at each station. The dispensers are designed to have one hose and a single
pressure level at 350 bar. Multiple refueling processes with a lingering time—that is, the
time between consecutive fills—of 10 min are possible. These assumptions allow the
evaluation of the maximum number of FCBs that can be refueled simultaneously in one
hour and the number of FCBs each dispenser can serve. The ratio of these values facilitates
the design solution in this model. For all the HRSs, the parameters used to address the
numbers of dispensers are presented in Table 4. The CAPEX cost for a single pressure
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level without a cooling dispenser was calculated according to the capacity for hydrogen
refueling (kg/day) [30]. The OPEX was calculated as 2% of the CAPEX [29].

4. Levelized Cost of Hydrogen (LCOH) Calculation

The LCOH is defined as the ratio (€/kg) between the sum of net present costs of
hydrogen generation during the technology life cycle and the annual hydrogen demand.
It is widely used to compare the competitiveness and economic efficiency of different
technologies for hydrogen production [65]. It is computed using the general equation:

Total costs (€)
Hy annual production (kg)

LCOH = 3)

The total cost is calculated as the sum of the annualized CAPEX (CAPEX,) and
the yearly OPEX for each component 7 of the station (production, compression, storage,
and dispensing):

Total costs (€) = (CAPEX, + OPEX); 4)

The CAPEX, is estimated by considering a technology lifetime (1) of 15 years and an
interest rate (i) of 6%, and the typical range for the technology is 3% to 6% [66]:

ix(1+14)"

CAPEX, = CAPEX+ -~ =11
2 A1

©)

Due to the specific design of the production sites, which does not foresee an energy
generation plant connected to the station and, for this reason, works upon the assumption
of satisfying the demand with energy bought from the grid, no revenues from selling
the energy were considered. In addition, no costs associated with the replacement of the
components were included.

5. Results Analysis

A breakdown of the costs for the five sites shows that, despite the differences in the
supply extensively discussed in the previous sections, the OPEX accounts for more than
65% of the total (Figure 2). For the London (Figure 2a) and Versailles HRSs (Figure 2b), the
share of operational expenditures reaches 88%, driven by the dominant costs associated
with the procurement and transportation of hydrogen to the point of demand, either in
liquid or compressed physical state (5.51 €/kg and 5.86 €/kg, respectively). Due to the high
amount of hydrogen delivered (more than 1000 kg/day) and the relatively long distance of
distribution (more than 200 km), the liquid hydrogen trailer cost is lower than that of the
compressed hydrogen since such trailers are able to carry more than four times the payload
compared to gaseous solutions [51].

However, these results are sensitive to the high cost of liquefaction when evaluated [67].
For the on-site HRSs, Aalborg (Figure 2d) and Pau (Figure 2e), the considerable expenses
associated with the electricity required to run the electrolysis and compression units is
the major contributor to the LCOH OPEX, with almost the same impact as one would
expect [30,48,65]. In contrast, the CAPEX results for these sites show how the economy of
scale positively influences the costs of the most critical components, such as the compressor
(about 3000 €/kW) and electrolyzer (about 400 €/kW), and the overall cost of hydrogen,
leading to savings of up to 40-50% with respect to what was previously calculated [30].
The results align with the projected cost of hydrogen production via electrolysis published
by the International Energy Agency (IEA) [68]. Finally, the storage LCOH represents a
relevant but not predominant contribution to the CAPEX.

The breakdown of the CAPEX for the key components of delivery HRSs shows that,
even in a large-scale scenario, the cost of storage based on composite pressure vessels
offsets the cost savings obtained from the absence of a generation unit. As a result of the
HRS design, the compressor in Rotterdam has to sustain a more significant load due to
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lower input pressure. The resulting greater size affects the capital cost, which accounts for
twice the share compared to London and Versailles.

Overall, in the large-scale capacity scenario with increasing fleet size, the hydrogen
cost is relatively independent of the type of supply. On-site production was found to be
the design with a lower cost, benefiting from the high volumes at stake and the economy
of scale with respect to decentralized production (Rotterdam LCOH = 6.51 €/kg, London
LCOH = 5.81 €/kg, Aalborg LCOH = 3.83 €/kg, Pau LCOH = 4.47 €/kg). Nevertheless, the
LCOH is still strongly influenced by the electricity and hydrogen prices, as demonstrated
by the Versailles site results (LCOH = 7.21 €/kg). The cost model results concerning the
CAPEX, OPEX, and LCOH breakdowns for all the HRSs are summarized in Tables 5 and 6.

Table 5. HRS parameters considered for dispenser numbers.

London  Rotterdam  Versailles Pau Aalborg

Max no. of FCBs refueling in 1 h 6.67 5.67 9 11.17 5.17
Lingering time 10 10 10 10 10

Total time of refill operation 19.41 30.89 27.80 31.79 22.77

Max no. of FCBs per dispenser 3.09 1.94 2.16 1.89 2.63
No. of dispensers 3 3 5 6 2

M Delivery
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I LCOHopex [ LCOH capex

(a)
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® Dispenser
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Figure 2. Cont.
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Figure 2. (a) London HRS cost breakdown; (b) Rotterdam HRS cost breakdown; (¢) Versailles HRS
cost breakdown; (d) Aalborg HRS cost breakdown; (e) Pau HRS cost breakdown.

Table 6. Cost model results in terms of CAPEX, OPEX, and LCOH for all the HRSs.

CAPEX OPEX LCOH, CAPEX LCOH, OPEX LCOH, Total
(k€) (k€/year) (€/kg) (€/kg) (€/kg)
London 6112 4775 0.76 5.75 6.51
Rotterdam 7584 4303 0.86 4.72 5.57
Versailles 6645 4066 1.04 6.15 7.19
Aalborg 6232 1478 1.16 2.67 3.83

Pau 10,904 2418 1.42 3.05 4.47
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Sensitivity Analysis

The OPEX cost of hydrogen delivery in the scaling-up scenario was calculated as-
suming the same trailer capacity as in the already built HRSs; i.e., 350 kgH, at 200 bar
in Versailles and 450 kgH; in London. However, as a consequence of the larger volumes,
the number of trips the trailers have to undertake to fulfill the demand is not practical.
Therefore, a sensitivity analysis of the LCOH, varying the quantity of hydrogen provided
to the station and, thus, the required number of trailers per week, was performed.

Figure 3 shows that, by utilizing high-capacity trailers, the number of weekly trips can
be reduced from 36 to less than 5, entailing an approximately 30% decrease in the LCOH
associated with the delivery. Furthermore, it can be seen that the cost reduction curve
tends to flatten for greater capacities (less than 1% reduction every 700 kg transported
for capacities greater than 2300 kgH5). As already mentioned, the liquid delivery case
does not consider the costs associated with liquefaction, resulting in a lower LCOH than
with compressed gas, in contrast to the general expectation. However, as already pointed
out, liquid trailers can carry more hydrogen, thus reducing the number of trucks or trips
required to supply the station.

510
6.49
o . & LCOH CGH2 (€/kg)
#— LCOH LH2 (€,
90 (€/kg)
. 548
X 330 Es
§ B ST i
< 270 . * C 488 484 a1l 479 437 47
E_g' ’ * * * & * . ’
= 210 474 4
o iy q 4
1 s
B 417 415 413 am 410
2.0
30
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Trailer capacity (kg)

Figure 3. LCOH sensitivity analysis for the delivery of hydrogen, varying the trailer capacity (kg)
and the number of trips required to supply the demand (trips/week).

Since the hydrogen delivery price represents the major contribution to the final LCOH,
a further investigation of the impact of the delivery distance (km), varying between 180
and 500 km, and the retail hydrogen price (€/kg), ranging from 2.0 to 11.5 €/kg, on the
compressed gas delivery was carried out (Table 7). The sensitivity analysis showed that
shorter supply distances would be preferred to reduce the delivery price, affecting the
LCOH with a maximum of 15%. However, the influence of the retail hydrogen price was
found to be more significant, leading to an increase in the LCOH of up to 65% within the
range analyzed.

To conclude, for an acceptable LCOH, the blue hydrogen retail price, which is the
case under investigation, should be below 4 €/kg and the delivery distance should be less
than 300 km. It must be noted that, for an Hy delivery price of 2 €/kg, as future forecasts
suggest [69], greater transport distances could be implemented.

Finally, a sensitivity analysis for the on-site production, analyzing the effects of dif-
ferent HRS capacity sizes (kg/day) and electricity prices (€/MWh) on the LCOH, was
performed (Table 8). The results show that the LCOH would be reduced by up to 35%
when moving towards large-scale on-site systems that enable an economy of scale and
take advantage of higher demand and improved technology. Therefore, green hydrogen
production could be a competitive solution in these scenarios, especially if coupled with low
electricity prices. Indeed, the electricity price is also a critical factor significantly influencing
the final LCOH, causing an average 16% increase every 0.02 €/ MWh.
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Table 7. LCOH sensitivity analysis for blue hydrogen delivery, varying the travel distance (km) and
the Hj retail price (€/kg). In green the lowest cost solutions, in red the highest.

Delivery Distance (km)

. 180 220 260 300 340 380 500
%D 2.0 519€ 528¢€ 5.38 € 547 € 5.56 € 5.65 € 5.93 €
¥ 3.5 6.68 € 6.77 € 6.86 € 6.95 € 7.05€ 7.14€ 742 €
.g 4.0 6.76 € 726 € 7.36 € 7.45€ 7.54 € 7.63 € 791€
é’* 5.5 8.66 € 8.75€ 8.84 € 8.93 € 9.03 € 9.12¢€ 9.40 €
£ 7.5 10.64 € 10.73 € 10.82 € 10.91 € 11.01 € 11.10 € 11.38 €
< 9.5 12.62 € 12.71 € 12.80 € 12.89 € 12.99 € 13.08 € 13.36 €
2 11.5 14.60 € 14.69 € 14.78 € 14.87 € 14.97 € 15.06 € 15.34 €
Table 8. LCOH sensitivity analysis for on-site production, varying the HRS capacity (kg/day) and
the electricity price (€/MWh). In green the lowest cost solutions, in red the highest.
HRS Capacity (kg/Day)
100 300 500 900 1300 1700 2100
g 30 6.30 € 492 € 4.63 € 435€ 421¢€ 413 € 4.07 €
Eg 50 722€ 6.29 € 5.99 € 5.72€ 5.58 € 5.50 € 543 €
TS 70 8.58 € 7.65 € 7.36 € 7.09 € 6.95 € 6.68 € 6.80 €
% Q 90 9.95 € 9.02 € 8.73 € 8.46 € 8.32€ 8.23 € 8.17 €
é) 110 11.32 € 10.39 € 10.10 € 9.83 € 9.69 € 9.60 € 9.54 €
130 12.69 € 11.76 € 11.47 € 11.19 € 11.05 € 10.97 € 10.91 €

6. Discussion

A comparison between the model results from the previous sections and those pre-
sented in a reference study that investigated the same HRS facilities but utilized smaller
refuelling capacities makes it possible to clearly demonstrate the impact of dimension
sizing on the overall costs.

Both CAPEX and OPEX specific costs (€/kg) show reductions, which are even more
significant for on-site stations, mainly due to the limited tube-trailer payload assumed in the
case scenario. The Rotterdam site, coupling the station infrastructure with the gas pipeline,
presents a particularly cost-effective LCOH OPEX, intensified with greater fleet penetration.
Both delivery-based HRSs and on-site HRSs are predominantly OPEX-driven, constituting
more than 80% of the total costs and dominated by transport and electricity factors. In
general, on-site production units in a large-scale scenario might be a better solution from
the economic perspective, with a potential decrease in the LCOH to approximately 4 €/kg.

In order to reduce the influence of delivery on the overall costs, the frequency of
supply should be reduced and, consequently, the utilization of higher-capacity trailers is
suggested. Furthermore, travel distance plays an important role. The results demonstrate
that road transport is no longer competitive for a distance of more than 300 km, and other
solutions, such as pipeline transport, should be pursued. As repeatedly pointed out, the
pathway towards low-cost green hydrogen requires improvements in technology efficiency,
reliability, clear regulation, and low electricity price. Without strong and committed policy
support, even in the presence of economies of scale and taking advantage of the already
developed experience, the technology would not achieve cost parity with traditional
technologies, and the EU 2 €/kg target for hydrogen refuelling [70] would likely not
be reached.

7. Conclusions

The focus of this work was assessing the effects of large-scale systems and of increasing
the fuel cell bus fleet to 100 vehicles on the levelized cost of hydrogen for both on-site
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and delivery hydrogen refueling stations. A previously developed component-oriented
cost model applied to five European HRSs within the 3Emotion project was here updated
and extended.

The results suggest that, due to the effects of greater utilization of the stations, as
a consequence of higher demand and economies of scale, on the electrolyzer and the
compressor capital expenditures, the LCOH would be reduced in the on-site facilities by
almost 35%. In contrast, the LCOH in large and decentralized facilities is highly impacted
by the retail hydrogen price and transport delivery distance. In particular, a sensitivity
analysis of the LCOH, varying the number of trailers required to supply the demand,
showed that, by utilizing high-capacity trailers transporting either liquid or compressed
gas, the costs associated with delivery would be reduced by 30%. The advantages of liquid
trailers, which can carry four times the payload compared to gaseous solutions, were also
reaffirmed, thus decreasing the delivery price by one third due to the frequency of delivery.
A further investigation of the impact of the delivery distance on compressed gas delivery
demonstrates that shorter supply distances would be preferred to reduce the delivery price,
but if a cap price of 2 €/kg is utilized, as future forecasts suggest, greater transport ranges
can be covered with limited impact on the LCOH.

The electricity prices drive the operational costs associated with on-site production.
Therefore, green hydrogen production could be a competitive solution for large-scale
systems, especially if coupled with low electricity prices. Indeed, the electricity price is
also a critical factor significantly influencing the final LCOH, causing an average 16%
increase every 0.02 €/MWh. To conclude, this study shows that a large fleet with nearly
100% utilization would indeed lead to significant cost savings, with reductions being even
more effective for on-site production plants coupled with renewable power generation that
would make it possible to break away from dependency on electricity prices.
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