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1. Introduction

Hydrogen is a versatile energy carrier capable of
storing excess electricity from renewables, which
also has a high potential as a clean fuel for
transportation.

Hydrogen Refueling Stations (HRS) are essential
for enabling hydrogen powered road mobility,
however their development faces significant
technical, environmental and economic challenges.

This work aims to evaluate these aspects by first
reviewing the state of the art of HRS technology
and then assessing the energy consumption,
carbon footprint and cost competitiveness of a
reference station design.

2. Theoretical Background

The transportation sector accounts for 25 % of
global GHG emissions and road vehicles make up
for 75% of that amount. Nevertheless, according to
the European Green Deal, all new cars sold in the
EU must be zero-emission by 2035.

Hydrogen represents a potential key solution to
help achieving this ambitious goal, particularly
through hydrogen fuel cell vehicles (HFCVs).

HFCVs provide several benefits, which can make
them a valid alternative to conventional and
battery electric vehicles (BEVs), among which:

= Zero CO; or particulate matter emissions
during operation: only water and heat as
by-products.

* Faster refueling and longer range than
BEVs.

* Lighter than BEVs for the same driving
range, with a longer lifespan.

* Higher energy efficiency (60 %) compared
to internal combustion engine vehicles
(ICEVs).

On the other hand, the main challenges associated
with HFCVs adoption include:

* High hydrogen and vehicle cost and
limited refueling infrastructure.

* Lower energy efficiency than BEVs.

= Safety concerns linked to high-pressure
hydrogen storage.



Overall, HFC technology proves to be a more
promising solution for transport applications
linked with intensive usage and heavy-duty
vehicles.

Hydrogen, in fact, has a very high energy content,
surpassing all conventional fuels in terms of lower
heating value (LHV), which denotes the amount of
energy liberated per unit mass of fuel being
combusted, and this makes it an attractive solution
for saving weight.

On the other hand, due to its low density,
uncompressed gaseous hydrogen has a
significantly lower volumetric energy density than
all popular hydrocarbons, as Errore. L'origine
riferimento non é stata trovata. shows.

LHV vol. energy
(M]J/kg) density (MJ/L)
H; (1 atm) 119,9 0,01
H: (690 bar) 119,9 4,66
Liquid H, 119,9 8,50
Gasoline 43,4 32,0
Diesel fuel 42,6 36,0

Table 2.1: Energy content and volumetric energy
density values of hydrogen and other fuels.

This brings into focus the issue of hydrogen
logistics, as compression or liquefaction are
necessary to allow for its practical usage [1].

The whole hydrogen supply chain, from
production to end-use, hinges on robust
infrastructure, that has yet to be optimized and
expanded. For road transport applications, the key
stage is represented by the HRS, responsible for
enabling the widespread adoption of HFCVs.

HRSs can be categorized between on-site hydrogen
production HRS and off-site hydrogen production
HRS. In the first case, the production stage, which
typically involves either electrolysis or steam
methane reforming (SMR) of natural gas, is
incorporated into the station. In such scenario,
since to achieve real decarbonization electrolysis
powered by RES should be the adopted pathway,
a potential criticality is the limited availability of
RES at individual HRSs.

In the case of offsite production HRSs, instead,
hydrogen can be supplied to the station from
centralized production hubs, in various possible
ways, also depending on its form. However, since

liquified hydrogen requires a very energy
intensive process which is not currently feasible for
road mobility applications, gaseous hydrogen
represents the state of art. In this form, existing gas
pipelines are limited to transporting 20 % H,
blends and thus the reference supply method is via
tube trailers, which transport H, gas at pressure of
200 to 500 bar.

Nevertheless, for both categories, the main
components of the HRS are generally the same [2],

[3]:

A buffer tank in which the supplied
hydrogen is initially stored.

* A compression system (involving a piston
or diaphragm compressor) to raise
hydrogen pressure to the necessary level
to allow refueling at 700 bar, which is the
nominal pressure of the HFCV’s tank.

* A storage system which can involve
multiple tanks at different pressure levels.

* A pre-cooling unit, that must cool
hydrogen to -40°C for safety reasons
before it gets dispensed to the vehicle.

* A dispenser involving a fuel pump similar
to regular gasoline ones.

3. Research and Methodology

To address the need of an efficient refueling
infrastructure to scale a challenge this work
focuses on three main objectives:

1. Define a reference layout for a medium
capacity off-site HRS and model its
operation to calculate the electricity
demand across its operational stages,
evaluating the impact of different possible
configurations  and  of
improvements.

potential

2. Estimate the carbon footprint of hydrogen
dispensed by the modeled HRS and assess
its compliance with EU renewable energy
targets, comparing its associated GHG
emissions with those of traditional fossil
fuel alternatives under different scenarios.

3. Estimate the Levelized Cost of Hydrogen
dispensed by the modeled HRS,
highlighting the contribution of the logistic



stage of the value chain while evaluating
the impact of HRS utilization.

3.1. HRS reference layout

The defined reference station is an off-site
hydrogen production HRS with a nominal capacity
of 500 kg/day. Hydrogen is supplied via 200-bar
tube trailers, initially stored in a buffer tank and
then compressed using a multi-stage diaphragm
compressor with intercooling in between stages.

It is then stored in a three-tank cascade storage
system (CSS), which enables refueling starting
from the lowest pressure tank and switching to the
following ones as the pressure in the car’s tank
increases. Particularly, hydrogen keeps flowing
from the first two CSS tanks to the car, until
equalized pressure is reached, and then flows from
the last, high-pressure one, until the car’s tank
reaches 700 bar, meaning it is at full capacity.

The design is optimized to avoid the last
compression stage for hydrogen refilling the low-
pressure tank, allowing to minimize compression
work.

Pre-cooling brings hydrogen to -40 °C before it is
dispensed. The considered reference vehicle being
refueled is a Toyota Mirai with a residual pressure
of 50 bar.

3.2. HRS model

Considering that steady state operations is not
realistic, and the compressor must work only when
it is necessary to refill the CSS tanks, the first step
is defining the optimal nominal pressure of such
tanks. The selected pressure levels mainly impacts
on:

* The number of vehicles that can be
refueled consecutively, as the higher the
initial pressure is, the more cars can be
refueled without more hydrogen being
compressed.

* Therequired outlet pressure of the last two
compression stages, that directly provide
hydrogen to the CSS.

Once the CSS nominal pressure levels are defined,
it is possible to compute the specific electricity
demand for compression through all stages i, with
the following equation:

N
E’' . E'; ;
El’ — mech st_i + intercool st_i )
comp Z( N CcoP

i=1

which accounts for both mechanical compression
and intercooling specific energy demand
contributions,  E ,mech st_i and E ,intercool st_i
respectively, both calculated based on enthalpy
difference. n,, and COP are respectively the
compressor motor efficiency and the
intercooler’s coefficient of performance.

Pre-cooling electricity demand is instead
calculated as follows:

E’cooling + E’ovh
corp ’

El'pcy =

considering both the contributions of dispensed
hydrogen cooling, E' ;51ing, and overhead cooling,
E’ 5yn, which is needed to keep the heat exchanger
fluid at the necessary temperature to allow for
operation at any given moment.

Accounting for both El'c,,, and El'pcy, and
considering that not all hydrogen gets compressed
through the last stage, the electricity demand per
refueling cycle is computed. Then, dividing it by
the hydrogen mass dispensed within a cycle, the
overall HRS specific electricity demand is
obtained.

4. Results

4.1. Energy requirements

Three different configurations (Table 4.1), in terms
of CSS nominal pressure levels, are optimized to
respectively lead to completing a consecutive
refueling cycle of 4, 5 and 6 vehicles.

Low-P  Medium-P High-P Consecutive
tank tank tank refueling of:
265 bar 500 bar 854 bar 4 HFCVs
282 bar 500 bar 899 bar 5 HFCVs
290 bar 500 bar 948 bar 6 HFCVs

Table 4.1: CSS nominal pressure levels with
different tested configurations.

Each requires 5 compression stages to reach the
pressure necessary to refill the high-pressure tank.



Executive summary Marco Vairetti

Compressing a kg of hydrogen through all the
stages requires almost 4 kWh of electricity
(specifically 3,85, 3,90 and 3,96 kWh respectively
for the 4, 5 and 6 HFCVs consecutively refueling
configurations).

Different utilization rates impact on the specific
electricity demand of the pre-cooling phase, since
overhead cooling contribution gets proportionally
higher when less hydrogen is being dispensed.

However, with 80% UR, overhead cooling demand
is almost negligible and overall pre-cooling
electricity consumption is just 0,156 kWh/kg.

Regarding the overall station energy requirements,
the different configurations show similar specific
electricity consumption values.

Specific electricity
demand [kWh/kg]

3,60 3,62 3,66

Table 4.2: HRS specific electricity demand under
different modeled refueling cycle configurations.

There’s a slight increase with longer cycles, which
involve higher pressure levels, but the difference is
limited and thus the choice should be made
according to expected demand: if frequent
refueling is expected, a longer cycle should still be
preferred, so that compressor usage does not get
too intermittent, as that would tend to degrade the
unit more.

For the purpose of this thesis, the chosen
configuration is the 5-vehicles cycle one, which is
used for the following stages of the work.

4.2. Carbon footprint

Regarding the carbon footprint evaluation,
compliance with European regulations is
investigated, specifically with the Renewable
Energy Directive (RED III), which defines rules for
the use of renewable fuels of non-biological origin
(RENBOs) in the transportation sector [4]. These
fuels, which also include renewable hydrogen,
must achieve at least 70% GHG emissions
reduction compared fossil fuels alternatives, to
which the regulation assigns a value of 94 grams of
CO2eq/kg. This translates into hydrogen having
less than 3,384kgCO,eq/kg Ho.

To calculate emissions associated with dispensed
hydrogen, the three stages of the supply chain are
addressed: hydrogen production, transportation
and HRS stage.

Five different scenarios are defined (Table 4.3),
combining the possible options at each stage. For
production, the alternatives considered are SMR,
electrolysis powered by RES or the grid. For
transportation, truck diesel emissions are
considered, but first compression is needed to fill
tube trailers, which can be powered by RES or the
grid. The same two options are considered for the
modeled HRS. The assumed carbon intensity of
electricity is that of the Italian grid.

Scenario Prod. _
A SMR erid diesel grid
B RES el. RES diesel RES
C RES el. RES diesel grid
D RES el. grid diesel grid
E grid el. grid diesel grid

Table 4.3: Defined scenarios in terms of energy
source at each supply chain stage.
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Figure 4.1: Dispensed hydrogen GHG emissions
for selected scenarios, compared to RED III
renewable hydrogen threshold.

As Figure 4.1 shows, to comply with RED III,
production must happen through RES powered
electrolysis, as both option A involving SMR and
option E involving grid electricity usage, already
surpass the threshold with production only,
leading to negative emission savings.



The best case is represented by scenario B, with
only tube trailers truck having an impact, as
everything else is RES powered. Finally, in the case
of grid electricity being used for the HRS (C and
D), around 80 % savings are achieved.

Focusing on scenarios in which the station is
powered by the grid, which is realistic for an early-
stage offsite production HRS, the impact of
different countries grid electricity emission factors
on the HRS carbon footprint are investigated.
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Figure 4.2: GHG emissions of the HRS powered
by different national grids, compared to RED III
renewable hydrogen threshold.

Results, shown in Figure 4.2Figure 4.2, highlight
large differences across the evaluated cases.
Particularly, for Sweden, which has the cleanest
electricity in Europe, HRS associated emissions
represent less than 2 % of the RED III threshold,
while for Poland, which represent the opposite
case, they cover 76 % of it, leaving very limited
room for the other stages of the supply chain.

4.3. LCOH at the dispenser

To evaluate the LCOH at the dispenser, both
CapEx and OpEx are first estimated. The former
are all fixed costs and include the cost of the HRS
components, calculated based on factors such as
power, for the compressors, and capacity, for the
tanks. The latter includes mainly variable costs,
such as electricity and supply cost, which
encompass the retail cost of hydrogen supplied to
the station, assumed to be 4 €/kg. Maintenance and
truck leasing are the only OpEx considered as fixed
costs.

The distinction between fixed and variable costs is
crucial to investigate the impact of station
operating days on the LCOH.
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Figure 4.3: LCOH and its contributors as a
function of HRS operating days.

As Figure 4.3 displays, variable costs are the main
contributor to the LCOH as long as the HRS
operates for at least 110 days a year. Under this
threshold, fixed costs contribution becomes the
dominant one and the LCOH gets exponentially
higher.

The hydrogen retail cost, Ry,, representing the
production cost of hydrogen supplied to the
station, simply adds a fixed contribution of 4 €/kg
to the final LCOH.

In the best case, with 365 operating days, the
LCOH at dispenser is 7,015 €/kg, with an HRS
contribution of 3,015 €/kg, meaning 43 % of the
total, the rest being hydrogen production cost.

5. Conclusions

This thesis provides valuable insights into the
technical, environmental and economic aspects of
state of the art HRSs. Through an optimized system
design, involving multi-stage compression and a
CSS, it is possible to minimize HRS energy
demand, nevertheless, results highlight how
achieving compliance EU renewable energy targets
regulations can be heavily dependent on the
electricity source. From an economic perspective,
high station utilization is essential for lowering
LCOH and enhancing the financial viability of
hydrogen as a road mobility fuel.

The adopted methodology and outcomes could
serve as a reference for assessing the conditions
under which hydrogen mobility can be
economically viable while contributing to the
reduction of transportation emissions.
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