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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.B. Basile The need for deep decarbonization of the transport sector cannot be understated, as it accounts for about the 25%
of greenhouse gas emissions in Europe. Developing hydrogen-based trucks is one of the viable solutions for
exploiting green hydrogen and reaching climate neutrality. This work presents an optimization framework to
optimally place Hydrogen Refueling Stations (HRS) for hydrogen-based trucks under technical, policy and reg-
ulatory constraints. It relies on an EU heavy-duty road freight transport database adapted to the latest publicly
available statistics to update the demand intensity. A revised Node Capacitated Flow Refueling Location Model is
proposed to minimize the number of HRS to be sited on the highway network. The node capacity constraint
considers standard sized HRS with a maximum daily capacity ranging from 500 (S-sized) to 4000 kg (XL-sized).
The framework can be a useful evaluation tool to strategically site HRS, both for policymakers and stakeholders.
To this end, the Italian highway network was evaluated as a case study, finding that at least 78 HRS nodes are
required across the road network if a 10% share of hydrogen vehicles is considered, as planned in the Italian
National Recovery and Resilience Plan. The median utilization factor of the refueling stations is 67.5%, ranging
from 49% for the S-sized to 86% for the XL-sized, which are located mainly in northern Italian regions. To
effectively reduce emissions in road freight transport, results show that at least 368 MW of additional equivalent
photovoltaic capacity is needed to produce entirely green hydrogen, reducing the greenhouse gases emissions
associated to the road freight transport by 6.5%.
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1. Introduction

1.1. Background and motivation

The European Green Deal outlines an ambitious goal for the Euro-
pean Union (EU) to achieve climate neutrality by 2050. In detail, it aims
to reduce emissions in the transport sector by 90% by 2050 [1]. It is
worthwhile to mention that in 2019 the transport sector accounted for
almost 25% of greenhouse gases (GHG) emissions across Europe [2].
While heavy-duty (HD) vehicles represent less than 2% of the overall
circulating vehicles in Europe [3], they account for approximately 27%
of CO emissions of the whole road transport sector and about 6% of all
GHG emissions in the EU [4]. Furthermore, among the various cate-
gories of HD vehicles, trucks are responsible for about 85% of these
emissions [5]. This highlights the urgent need for decisive action on the
freight transport segment to address the environmental impact of the

powertrains, is therefore essential to achieve the stringent targets set by
the EU. Despite having a high efficiency, Battery Electric Vehicles
(BEVs), which are the most promising and adopted solution for the
decarbonization of the light-duty transport sector, have both low power
as well as energy density, so they face significant limitations in payload
and range [6,7]. Moreover, considering the high battery recharging
times and the impacts these limitations have on transport operations,
they do not seem a viable solution in the short term for the long-haul
freight transport segment. Long-haul transport is thus considered a
hard-to-abate sector, and alternative powertrain solutions should be
further investigated.

In comparison to BEVs, Fuel Cell Hydrogen Electric Vehicles
(FCHEVs) offer longer driving ranges on a single charge. They also have
a payload capacity comparable to traditional diesel vehicles and feature
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short refueling times [8,9]. On this aspect, since the EU Regulation
561/2006 [10] sets limitations on the daily driving time and imposes 45
min pause every 4.5 h or, alternatively, two breaks of 15 and 30 min
respectively during the 4.5 driving hours, it is important to have refu-
eling times compatible with such mandatory stops to avoid unnecessary
wastes of time. Also, in case of a higher energy need (e.g., for refriger-
ated equipment, on-board air conditioning or cabin heating), FCHEVs
can provide additional energy without drawbacks for payload capacity.
Therefore, FCHEVs could represent a promising solution to reduce GHG
emissions in mid or long-haul applications [11], while resulting in a
competitive Total Cost of Ownership (TCO), since the capital costs of the
main components is expected to decrease significantly in the next years
[12,13]. However, a publicly accessible and conveniently distributed
refueling infrastructure is a key condition to enhance a widespread
adoption of FCHEVs.

By the summer of 2023, as observed by the Clean Hydrogen Part-
nership [14], there were 178 operational and publicly accessible
Hydrogen Refueling Stations (HRS) [15] across Europe. Most of them
(96) are in Germany, while only 1 is in Italy. In response to the NextGen
EU, which explicitly targets the acceleration towards the use of sus-
tainable transport and thus the deployment of charging and alternative
refueling stations, Italy proposed its own National Recovery and Resil-
ience Plan (NRRP), in which 230 M€ have been allocated to ‘Investment
3.3 - Hydrogen Experimentation for Road Transport’, with the aim to
install 40 HRS on its territory. The plan forecasts a penetration rate of
5-7% by 2030 for FCHEVs in the HD segment [16]. The HRS infra-
structure deployment is a classic “chicken and egg” dilemma since high
investment costs are required and low utilization is expected at the
beginning [17], thus making essential to develop proper design and
dimensioning methodologies to accelerate the diffusion of these
vehicles.

1.2. Literature review

Over the last decades, several methods have been proposed to opti-
mally locate e-fuels refueling stations. Facility location models, which
are optimization problems, are used to determine a set of locations
required to satisfy the user demands within a network [18,19]. These
models aid in addressing the placement problem by providing pre-
liminary suggestions for the optimal locations of HRS based on specific
objective function, such as minimizing the overall investment cost or the
number of facilities. The two most popular approaches are node-based
and path-based demand models.

In the node-based methods, the demand is expressed at fixed points
in a network and the facilities are properly located to fulfil it. They
usually rely on registry data (i.e., population, vehicle registrations, etc.)
to calculate the demand in each network node. Covering, p-median and
p-center models are the most relevant examples of this approach. The
first type, “Covering models”, can be further classified as set-covering
models, when they evaluate the minimum number of facilities needed
to satisfy all the demand nodes [20,21], or maximal-covering-location
models, if they maximize the demand covered by a given number of
stations [22,23]. Giindiiz et al. [24] investigated the problem of locating
HRS in Istanbul, with a modified version of the set covering model in
which real distances data are used instead of Euclidean distance. The
p-median model optimizes the location of a given number (p) of stations
assigning them demand nodes by minimizing the average distance that
is travelled from a demand node to all the located facilities [25]. Several
adaptions of this model have been used, considering other “costs”
instead of distance (e.g., the driving time) [26]. Kim et al. [27] proposed
a HRS deployment plan for Korea by using three mathematical models.
With the first, the demand estimation module, they determined the
required number of refueling stations to satisfy the target covering ratio
of the total demand and, for the given number of stations,
maximal-covering and p-median models are used sequentially to place
the hubs and to allocate the demand to them. The p-center model,

670

International Journal of Hydrogen Energy 94 (2024) 669-686

instead, reduces the maximum distance between a node and the station
that covers its demand [28]. However, these models typically consider a
costumer behavior which consists in refueling close to home (or, in
general, to the demand node), mainly with dedicated trips.

In path-based demand models the demand in a network is associated
with traffic flows from an origin to a destination. This is the case of the
so-called Flow Intercepting Location Models. These kinds of models are
particularly suitable for our study because, in the context of freight
transport, refueling typically occurs during regular daily operational
routes rather than on dedicated trips. In 1990, Hodgson proposed the
Flow Capturing Location Model (FCLM) [29], which considers traffic in
a network as a demand flow. The origin-destination (O-D) trip follows a
path along multiple nodes, which are candidate facilities location. The
model maximizes the captured flow by a given number of facilities. By
combining the FCLM with a greedy algorithm, Hodgson et al. located
hydrogen stations in Canada, using the peak-hour traffic flow in the
morning to simulate the all-day traffic flow [30]. Shukla et al. [31]
slightly modified the FCLM by introducing a budget constraint on the
overall number of facilities and applied it to the transportation network
of Alexandria, Virginia. Li et al. [32] proposed an integration between a
generalized Bass diffusion model and the FCLM to explore the mutual
interaction between vehicle sales and the number of refueling stations
and thus to make a long term location plan. Honma and Kuby [33]
compared the FCLM and a p-median model, by defining upper limits on
vehicle driving range and maximum inconvenience on refueling trips,
finding that path-based approach results in less stations to cover an
urban area, as they assume that residents of a zone interact with other
urban zones during their daily routes. However, these models assume
that if a facility is located along a flow’s path, i.e., if the traffic flow
intercepts a facility, the demand is covered and satisfied. This assump-
tion does not consider the limited range of vehicles, so that it may be
necessary to stop multiple times along a journey to reach the destina-
tion, which is particularly relevant in long-haul transport sector. Kuby
and Lim dealt with this limitation developing the Flow Refueling
Location Model (FRLM), which optimally locates p refueling stations on
a network to maximize the total flow volume refueled. They proposed
both a nodes-only version of the problem, in which the candidate sites of
the facilities are only the nodes of the network [34], and an extension in
which candidate sites are added along arcs too [35]. In their works, they
proposed a two-stage approach that uses pre-generated viable combi-
nations of possible refueling stations for each path, taking into account
the vehicle limited driving range. MirHassani and Ebrazi [36]
re-formulated the FRLM presenting a flexible MILP model, eliminating
the need for pre-generating facility combinations. This formulation
allowed to obtain an optimal solution much faster than the previous
versions and to be solved in the maximum cover form too. Kim and Kuby
[37] presented the deviation-flow refueling location model (D-FRLM), in
which they relaxed the basic FRLM to consider the willingness of con-
sumers to deviate from their shortest paths to reach a service facility.
Jochem et al. [38] applied the FRLM model to the German highways and
further extended it by including the specific access distances for each
rural district (origin or destination) to the closest highway driveway and
exit, since the whole trip distance is relevant for the demand for
recharging and not only the mileage travelled on the highway. These
authors, however, assumed each station with unlimited daily fuel ca-
pacity, which may not be a realistic assumption. Upchurch et al. [39]
introduced the capacitated flow refueling location model, that limits the
amount of flow that any facility can refuel. However, they stated that
“the amount of refueling capacity that could be built at each node is
potentially infinite”, meaning that multiple facilities could be built at a
single node. Furthermore, they showed how locations that were optimal
for the uncapacitated FRLM may be suboptimal for the capacitated one.
Stanék et al. [40] also assessed this limitation and they extended the
deterministic FRLM by considering a limited capacity of charging sta-
tions and location-dependent construction costs for the location and
dimensioning of electric vehicles charging infrastructure. However, in
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their model it is not possible to split the flow volume of a certain path
such that different flow proportions use different sequences of charging
stations. This feature is included in the model proposed by Rose et al.
[41], where the capacity limitation is not given by the single station
capacity, but by the limited capacity of the candidate sites (i.e., network
nodes), and the objective is to minimize the total number of facilities to
serve the 100% of the traffic flow. They applied their model to the case
study of a potential FCHEVSs refueling infrastructure in Germany and the
location capacity limit was found to have a significant impact on the
number of stations required. They further extended their research, by
combining the capacitated FRLM and an electricity system optimization
model that takes grid expansion options into account [42] and by
introducing new constraints to assess hydrogen supply options and to
determine the associated costs in two different delivery scenarios [43].
However, they considered the vehicle’s maximum achievable range with
a single charge, i.e., vehicle autonomy, as the only constraint on the
distance between each stop. Since other restrictions could be set by the
legislation, as in the case of EU Regulation 561/2006, they should be
considered too. In particular, the normative limit is a bottleneck, being
usually shorter than the vehicle autonomy. Furthermore, they properly
argued that the refueling amount varies at each node depending on the
total distance and the distance of the node from the starting point.
Nevertheless, it is worth noting that, in case of multiple stops, it also
depends on where the previous refueling stops occurred. Finally, they
used a fixed value for the initial vehicle range parameter.

1.3. Paper contribution

By considering the abovementioned literature, this work proposes a
new methodological approach to deal with the main limitations that
have been highlighted, improving the optimal stations siting in a
network. First, the optimization model has been re-formulated and
adapted to a different type of input data. Indeed, in the pre-processing
step for each path the possible refueling strategies with the minimum
number of stops are pre-determined, also by considering normative
limitations. This new approach allows to determine the actual number of
refueling stops needed during a trip, which in the existing literature is
computed as the ratio between the travelled distance and the maximum
vehicle range. It has been found that this latter definition may lead to
infeasibilities of the problem solution in some circumstances (e.g., when
a single stop is theoretically sufficient, but there is no free space enough
in the tank at any node to refuel what it is needed). Moreover, the
proposed methodology evaluates the precise fuel amount eventually
required on each node of the network, also depending on where previous
stops occurred. An incorrect assessment of this quantity may lead to
over-estimate the total demand on a node, and thus to exceed the daily
capacity limitation and eventually to install a further hub. A novelty has
also been introduced in the network topology definition. The position of
starting and ending nodes of each path is defined by considering the
specific land use of the territory, while in other works it is represented
simply as the geometric centroid of the latter. In this way, a slightly
better estimation of the actual travelled distance is achieved, as it is
discussed in Section 2.2.2. Moreover, with respect to previous works, we
provide a valuable sensitivity analysis on the initial vehicle range
parameter, finding that it may have a significant impact on the number
of required stations (as deepen in Section 3.2). Finally, the framework
has been applied to optimally dimension a hydrogen refueling infra-
structure for HD vehicles optimally on the Italian territory and
compared with the development plan of the Italian NRRP.

1.4. Outline of the paper

In Section 2, the methodology of the framework is presented. It is
articulated in three main steps, which are analyzed in depth each in a
dedicated paragraph. Section 2.1 lists some general assumptions on
which the framework is based. Section 2.2 then describes the raw data

671

International Journal of Hydrogen Energy 94 (2024) 669-686

handling step, with the definition of the origin-destination input matrix
and the characterization of the network topology. In section 2.3 the
input data pre-processing step is described, with the definition of the
refueling strategies which serve as input of the proposed optimization
model that is finally described in section 2.4. Sections 2.5 and 2.6 pre-
sent the Italian case study specific assumptions and three different CO5
emissions’ scenarios, respectively. In section 3 the main findings of the
study are highlighted, presenting a possible optimal Italian HRS network
configuration (section 3.1) and evaluating the carbon emissions reduc-
tion performances in the three scenarios (section 3.2). A sensitivity
analysis is then performed on the initial vehicle range parameter (sec-
tion 3.3). In section 4 the main results are discussed and compared with
the findings of another study and with the announced development plan
of the Italian infrastructure based on the policy funding scheme.
Furthermore, the model main limitations are presented. Finally, in
section 5, together with the final considerations, the recommendations
for future developments are listed.

2. Materials and methods

The framework proposed is based on a node-capacitated flow refu-
eling location model (NC-FRLM), incorporating normative constraints
together with vehicles’ technical limitations and georeferenced data.
The hydrogen demand across the network is associated to the traffic
flow, and it must be satisfied along a path from an origin to a destination
(O-D path). Each origin-destination is represented as an ordered suc-
cession of network nodes. The framework has the aim of minimizing the
total number of HRS to refuel all the vehicles travelling through the
network and to allow them to reach their destination.

The framework is articulated in three main parts, as highlighted in
Fig. 1: raw input data handling step (Section 2.2), data pre-processing
step (Section 2.3) and optimization model (Section 2.4). In the first
part the raw data are taken from different publicly available sources and
elaborated to have a O-D matrix which serves as input data. It is further
handled by generating, for each O-D path, the set with the all the
possible refueling strategies and with the fuel amount needed on each
node depending on the adopted refueling strategy. Finally, these two
sets represent the actual input data for the optimization model, which
minimizes the overall number of HRS to be placed on the network. For
the sake of clarity, the methodology is explained through the example of
Italian regions. Nevertheless, it is worth nothing that the framework
could be used for any European country for which the same statistical
data are available.

2.1. General assumptions

Before getting into the main steps of the proposed framework, this
section outlines the general simplifying assumptions, which are referred
to three main fields: the O-D paths, the vehicles and their drivers, and
the hydrogen refueling stations’ locations.

2.1.1. Origin-destination paths

To reference countries’ regions for statistical purposes, the EU has
developed a classification known as Nomenclature of territorial units for
statistics (NUTS), subdividing the economic territory of the EU into re-
gions at three different levels (NUTS-1, NUTS-2 and NUTS-3, moving
from larger to smaller territorial units) [44]. Every origin-destination
path is assumed to start from a representative point within the origin
NUTS-3 region and end at a representative point within the destination
NUTS-3 region, referred to as NUTS-3 nodes. Intra-regional trips (i.e.,
within the borders of the same NUTS-3 region) are not considered. Since
NUTS-3 nodes may not be located on the main road network, a virtual
road is added to connect the NUTS-3 nodes and the main road network,
based on the shortest linear distance among them (detailed in section
2.2.2). Based on these assumptions, a O-D path is defined as the shortest
path from the origin to the destination point on the road network. It is
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Fig. 1. Summary diagram of the framework.

important to note that the O-D path is a set of ordered succession of
points along the road network, representing a vehicle trip of a certain
length (distop). The daily traffic volume on each O-D path is known in
advance and it is assumed to remain constant throughout the year.

2.1.2. Vehicles and drivers

Some simplifying assumptions are made regarding the technical
specifications of the vehicles, due to the wide range of declared auton-
omies by different manufacturers and the pre-commercial state of this
technology. It is thus assumed that all vehicles have the same technical
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specifications, meaning they have the same maximum achievable range
(VRmax) and fuel consumption rate (eyenicte, €xpressed in kg, .km™1). The
eyehicle 1S assumed to be proportional only to the travelled distance, thus,
neglecting the possible effects of road grade, driving behavior, idling,
vehicle weight, and other parameters [45,46] for simplicity. For the sake
of clarity, since it is assumed that the vehicle’s fuel consumption rate
depends only on the travelled distance, the fuel quantities will be
referred to in terms of equivalent achievable range, and therefore in
kilometers as unit of measure.

Each vehicle starts with a certain initial vehicle range (VR;) and ends
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its trip with the same fuel level, meaning the residual vehicle range
(VRy) at the end of the route is equal to VR;. Therefore, each vehicle
refuels along its path exactly a fuel amount corresponding to distop. This
constraint assures that the whole fuel demand is completely met using
the refueling infrastructure on the main road network, rather than at the
urban NUTS-3 nodes locations. This assumption is useful to represent
the actual daily energy requirement for the routes and ensures that each
vehicle could eventually reach any destination from any origin. Addi-
tionally, recent European national freight road transport data show that
approximately 74% of the goods are transported in “hire and reward”
mode (for Italy, almost 87%). This means that trucks, which are oper-
ated by third parties transport providers, may receive new delivery
order to different locations once they reach their destinations [47].

As the framework is applied to freight transport, it is assumed that
the trucks drivers are fully aware of the location of the HRS along their
routes and refuel efficiently to complete their trip according to a refu-
eling strategy which is pre-assigned to them by their logistic fleet
operator. If multiple stops (S,) are required, it is assumed that for the
first S, — 1 stops, the tank is filled to its maximum capacity.

Each trip is assumed to be completed in one single day. According to
Regulation (EC) No. 561/2006, which imposes a maximum daily driving
time of 9 h and a 45-min break every 4.5 h of driving (or two breaks of 15
and 30 min, respectively, during the 4.5-h driving period), the following
assumptions are made.

e Paths with distance (distop) of less than 720 km (considered the
maximum daily distance that can be travelled by a single operator at
a speed of 80 km km-h~!) are completed by a single driver.

e Paths with a distance of more than 720 km are completed by two
operators.

For paths with distop < 720 km, the maximum driving distance be-
tween each stop (distina,) is limited to 360 km (4.5 h at 80 km-h~!) and
not by the VRpqy. For paths with distop > 720 km, distyq,. is equal to
VRpax, as the two operators can take their mandatory rest periods while
the other is driving.

2.1.3. Hydrogen refueling stations

HRS share similar safety and space requirements with conventional
fuel stations [48]. Thus, it is reasonable to expect that HRS will be
constructed jointly with conventional fuel stations or by reconverting
some of them. It is assumed that stations can only be located at network
nodes representing the centroids of existing service and refueling areas
in the network. Consequently, stations cannot be located at intersection
points, road networks entries or exits, or at the NUTS-3 nodes. Both HRS
and nodes have capacity limitation on the amount of fuel they can
dispense daily. Since a node is assumed to capture traffic flow in both
directions, the node capacity is twice that of a single HRS. In other
words, it is assumed that each node will have two stations, one for each
travel direction. This assumption is supported by the fact that refueling
stations on highways often constructed in pairs, with one station on each
side serving traffic in opposite directions. For simplicity, we represented
the actual fuel demand on each node as the sum of the fuel demands
from vehicles travelling in both directions. However, this approach does
not account for potential differences in traffic flow between directions,
which could result in the two stations requiring different capacities.

2.2. Raw input data handling

In this step, raw input data are gathered from several publicly
accessible sources and processed to create an updated O-D input matrix,
which includes all considered O-D paths. The following sections explain
more in detail how statistical data and a previous O-D matrix are used to
characterize the vehicles traffic flow on each path. Additionally,
georeferenced data are used to determine the network topology on
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which these paths actually occur. In this work, the Italian main road
infrastructure will be used to illustrate the proposed methodology.

2.2.1. Vehicle traffic flows

The data regarding the traffic flow on each O-D path are based on the
results of the European Transport Polity Information System (ETIS-
BASE) [49], which has been further extended in the ETISplus project
[50]. One of the main outputs of these studies was an O-D matrix rep-
resenting the transported goods volumes between the NUTS-3 European
regions for the year 2010, in the most recent version of the database.

Only the national road freight transport, defined as road transport
between two places located in the same country by a vehicle registered
in that country, has been considered in our study, as it constitutes
around the 97% of the tons transported in Italy [51]. Only the paths with
Italian NUTS-3 regions as both the starting and ending regions have thus
been selected and considered.

The data contained in the ETISplus Road Freight Matrix, which refers
to the year 2010, have been scaled to the most recent publicly available
statistics (year 2022), reported by Eurostat in the road go_na dctg data-
base. This database contains national road freight transport statistics by
distance class, type of goods and type of transport. To achieve this
adaptation, the approach used by Speth et al. [52] has been employed
and further adapted. Three different scaling factors have been defined
and used, depending on the distance class. From 2010 to 2022, the
transported goods over different distance classes did not vary at the
same rate, as reported in Table 1.

e Transport over shorter distances (<150 km) decreased more
significantly,

e Transport over medium (150-500 km) and long distances (>500 km)
remained almost the same [53].

The scaling factor for each distance class for the tons transported
from the year O to the year O+n is defined as a Compound Annual
Growth Rate (CAGR) expressed by the following equation:

1
_ X0+n.dist class \ " 1
.ﬂzale.dist cass — \ -
XO‘dist class

where X is the measured data for the aggregated volume of goods
transported in Italy for each distance class, at year O and 0 + n.

Once the scaling factors are defined, the tons transported on each
route are scaled to 2022 and to 2030 with:

12
Xpath2022 = (1 + ficate.dist clax:.p) -Xpath ETIS 2010

8
Xpath.2030 = (1 +fscale.dist clmx,p) ‘Xpath.2022

where X g11s 2010 is data for the aggregated volume of goods trans-
ported on each path reported by ETISplus for the year 2010, and
Xpath,2022 and Xpam 2030 the estimated values for the years 2022 and 2030
respectively.

Finally, an average loading factor Fj,,q of 15.7 tons per vehicle has
been calculated for the years from 2010 to 2022 to convert the trans-
ported tons in equivalent vehicles carrying them. Furthermore, since
Eurostat reports that almost the 25% of the total national road freight
transport performance (in vehicle-kilometers) in the EU is carried out by

Table 1
Scaling factors by distance class.
<150 km 150-500 km >500 km
X010 [1000 t] 1154225 285890 47322
X3022 [1000 t] 706145 266075 43995
Sscate.dist class —4.01% —0.60% —0.61%
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empty vehicles, the number of vehicles is divided by a factor of 0.75 to
take into account the share of empty runs (Sempty runs)- As these data are
not available for Italy, the average EU value has been used. The equiv-
alent number of vehicles running along each path is thus calculated as:

Xpath.year Xpath.year
Vp =

B Flvad' (1 - Semp[y mm) B 15.7-0.75

2.2.2. Network topology definition

The network used in this work is constituted mainly by three ele-
ments: the NUTS-3 nodes, the network nodes, and the links among them.

The origin and destination nodes are defined as the weighted centers
of the origin-destination NUTS-3 Italian regions. These centers are ob-
tained by weighting five of the 44 thematic classes from the CORINE
Land Cover (CLC) Italian dataset, which provides a land cover and land
use inventory with a minimum mapping unit of 25 ha (ha) [54]. The
selected attributes (i.e., continuous and discontinuous urban fabric area,
industrial or commercial units, port areas, roads, rails and associated
lands) have different weights depending on their expected importance in
the transport sector. In particular, continuous urban fabric refers to
urban areas where 80% or more of the land is covered by urban devel-
opment (such as buildings, roads and other infrastructure), with the
remainder being open spaces or small patches of unveloped land. This
excludes bodies of water. In discontinuous urban fabric, on the other
hand, the land coverage corresponds to 30-80%.

As illustrated in Fig. 2, the use of weighted centroids (green circle)
shifts the center closer to significant areas of the region, such as indus-
trial or commercial hubs, while the geometric centroid (orange square)
may end up in less relevant locations, such as the sea or areas with
minimal productive or transport activity. This approach provides a more
accurate estimate of the actual distance travelled from the origin node,
the main road network, and the destination node. In Fig. 2, for example,
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the geometric centroid is located in the sea near Venice, whereas the
weighted centroid is placed on land, closer to areas of commercial
interest.

With the Regulations (EU) 1315/2013 and (EU) 1316/2013, the
European Commission defined a fully operational, multimodal Trans-
European Transport Network (TEN-T) for a sustainable and smart
transport. TEN-T network is defined on three levels: 9 core network
corridors, the core network and the comprehensive network [55]. In this
work, the TEN-T network has been used as road network for the national
road freight transport system.

As already mentioned, HRS candidate sites (network nodes) are
defined as the centroids of existing service or refueling areas in the
network. The GIS-data concerning the operative fuel distributors and
rest or services areas throughout Italy have been retrieved by means of
an Overpass API on OpenStreetMap.

Both the TEN-T network and the refueling stations dataset are pro-
cessed using the free open-source geographic information system soft-
ware, QGIS [56]. The conventional fuel stations are represented as a
point layer, while the network is a line layer. First, only the points within
a buffer distance of 500 m from the road line are selected (node filtering,
Fig. 3a). This buffer distance serves as a tolerance to account for po-
tential inaccuracies in the location of fuel stations and rest areas along
the TEN-T road network. Next, a buffer area with a radius of 3 km is
created around the filtered nodes. This buffer size was chosen after
testing various distances, ranging from 1 to 5 km, to achieve a balance
between having a sufficiently populated network and reducing the
computational complexity of finding the optimization solution. The
centroids of these dissolved buffer areas are obtained and used as
network nodes, thus actually identifying potential representative areas
and not a precise and punctual locality where HRS could be located
(network nodes definition, Fig. 3b).

Additional nodes are manually added at road intersections and at the

Il Discontinuous urban fabric

Il Continuous urban fabric

I Industrial or commercial units
Road and rail networks and associated land
Port areas

- Geometric centroid

. Weighted centroid

Fig. 2. — Geometric centroid and weighted centroid of an Italian NUTS-3 region (Venice).
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. Existing fuel stations and rest areas

Fuel stations and rest areas within
500 meters from the road network
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° Fuel stations and rest areas within
500 meters from the road network

Buffer area with 3 km radius

(O Final network node

Fig. 3. Example of (a) node filtering and (b) network nodes definition near the city of Milan.

identified entries and exits of the main road network. At the end of this
process, the network consists of.

107 NUTS-3 nodes (or O-D nodes),

590 fuel areas centroids,

162 intersection nodes,

107 main road entrances and exits,

6 port nodes,

944 main road network edges,

107 virtual distances from origin/destination to main road,
3 ferry edges.

All the edges connecting two ports (i.e., distances travelled by ferry)
are considered to have no impact on the fuel consumption and are
therefore considered with a “road length” equal to 0 km.

Finally, the shortest path from the origin node to the destination
node is calculated by using the QGIS function “shortest path from point
to point”, which is built on the Dijkstra algorithm [57]. As represented in
Fig. 4 with an example, each O-D path is thus represented by two
vectors.

e An ordered succession of nodes along the main road network
o A list with the position of each node with respect to the origin of the

path (pos), in kilometers.

The network nodes and edges used to represent the network are

dist 5, = 80 km

0—1
20 km

23
10 km

2 3
35 km

path_nodes =[O, 1, 2, 3, 4, D]
nodes_pos = [0, 20, 35, 45, 65, 80]

reported in the open source database [58], together with the O-D path
matrix.

2.3. Data pre-processing

In this step of the methodology, possible refueling strategies for each
path are determined. These strategies include all combinations of nodes
along the path that allow completing the route with the fewest possible
stops, while ensuring that VR equals VR;.

The data pre-processing step is illustrated in Fig. 5 with its flowchart.
First, distmqe, and the driving range before the first stop (1stStopRange)
must be defined based on the path’s characteristics, as follows:

o if distop < 720 km, distyay is limited to 360 km,

o if distop > 720 km, distyg, is imposed equal to VRpay,

o 1stStopRange is the minimum between VR; and distyqc for both the
cases.

The minimum number of stops for each path p (S,) is then deter-
mined with an iterative process. The initial value of S, is set to 1 and an
array, Si, is populated with the M nodes whose position with respect to
the origin (posyq.) is within the range (0, 1stStopRange]. For each m-th
node of the S; array, the vehicle tank availability (r,s,) can be evalu-
ated. It is the amount of free space available in the vehicle’s tank at that
node with position from the origin posn,s, (or, in other words, the
complement to a full tank in that node) and can be calculated as:

O

node ID
pos [km]
4—D
15 km edge ID

length [km]

Fig. 4. Example of O-D path.
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Fig. 5. — Flowchart of the data pre-processing step.
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Tms, = VRmax — (VR —pOSms,) Vm e {1,2,.,M}

If at least one of these nodes has r,, s, > distop and it is not farther
than dist,, from the destination, only one stop would be needed to
complete the trip, and the process stops here. If not, S, is increased by 1.
A new set Sg, is defined, with all the nodes in the range (posy s, ,p0Su s, +

(Sp — 1)-distinax|. The last element of this set represents the farthest node
reachable for the S,-th stop after the first stop occurred in the M-th node
of S;. Assuming that the tank is filled to its maximum for the first S,— 1
stops, the tank availability at the final node of Sg, set is equal to:

Tfinal.Ss, = POSfinal,Ss, — POSfinalSs,

with the pedis final referring to the last node of set S, and being equal to
M if Sp — 1 is equal to 1. This process is repeated iteratively until the
following condition is met:

Sp
Z Tfinas, = distop
s=1

where ring s, is the tank availability in the last node of the s-th stop
nodes set.

Once the minimum number of stops is determined, the refueling
strategies can be defined. If S, =1, only nodes with r, s, > distop and a
position within distop — distyqx and distop are considered as possible
refueling strategies, and the amount of fuel refueled at these nodes is
equal to distop. For all other cases, for each m-th node in Sy, other S,— 1
arrays are generated: the first array includes all the nodes in the range
(DOSm,POSm + distmax|, the second set includes all the nodes in the range
(POSm, pOS;m + 2-distmax], and so on, until the last set is generated with
nodes in the range (posm, posm+ (Sp — 1)-distmay|. Then, a cartesian
product among them is performed, creating combinations of S, nodes.
Only the combinations with pos, < posnede.s,, < ... < DPOSnode,Ss, m> witha
>

distance among them less than or equal to dist;,.y, and with POSnode,Sg, m

distop — distine, are considered. Finally, the h-th combination is consid-
ered as an effective refueling strategy for the path p (kP) only if the
following condition is realized:

Sp
Z Tnodes h 2 diStOD

s=1

where node;; denotes the node for the s-th stop in the h-th combination.
If the condition is respected, the fuel amount to be refueled by one
vehicle on each node for the s-th stop according to the refueling strategy

k of the path p (aﬁode:,l,) is determined as:

al;odesp = Tnode; h ifse [l,sp — 1}

S-1

k .
anode;p = dlStOD - § Tnodes h
s=1

fs=S5,

In other words, for the first S, — 1 stops the tank is filled up to its
maximum, while for the last stop, the fuel amount is equal to the
necessary residual quantity to reach destination with VR, VR;.

By repeating this algorithm for all the paths in the dataset, the set of
node combinations constituting the refueling strategies of each path p,
K,, and the set of the fuel amounts needed on each node i of path p

according to each given refueling strategy k, af_p, are generated. These
represent the input data for the optimization model. Depending on the
refueling strategy, and the location of the first stop (in case of S, > 1), a
different fuel amount could be required on a same node. Further details
of the algorithm are reported in supplementary material with a practical
example.
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2.4. Optimization model

The optimization model used in the framework is a re-formulation of
the node-capacitated flow refueling location model (NC-FRLM) by Rose
et al., adapted to a different input data structure obtained from the
previous step.

The objective function (1) aims to minimize the number of stations to
be placed in the network to satisfy the refueling demand of all the ve-
hicles travelling across the network:

miani (@)
ieN
subject to:
D yk=1 vpeP (@)
kekp
ZZ [Vp'aﬁp'evehicle yi‘p] < cx VieN (3)
PeP keKP
0<yf<1 VpePkek’ 4
x;€{0,1} VieN )
Y=Yy VpePkek ick (6)
Variables
X Binary variable. 1 if a station is placed in node i, 0 otherwise.
y’lj Real positive variable. Fraction of vehicles on path p refueling according to

the refueling strategy k.

J’f“.p Real positive variable. Fraction of vehicles on path p refueling on node i
according to the refueling strategy k.

Parameters

v Number of vehicles on the path p.

al.fp Equivalent fuel amount, expressed in km, required by a vehicle of path p on

node i according to the refueling strategy k.

eyhicie  Vehicle fuel consumption expressed in kgyz-km™!.

c Node daily capacity: it is the maximum amount of fuel a node can supply
daily, expressed in kg.

Sets

N Set of all the i nodes constituting the network.

P Set of all the p paths across the network.

KP Set of all the k refueling strategies for the p-th path.

Equation constraint (2) states that, for each path, the summation of
the fractions of vehicles refueling according to any refueling strategy of
that path must equal 1. In other words, each vehicle on the path must be
refueled according to at least one refueling strategy.

Equation (6), introduced for formality, states that the fraction of
vehicles of path p refueling on each node i constituting the refueling
strategy k according to that strategy is of course equal to the fraction of
vehicles of path p refueling according to strategy k. This equality is then
used for equation (3): for each node, particularly those where a station is
placed, the sum of the demand from vehicles on all the paths p refueling
at node i according to all refueling strategies k involving node i must be
less than or equal to the maximum overall node’s daily capacity.

The framework was implemented in Pyomo [59] with CPLEX as the
solver [60] with a MIPgap of 107°. It was run with 3.48 GHz Apple M2
Pro Chip with 16 GB memory.

2.5. Case study

The Italian territory is chosen as case study to find the optimal sites
for hydrogen refueling stations. Fig. 6 represents the Italian NUTS-2
regions, grouped by NUTS-1 region. For each region, the correspond-
ing unique alphanumeric NUTS-2 code is provided, which will be used in
Sections 3 and 4 to refer to the regions.

Together with the assumptions made in Section 2.1, other additional
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ITALIAN NUTS-1 AND NUTS-2 REGIONS

ITC1 - Piedmont

ITC2 - Aosta Valley

ITC3 - Liguria

ITC4 - Lombardy

ITH1/ITH2 - Trentino-South Tyrol
ITH3 - Veneto

ITH4 - Friuli-Venezia Giulia
ITHS - Emilia-Romagna

ITII - Tuscany
ITI2 - Umbria
ITI3 - Marche
ITI4 - Lazio

ITF1 - Abruzzo
ITF2 - Molise
ITF3 - Campania
ITF4 - Apulia
ITFS5 - Basilicata
ITF6 - Calabria
ITG1 - Sicily
ITG2 - Sardinia

Fig. 6. Italian NUTS-2 regions grouped by NUTS-1 region.

hypotheses are made for the Italian case study.

HRS capacity: HRS are capacitated based on the capacity constraints
defined by H2 Mobility in Germany. These standard hubs have a
daily capacity of 500 (small, S), 1000 (medium, M), 2000 (large, L)
or 4000 kg (extra-large, XL) [61]. Since each node is assumed to
capture the traffic flow in both directions, the actual node capacity is
two times the HRS capacity. Thus, each node is assumed to host two
stations (one for each direction), giving a maximum daily capacity of
8000 kg per node as upper bound for the constraint (3).

FCHEV penetration: According to the Italian NRRP, a penetration of
5-7% is expected by 2030 for FCHEVs in the HD segment [16].
Therefore, in this work we investigate the design of an HRS network
to satisfy the demand associated with a 10% FCHEV penetration. The
traffic flow for each path v, is given by:

Vp FCHEV = Vp 2030 ® 0.1

where vj, 2030 is the expected traffic flow for the year 2030 on a certain
path, and 0.1 a conservative over-estimation of the forecasted FCHEVs
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share. Only paths travelled by at least 10 vehicles per day are considered
in the analysis.

e Vehicle range: considering the wide range of autonomy declared by

different FCHEV manufactures (from 350 to 1000 km, with the latter
being overly optimistic), a value of 600 km is chosen for the VR;y.
This is a reasonable compromise between technological limitations
and expected improvements in the short to mid-term, based on the
technology review by Basma et al. [9].

Path selection: since FCHEVs have similar or even better perfor-
mances than other solutions (such as BEVs) in mid and long-distance
transport operations, particularly in terms of Total Cost of Ownership
(TCO) [11,12], only paths with a travelled distance of 100 km or
more are considered. A total of 2202 paths are thus considered, with
length ranging from 100 km to 1013 km and a median value of 243
km.

Initial vehicle range: VR; is set equal to 300 km as this value mini-
mizes the number of required HRS nodes for vehicles with VR =
600 km, as presented in detail in Section 3.2.
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o After the framework is executed, for each node where x; is equal to 1
(i.e., all the nodes in which an HRS is placed), the actual capacity of
the refueling stations is determined. This is done by evaluating the
fuel demand at the node and assigning the closest available capacity
to match the demand. Once the capacity is assigned, the utilization
factor (UF;) is calculated as the ratio between the actual demand met
at the node and its maximum theoretical daily capacity. This is
expressed as:

Z Z vp 'lep *Cyehicle }’ﬁ,

PEPkeKP
UF; =

Ci
2.6. COy emissions scenarios

The local production of hydrogen in each region required to satisfy
the HD vehicles demand will have an associated amount of CO5 emis-
sions depending on the primary energy source used to produce the
hydrogen. Therefore, we quantify three scenarios to be compared with
the as-is scenario, assuming that the HD vehicles have an average
emission factor of 783 gCO,-km™! [62]. For the as-is scenario, the
emissions are estimated for the whole road freight transport sector,
including paths not considered for the transition to FCHEVs (i.e., paths
with distop < 100 km and travelled by less than 10 vehicles per day). For
the current Italian energy mix, an emission factor of 297 gCO»-kWh™! is
considered [63].

e Scenario 1 (business-as-usual): in this scenario, hydrogen is produced
through electrolysis powered by the current Italian energy mix,
assuming it remains unchanged until 2030.

Scenario 2 (Actual RES generation): in this scenario, the net differ-
ence between renewable electricity produced (Erenproq) and
consumed (Eren cons) is evaluated for each Italian NUTS-2 region. This
difference (Ere, 1), When positive, represents the surplus of renew-
able electricity generated in each region, which nowadays is expor-
ted to other regions. It is assumed that this net balance is used for the
local production of hydrogen. For each region, it is assessed whether
the current amount of surplus renewable electricity is sufficient to
meet the regional yearly hydrogen production demand (Emz,),

assuming a specific energy consumption of 55 kWh-kgy! for the
electrolysis [64]. If not, it is assumed that the surplus hydrogen
would be produced using the current national energy mix.

Scenario 3 (Additional PV power): in this scenario, in the regions
where there is shortage of RES generation (E.,q negative), the
equivalent additional photovoltaic (PV) power to be installed
(Pren,ada) in each region is evaluated to ensure that all the hydrogen
production is green. This calculation consider the specific PV pro-
ducibility equivalent hours (H,,) for each region [65]. The analysis
focuses on solar PV due to its more uniform availability across the
country with respect to other renewable sources (e.g., wind) [66].
Furthermore, incorporating other renewable sources into the anal-
ysis would require detailed assumptions about the regional energy
mix, which was beyond the scope of this study. Finally, since other
sources typically exhibit higher capacity factors, we adopted a con-
servative approach to estimate the additional renewable capacity to
be installed.

3. Results
3.1. Optimal HRS location

This section presents the results of our work, which aims to minimize
the number of stations needed to satisfy the refueling demand of all
vehicles travelling across the network. The simulation framework
described in the previous sections was applied to find the optimal
configuration for the HRS network on the TEN-T Italian network and it
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took 7.76 s to solve. Further details about framework performances are
available in Section III of the supplementary material.

The optimal location for HRS needed to satisfy a 10% share of FCHEV
in Italy is represented in Fig. 7. A total of 78 nodes have been identified:
29 of size S, 14 of size M, 23 of size L and 12 of size XL.

Even though the stations are almost equally spread across the Italian
territory in terms of number of HRS per NUTS-1 region, a clear
geographical trend is evident in terms of nodes size and overall
hydrogen demand fraction, as showed in Fig. 8.

e South Italy (ITF1: Abruzzo, ITF2: Molise, ITF3: Campania, ITF4:
Apulia, ITF5: Basilicata, ITF6: Calabria) primarily features small-
sized stations, with only 6 out of 18 being size M (3) and L (3).

The islands (ITG1: Sicily, ITG2: Sardinia) have 10 HRS nodes, mainly
size S (8), with an average UF of 54%.

Central Italy (ITI1: Tuscany, ITI2: Umbria, ITI3: Marche, ITI4: Lazio)
shows a more homogeneous distribution of HRS size with an average
size higher than the southern regions and with an average UF of 63%.
e North-East Italy (ITH1/ITH2: Trentino-South Tyrol, ITH3: Veneto,
ITH4: Friuli-Venezia Giulia, ITH5: Emilia-Romagna) has 16 stations,
6 of which are size L and 7 size XL. This area accounts for the 39% of
the whole daily hydrogen demand and has the highest average UF at
83.5%.

North-West Italy (ITC1: Piedmont, ITC2: Aosta Valley, ITC3: Liguria,
ITC4: Lombardy)), accounts for 27.8% of the total daily hydrogen
demand, with 16 stations mainly of size L (6) and XL (4). Only one
station is S-sized, located near the city of Turin, with an UF of 73.2%.

Notably, no station is placed in Molise, Aosta Valley, Trentino-South
Tyrol and Friuli-Venezia Giulia (ITF2, ITC2, ITH1/ITH2 and ITH4,
respectively). In the latter three regions, this is due to the case study
focusing only on national road freight transport. Given that 4 out of 7
road links to other European countries are in these regions, it is
reasonable to expect some HRS to be placed there if the international (i.
e., cross-border) transport is also considered.

The median utilization factor is 67.5%. Among the 78 HRS nodes, 14
have UF; < 50% and they all have a capacity of 1000 kg and they are
almost all located (10 out of 14) in the South or in the Islands. As the
node capacity increases, the UF tends to vary in a shorter range and its
median value tends to increase. Size S HRS nodes have UF; ranging from
6 to 99%, with a median value of 49%, while size XL HRS nodes have UF;
ranging from 53 to 100%, with a median value of 86% (Fig. 9).

Overall, about 182815 kg of hydrogen per day are needed all around
the network considering e,enicie Of 0.075 kgy,-km~!, which is equal to
approximately 47531 ty, per year and 2.61 TWh of renewable elec-
tricity, in case of exclusive use of green hydrogen, assuming a specific
energy consumption of 55 kWh-kg;Iz1 for the electrolysis. This result is in
line with the expected hydrogen demand for transportation in Italy from
other institutional sources [67].

3.2. COz emissions and green hydrogen production

To effectively reduce emissions in the transport sector, the hydrogen
used by the trucks must be green, i.e., produced exclusively from
renewable energy sources. This would ensure that the emissions asso-
ciated with the operation of FCHEVSs are zero. Therefore, different sce-
narios, presented in Section 2.6, have been compared in terms of
required expansion of the renewable capacity in each region (Fig. 10)
and emission reduction of the road freight transport system (Fig. 11).

The available renewable electricity E,en 51 (i-€., the overproduction
that is currently exported to other regions) is already sufficient to meet
the yearly demand for green hydrogen production within the region in
10 out of 17 NUTS-2 regions with at least one HRS. This is particularly
evident in the southern regions and in the islands, which have lower
hydrogen demand, and in regions with high renewable production (e.g.,
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Fig. 7. Solution of the NC-FRLM for a FCHEV share of 10%, VRi equal to 300 km and VRmax equal to 600 km.

127
Size
S
101 M
L
XL
8

# of HRS nodes [-]

)
.

il

oL | |

North-West North-East  Central
NUTS-1 region

Soﬁth Islands

Fig. 8. HRS distribution by size and by NUTS-1 region.

ITC4 and ITI1, respectively first and third region in Italy for renewable
electricity production). On the other hand, in the remaining 7 NUTS-2
regions, Epnqp is not sufficient yet. Notably, Emilia-Romagna (ITH5)
and Veneto (ITH3), two of the regions with the highest hydrogen de-
mand (23.6 and 15.8% of the total, respectively), show a significant
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mismatch in terms of renewable capacity needed. On the other hand, in
Liguria (ITC3), which has the seventh highest value of Ey,, (93 GWh),
only the 7.5% of the demand can be met with the current RES genera-
tion.

The CO; emissions of the national road freight transport sector
without considering intra-regional trips in the as-is scenario amounts to
around 7.2 Mtongo,, as depicted in Fig. 11. In Scenario 1 the emissions
would even increase up to the 4% with respect to the as-is scenario,
highlighting the necessity to increase the renewable energy share in the
energy mix. In Scenario 2, as only a portion of the total energy required
for the electrolysis (= 27%) is taken from the grid, an emission reduction
of about 3.6% is expected. Finally, in Scenario 3, as the whole produc-
tion is covered by renewable electricity, requiring the installation of 368
MW additional PV capacity, emissions are reduced by the 6.5%. This
because, even though the FCHEVSs share is considered to be 10% for this
case study, the transport segment investigated (i.e., paths with distop >
100 km and travelled by at least 10 vehicles per day) accounts for about
the 65% of the whole freight transport system in terms of vehicle-
kilometers. It is worth underling that the “ICE trucks” bars shown in
Fig. 11 represent also the emissions associated to the vehicles travelling
on the routes not considered for the transition to FCHEVs.

3.3. Sensitivity analysis on vehicle ranges

The impact of some parameters — namely initial vehicle range, VR;,
and maximum achievable vehicle range, VR — on the solution has
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Fig. 9. — (a) HRS nodes distribution and (b) median utilization factor by size.

been evaluated. As shown in Section 2.3, VR; plays a crucial role in
determining the potential refueling strategies on each path, and thus
influences the final solution of the problem. On the other hand, the effect
of VRpax is less significant. This is because the normative constraint on
the maximum distance between each stop (distne) affects only few
cases. In fact, only the 4% of the total vehicle-kilometers are associated
to paths with a distop higher than 720 km.

VR ax Was varied in a range from 400 to 800 km. Since the scope of
the work is to design a HRS infrastructure for the main road network, the
NUTS-3 nodes are not considered as candidate sites for the hubs.
Therefore, VR; was varied from 150 km to VR — 150 km. Setting
values below this range can lead to infeasibility in the problem solution
with the chosen network topology. Since the nodes are not equally
spaced, there may not be HRS candidate sites within 150 km of the
starting point. It is important to note that this lower bound is specific to
the network topology used in the case study and may be different for
other networks. Also, it could be easily overcome by adding other
candidate site nodes in the starting part of each path, but this was out of
the scope of our work.

Fig. 12 shows how the number of HRS nodes varies by varying VR;
and VRy,qx. When VR; is low, the first stop occurs within a short distance,
resulting in a high number of hubs placed closer to the path origin
points. As VR; increases, it becomes more likely to intercept the path of
other O-D pairs, creating opportunities to place a HRS where it can serve
multiple O-D paths. This leads to a decrease in the number of HRS
needed.

However, if VR; increases over a certain threshold, the number of
HRS increases again. Since, VRy is assumed to be equal to VR;, the last
refuel stop must occur not farther than VRpg — VR; from the destina-
tion. As VR; (and thus VRy) increases, hubs will be placed closer to the
destination node. We found that the minimum number of HRS nodes for
each value of VR, occurs when VR; is approximately half of VRpgy.
This value balances the maximization of the shared routes segments
(which occurs at high VR; values) and of the availability of free space in
the tank (which occurs at lower VR; values). As the VR;,q is increased,
lower values of VR; result in higher fuel tank availability, reducing the
number of refueling occasions needed and thus the overall number of
HRS nodes. Additionally, the curve tends to flatten for the “central”
values of VR;, making the solution less dependent on VR;, in terms of
number of HRS nodes. A detailed example of this behavior is presented
in the supplementary material. Furthermore, an extensive analysis on
the impact of VR; and VRpq. on an ideal network with equally spaced
nodes and with paths having the same length is provided, showing that
any deviation from the ideal behavior (i.e., number of stations
decreasing by increasing VR and VR; until a certain threshold) is due
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to the specific network topology and to the paths’ characteristics.

Our results show that most solutions have a number of stations
ranging from 75 to 88, meaning that in average 80 hubs are needed to
satisfy the demand of a 10% of share of FCHEVs in the HD road freight
transport sector, depending on the chosen technological parameters.

4. Discussion

In this work, we investigated the optimal placement and sizing of
hydrogen refueling stations (HRS) required to support a 10% share of
fuel cell heavy-duty electric vehicles (FCHEVs) in the Italian road freight
transport sector. The approach utilized the optimization node-
capacitated flow refueling location model (NC-FRLM) to determine the
number and location of HRS needed to meet the hydrogen demand. Our
results show that an average of 80 hubs are required, with the number of
stations ranging from 75 to 88, depending on the chosen technological
parameters. It is worth mentioning that the seconds step of the frame-
work, the data pre-processing (Section 2.3) aims to define the refueling
strategies that allow completing the route with the fewest possible stops.
While this assumption may potentially lead to a suboptimal global so-
lution (e.g., requiring the opening of an additional refueling station on
certain routes), it ensures that vehicles are not forced to make more
stops in a close proximity. This is particularly important in the context of
freight transport, where operational efficiency is a key concern. Overall,
around 183 t of hydrogen per day are needed across the network, which
is equal to approximately 2.61 TWh of renewable electricity per year, in
case of exclusive use of green hydrogen. The distribution of hydrogen
demand across Italy reveals significant regional differences. In the
southern regions and islands, the hydrogen demand is lower and smaller
stations are primarily placed. In contrast, the central and northern re-
gions, particularly Lombardy (ITC4) Emilia-Romagna (ITH5) and Ven-
eto (ITH3) have a higher concentration of larger stations. The analysis
indicates that the total additional renewable energy sources (RES) ca-
pacity needed to achieve 100% green hydrogen production, as per
Scenario 3, requires the installation of 368 MW of new photovoltaic (PV)
power. This regional breakdown highlights the varying capabilities and
needs across different parts of the country, emphasizing the importance
of localized solutions for effective hydrogen infrastructure development.

To the best of the authors’ knowledge, no other study has specifically
targeted the Italian national road freight transport system for an optimal
siting and dimensioning of the HRS infrastructure. Guzzini et al. [68]
proposed a GIS-based tool to locate and design power-to-gas and
power-to-hydrogen plants in Italy minimizing the levelized cost of
hydrogen. However, their approach did not differentiate between
light-duty and heavy-duty vehicle fuel requirements, focusing instead on
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Fig. 10. Electricity demand for electrolysis and new renewable capacity needed to have 100% green hydrogen per NUTS-2 region. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)

re-converting all the existing highway refueling stations to HRS. Our
study provides a more focused analysis on the specific needs of the HD
road freight transport sector, which is reflected in the differences in HRS
distribution and sizing. While both studies agree that larger stations are
expected to be concentrated in the north and central-north regions,
particularly in ITC4, ITHS5 and ITI1, our work offers a detailed assess-
ment of the infrastructure required to support a 10% FCHEV penetra-
tion, highlighting the necessity of additional RES capacity to ensure
green hydrogen production.

Finally, it is worth comparing our findings with the distribution of 54
road HRS financed under the Investment 3.3 of the Italian NRRP or
proposed by stakeholders [69]. As a premise, it has to be mentioned that
unfortunately the comparison can be limited to very few aspects, as
many key specifications of the refueling stations defined in the plan are
missing or not publicly available. First of all, our study explicitly targets
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the decarbonization of HD freight transport, while it is not clear if the
announced development plan includes a wider spectrum of transport
sectors (e.g., public or private transportation). Nonetheless, our study
reveals a more heterogeneous distribution of hubs per geographical
area. In particular, in the NRRP plan only 20 hubs out of 54 are located
south of ITHS5, with all other located in the northern Italy. This distri-
bution suggests a less uniform adoption of FCHEVs across the country
compared to our model.

While the exact position and the daily capacity of the financed hubs
is unknown, we compared the number of hubs per NUTS-2 region with
respect to our model results (Fig. 13). In the northern regions, the
financed stations outnumber those in our model (31 against 24). This is
particularly evident in the border regions Aosta Valley, Trentino South-
Tyrol and Friuli-Venezia Giulia (ITC2, ITH1/ITH2 and ITH4, respec-
tively), where 9 stations have been financed or proposed, compared to
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the 1 placed by our model (in ITC2). This aligns with the NRRP goal of
decarbonizing specific international routes, such as the Green and Dig-
ital and the Western-Eastern corridors. This can be seen as a limitation of
our model as it does not consider cross-border international transport.
On the other hand, the NRRP infrastructure significantly under-
dimensions the number of refueling stations in other regions, particu-
larly Emilia-Romagna (ITH5) and Tuscany (ITI1). These regions are
critical transit points for medium to long-distance routes between
northern to southern Italy, and only 5 hubs seem a noticeable under-
estimation of the hydrogen demand across these routes. Sicily (ITG1),
with its 9 NUTS-3 nodes, is the most under-dimensioned region by NRRP
plan with respect to our model. This may be due to our model
assumption that refueling is available for all the vehicles travelling from
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any origin to any destination. Sicily in fact has multiple access points to
the road network, resulting in different starting or ending segments for
routes beginning or ending there.

Our model, despite being a useful evaluation tool for preliminary
considerations for the design of an optimal developed HRS infrastruc-
ture, has some intrinsic limitations which should be clarified.

As it has been shown in Section 3.3, the results may be affected
significantly by some parameters, such as the assumed initial vehicle
range VR; and by the maximum vehicle range VRpq,. Since it is hard to
find publicly available data about drivers’ behavior and refueling habits,
it is important to make plausible assumptions. Too conservative or too
optimistic ones, in fact, may lead to over-size or under-size the infra-
structure. Also considering that all the vehicles start with the same VR;
and arrive with the same VR; = VR; may be unrealistic, since with this
approach a refueling stop is performed also when dist, < VR;. On the
other hand, this assumption is useful to represents the actual energy
requirement for all the routes.

Vehicles are assumed to have all the same technical specifications,
especially in terms of maximum achievable vehicle range. This is a
strong assumption since the declared autonomy by the different con-
structors nowadays varies in a range from 350 to 1000 km [9]. Also
considering the fuel consumption as only depending on the travelled
distance leads to overestimate the actual VR, since other factors may
have an impact on it too, as it was highlighted in Section 2.1.

The model has constraints only on the daily amount of fuel that a
station can supply. In fact, since the traffic flow is assumed to be con-
stant and it is only characterized by a daily value, limitations on a more
refined temporal scale (e.g., hourly) are not delineated. This may lead to
higher waiting times for the drivers for example if all the dispensers are
being used in a certain moment. Furthermore, it is assumed that each
node has two stations of equal size, one for each direction. While the
overall nodal capacity (i.e., 8000 kg per day) is respected, in practice, it
is possible that the maximum daily capacity for one direction (i.e., 4000
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kg per day) could be exceeded.

An important approximation is also to assume all the paths starting
(or ending) from the same node within an origin NUTS-3 region. The
actual travelled distance may be significantly different, as secondary or
rural roads are not included in the network. This may lead to over- or
under-estimate the actual distance travelled before entering or after
exiting the main road network.

5. Conclusions

In this work we proposed a GIS-based framework for the optimal
location of hydrogen refueling stations (HRS), integrating normative
driving time constraints with other technical limitations. The proposed
framework can be a useful evaluation tool to strategically site HRS, both
for stakeholders and policymakers, and therefore to support decarbon-
ization initiatives [70]. We applied this framework to a case study of the
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Italian high-speed road network. The approach employed the
node-capacitated flow refueling location model (NC-FRLM) to optimize
the number and locations of HRS required to meet hydrogen demand.
The energy demand was derived from the ETISPlus for transported
goods and adapted by considering only national road freight transport
within Italian NUTS-3 regions.

It was found that at least 76 HRS nodes are required all around the
network, for a 10 % share of hydrogen vehicles of the total circulating
vehicles by 2030. Overall, about 183 t of hydrogen per day are needed
all around the network, which is equal to approximately 47500 ty, per
year and 2.61 TWh of renewable electricity, in case of exclusive use of
green hydrogen. Hence, an equivalent additional capacity of 368 MW of
PV plants is required in order to allow green hydrogen production
locally in each NUTS-2 region with renewable electricity, allowing to
reduce the emissions of the road freight transport up to the 6.5%.
Finally, it was highlighted that the NRRP infrastructure is significantly
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under-dimensioned in critical regions, such as Emilia-Romagna (ITH5),
Tuscany (ITI1) and Sicily ITG1).

We find valuable to outline the following recommendations for
future works.

e A stochastic approach on the initial vehicle range parameter would
allow a more realistic representation of the actual fuel demand on
each station, as it was shown that this parameter may have a sig-
nificant impact on the required number of HRS on the network.

e A more realistic representation of the actual fuel consumption rate

would also contribute to a better representation of the actual fuel

demand, taking into account the impact of other factors, such as road
slope, external temperature and so on, based on georeferenced and
registry data.

Cross-border international transport should be included too, per-

forming a more comprehensive analysis (e.g., at European scale), as

it seems realistic that the adoption of FCHEVs and the deployment of
the refueling infrastructure will happen primarily on specific inter-
national corridors.

e A more refined temporal analysis demand side (e.g., on hourly basis)
would allow to better characterize the station utilization behavior
and to determine the actual interaction of the HRS network with the
energy system (especially, the electric grid infrastructure).
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