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A B S T R A C T

Using hydrogen as a fuel is one option to reduce impact on climate and environment from heavy-duty road 
transportation. However, the deployment of a hydrogen refueling network is a major bottleneck. To facilitate this 
development, it is crucial to better understand appropriate location and sizing of hydrogen refueling stations 
(HRS). We present a bottom-up, geographically detailed model for simulating energy demand from long-haul 
hydrogen trucks and determining locations and sizes of HRSs, across all of Europe under different scenarios in 
2050. The model, called SVENG, calculates weighted energy demand for network links, considering specific local 
conditions on each link along the route. These are used by a search algorithm for distributing demand along 
individual routes and simulate HRS locations and sizes. The model scales linearly, supporting large networks; for 
this study using 0.6 million rows of origin-destination cargo flow data on a network of 17,000 nodes. We show 
that the model’s novel functionality for calculating dynamic vehicle power requirements has a large impact on 
the distribution of fuel demand and required refueling infrastructure. Results are compared to the Alternative 
Fuels Infrastructure Regulation (AFIR) for 2030, showing that this legislation might require more HRS than 
necessary even in 2050 in some countries, unless vehicle sales increase rapidly. Other countries may need to 
deploy more capacity by 2050 even at lower rates of adoption.

1. Introduction

The EU has adopted targets requiring truck fleets to decrease their 
CO2 emissions, to mitigate the adverse effects on climate and environ
ment from heavy duty transportation [1]. Compared to 2019, new trucks 
need to, on average, emit 45 % less by 2030, and 90 % less by 2040. This 
warrants new technical solutions beyond only increasing the efficiency 
of freight operations. New vehicles running on low emission fuels are 
needed.

Hydrogen is proposed as a fuel for the next generation of heavy-duty 
trucks [2,3]. It can be produced using renewable electricity and water 
[4], and it only emits water vapor when used to convert energy in a fuel 
cell [5]. Hydrogen trucks could provide long range at low vehicle 
weight, with short refueling times [6], and are thus of particular interest 
for long-haul missions [7,8].

Still, there are few hydrogen trucks on the roads. Lack of supporting 
infrastructure, like refueling stations and distribution systems, is a main 
barrier to their diffusion [6,9–14], and the deployment of infrastructure 
needs to start a few years before vehicles can be expected to enter the 

market [15]. The uncertainty of future fuel demand distribution poses 
an obstacle for investors [16,17], and needs further assessments to 
facilitate planning of refueling infrastructure [8,18].

To facilitate hydrogen truck diffusion, the EU has passed the Alter
native Fuels Infrastructure Regulation (AFIR) [19]. It requires that 
hydrogen refueling stations (HRSs) be built along the TEN-T core road 
network in Europe with a maximum of 200 km distance, and close to 
urban centers, by 2030 [20]. While AFIR enables initial market entry of 
hydrogen trucks, these might not constitute a significant market share of 
the total transport work in Europe until further into the future [21]. 
Better understanding the demands of a future, larger hydrogen truck 
fleet is important, to evaluate AFIR, and plan how the refueling network 
needs to develop further.

Refueling demand data with high geospatial resolution and large 
geospatial scope could improve this planning [22,23], but it is currently 
lacking [24]. Spatial characteristics, like road speed and slope, are 
furthermore important when determining the energy consumption of a 
vehicle [25,26], especially considering the high weight of trucks. This 
has been omitted in previous large-scale assessments, and could 
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E-mail addresses: joel.lofving@chalmers.se (J. Löfving), selma.brynolf@chalmers.se (S. Brynolf), maria.grahn@chalmers.se (M. Grahn). 

Contents lists available at ScienceDirect

International Journal of Hydrogen Energy

journal homepage: www.elsevier.com/locate/he

https://doi.org/10.1016/j.ijhydene.2025.04.257
Received 14 November 2024; Received in revised form 20 March 2025; Accepted 14 April 2025  

International Journal of Hydrogen Energy 128 (2025) 544–558 

Available online 18 April 2025 
0360-3199/© 2025 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0008-9059-1276
https://orcid.org/0009-0008-9059-1276
https://orcid.org/0000-0002-0357-1103
https://orcid.org/0000-0002-0357-1103
https://orcid.org/0000-0002-9022-2971
https://orcid.org/0000-0002-9022-2971
mailto:joel.lofving@chalmers.se
mailto:selma.brynolf@chalmers.se
mailto:maria.grahn@chalmers.se
www.sciencedirect.com/science/journal/03603199
https://www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2025.04.257
https://doi.org/10.1016/j.ijhydene.2025.04.257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2025.04.257&domain=pdf
http://creativecommons.org/licenses/by/4.0/


potentially impact the fuel demand distribution. To represent a large 
fleet, a large number of distinct international flows need to be repre
sented, which is often not the case in the existing literature.

To address these gaps in our current knowledge, the aim of this 
article is to. 

- Present a model that incorporates high geospatial detail, specific 
vehicle power requirements, and a large number of flows, for 
simulating fuel demand distribution for a sizeable long-haul 
hydrogen truck fleet across Europe in 2050.

- Analyze the requirements on a hydrogen refueling station network 
throughout Europe in 2050, contrasting it with AFIR, and sharing the 
underlying data for further assessments.

1.1. Previous studies addressing geospatial demand of alternative fuels

Several models have been developed to deal with sizing and location 
of alternative refueling stations. Urban- or country level models are 
common, but there are few international models studying hydrogen 
refueling station location [27]. Country level models are often based on 
mathematical optimization algorithms (linear/integer/binary etc.), 
covering the largest amount of transportation flow possible with a given 
number of refueling stations [16,28–36]. In these studies, it is common 
to use logistics- or travel data on the origin-destination (OD)-pairs 
format, which represent goods- or passenger flows between two points 
or regions along a road network. As an example, Hodgson [29] proposes 
a flow capturing location model that has later been adapted to distribute 
a certain number of refueling stations/charging points to maximize 
covered flow for passenger cars [30–32]. A similar approach is used for 
heavy-duty hydrogen vehicles in Germany and Italy, by Rose et al. [33] 
and De Padova et al. [34] respectively, optimizing for cost. Liu et al. [35] 
builds on the same framework, optimizing for demand cover across the 
US. Fulton et al. [16] also uses an optimization algorithm (further 
described by Acharya et al. [36]) for distributing HRSs to different re
gions in California, covering many types of hydrogen-fueled vehicles.

Models based on mathematical optimization can be difficult to scale, 
even though progress has been made to decrease the level of complexity 
[30]. By limiting the amount of logistics data and the size of the road 
network, many routes and international flows are often left out, result
ing in a trade-off with detail. These limitations are seen in both Rose 
et al. [33], De Padova et al. [34], and Liu et al. [35]. Still, these studies 
do give an interesting perspective on how to best locate the first 
hydrogen stations, since they investigate how to maximize utility from 
as few stations as possible, as discussed by Reuter-Oppermann et al. 
[37]. However, with higher levels of technology diffusion there is a need 
for models that investigate refueling needs in a future transportation 
system where hydrogen trucks are widely used for large geographical 
areas, considering many different cargo flows.

Some other studies optimize HRS locations without considering 
vehicle flow, on country [38–40] or more commonly on urban/single 
highway [41–45] level. Demand is determined by extrapolating average 
regional transport activity, fuel sales, or similar, and converting the 
energy demand to hydrogen. This might be reasonable when studying 
hydrogen cars, typically operating in a confined area. For long distance 
trucks, however, this would misrepresent the movement pattern of ve
hicles. It would also disregard the impact on operations by technical 
parameters like efficiency and tank size, which may affect refueling 
behavior.

Other, non-optimizing, modeling approaches have been used to 
address the location and sizing of refueling stations, successfully 
including more flow data. Speth et al. [28] ditribute charging stations 
for battery electric trucks at even intervals across Germany and use flow 
data to calculate their sizing needs. While less complex and thus faster to 
run, this simplification could result in more stations than necessary [37]. 
Assuming drivers will charge their battery electric trucks where they 

need to stop for rests and shorter breaks, Shoman et al. [46] uses 
OD-data (based on Speth et al. [47]) to find the number of charging 
points that could be expected in regions across Europe. This procedure 
manages to include a large number of international flows. However, the 
underlying assumption of fueling strictly on breaks does not apply to 
hydrogen vehicles, since their refueling times are expected to be similar 
to that of diesel [48].

None of the above studies attempt to compute specific vehicle power 
requirements based on local conditions, even though factors like speed 
and inclination have a notable impact on required energy. A flat average 
energy use factor is generally used, but the reason for choosing it is often 
opaque. Vehicle power requirements have been included when studying 
energy demand distribution for hydrogen trucks running on single 
routes in Pihlatie et al. [49] and to some extent in Danebergs [50]. 
Çabukoglu et al. [7] included vehicle power requirements when study
ing the Swiss truck fleet, but modeled each vehicle using the same 
driving cycle. To our knowledge, vehicle power requirements have not 
been incorporated previously when modeling energy demand for mul
tiple different routes simultaneously in a refueling infrastructure 
assessment.

1.2. Model contribution

The model developed for this study is an energy demand distribution 
simulation, combining three main algorithms for (1) calculating dy
namic route energy use, (2) distributing refueling load, and (3) simu
lating locations for refueling stations. It uses a bottom-up approach, 
employing a series of novel algorithms drawing on fine-grained logistics 
data, on a road network with high geospatial resolution. It is called 
SVENG (Simulating Vehicle Energy Needs Geospatially), and it ad
dresses gaps in previous modeling studies as it. 

- Considers all of Europe, including a large network of 17,000 nodes 
and about 0.6 million routes.

- Incorporates geospatially specific vehicle power requirements, and 
thus energy demand, depending on road conditions like speed and 
inclination.

- Includes new algorithms for distributing the refueling load from 
vehicles, and simulating locations and sizing of refueling stations.

This modeling approach has several benefits. We show that inter
national logistics make up a large portion of total refueling demand from 
long-haul trucks, which thus far has been missing in many similar 
studies. We also show that dynamic vehicle power demand has a large 
impact on the geospatial distribution of simulated infrastructure. The 
model scales linearly and can accommodate more data than used here.

The dataset provided along with this article consists of projected 
future geographical locations and sizes of HRSs, across all of Europe. 
This has not been available previously, and can be used for infrastruc
ture planning or further studies of the viability of different options for 
the hydrogen supply chain. The dataset is analyzed in this paper to 
address effects on total hydrogen demand in different countries, refu
eling station network density, and demand from logistics on-route. We 
also use the data to provide perspectives on the needed additional 
hydrogen refueling capacity in 2050, compared to the AFIR mandate in 
2030. The simulation is run with different model settings, varying the 
vehicle average tank size and hydrogen vehicle diffusion. The model is 
used for hydrogen fuel cell-electric trucks in this study, but it can be 
adapted to other vehicles and/or drivetrains as well.

2. Methodology

To model the geospatial distribution of hydrogen demand for long- 
haul trucks around Europe, we follow the procedure shown in Fig. 1. 
To summarize, correlation factors between historical data for GDP and 
transport work are used to compute country specific goods flow growth 
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factors. These are applied to the cargo flows in an OD-dataset, estimating 
flows between NUTS3 regions (the smallest statistical region level used 
by the EU [51]) in 2050. In parallel, the energy demand for a single truck 
traversing each route is computed. This is fed into a fuel distribution 
algorithm, allocating fuel along the route based on number of trucks, 
their technical specifications, and trip energy demand. When this is done 
for all routes, locations for discrete HRSs are simulated to meet demand. 
Since hydrogen trucks are primarily expected to be interesting for 
long-haul freight, the freight traffic within NUTS3-regions is not 
considered in this study. This is similar to De Padova et al. [34] studying 
hydrogen trucks, and Shoman et al. [46] studying battery electric trucks.

In the base case, we assume that 15 % of the long-range trucks on 
European roads are running on hydrogen in 2050 (with the same share 
for each of the different cargo flows). This assumption follows work 
done by Tarvydas [52], where eight reports on scenarios for hydrogen in 
the total transportation sector are compared. Based on the variation in 
these findings, the model is also run with different levels of hydrogen 
technology diffusion between 5 and 35 % for some additional analyses.

2.1. Building modules for country specific cargo flow growth

Linear regression was used for projecting future transport work 
development for each country individually. Each country’s GDPPPP from 
the World Bank [53] was correlated with national and international 
cargo tonnage respectively. We represent cargo flow within a country, 
using an approach similar to Speth et al. [47], by summing national 
transport tonnage [54] with cabotage [55]. International outgoing fig
ures [56] were used for the international tonnage. Annual data from the 
period 2010–2019 was used. The correlation factors from the linear 
regression model were applied to future GDP projections from the 
Shared Socioeconomic Pathway “Middle of the road” scenario 
(commonly called SSP2) [57,58]. The produced growth factors for each 
country between the base year 2010 (which is the base year for the 
OD-data described in section 2.2) and future year 2050, for national and 
international cargo flows, can be found in tables A1 and B1 in appen
dices A and B, respectively. These are accompanied by model co
efficients, and with R2 and F-statistic values to describe model fitness for 
each country.

2.2. OD-data for long-haul trucks

Like Speth et al. [47], we used data from ETISplus [59] to determine 
cargo flow tonnage between NUTS3-regions [51] in year 2050. For each 
OD-pair, we multiply the cargo flow tonnage with a growth factor based 
on the country of origin, using the national- or international one 
depending on the destination country. The number of trucks going be
tween an OD-pair is then calculated by dividing the cargo tonnage in 
year 2050 with the EU average payload for long-haul trucks. The 
average payload for laden trucks is 13.8 tons [60], and to account for the 

approximately 20 % empty trucks in Europe [61] (similarly to Speth 
et al. [47]), we divide this average by 1.25 and assume an average 
payload of 11.04 tons.

To restrict our analysis to only include long-haul trucking operations, 
we have excluded all OD-pairs where the total distance of the route is <
360 km, based on discussion by Shoman et al. [46]. We also exclude all 
routes where the projected annual transport demand in 2050 is less than 
the equivalent of 10 trucks annually, which removes 33 % of the routes 
with 1.2 % of the total annual transport work (in tonnes*km, tkm) for 
long-haul operations. This leaves us with just over 597,000 OD-pairs, 
running on a network with more than 17,000 nodes as shown in 
Fig. 2. It should be noted that this network is not identical to TEN-T, but 
rather somewhat more comprehensive. Flows to and from Russia, 
Morocco and Turkey are included in the dataset – these are included in 
the analysis, but the countries are left out of the assessment of hydrogen 
demand distribution since they are likely subject to more flows from 

Fig. 1. High level visualization of the model of geospatial distribution of hydrogen demand in European long-distance road freight. Blue boxes represent databases, 
orange boxes represent algorithms and data management processes, green boxes represent produced datasets. Grey boxes indicate in which section each part of the 
model is discussed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. The modeled road network, with blue dots representing the nodes and 
grey lines their connections. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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other regions not present in the dataset. Iceland and Cyprus are not 
included in the assessment, since they don’t have any road network 
included in the dataset.

2.3. Energy distribution module – dynamic power algorithm

The Dynamic Power algorithm developed in this paper is run in four 
steps: (1) calculate the power needed on the different links in a route, (2) 
calculate the energy needed on the different links in a route, and thus the 
total energy, (3) distribute on-route refueling of trucks on the route and 
(4) distribute arrival refueling (the portion of the tank that is empty 
when arriving). For comparison, a simpler algorithm is used, called 
Constant Power algorithm which is briefly explained in section 2.5.

We assume that all trucks start with a full tank in their origin region, 
and refuel close to where they are likely to have depleted 80 % of their 
tanks. Technical details are given in section 2.3.2. Since multiple trucks 
traverse the same route, and all of them won’t stop to refuel in the exact 
same place, we assume that they will stop for refueling between 70 and 
90 % of their tank capacity. To represent this variation in refueling 
location, one of the algorithms distributes the refueling load from all 
trucks on the route using a weighted probability density function (PDF) 
within this interval, centered on the point where tanks would be 
depleted to 80 %. This “on-route” refueling is marked orange in Fig. 3, 
which shows a simplified example of how fuel distribution along a route 
could appear. Upon arrival the tanks are likely not full, and filling up the 
remainder of a tank is distributed in a similar manner in the nodes close 
to the point of arrival, marked in purple in Fig. 3. This is also important 
for our assumption that the trucks start their routes with a full tank.

2.3.1. Routes
To tie the cargo flows to specific roads, Speth et al. [47] have routed 

each OD-pair along the shortest available path on the nodes and links 
making up the highway and related access roads in the road network 
given in ETISplus [59]. The links include data on distance, which nodes 
they span, and their speed limit. Additionally, we have overlayed the 
road network with topographical data [62] in a geographical informa
tion system (GIS), giving the elevation for each node in the road 
network. The average inclination for each link can then be calculated 
using its distance and start- and end elevation.

Since the OD-data is given between NUTS3 regions, Speth et al. [47] 
optimized the routes between the nodes closest to the centers of the two 
regions. The distance from this node to the center point was then added 
to both ends of the route. We have assumed that the inclination for this 
added distance is 0, for simplicity, and that the road speed is 60 km/h to 
represent driving on smaller roads for the first and last part of the route 
[63].

2.3.2. Calculating the power needed for each link
For each route, the power “at the wheels” is calculated for each link 

(Plink, in kW). This is done using the standard vehicle power equations, 
where Proll, Pair, and Pincl represents added power requirements due to 
rolling resistance, air resistance, and inclination respectively [64,65]: 

Plink =Proll + Pair + Pincl Eq. 1 

where 

Proll =Croll ⋅
(
mtruck +mcargo

)
⋅ g ⋅ v⋅cos Θ Eq. 2 

Pair =
1
2

⋅ρ⋅A⋅CD⋅v3 Eq. 3 

Pincl =
(
mtruck +mcargo

)
⋅ g ⋅ v⋅sin Θ Eq. 4 

The variables v and Θ here denote the velocity (in m/s) and the 
inclination (in degrees), respectively. The other constants included in 
the calculation are described in Table 1.

Regenerative braking is considered when going downhill, in cases 
where Plink becomes negative. This is explained further below. The ac
celeration force Pacc, and associated regenerative braking, are not 
included in the model. This is due to a large variation between indi
vidual driving styles [63]. Ambient weather conditions also affect sys
tem efficiency, through need for increased cooling or heating of battery 
and fuel cell [67], or through varying drag or rolling resistance in windy 
or wet weather. This is not considered in the model. For links repre
senting ferry lines, the power is set to 0 kW.

Generally, the maximum allowed speed for heavy duty trucks on 
highways in Europe is 80 km/h [68]. However, it is often assumed that 
trucks are cruising at somewhat higher speeds on large roads [63,65], 
and we assume that trucks on any road link with a speed limit above 80 
km/h will run at 85 km/h.

The technical specifics of the fuel cell truck are given in Table 2. We 
assume that the fuel cell has a rated power PFC max of 300 kW. Fuel cell 
trucks also have a battery for balancing power needs, which we assume 
to have a power Pbat max of 400 kW [69]. On some links the power 
requirement to travel at the speed limit becomes higher than these two 

Fig. 3. Example fuel distribution to nodes on a route.

Table 1 
Constants included in vehicle power equation.

Name Value Description Source

Croll 0.0055 Rolling friction coefficient [65]
mtruck 14,400 kg Tractor + trailer empty weight [65]
mcargo 11,040 kg Cargo weight [60]
g 9.80665 m/s2 Standard gravity acceleration ​
ρ 1.2 kg/m3 Air density, ambient temperature [66]
A 10 m2 Long-haul truck frontal area [65]
CD 0.6 Aerodynamic drag coefficient [65]
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combined, due to steep ascent. If this happens, the speed on that link is 
lowered in 5 km/h increments until the power requirement is < 700 kW. 
This is to represent that a truck might need to slow down to be able to 
carry itself uphill. Fuel cell and battery are not distinguished in the 
power calculation since we assume that the battery will ultimately have 
to be charged by the fuel cell. Fuel cell efficiency (ηFC) and balance of 
plant (BOPFC) energy penalty (for compressors, cooling etc.) are differ
entiated depending on load, as shown in Table 2. This is defined as high 
load (Plink ≥ 200 kW), mid load (200 kW > Plink ≥ 50 kW), or low load 
(Plink < 50 kW). We also include a factor of 2 %, Cidling, to account for 
energy consumed while idling based on modeled energy cost in Liu et al. 
[35].

If the load is low enough to require negative power (Plink <0 kW), 
then this power is considered to charge the battery of the truck. This 
power is not subjected to the same efficiency as the fuel cell, but a higher 
efficiency representing the battery and inverter (ηbat charge). If the power 
for charging the battery goes above the rated power of the battery 
Pbat_max, then the speed of the vehicle is lowered on that link in the same 
manner as for limiting the propulsion power going uphill, until it is 
below the rated power of the battery. Balance of plant, and battery 
maximum storage capacity, are not considered when charging the 
battery.

This whole calculation procedure is performed for each individual 
route separately. The inclination between all sequential points is 
computed for each new route, ascertaining that they are considered in 
the right order and that the inclination is in the right direction.

The tank size is set to 75 kg in the base case. However, depending on 
technology choices and future R&D, tank sizes might be larger or smaller 
in general. Basma and Rodríguez [71] suggest the maximum future tank 
size to be 54 kg for 700 bar tanks, and Ahluwalia et al. [72] simulate the 
technical performance of liquid hydrogen tanks at close to 90 kg. Tank 
sizes are thus varied for some model runs, for the assessments presented 
in sections 3 and 4.

2.3.3. Calculating the energy needed for each link
After calculating the total power Plink for each link on the route, the 

total hydrogen energy Elink in kWh for traversing each link can be 
computed for all links as follows: 

Elink =
Plink

ηec⋅ηdriveline
⋅
dlink

vlink
⋅Cidling Eq. 5 

where dlink and vlink are expressed in km and km/h, respectively, and 
dlink/vlink thus equals the time in hours spent on the link. ηec is the 
product of ηFC and BOPFC (considering different loads) for forward 
propulsion (Plink >0 kW). When the battery is being charged (Plink <0 
kW), then ηec = ηbat charge. Different values for η and BOP are given in 
Table 2.

Now we have a list of the hydrogen energy required to traverse the 
links, which we will use to determine where it is likely that trucks will 
refuel, and to distribute refueling load.

2.3.4. Distributing the on-route energy demand
As shown in the example in Fig. 3, on-route refueling is distributed 

along the area of the route reachable by 70–90 % of the truck tank ca
pacity, around a node close to 80 % of the tank capacity. We will call this 
center node the “average refueling level node”. This is done in four steps, 
for each route. 

1. Finding the average refueling level node of the refueling distribution
2. Finding the nodes to include in the distribution
3. Computing a weighted PDF for distributing the refueling on these 

nodes
4. Distributing the sum of the trucks refueling onto the nodes based on 

the weighted PDF

If, during step 1, it is found that the whole route can be traversed 
without stopping for a refuel, the remainder of steps are skipped, and all 
the fuel consumed on the route is assumed to be refueled in the desti
nation nodes. This is described in section 2.3.5. 

1. Finding the average refueling level node of the refueling distribution:

First, to lower computation time, an approximation for where on the 
route 80 % of the tank might be depleted is calculated. We get the total 
energy for the route by summing the energy required to travel each link, 
and divide it by the tank size times the average refuel level. This gives us 
a number for how many times on the route a truck will refuel. The 
integer part of this number is the number of full fills that will occur on- 
route, and the decimal part indicates the part of a full tank that will be 
refueled upon arrival. We use this number to calculate how large portion 
of the trip will be covered by one tank, and name that value r. Fig. 4a 
shows how this number is used to find an approximated average refu
eling level. rarr denotes the nodes whose fuel demand will be filled on 
arrival.

However, since the energy requirements for each link are not equal, it 
is not certain that the average refueling level node, the node closest to r,
should be used. To check, we sum the energy needed to reach this node 
from the origin. If it is within 1 % of the average refueling level, it is 
considered an appropriate node. If it is higher than this, we go to the 
previous node and repeat the process until we find a suitable node to 
represent where 80 % of the tank might be depleted, and vice versa, as 
shown in Fig. 4b. If more than one full tank is needed to traverse a route, 
then the process is repeated starting from the last average refueling level 
node. 

2. Finding the nodes to include in the distribution:

After finding the average refueling level node, the rest of the nodes to 
be included in the refueling distribution should be found. These are the 

Table 2 
Technical characteristics and assumptions for simulated trucks.

Value Description Source

PFC_max 300 
kW

Fuel cell rated power [69]

Pbat_max 400 
kW

Battery rated power [69]

Tank pressure 700 
bar

Operating pressure for 
onboard hydrogen tanks

Assumption based on 
discussion with 
industry

Tank size 
(base case)

75 kg Size of onboard hydrogen 
tanks

Assumption based on 
discussion with 
industry

ηdriveline 0.93 Efficiency, drivetrain to wheels [49]
ηFChigh load

0.4 Fuel cell efficiency at high 
loads

[25]

ηFCmid load
0.5 Fuel cell efficiency at medium 

loads
[25]

ηFClow load
0.6 Fuel cell efficiency at low loads [25]

BOPFChigh load 0.9 Factor of remaining power 
after supplying balance of 
plant at high loads

[70]

BOPFCmid load 0.9 Factor of remaining power 
after supplying balance of 
plant at medium loads

[70]

BOPFClow load 0.5 Factor of remaining power 
after supplying balance of 
plant at low loads

[70]

Cidling 1.02 Factor of additional energy 
spent on idling on route

[35]

ηbat charge 0.9215 Battery efficiency (including 
inverter and battery) for 
charging during regenerative 
braking

[49]
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other nodes that could be reached with 70–90 % of the tank capacity. 
For each average refueling level node on the route, we check the nodes 
before and after it on the routes. For each checked node, the total energy 
required to traverse the links between it and the average refueling level 
node is computed and stored in a list lenergyweights. When the next node 
requires more than 10 % of the tank capacity to reach, the search is 
terminated in that direction.

For subsequent on-route refueling events, on long routes, we assume 
the refueling distribution to become more and more uncertain. The limit 
to the spread of the refueling event is multiplied by its number in the 
order, meaning that the second refueling event is spread within 20 % of 
the tank capacity in each direction of the average refueling level node, 
and so on. This, conceptually, would represent the truck refueling at 70 
% of the tank capacity in the first refueling event to refuel after using 70 
% of the tank capacity also the second time.

The nodes that do not get an energy weight in this process get a 
prohibitively high weight assigned instead. The fuel center gets the 
weight 0, statistically representing zero-unit distance from the mean of 
the distribution. 

3. Computing a weighted PDF for distributing the refueling on these 
nodes:

Once the route has a list with node weights lenergyweights, we run it 
through the PDF (with σ as the standard deviation) to generate the 
weighted list: 

fpdf
(
lenergyweights, σ

)
=

1
σ

̅̅̅̅̅̅
2π

√ e
−

1
2

(
lenergyweights

σ

)2

Eq. 6 

This gives us a continuous function for the probability of refueling in 
a certain node. However, it is only possible to refuel in discrete nodes 
along the function of probabilities. We, thus, need to compute a list of 
normalized discrete probabilities by: 

lpdf normal =
fpdf

(
lenergyweights, σ

)

∑
fpdf

(
lenergyweights, σ

) Eq. 7 

where lpdf normal is a list of weights with a total probability equal to 1. 

4. Distributing the sum of the trucks refueling onto the nodes based on 
the weighted PDF:

Once the PDF weights are computed, they are multiplied with the 
projected number of hydrogen trucks going on the route in 2050 (Ntrucks) 
times the average refueling level (Crefuel level) of a the energy content of 
full tank (Efull tan k), by: 

lrefuel = lpdf normal⋅Ntrucks⋅Efull tank ⋅Crefuel level Eq. 8 

2.3.5. Distributing the arrival energy demand
The procedure for allocating arrival fuel demand, marked purple in 

Fig. 3, is similar to that for on-route demand. The last node on the route 
is assigned as the average refueling level node, and the other nodes in 
which drivers are likely to refuel are again considered to be those that 
could be reached on less than 10 % of the tank capacity from this node. 
The procedure for finding those nodes and assigning their refueling 
probability weight is the same as described for on-route refueling.

When calculating arrival refueling, the decimal part of the total 
number of refuels (Carrival fuel ) on the route is used, as mentioned earlier 
(see equation (9)). This is to only refuel the remaining portion of the trip, 
not covered by the previous full tanks. Note that for many routes, this is 
the only refueling on the entire route. 

larrival = lpdf normal⋅Ntrucks⋅Efull tank⋅Carrival fuel ⋅Crefuel level Eq. 9 

2.4. Locating and sizing HRS

After refueling load from all routes have been distributed to nodes, 
this data is used in an algorithm for locating HRSs. Speth et al. [47] 
assumes all routes between NUTS3-regions to start and end in the middle 
of the region. However, this might not necessarily be where most trucks 
go. As such, HRS are redistributed onto truck fuel stations and rest stops, 
using an algorithm described in section 2.4.2. Before that, in section 
2.4.1, we describe how we processed data for ranking locations for 
receiving an HRS.

2.4.1. HRS location ranking data
Data provided in Link and Plötz [73] gives the location for over 19, 

000 truck stops across Europe. We consider these nodes as the primary 
candidates for building HRSs. Along with the position, the authors 
provide some data points for each truck stop; one of which is the highest 
annual number of passing trucks on any road link within a 5 km radius. 
We will refer to this data point as the “truck flow count”. Like in this 
study, that data considers the same road network as used in Szimba et al. 
[59] and Speth et al. [47], and also uses the modeled truck flows from 
the latter. The truck flow count is used as the primary means for 
weighting the distribution of HRSs.

In NUTS3 regions without any truck stops within 5 km from the road 
network, we weight HRS distribution onto truck stops according to 
population density. We overlaid the truck stop nodes with population 
data from the EU census 2021 [74] and UK census 2011 [75]. Both 
datasets are GIS-compatible and given with a 1 × 1km2 resolution. Ul
timately, this measure is only used in two NUTS3-regions.

In countries not among the EU or UK, we use road nodes as candi
dates for HRS locations. These are weighted by simulated hydrogen 
demand.

2.4.2. Algorithm for allocating HRSs
We employ a similar logic to Fuse et al. [76] for allocating HRS. The 

logic is also related to the one used by Kim et al. [40] for allocating fuel 
cell vehicles to regions. As visualized in steps 1 and 2 in Fig. 5, the total 
hydrogen demand in the nodes is summed to first the NUTS3- and then 
the country level. We then calculate the number of pumps required to 

Fig. 4. a) Approximating and b) finding average refueling level nodes along the route. r is the portion of the route covered by 80 % of one tank (refuel level), and 
r_arr is the portion covered by arrival refueling. Green nodes depict estimated average refueling level nodes, and the orange node in b) depicts a new one being 
selected when searching for a node in the refueling level interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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fulfill the demand for each country. HRSs are considered to be of discrete 
sizes as defined by Rose et al. [33] based on work by Elgowainy and 
Reddi [77]. We consider one pump to serve up to 15 trucks per day, 350 
days per year. The more pumps allotted to a node, the larger the HRS. 
HRS sizes are given in Table 3.

After calculating the number of HRS pumps needed in a country, 
these are distributed onto the NUTS3-regions based on the hydrogen 
demand in the regions (step 3 in Fig. 5). When the region with the 
highest level of demand has been allotted a pump, demand equivalent to 
one pump is deducted from the total demand of that region, and the 
process is repeated.

With all pumps distributed to the regions, pumps are similarly 
distributed to suitable nodes (step 4 in Fig. 5). This time it is the node 
with the highest share of the total truck flow count (or population 
density/hydrogen demand according to section 2.4.1, where truck flow 
count is not available) among truck stops in the region that gets the first 
pump. The inverse of the total number of HRSs for that region is then 
deducted from the share in this node, before the process is repeated.

In each country, if there is a decimal part of an HRS left, this one is 
distributed individually; a whole pump is added to the station size but 
the lower level of demand is registered as a decimal part of a pump in 
that node.

There is one exception to the above process: the first time a region or 
a node receives an HRS, nothing is deducted, which means this node or 
region will also get the next pump if there are any left to distribute. This 
promotes building stations with two pumps or more, to avoid unrea
sonably many small HRSs being built very close to each other.

Queueing effects could impact the needed capacity at each station, if 
many trucks attempt to refuel at the same time. This is not considered in 
this model.

2.5. Constant power algorithm

To be able to discuss the performance of the Dynamic Power algo
rithm presented in section 2.3, we also run a Constant Power version of 
the algorithm. Instead of calculating specific power on each link, this 

one uses an average energy consumption per km. This average is ob
tained as the average energy consumption per km between the different 
routes run in the Dynamic Power algorithm, which is 2.21 kWh/km as 
depicted in Fig. 7.

2.6. AFIR comparison

As mentioned, the AFIR requires countries to build one HRS every 
200 km along the TEN-T core network, and one in every urban node 
[20]. Using these criteria, the number of refueling stations for each 
country has been estimated [78]. This data is presented, discussed, and 
validated in appendix C.

3. Results: model evaluation

To analyze the influence of different features and assumptions on the 
model, the results from different runs are compared in this section. The 
Dynamic Power algorithm is compared to the Constant Power algorithm, 
using the base case tank size of 75 kg. The Dynamic Power algorithm 
results are also compared for 60 kg, 75 kg, and 90 kg tank sizes, as 
motivated in section 2.3.2. For these cases, the share of trucks running 
on hydrogen is 15 %. It is worth mentioning that the Dynamic- and 
Constant Power algorithms run with similar compute times.

3.1. Route simulation details

To better understand how the model distributes energy, and how 
different assumptions may affect this, we here present a detailed 
description of the energy distribution from the Dynamic Power algo
rithm on one of the 597,000 modeled routes. Fig. 6 shows the results 
from one route run with a 75 kg tank, between Nordburgenland in 
Austria and Arrondissement Antwerpen in Belgium. It is 1183 km long 
and requires 2585 kWh of hydrogen. There are 222 nodes on this trip, 
running along the x-axis, scaled according to the distance between 
nodes. The refueling load assigned is indicated by the shaded vertical 
areas. The speed and elevation are shown as the brown and green lines, 
respectively, impacting the power requirement (red dashed line) in each 
link going between the nodes. This in turn affects the cumulative energy 
demand shown in black. Where the power line is accompanied by a light 
blue bar, the power required is negative, and the battery is being 
charged through regenerative braking.

Since the power requirement drives the energy consumption on each 
link, trucks on some routes will on average spend more or less fuel than 
they would on an average route. This depends on the link speed and 
inclination. The route average fuel consumption is used for all routes in 
the Constant Power algorithm. Compared to the Dynamic Power algo
rithm, the Constant Power algorithm will thus assign refueling earlier 
on-route, and more refueling on arrival (or the other way around) for 
some routes. This results in a shift in assigned refueling infrastructure 

Fig. 5. Visualization of the HRS distribution algorithm. 1) The hydrogen demand from the nodes are summed up to NUTS3 region level, and then 2) to country level. 
Required number of HRSs per country are calculated, and then distributed 3) to NUTS3 regions and from there 4) to nodes. Red links indicate a road, to give context 
to the nodes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Hydrogen refueling station (HRS) sizes used in this work, modified from Rose 
et al. [33] referencing Elgowainy and Reddi [77].

Unit XS S M L XL

Number of trucks Trucks/ 
day

0–15 15–30 30–60 60–120 120–240

Number of 
pumps

Pumps 1 2 3–4 5–8 9–16

Daily hydrogen 
capacity

kg/day 1125 2250 4500 9000 18000

Annual hydrogen 
capacity

tonnes/ 
year

394 788 1575 3150 6300
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between countries/regions. This is visualized for two routes in appendix 
D. The total differences between the algorithms are discussed in section 
3.3.

3.2. Average energy use per km

After running all routes in the Dynamic Power Algorithm, the 
average energy per km for each one is calculated. The averages exclude 
ferry links. The mean of these averages is 2.21 kWh/km with a standard 
deviation of 0.11, as presented in Fig. 7. This value is used for the 
Constant Power algorithm. This average is in line with the factor given 
by Basma and Rodríguez [71] (2.21 kWh/km). The one used by Liu et al. 
[35] (2.38 kWh/km) is somewhat higher, and outside the standard de
viation. Rose et al. [33] (1.63 kWh/km) is considerably lower. For a 
real-world comparison, a Mercedes Benz truck ran (fully loaded, 

requiring more energy per km) a 1047 km demonstration run on 88 kg 
liquid hydrogen [69], which would represent 2.80 kWh/km.1

3.3. Model output comparisons

Results from the Dynamic Power base case simulation were 
compared both with the Constant Power algorithm, as well as with the 
60 kg and 90 kg tank Dynamic Power simulations. Fig. 8 displays the 
differences in the absolute number of HRS pumps for each country in 
each of the comparisons, and the factor difference in HRS capacity. For 
the top graph representing the differences between the constant and 
dynamic algorithms, the most notable countries are Germany and 
Poland. They receive 229 fewer and 261 more stations, respectively, 
with the Constant Power algorithm compared to Dynamic Power. For 
Germany, this decrease corresponds to a third of their capacity, whereas 

Fig. 6. One simulated route. The x-axis represents distance driven along the route. Elevation (green) and velocity (brown) impacts power (red), which results in a 
total cumulative fuel demand (black). Where the power is accompanied by a light blue bar, the power needed (Plink) is negative and is utilized for regenerative 
braking, which in turn decreases the cumulative fuel demand. Refueling demand allocated to nodes along the route is depicted with vertical shaded areas. Speed limit 
(blue) is included to specify where the truck runs slower than the speed limit. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)

Fig. 7. Distribution of average energy use between the 597,000 routes modeled in this study.

1 The average energy consumption in kgh2/100 km would be, for these 
different sources:2.21 kWh/km = 6.6 kgh2/100 km; 2.38 kWh/km = 7.1 kgh2/ 
100 km; 1.63 kWh/km = 4.9 kgh2/100 km; 2.80 kWh/km = 8.4 kgh2/100 km.
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the increase for Poland means a doubling of the allotted capacity. In the 
bottom graph, investigating the impact of tank size, the differences are 
much smaller. The factor change between the scenarios is less than 10 %, 
except for some countries with very few stations in total. The impact of 
tank size thus appears marginal compared to the impact of considering 
dynamic power in this model.

This is also shown on NUTS3 level. When simulating with Constant 
Power, the number of regions where the difference in HRS pumps is 
larger than 1 is 449, out of the total considered 1538. When simulating 
varying tank sizes, the absolute difference is larger than 1 for 192 and 
178 regions, respectively. Extreme values vary a lot, and this is elabo
rated on in appendix D.

4. Results: fuel distribution and AFIR assessment

In this section, we use the simulated datasets to assess the re
quirements on a future HRS network in Europe. We first present results 
on the total hydrogen demand and HRS distribution for the base case. 
Second, we present results on the analyses comparing the simulated HRS 
network in 2050 to the AFIR rules for 2030. Geospatial HRS data is 
given, for all simulations using the Dynamic Power algorithm, in ap
pendix G.

4.1. Total hydrogen demand and HRS distribution - base case

The HRS distribution for the base case simulation is shown in Fig. 9. 
Germany shows the highest total annual hydrogen demand of around 7 
TWh annually.2

Fig. 10 shows the ratio of refueling load from on-route vehicles 
compared to arriving vehicles (as defined in section 2.3), for the three 
modeled tank sizes. On-route refueling contributes to the high total 
hydrogen demand seen in e.g. Germany and France (see appendix E). 
Many of the Eastern European countries indicate a low total refueling 
demand, with a high share of it from passing trucks. Even though we are 
not comparing these results to fuel demand for shorter range trans
portation (routes shorter than 360 km, and freight within NUTS3 re
gions), they point to the importance of including international trade 
when modeling transportation energy needs and hydrogen infrastruc
ture deployment.

As expected, Fig. 10 also illustrates that the larger the on-board 

Fig. 8. Differences in number of HRSs for each country individually when comparing the constant and dynamic power algorithms, as well as when assessing the 
effect of assuming different tank sizes onboard the trucks. The constant power algorithm assumes equal energy consumption on each part of the route, and the 
dynamic adapts power requirements to local conditions. This is explained in section 2. Note that the y-axes are on different scales.

2 Annual hydrogen demand, and number of HRSs, on country level can be 
found in appendix E and F, where results from all runs using the Dynamic 
Power algorithm are included. HRS distribution on nodes is given as tabulated 
geographical information as an Excel file, appendix G. Annual hydrogen de
mand on NUTS3 region level is given in yet another Excel file, appendix H. A 
third Excel file, appendix I, gives the number of HRS of different sizes for each 
country and different model run.
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hydrogen storage, the more routes can be traversed on one tank. With 
less refueling needed on-route, more hydrogen infrastructure could be 
provided close to logistics hubs. This is quantified in Table 4, showing 
the shares of routes and transport work that can be completed on one 
tank with the different tank configurations.

4.2. AFIR

The AFIR mandates a certain number of HRS pumps per country by 

2030, and each pump needs to be able to supply at least 1000 kg 
hydrogen per day [20]. Fig. 11 shows the additional capacity required 
per country by 2050, if 15 % of the long-distance trucks are running on 
hydrogen using 75 kg tanks. France would need to add more than 7 
times the AFIR capacity. On the contrary, Romania, Greece, and 
Bulgaria have a lower simulated hydrogen demand in 2050, in our base 
case, compared to the 2030 required supply.

This relationship also holds when running the Dynamic Power al
gorithm with 60 kg and 90 kg tanks, or with 75 kg tanks but varying the 
share of hydrogen trucks between 5 %, 15 %, 25 %, and 35 %. Fig. 12
depicts the added capacity required compared to AFIR for all these cases. 
If this share is 5 % or less, 9 countries will not make use of their 
mandated HRS capacity by 2050. However, at this rate most countries 
would still need equal to or more capacity than AFIR proposes, and at 
higher adoption rates a significantly larger network would be required 
than that mandated by the regulation.

In central Europe, the density of modeled HRSs and pumps is the 
highest, to match the higher demand. This is illustrated in Fig. 13, 
showing the density of pumps and HRSs, respectively, along the road 
network considered for this study. Many countries get more than the 
AFIR mandate on one pump/HRS every 200 km by 2030, but bear in 
mind that the dataset used in this model includes more road distance 
than the TEN-T core network, which is the basis of the AFIR legislation.

5. Discussion

The model presented in this article, SVENG, is an attempt to enable 
new perspectives on the requirements on future hydrogen refueling 
infrastructure for heavy duty trucks in Europe.

Comparing the results from the Dynamic- and Constant Power al
gorithms, it is clear that including local road conditions is important in 
determining where trucks will need to refuel. This especially since 
hydrogen trucks have a smaller onboard energy storage compared to 
conventional ones. Failing to include specific truck power requirements 
would, in this model, result in hundreds of refueling pumps being placed 

Fig. 9. Simulated location and size of discrete HRS.

Fig. 10. Model results for different tank sizes, 60 kg (left), 75 kg (middle), and 90 kg (right), comparing the ratio between arrival- and on-route refueling load. − 1 
(blue) indicates only passing refueling demand, +1 (red) indicates only arrival refueling demand. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.)

Table 4 
Share of routes and tkm, respectively, that can be performed without refueling 
on-route given the different tank sizes.

Tank size 60 kg 75 kg 90 kg

Routes 27 % 40 % 52 %
Tkm 34 % 45 % 55 %

J. Löfving et al.                                                                                                                                                                                                                                  International Journal of Hydrogen Energy 128 (2025) 544–558 

553 



in locations where utilization could be expected to be lower. This in
dicates that other models would benefit from including a dynamic power 
perspective, both to increase the level of detail in the assessments, and to 
further study the impact on dynamic vehicle power across models.

However, there are still many dynamic aspects not covered by this 
model: varying weather conditions, driver behavior, and notably, 
different payloads. In some regions, average energy consumption might 
be higher due to a generally warmer or colder climate, and some regions 
might see fewer trucks carrying heavier payloads than modeled here. 
This could impact both the total energy use and the distribution of 
fueling infrastructure. Beyond energy use on the routes, other factors 
like logistics planning, fuel prices in different countries, congested 
traffic situations, and driver preference will all also ultimately affect 
where refueling is done, which is not represented here. These are all 
variable factors, whereas this study focuses on dynamic adaptation to 
static factors (the inclination and speed limit on a road segment). The 
former would be interesting to include but are by default hard to capture 
in simulations on this scale, and it is difficult to estimate their potential 
impact on the results. The modeling of static factors could also be 
improved, for example by incorporating road data with higher 
resolution.

Tank size, and consequently range, is shown to have a smaller in
fluence on where HRSs should be located compared to incorporating 
dynamic power. However, we do quantify the flexibility associated with 
increasing tank sizes – with 90 kg tanks instead of 60 kg, the number of 
long-haul routes that can be traversed without stopping for a refuel 
doubles. There are many other trade-offs to consider, like technical 
feasibility and available cargo volume, but this insight could help truck 
manufacturers and -operators in deciding which solutions to pursue.

Including international logistics is important for determining the 
total distribution of hydrogen demand from long-haul transportation. 
This is supported by the relationship between arrival- and on-route 
refueling presented in the analysis. It can also be discussed by 
comparing to another large-scale European study done by Rose et al. 
[33], which includes about 1500 OD-pairs, all representing national 
flows within Germany. In this article, over 271,000 OD-pairs either start 
or end in Germany (while others yet are passing through). Rose et al. 
[33] assume all trucks to run on hydrogen, as opposed to the 15 % used 

Fig. 12. Multiplicative factor additional hydrogen refueling capacity for long-haul trucks needed until 2050 under the different scenarios, per country, compared to 
the capacity required by AFIR in 2030.

Fig. 11. Additional hydrogen supply needed until 2050, per country, compared 
to the supply required by AFIR in 2030. Countries with grey Not a Number 
(NaN) values are not part of the EU and thus not covered by AFIR.
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in our base case. The resulting number of discrete HRSs in their study is 
142, compared to 382 in Germany seen in this study (as given in ap
pendix F). Although the smaller number of stations has to do with their 
model being based on optimization, we show that omitting international 
trade leaves out approximately half of the fuel demand from long-haul 
trucks in Germany (Fig. 10), which should have a notable impact on 
this result. Additionally, as mentioned earlier, Rose et al. [33] used a 
comparatively low, fixed energy use factor. This likely underestimates 
the total energy use. Furthermore, as shown in section 3.3, the SVENG 
model underestimated the total number of HRSs in Germany when not 
considering dynamic truck power requirements. We expect this effect to 
be present in any study assuming constant energy use.

As indicated above, the choice of modeling framework is another 
factor that likely has a large influence on the results. By choosing a non- 
optimizing framework, we have implicitly tasked the model to design 
the infrastructure according to other principles than comparable studies. 
As described in section 1.2, the modeling methods used by Rose et al. 
[33], De Padova et al. [34], Liu et al. [35], and Fulton et al. [16] are all 
based on optimization. One notable difference is the size and distribu
tion of HRSs; Rose et al. [33], De Padova et al. [34], and Fulton et al. 
[16] find that their model prioritizes large and few stations, while the 
model presented here and the one presented by Liu et al. [35] (opti
mizing for demand cover rather than cost) generally build more and 
smaller stations. Rose et al. [33] states that the total system utilization in 
their model goes up if they lower the maximum allowed daily output 
from HRSs (which results in building more and smaller HRSs), and, one 
could argue that a more spread-out refueling network would also be 
more convenient for drivers and make a more redundant system, if there 
are enough users. This is also supported by the findings in Fulton et al. 
[16]. Thus, while the optimization-based models give an interesting 
perspective on strategic locations to capture refueling demand with few 
HRSs, this model complements them with some interesting perspectives 
on how to structure the system in a longer term after the first vehicle 
introductions. Accommodating the large data volumes and the geo
spatial power detail possible in our model, together with financial fac
tors, would make for an even stronger assessment.

The comparison with other studies points to the complexity of un
derstanding future infrastructure requirements. Transport work is, in 
this study, extrapolated to 2050 by only correlating it with GDP. As 

shown in appendices A and B, this correlation is not strong for all 
countries. Additionally, basing the projections on modeled GDP in
troduces additional, inherited, uncertainties. Modeling future technical 
systems always include trade-offs of this kind, and the results should be 
used with this in mind.

Another assumption made in the SVENG model is that a flat share of 
trucks across all of Europe would run on hydrogen, which is a simpli
fication. We have attempted to make this more accurate by only 
considering trucks going on long-haul routes longer than 360 km. In 
future developments, it might be interesting to create scenarios with 
diffusion rates differentiated between countries, and to include shorter 
range freight routes. Fulton et al. [16] simulates different scenarios for 
hydrogen road vehicle diffusion in California, and find that we could see 
high share of hydrogen technology in all studied modes. But, due to 
different conditions, notably policy [79–81], these results are not 
directly applicable to Europe, and more research in this area would 
facilitate better scenarios for hydrogen demand modeling. Furthermore, 
the connection to other mobile energy uses, like off-road, construction, 
shipping, and aviation, and stationary uses like industry and chemicals 
production, could further impact where it makes sense to locate refu
eling stations from a supply perspective. Future studies should integrate 
this to investigate the comprehensive transportation system.

According to results presented in this article, countries with high 
levels of long-haul road transport work will benefit from complying with 
AFIR, considering their simulated required additional refueling capacity 
between 2030 and 2050. However, for some countries, AFIR is more 
likely to entail a burdensome investment, unless hydrogen trucks as
sume a sizeable share of the total freight. The legislation is based on 
TEN-T road distance and number of urban nodes per country, which are 
easy and understandable metrics for legislators to work with. Evidently, 
this does not mean that they are parallel to the long-haul road transport 
work, and subsequent fuel demand, in a country. As discussed above, it 
is very uncertain where and to what extent hydrogen technology for 
transport might be adopted, and we have in this study only tested 
different outcomes by varying total market diffusion.

It is, furthermore, debatable whether the countries with low pro
jected annual transport work will be the frontrunners in adopting 
hydrogen vehicles, which might further increase the gap between the 
installed infrastructure and the need. The recent, rapid, development of 

Fig. 13. Number of refueling pumps (left) and discrete HRSs (right) per 100 km, per country. One HRS can hold multiple pumps.
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battery-electric trucks has additionally raised the question whether 
hydrogen trucks will be used at all, beyond niche applications [82]. 
Under-adoption in one or more countries could result in a situation 
where some EU countries would rather pay a fine than put money and 
effort into building unused HRSs. However, compliance with AFIR is 
meant to facilitate hydrogen truck diffusion, and investing early could 
be what is needed to spur adoption. Policymakers, fleet owners, and 
industries need to reflect on whether hydrogen is the right solution 
everywhere, and if so, how to ascertain a viable and self-sustaining 
hydrogen economy, with appropriate demand to match the supply.

In conclusion, SVENG incorporates higher detail on truck power 
requirements than previous models, which is found to increase the ac
curacy of the simulated future need for hydrogen refueling capacity in 
Europe. By including 597,000 cargo flows, the SVENG model provides a 
more comprehensive assessment over a larger area than previous articles 
studying hydrogen refueling infrastructure. Data from SVENG can, 
further, be used in the planning of the European energy infrastructure, 
and the model itself can be further extended to assess other drivetrains 
and transport modes.
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