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Abstract: Green hydrogen for mobility represents an alternative to conventional fuel to decarbonize
the transportation sector. Nevertheless, the thermodynamic properties make the transport and the
storage of this energy carrier at standard conditions inefficient. Therefore, this study deploys a
georeferenced optimal transport infrastructure for four base case scenarios in France and Germany
that differs by production distribution based on wind power potential and demand capacities for the
mobility sector at different penetration shares for 2030 and 2050. The restrained transport network to
the road infrastructure allows focusing on the optimum combination of trucks operating at different
states of aggregations and storage technologies and its impact on the annual cost and hydrogen
flow using linear programming. Furthermore, four other scenarios with production cost investigate
the impact of upstream supply chain cost, and eight scenarios with daily transport and storage
optimization analyse the modeling method sensitivity. The results show that compressed hydrogen
gas at a high presser level around 500 bar was, on average, a better option. However, at an early
stage of hydrogen fuel penetration, substituting compressed gas at low to medium pressure levels
by liquid organic hydrogen carrier minimizes the transport and storage costs. Finally, in France,
hydrogen production matches population distribution, in contrast to Germany, which suffers from
supply and demand disparity.

Keywords: hydrogen transport; flow optimization; cost optimization; liquid organic hydrogen carrier
(LOHC); compressed hydrogen; liquid hydrogen

1. Introduction

The interconnection of our energy demand to conventional fuel and environmental
impact underlines how vulnerable our energy system is, but also how resilient it could be if
alternative solutions are integrated. On the one hand, the change in energy demand affects
the oil market and shows how important it is to achieve energy security. On the other hand,
recent events also underline the strong correlation between the decrease in energy demand
and the decrease in greenhouse gas emissions; a positive short-term impact perhaps, but
this could prove temporary in the long run when the same economy stimuli taken in the
past are reproduced, as historically happened after recessions [1]. Therefore, the current
situation offers a possibility to rethink how to achieve a more secure and decarbonized
energy system and to include decentralized energy systems. This could be achieved using
renewable energy sources (RES), which enable the transformation of the entire energy
system because of the potential of coupling different sectors, e.g., power and transport
sector. This concept could be mainly beneficial for the transport sector, which is still,
with the exception of the beginning of this year, highly energy intensive and dependent
on fossil fuels. Taking the European Union as an example and as the context for this
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analysis, the mobility sector had a share of more than 30% of the final energy demand in
2017 [2]. Meanwhile, it still struggles with its high dependency on oil products, exceeding
90%. Finally, the transport sector is still highly carbonized, as it is the only sector where
greenhouse gas emissions are increasing [2].

In this context, hydrogen could be used as a single merged energy vector that connects
industry to transport and power sectors, offering an alternative solution to the increasing
demand and dependency on conventional fuels. Hydrogen could be used as a short- and
long-term storage solution that allows facing the intermittence character of renewable
sources using electrolysis technology, which will favor the production from local RES, and
could benefit, in parallel, to road transport sector via fuel electric cell technology. Using
hydrogen as an energy carrier combines both the success of battery electric and internal
combustion engine technologies, as it provides good comfort, with the benefits of electric
driving, including having high efficiency, being environmentally friendly (in the case of
green hydrogen), and being a form of silent technology. In addition, it has the advantage
of a low refueling time and a high driving range. Nonetheless, the physical and chemical
properties of hydrogen are a disadvantage to make it a good energy carrier compared to
conventional fuels, as it is still mainly handled as compressed gas with the drawback of
low energy density and higher storage system weights and costs.

Therefore, this article aims to shed a light on other technologies that could be used
to transport and store hydrogen, to achieve a cost-efficient deployment transport system
following the road infrastructure. The methodology will also be using linear programming
to minimize the cost and geographical distribution to visualize the different flows trans-
ported at the national level for the case of France and Germany and different production
and demand scenarios. The primary motivation of the study aims to extend the existing
literature that couple cost optimization and geographical distribution to the scale of two
countries, while assessing various hydrogen states of aggregations.

2. Literature Review

When it comes to hydrogen infrastructure and supply chain cost, the pioneering work
of Amos [3] gave a complete cost overview of different investment costs and operations and
maintenance costs of various transformation and transport hydrogen options, including
compressed gas and liquid, using rail, road, maritime, and pipeline infrastructure. This
work was later used as the main cost reference for many studies that assessed and compared
different hydrogen transport and storage pathways [4–6]. For instance, the cost-efficient
pathway to transport and distribute hydrogen from centralized production to a direct or
local distribution network was performed using compressed gas trucks, liquid trailers, and
a pipeline system [6]. Nevertheless, the methodology is based on a cost comparison of
different transport pathways and does not optimize the overall transport infrastructure.
Moreover, compressed gas hydrogen technologies maturity and new transport options
novelty increased transported capacities and reduced the cost. Thus, many contributions
to hydrogen infrastructure and supply chain costs updated the hydrogen state to account
for new technologies [7–11]; other works integrated linear programming to investigate a
cost-efficient infrastructure deployment and applied it at national and regional deployment
case scenarios [12–21].

Thus, linear programming allowed to investigate the optimum infrastructure solution
and apply it to regional and national cases, which differed by the scope of application
and the optimized functions. For instance, in some analyses, the total supply chain was
optimized [12,13,17,18], while other work focused on distinctive aspects related to produc-
tion, storage, or distribution [14–16,19]. Thus, hydrogen produced using only biomass was
studied for the transport sector in Jeju island, South Korea, by dividing the total supply
chain to be optimized into two sub-chains related to biomass feedstock and hydrogen
production [19]. Only storage location and state of aggregation were the focus of the opti-
mization analysis in South Korea [14], while the total infrastructure cost was minimized for
the case of the United Kingdom [17]. In this case [17], a decomposition of the study case
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into a dozen grids was performed, to investigate the connections between the regions, and
to analyze the type, the size, and the location associated to the different production, storage,
and transport technologies. Studies also included multi-objective optimization, e.g., for
the case of the United Kingdom, the uncertainty related to the hydrogen demand was also
included in the analysis based on liquid hydrogen as a transport carrier [18]. Other studies
also introduced the environmental impact in their existing optimization model as a cost
function [22,23].

Finally, the geographical distribution of hydrogen transport allowed visualizing the
optimum transport network within a region or a country, mainly based on integer linear
programming results performed in parallel. For instance, several studies focus on the
pipeline network deployment because of its flexibility, e.g., [24], or restrain the transport
via road infrastructure to the main highway system, e.g., [25]. A more complex road system
was taken into account for smaller scales to investigate the final hydrogen distribution
infrastructure in the city, e.g., [26]. Focusing on large scale visualization, Almaraz, Azzaro-
Pantel, Montastruc and Boix [25] proposed an approach to design an optimal hydrogen
supply chain at the national level with geographical visualization in France based on a
regional optimization cost model [27] by 2020 and 2050. The network flow is simplified by
considering the center of the 21 grids used for the optimization problem to correspond to
the cities used for the transported flow.

This literature analysis shows two gaps that must be further explored when it comes
to investigating hydrogen transport modeling and visualization: (1) Extending hydrogen
transport and storage evaluation to novel technologies, while performing an optimiza-
tion rather than a transport pathway comparison, in order to converge to the optimum
infrastructure; (2) Finding a balance between a complex transport infrastructure, which
is representative of the reality, and a large scale-modeling framework not restrained to
regional or city-scale simulations.

In this scope, the analysis performed is based on two developed optimization mod-
els [28,29] that use seven different transport and storage options and three states of aggre-
gation, including compressed gas, liquid hydrogen, and liquid organic hydrogen carrier
(LOHC). Trucks are used to transport hydrogen, and a detailed European road map, in-
cluding highways and first and secondary roads, was used to geographically visualize
hydrogen transport at a scale of two countries, France and Germany, which do not have
any common hydrogen economy initiatives and differ by their energy and power systems.
Another novelty of the work resides in the fact that the modeling coupled to the geographi-
cal visualization is performed under different frameworks that differ by the production
and demand scenarios and the modeling method, which allows investigating the impact of
the three parameters on the infrastructure cost and the transport technology used.

3. Methodology

The hydrogen supply chain can be broken down into production, storage, transporta-
tion, and distribution to the end-user. In the analysis, hydrogen transport and storage
infrastructure using the road network is the focus of the optimization method. The method
used linear programming to minimize the cost and a geographical referencing system to
visualize the different flows transported based on different states of aggregation.

Hydrogen production and demand are considered fixed and proportional, respectively,
to electricity generation and mobility use. Their locations and capacities were simulated
using different models to construct the defining model framework.

3.1. Defining the Model Framework

As the model aims to optimize the transportation system, production and demand
scenarios have to be defined. For hydrogen production, a proportional production to wind
electricity generation was assumed, and two different scenarios based on distributed and
located production are investigated. In contrast, hydrogen distribution locations were
fixed based on demand for the mobility sector and were simulated based on two different
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scenarios that differ by the share of penetration of fuel cell technology on the mobility
sector. Finally, hydrogen is transported using the road infrastructure, to investigate the
impact of seven different transport technologies, including liquid hydrogen, LOHC, and
compressed hydrogen, at different pressure levels.

3.1.1. Hydrogen Production

Considering green hydrogen production and the study framework, wind generation
as an energy source was identified to be a suitable option to compare hydrogen transport
for the different scenarios as developed in the case study and modeling framework.

Wind Electricity Generation

From the perspective of future hydrogen production, the projected wind electricity
generation is based on the installed capacity in 2016 of different wind farms Ity16(ic) located
in i along the average capacity factor CFt,c associated with each technology t for a given
country c. The projection of wind generation was done assuming technology maturity. This
means that a suitable wind farm location was already distinguished and that a future wind
farm will be at the same location. This allows calculating the projected generation Gpry(ic)

of the wind farms located in ic, for onshore and offshore technologies, proportional to the
national generation increase ∆Iyt,c to the reference year, as shown in Equation (1):

Gpry(i) = Ity16(ic)·CFt,c·∆Iyt,c (1)

Hydrogen Production

The generated wind electricity Gpry(i) is then conducted to the electrolyzer to drive
the electrochemical splitting of water based on the higher heating value HVH2 to calculate
the efficiency [30]. Three main technologies could be used associated with electrolysis cells
including alkaline, solid oxide, and proton exchange membrane (PEM). The last technology,
although less mature, has the advantage to provide hydrogen at high compression and
purity rates, and with flexible operation and response times, which makes it suitable for
intermittent sources [31]. Thus, the total hydrogen production Tpd can be described as
clustering the different wind farms, as shown in Equation (2):

Tpd (j) = ∑
i∈cluster

Gpry(i)

HVH2
(2)

The hydrogen production location i is calculated from the clustered wind farms, equal
to the power generation center of mass, as expressed by Equation (3):

(Lat(j), Long(j)) =

(
∑i∈Wcluster Gpry(i)·Lat(i)

∑i∈Wcluster Gpry(i)
,

∑i∈Wcluster Gpry(i)·Long(i)

∑i∈Wcluster Gpry(i)

)
(3)

Hydrogen Production Cost

The production cost was introduced in some scenarios as a sensitivity analysis to
investigate the impact of upstream costs on the cost of transporting hydrogen. These costs
were based on the National Renewable Energy Laboratory (NREL) model for hydrogen
production from the PEM electrolysis of RES [32]. In fact, even with current higher cost
compared to alkaline technology, a review based on knowledge from industrials and
researchers placed PEM as the most promising technology for green hydrogen production
by 2030 [31].

The costs were simulated at different plant design capacities, varying between one ton
per day (TPD) and 200 TPD using the NREL model, and then various electricity prices for
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the fixed capacity to conclude to the levelized cost of hydrogen production as a function of
plant capacity Tpd and the electricity price Pe, as shown in Equation (4):

LCOPH =

{ 55Pe+1.6
100 (174− 13.11ln(Tpd)) f or Tpd ∈ [1, 10] TPD

55Pe+1.6
100 (67− 1.74ln(Tpd)) f or Tpd ∈ [10, 200] TPD

(4)

3.1.2. Hydrogen Demand

To project hydrogen demand capacities and location for different penetration scenarios,
the NUTS-2 (a Nomenclature of Territorial Units for Statistics decomposition) regional
demand based on the demand from the light-duty road transport sector was calculated.
The distribution hubs are then determined by clustering the existing conventional fueling
station within each region.

The regional hydrogen demand projections are calculated, taking into account the
population distribution by NUTS-2 projection Popy(r) [33]. This allows estimating the
regional car park projection, considering a constant ratio car per capita CAR16(r)/Pop16(r).

To account for other behavior change that could be affected in the future, the need
for transportation translated by the yearly average traveled distance per capita owning a
private vehicle Dtravel,y (r) is projected to follow a historical trend. Finally, the penetration
scenarios and the share of fuel cell electric vehicle (FCEV) pFCEV,y and a homogeneous
technology with the same driving range dr of 500 km for 4 to 6 kg of hydrogen [34] was
used to project the regional demand Equation (5):

dy(r) =
CAR16(r)
Pop16(r)

Popy(r)·Dtravel,y(r)·pFCEV,y·dr (5)

The same methodology for determining production location was used to define
distribution hub locations and demands considering this time a clustering of existing
refueling stations within an area limited by the NUTS-2 regional demand, where the
demand hub dy(i) is defined by Equation (6), and the location calculated from the centroid
of the clustered refueling station:

dy(i) =
NFuelS(i ∈ Fcluster)

NFuelS(r)
dy(r) (6)

3.1.3. Hydrogen Transport

Hydrogen is transported and stored using seven states of transport as a compressed
gas at low, medium, and high-pressure levels, as a liquid, and bounded to a LOHC. In this
study, and to allow the comparison of the different states, an adequate road network was
considered, defined from a set of edges and nodes. The edges of this network consist of
the different roads and the nodes of the different production, distribution, and potential
storage locations.

The choice of the road network impacts the cost and the infrastructure choice, as a
complete road system would increase the processing time in contrast to a simplified one
that would give underestimated results.

In this analysis, two road networks are used: one includes the case study framework
to define the production, demand, and potential nodes; the other is used to transport
hydrogen and includes bordering countries via truck to investigate the impact of different
states of aggregation.

Concerning the storage option, and to allow the flexibility associated with road
transport, hydrogen is considered stored in-ground tubes in different states by allowing
transformation between transport and storage.

3.2. Model for Optimum Transportation Cost and Technology

The general model aims for the road network to be defined for each scenario, to
link the production nodes P ⊂ N to the distribution nodes D ⊂ N at the minimum cost
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using seven different states of transport (SoT) t. This will be based on the minimum cost
along each edge eij linking two nodes, i and j, and the optimum combination of flow xij[t]
transported by each transport state t.

3.2.1. Minimum Edge Cost

For each edge eij, where hydrogen is at an initial state of aggregation s, a linear
problem LP is formulated to identify the optimum combination of trucks at different states
of aggregation t that will be used. Thus, the variables to be determined are the annual flow
transported by each truck at different SoT t between the two locations xij[t].

The cost associated with each transport state t is broken down into the initial cost
related to the work transformation process from s to t, and the cost of transporting and
storing hydrogen at its final state t at the destination location j. The linear approximation of
transformation and storage capital costs allow to define the objective function to minimize
as the sum of the linearized levelized cost for transforming LCOHT [s, t], transporting
LCOHR[t], and storing hydrogen LCOHS[t] associated with each transported capacity
xij[t] to be determined between the two nodes i and j, as shown in Equation (7) [28,29]:

z(s, t) = ∑
t
( LCOHT [s, t] + LCOHR[t] + LCOHS[t])xij[t] (7)

The LP problem is brought to its standard form by replacing the inequality, by the
equation associated with the total flow balance, and the fact that the total flow transported
by the trucks at different states of aggregation must meet the total flow fij along the edge
eij. This total flow is deduced from a minimum flow problem defined by a given scenario.

3.2.2. Network Flow and Cost

The parallel model simulates the optimum flow Fip jd links of each hydrogen production
nodes np ∈ P of the total capacity pnp to the distribution hubs nd ∈ D of demand djd . As
all trucks are using the same road network, Fnpnd is considered independent from the state
of transport t. This allows to reduce the LP to a transport flow problem where only the cost
related to the transport distances dnpnd are considered, including fuel cost and labor cost
under a road cost LCOHR minimized under capacity and mass balance constraints related
to the conversion of the flows entering and leaving the different nodes [30].

Determining the total flow allows defining the edge flow fij, used as a capacity
constraint in Equation (7), as expressed in Equation (8):

fij = ∑
(npnd)∈I eij

Fnpnd

I eij =
{
(np, nd )| (np, nd

)
∩ eij 6= ∅

(8)

Finally, using the minimum cost at each edge z(s, t), the total infrastructure cost is
minimized, taking into account different input states:

• s = 0, 1 corresponding to the initial state, at standard temperature and pressure (or
20 bar in case the production cost is taken into account for pre-compression work);

• s ∈ Ts if the node is a storage node, where the state of aggregation is changed;
• s = 7, corresponding to the final delivery state as compressed hydrogen at 720 bar.

Thus, the minimum cost of the entire infrastructure is defined as the sum of the
minimum cost results of linking to each other, the different production nodes P, the
demand nodes D, and the rest of the nodes H = N − (P ∪ D) as defined by Equation (9):

Cost = ∑
s∈Ts

 ∑
(P,N−P)

z(0, t) + ∑
(N−H)2

z(s, t) + ∑
(N−D,D)

z(t, 7)

 (9)
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4. Case Study: France and Germany

The case study analyzed included France and Germany, which do not have any
common hydrogen economy initiatives and differ in their energy and power systems.
However, under the current energy and future hydrogen policies [35], the model can
simulate hydrogen production from wind power and demand for the mobility sector
in order to compare and investigate the two countries in an optic of a single European
hydrogen market. In fact, this represents the two common axes related to decarbonizing
production via integrating renewables and targeting decentralized demand.

4.1. The Case of France

France’s power system has a high share of nuclear power in electricity generation,
followed by hydropower. The transport sector in France, similar to the rest of the European
Union, is still highly oil dependent and carbonized. However, future energy policies are
pushing to rethink the energy system in France by maintaining a maximum of 50% nuclear
power generation by 2050 [36] and stopping the exploitation of fossil fuels by 2040, which
will increase the share of renewable sources in the energy mix. The part of RES in the
electricity mix is expected to increase as well, mainly affecting the installed wind capacity.
Thus, onshore wind capacity is estimated to range between 40 and 52 GW, and offshore
wind between 10 and 15 GW by 2035. In parallel, the climate plan’s main priority is to
deal with light-duty cars by setting the deadline for selling the carbon-emitting vehicles to
2040 [36] by gradually replacing them with alternative fuels.

Meanwhile, hydrogen is at the center of the energy transition in France because it is
coupled with RES, and its deployment follows three main axes [37]. The first one aims to
decarbonize 40% of hydrogen production by 2028. The second one concerns the transport
sector and aims to reach a share of 10% of hydrogen and ammonia in alternative fuel for
transport by 2030. The third axis concerns the use of hydrogen to increase the storage
capacity of RES, which can allow covering 15% of the final energy demand [38].

4.2. The Case of Germany

The energy system in Germany is entirely different compared to the current situation
in France, as it is driven by a nuclear phase-out, replaced by a high share of renewable
energy. However, this nuclear phase-out strategy has increased the share of coal in the
electricity mix, despite enhanced RES strategies. Nonetheless, the second phase of the
energy transition in Germany is mainly targeting the increase of renewable energy sources
in the energy mix and reducing greenhouse gas emissions as the main solutions against
climate change and energy security. The aims in Germany are security of supply combined
with a nuclear and lignite phase-out by 2022 and 2038, respectively [39], which can only be
achieved by increasing the share of RES. This will mainly impact the installed wind capacity,
as the total electricity generation for onshore and offshore wind are projected to reach
170 and 80 TWh, respectively, by 2030 [40]. In parallel, the main objective of the transport
sector concerns reducing the greenhouse gas emissions by increasing efficiency and the
share of renewables, resulting in a 40% reduction of petrol and diesel consumption [40].

Thus, by increasing efficiency, FCEV are mainly targeted as the second most efficient
alternative to conventional fuel. Moreover, it allows diversifying the fuel sources mix.
Concerning production, hydrogen is seen as a potential vector in the energy transition to
store excess electricity from renewable energy and achieve more flexibility and electricity
balance. Finally, and in contrast to France, which sets targets on FCEV fleet deployment,
Germany focuses on the deployment of an appropriate infrastructure aiming to establish
400 hydrogen refueling stations by 2025 using public funds through 2026 [41].

4.3. Common Framework

The hydrogen supply chain considered for both countries can be broken down into
production, storage, transportation, and distribution to the end-user. In the analysis,
hydrogen transport and storage infrastructure using the road network is the focus of the
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optimization method. Thus, hydrogen production and demand are considered fixed and
proportional, respectively, to wind electricity generation and mobility use.

4.3.1. Production Framework

Considering green hydrogen production and the study framework, wind generation as
an energy source was identified to be a suitable option to compare the hydrogen transport
in the frameworks of France and Germany. In fact, Germany already has a high wind
energy share, mainly centralized in the north with the populated and industrial areas
mostly located in the south and west. In contrast, in France, despite the high share of
nuclear power, the east region has a high wind potential pushed by a national plan to reach
an installed capacity of 45 GW onshore wind power by 2030 [42].

Different data sources were investigated to collect information about the different
wind farm installed capacity in both countries [43–46]. Finally, all the data for onshore
and offshore wind farms in Germany were gathered using one single source given by
OPSD [44] because of the complete georeferenced wind farms. For offshore wind farms in
Germany, the same data source also included planned projects and projects that are under
construction.

For France, different sources [46,47] were used to extract the different onshore wind
farm capacities and locations. For offshore wind, the current installed capacity was negligi-
ble compared to the total planned and projected data.

Table 1 summarizes the total installed capacity of the wind farms for which geograph-
ical information was available for the reference year 2016.

Table 1. Wind dataset that contains geographical information.

Data
France Germany

Onshore Offshore Onshore Offshore

Data set of installed wind farms 13.57 GW - 50.42 GW 5.32 GW
Data set of planned wind farms - 4.05 GW - 8.60 GW

Calculated based on [43–46].

Finally, taking into account two different clustering methods (as defined by Equa-
tions (2) and (3)), two scenarios corresponding to different distribution of production
capacities are developed, corresponding to centralized production and distributed produc-
tion Figure 1.

In the sensitivity analysis, production cost was taken into account and was calculated
using Equation (4), including different electricity costs associated to France PeFR and
Germany PeDe depending on the location of the hydrogen production plant and the
capacities, as defined by the clustering method. For both countries, correspondence
has to be found between the annual electrical demand and the plant production size.
Thus, Table 2 shows the corresponding maximum production plant size that could be
run using the different bands. These band correspond to the consumption classification
introduced in 2008 by the European Commission statistics to account for different annual
consumption [48].

Table 2. Maximum production plant (HPP) size for different non-household consumers (band).

Band Classification Below IC ID IE IF IG

Maximum HPP size in TPD 1 1.25 12.3 42.0 97.2 200
PeFR in €/kWh 0.111 0.092 0.077 0.064 0.055
PeDE in €/kWh 0.197 0.170 0.136 0.118 0.110

1 A correspondence was calculated between production capacity in TPD and electricity consumption in MWh for
the different consumption band introduced by EC Eurostat [48].
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Figure 1. Location of wind farms and distributed hydrogen production plants (HPP). Changing the clustering methodology
form narrow to wider allows defining a localized scenario with 22 HPP (12 in Germany).

The different clustering methods gave two different scenarios that vary by the hydro-
gen production locations and distribution, as shown in Table 3.

Table 3. Maximum production plant (HPP) size for different non-household consumers (band).

Production Distributed Centralized

Country France Germany France Germany

Number of production plants 32 41 9 12
Minimum LCOPH in €/kg 2.32 3.88 2.32 3.88
Maximum LCOPH in €/kg 3.17 6.87 2.38 4.06

4.3.2. Distribution Framework

All the demand projections are calculated per region defined by the population dis-
tribution. Each region corresponds to the NUTS-2 regions as defined by Eurostat [49,50].
First, the population of each NUTS-2 region r [51] was taken and projected using the main
scenario of population projection at a national level [52]. This allows forecasting the car
park NUTS -2 regional numbers [53]. In fact, the main indicators used for population
projection were fertility, death rate, age dynamic (share of more than 64 to less than 15),
and, to a lesser extent, net immigration. Because of low fertility and death rates in the
investigated countries, population projection is mainly driven by age dynamic, which has,
in the case of France and Germany, a proportional increase between national and different
regional levels. The same relation is noticed between the national and regional increase
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regarding the share of different young and elder populations that mainly influence the car
park distribution.

In France and Germany, the need for transportation can be estimated by looking at
the yearly average distance in km traveled by a person owning a private vehicle. This
parameter is deduced from the number of populations and the car park, or the total traveled
distance in million-person km. The main projection of European population growth is
kept homogeneous [52], while the need for transportation in the coming 10 to 35 years
was projected, taking into account historical trends. In fact, before the lockdown related
to COVID-19, the need for transport was constant in the case of France, mainly due to
central population distribution around Paris, where the population density reached its
maximum. This yearly average distance traveled per capita Dtravel,y(r) is constant in France
since 2000 [54], reaching its maximum value Dmax of 13,366 km per capita. For Germany,
the yearly average distance traveled per capita is still increasing [54] because of regional
distribution and a higher number of medium and high population density areas that favor
commuting because of numerous job opportunities.

The car park prediction associated with the share of FCEV in transport can give an
idea about the number of cars using conventional fuel that should be replaced. However,
the penetration of the alternative fuels on the market is in an early commercialization
phase, which makes it challenging to have an estimation about the share of new car
technologies, mainly electric and hydrogen, in the car park projections. In fact, in terms of
common policies, including France and Germany, hydrogen was not directly targeted, as
the renewable energy directive pointed out a share of 6.8% of advanced renewable fuels
by 2050 in the transport sector without any specific requirement [55]. This was revised
and extended the share of renewable energy in transport to a mandatory minimum of 14%,
targeting mainly biofuels [56], which opens perspectives for mainly battery electric and
fuel cell electric vehicles.

For this study, a common scenario EU4 developed by the IEA for four European
countries was used for the demand framework [57]. The share of FCEV pFCEV,y is taken
equally for the two countries to 2.4% by 2030 (or low penetration scenario case) and 28.5%
by 2050 (or high penetration case). This scenario was chosen as it was more focused on the
mobility sector and included France and Germany in the case studies. Another reason is
that it allows a quantitative analysis of the demand at two years with a big penetration gap,
which allows investigating the impact of a high increase of FCEV technology penetration.
Recent scenarios matched to a certain extent the EU4 scenario, where the hydrogen council
projected a share of 25% of hydrogen in passenger cars [58]. A recent outlook adjusted
this share further down [59], to account for 14% of hydrogen in the transport sector in case
of the same historical demand level (excluding 2020, where the demand for the transport
sector is projected to decrease). However, the implication on the mobility sector is still
unclear, with the shift of priority for road transport in recent policies to public transport
and heavy carbonized vehicles [58–60].

The distribution nodes’ locations are based on the refueling stations. For that, all the
primary refueling station geographical data [61], including in total more than 13,567 sta-
tions, are first sorted by country and NUTS-2 regions. For the distribution scenarios, the
distribution location is set constant for both scenarios using the same clustering method,
and only demand capacities are changed, corresponding to two years (or two penetration
shares of fuel cell technology in the mobility sector).

Figure 2 shows both scenarios, represented by regional demand for the year 2030 (at
low penetration rate) and the distribution location and capacities for the year 2050 (at high
penetration share).
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4.3.3. Transport Framework

As the demand locations are fixed for the two demand scenarios, two road networks
are defined, including distributed and localized production. In fact, only the road linking
the different production and demand locations are kept, and four base case scenarios are
defined, as shown in Table 4.

Table 4. Base case scenarios for hydrogen transport and storage in France and Germany.

Scenario
Demand Penetration Road Network

Low (2030) High (2050) CS1
1 CS2

2

S1 X X
S2 X X
S3 X X
S4 X X

1 CS1 includes 73 production plants (41 in Germany and 32 in France). 2 CS2 includes 22 production plants (12 in
Germany and 10 in France).

Three states are considered in hydrogen transport, namely, compressed gas CGH,
liquid LH, and bound in a liquid organic carrier LOHC, and seven states of transport
t, accounting as well for five different pressure levels, ranging from 180 to 540 bar for
compressed hydrogen.

All the cost parameters associated to storage and transport are calculated based on
a quantitative analysis review of different storage and transport technology. The costs
vary depending on the state of aggregation, which includes the tube trailer costs that are
summarized in Table 5. Other costs common to the different states included cabin and
undercarriage truck cost [62].
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Table 5. Assumption for tube trailer used to store and transport from own calculation and
sources [28,29,62].

State of Aggregation (SoT) CGH LOHC LH

Storage pressure in bar 180 250 350 500 540 1 1
Index of SoT 2 3 4 5 6 8 9

Net truck capacity in kg 350 668 885 1100 1230 1500 3600
Tube trailer cost in K€ 385 525 689 1057 1197 57 1732

The transformation cost, based on different investment costs and energy requirements
for compression, liquefaction process work, hydrogenation, and dehydrogenation, are
modeled based on the literature review, developed models, and simulation to investigate
the energy needs associated with each transformation [28,29].

As transformation between different states of transport at the storage node is allowed,
the energy requirement from the initial state has to be adapted to different states of ag-
gregation. The system work is considered null if the transformation is gaining work (for
example, when we go from a high-pressure level to a lower one). Otherwise, the total
work to transform hydrogen to a transport state t is considered as a process work that uses
hydrogen at an initial state at the hydrogen feed-in conditions. Thus, pre-work is needed
to bring the hydrogen from atmospheric pressure to the feed-in state s, and the work
between s and t

.
ws−t is then calculated from the total process and a pre-process (the same

methodology can be adapted for instance to liquefaction work with pre-compression [63]).
This allows to calculate the transformation work between different processes, the initial

one, s, and the transport one, t, taking into account the corresponding ideal work,
.

wideal,s
and

.
wideal,t, and the different process efficiencies, ηs and ηt, as expressed in Equation (10):{ .

wideal,s−t =
.

wideal,t −
.

wideal,s

ηs−t = ηt

.
wideal,s+

.
wideal,s−t.

wideal,s−t
− ηs

.
wideal,s.

wideal,s−t

(10)

Then, a technical assessment was performed to investigate and define the parameters
associated with truck transportation, mainly including the number of trucks and the
number of roundtrips specific to each transport state. Finally, the technical assessment is
associated with an economic one to define the different cost parameters associated with
the capital investment of the different transformation and storage plants as well as those
associated with the use of truck transportation [30,62].

5. Results and Discussion

The results section presents, in the first part, the general results, where the impact of
hydrogen demand and hydrogen production distribution on the transportation cost and
technology is investigated. In the second part, the results of the sensitivity analysis are
presented, including the impact of the production cost, and the modeling approach.

5.1. General Cost Results

The results show that demand is the main driver compared to production distribution,
which has a lower impact on the cost. The results showed that for the base case scenarios
and optimization method, compressed hydrogen gas is used: low to medium compression
at low penetration scenarios and high compression at higher-penetration scenarios.

5.1.1. Scenarios Results

Concerning the demand scenario impact, the general results in Table 6 show that low
demand scenarios (S1, S3) corresponding to the year 2030 have the lowest infrastructure
deployment cost for France and Germany, while the increase of the demand in 2050 (S2, S4)
increases the infrastructure cost considerably.
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Table 6. Different scenarios results cost and transport technology.

Infrastructure Cost in M€

Transport Technologies Share %/km

Compressed Gas
LOHC Liquid

Low Medium High

S1 672 39.58 24.61 35.81 0.00 0
S3 785 29.95 16.22 53.83 0.00 0
S2 6649 0.46 2.83 96.58 0.13 0
S4 7550 0.29 1.55 94.96 3.20 0

Concerning the production scenario impact, the general results show that the scenarios
with distributed production plants (S1, S2) have a lower infrastructure cost compared to
the centralized one (S3, S4).

When it comes to the transport technology, at low demand scenarios, most hydrogen
is transported using low and medium pressure CGH for distributed production (S1) and
using high pressure CGH for centralized production (S3). The increase of the demand in
2050 increases the flow transported between the different nodes, and applies the use of
compressed gas at high-pressure level. In the case of centralized production, LOHC started
to be used to balance the cost related to transportation.

As hydrogen transportation cost and technology are mainly impacted by the demand
scenarios, S1 and S2, with distributed production, are chosen to show how the hydrogen
is transported.

5.1.2. Flow Distribution

An analysis of the regions with the highest demand allows focusing on three main
regions as presented in Figure 3:

• Northwestern Germany (NW), mainly North Rhine-Westphalia, with six main distri-
bution locations;

• North of France (NF), mainly Île-de-France, with three main distribution locations;
• The region close to the border (BOR) between the two countries, with two main

distribution locations.

In the NW region, the demand is satisfied by local production in 2030: the production
plant P19 west of Düsseldorf covers both D5 and D2 demand, while P14 south of Bonn
covers D3 demand. Meanwhile, D9 and D10 are linked to P13 and P18, respectively. The
only exception is the hub demand D11, which exports hydrogen from the south of Germany
at the French Border P9 (Figure 3). By 2050, the demand exceeds the regional production
capacity, and hydrogen has to be exported from the production plant P17 in the north of
Germany and from P15 and P16 located in east Germany. Moreover, the increase of the
demand at the border also pushes the hydrogen to flow from north and east to south and
west; thus, D11 is no longer exporting hydrogen from the south of Germany.

In the NF region, the wind potential is high, and the main hydrogen production allows
covering the region’s demand. In the center of the region, the distribution hubs D1 and D4
are supplied using one production point P6 located east in 2030, while D12, located in the
north, has its hydrogen transported from P20 only. The increase of the demand by 2050
impacts the central region as P6 alone cannot cover the demand in D1 and D4 anymore,
and hydrogen also has to be transported from P1 south, P2 north, P4, and P5 west.

In the BOR region, mainly no exchange at the border happens in 2030. On the one
hand, P7 and P8 allow the supply of all the distribution on the French side of the border.
On the other hand, P9 and P10 are used to cover the demand on the German side of the
border, including the main distribution hubs D7 and D8, and two minor demand hubs in
France. By 2050, the increase of demand allows hydrogen to circulate from the French to
the German border. In fact, D8 absorbs all the production from P9 and hydrogen has to be
exported from France to cover the demand at D7 and all the hubs in the German side close
to the border.
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Concerning the flow in 2030, all the hydrogen transported to the main demand hubs
does not exceed 50 TPD, while it reaches more than 100 TPD by 2050. On exception is D1,
with the highest demand in the region of Paris, where demand exceeds 50 TPD in 2030.

5.2. Sensitivity Analysis

The model analysis allows investigating the transport and storage technology when
optimizing hydrogen flow between fixed production and demand locations and capacities.
However, the cost of the total supply chain also includes the production cost and the
distribution cost. Therefore, it is legitimate to question the validity of the results when
including other supply chain costs, since the same four scenarios (S1, S2, S3, S4) were
simulated, including, the production cost in the scenario framework (Sp1, Sp2, Sp3, Sp4).

Then, the eight scenarios were simulated using a dynamic optimization method [30,62],
which takes into account the daily storage option, to investigate the impact of the cost
optimization method on the results.

5.2.1. Cost Analysis

Table 7 shows the cost results for the different scenarios including the production cost
and using two optimization methods corresponding to the standard one with the technical
and cost assessment calculated annually (optimization 1), and the dynamic one with a
daily storage flexibility (optimization 2).

Introducing the production cost impacts the hydrogen flow that is transported not
only with respect to the distance from the production plant but also with respect to the
production cost. This change in priority increases the total distance and the flow of
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hydrogen transported at low demand scenarios, which results in higher transportation
cost. The costs increase significantly for low demand scenarios, i.e., by 58% on average,
compared to the scenarios without production cost constrains S1 and S3 to the scenarios
with production cost constraints Sp1 and Sp3.

Table 7. Sensitivity analysis of the cost in M€ and the corresponding cost per transported and stored
hydrogen in €/kg.

Hydrogen Penetration Low Demand High Demand

Scenario S1 S3 Sp1 Sp3 S2 S4 Sp2 Sp4

Total cost in M€
Optimization 1 672 785 1083 1221 6649 7550 6723 7637
Optimization 2 634 746 1050 1178 6642 7546 6716 7633

Cost rate in €/kg Optimization 1 1.50 1.76 2.42 2.73 1.24 1.41 1.25 1.42
Optimization 2 1.42 1.67 2.35 2.64 1.24 1.40 1.25 1.42

These results would have been expected as well at higher demand scenarios, but be-
cause of limited production capacities, the flow that could be transported from production
plants with lower cost is restrained. This applies a difference lower than 2% between the
scenarios at high penetration of hydrogen with and without production of an average.

Concerning the calculation method, low demand scenarios (S1, Sp1, S3, and Sp3) are
mainly affected using the second optimization, as a cost reduction averaging 39 M€ is
achieved. This translates in a reduction of the cost per total flow transported and stored
by 0.08 €/kg. The dynamic model benefits mainly the hydrogen flow transported at low
demand, which explains the results obtained. Thus, at a higher demand in 2050, the
achieved cost reduction using the second optimization is minimal, and even marginal
when comparing the cost rates.

5.2.2. Flow and Transport Distance Sensitivity Analysis

The cost differences between the different scenarios are mainly impacted by the flow
transported and the transport distance between intermediate storage nodes. Thus, the
average transport distance and the average hydrogen flow are presented by a circle with
a radius proportional to the cost rate in Figure 4. The maximum standard deviation (SD)
associated to the two parameters of the different scenarios are presented as well to show
the distribution of the 34.1% values above the means.
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Figure 4 shows that the cost increase can be explained by both an increase of the
hydrogen flow and an increase of the distances between the intermediate storage. However,
the effect of each parameter depends on the demand capacities, and the production cost
and capacity constraints.

In 2030, for low demand scenarios (Figure 4a), the maximum transport distance SD
varies with the number of the hydrogen production plants, as the lowest maximum SD of
54 km corresponds to the scenario with the highest HPP S1 in contrast to S3. The results
also show that the increase of the cost in Sp1 and Sp3 comes mainly from the increase of
the transported flow as maximal standard deviation (SD) increases by 119% and 188%,
respectively. In fact, adding the production cost as constrain forces the demand to be fueled
from production plants with lowest cost, which increases not only the distance ranges but
also the transported and intermediate stored flow.

In 2050, for high demand scenarios (Figure 4b), Sp2 and Sp4 are not only constrained
by the production cost, but also by the production capacities because of higher demand.
Thus, the maximal standard deviation (SD) increases by less than 2% from S2 and S4, which
translates to lower cost variations.

The impact of the transport distance can be seen in the cost variation between the
scenarios. Thus, at low demand, a significant difference in the maximum transport distance
SD ranging between 54 and 71 km results in a bigger disparity between the scenarios costs.
In contrast, in 2050, the cost variation between the scenarios is marginal with regards to the
maximum transport distance SD, which ranges between 69 and 75 km.

The results also show the dependency between the production and the demand scenar-
ios. In fact, the choice of the production scenario affects the average transport distance and
hydrogen flow, as the increase of the number of production plants decreases the transport
distance ranges over which hydrogen is transported while decreasing the hydrogen flow
because there are more accessible production sites. Simultaneously, increasing the demand
scenarios from 2030 to 2050 increases the hydrogen flow, and because of the limited number
of production plants, this increases the transport distance, as more hydrogen has to be
transported from remote nodes.

5.2.3. Transport and Storage Technology Analysis

Table 8 shows the impact of the sensitivity analysis on the transport and storage
technology used.

Table 8. Sensitivity analysis of the share of transport technology per transported distance.

Cost Optimization 1 Cost Optimization 2

Compressed Gas
LOHC Liquid

Compressed Gas
LOHC Liquid

Low Medium High Low Medium High

S1 39.58 24.61 35.81 0.00 0.00 29.27 24.61 35.81 6.56 0.00

Sp1 24.58 12.99 62.43 0.00 0.00 18.43 12.99 62.43 6.15 0.00

S2 0.46 2.83 96.58 0.13 0.00 0.05 0.00 60.57 39.43 0.00

Sp2 1.16 2.54 94.88 1.42 0.00 0.00 0.00 54.94 45.06 0.00

S3 29.95 16.22 53.83 0.00 0.00 21.91 16.22 55.59 6.29 0.00

Sp3 21.79 9.74 68.42 0.05 0.00 13.79 9.74 68.52 7.95 0.00

S4 0.29 1.55 94.96 3.20 0.00 0.00 0.00 44.01 55.99 0.00

Sp4 0.70 2.34 93.81 3.16 0.00 0.00 0.00 56.76 43.24 0.00

The results show that at a low demand (S1, Sp1, S3 and Sp3), using the second opti-
mization allows the improvement of the infrastructure cost by using LOHC storage and
transport, which shows more daily flexibility. Thus, for all scenarios, a share of low and
high pressure CGH is replaced by LOHC, while medium pressure CGH maintains its share.
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Concerning the results at high hydrogen penetration (S2, Sp2, S4, and Sp4), the results
showed a small variation between the costs using standard and dynamic optimization.
However, concerning the share of different transport states, the results showed a big
variation for the LOHC share, but with a lower cost impact.

6. Conclusions

Hydrogen as an energy vector represents an alternative to conventional fuel in order
to solve the problems related to the increase of greenhouse gas emissions. Nonetheless,
the complexity of hydrogen transport restrains the deployment of adequate infrastructure
at the national and European levels and restrains investment only to regional projects.
Therefore, this article aims to discuss the optimal solutions that could be used to transport
and store hydrogen to reduce the cost associated with the infrastructure deployment for
mobility. These solutions are investigated for different production and demand scenarios
in France and Germany.

The general modeling approach aims to link production and demand nodes following
the road infrastructure and using different transportation cost functions corresponding to
seven states of transport. Thus, the model output for each edge gives the optimum capacity
transported by each state and then the minimum cost of the entire network. The model
uses as a framework the road infrastructure and the hydrogen production and demand
scenarios, assuming hydrogen production from wind power projections and a demand
driven by mobility.

Besides comparing different transport and hydrogen storage options, the study aims
to minimize the annual cost using two optimization methods giving a guideline about the
technologies that could be used at different flow, transport distance ranges, production,
and demand scenarios. Thus, low to medium compressed hydrogen with lower energy
requirements are promoted at low demand. Meanwhile, at higher demand, the total
transport distance traveled to deliver hydrogen could be reduced by increasing the capacity
transported by every single truck, and thus, promoting higher pressure rates of compressed
hydrogen. The use of a different modeling approach underlines how the choice of transport
and storage technology is important in low-demand scenarios.

Sixteen scenarios in total were analyzed, which differed by production distribution
and cost, hydrogen demand, and modeling method. The results showed a dependency
between the model frameworks, mainly production and demand scenarios. Increasing the
production plant distribution decreases the transport distance ranges and the hydrogen
flow because of more accessible production sites. Simultaneously, increasing the hydrogen
demand increases the hydrogen flow and the transport distance, as more hydrogen has to
be transported from remote nodes.

The demand change had the highest impact, and the main distribution nodes were
located in three main regions: western Germany around North Rhine-Westphalia, the north
of France, including the Île-de-France region, and the border between the two countries.

In western Germany, the demand is satisfied by local production in 2030, while
regional import is needed to satisfy the demand in 2050, mainly from the north and west
of Germany. The north of France has great wind potential, and none of the hydrogen
production for both years is imported from surrounding regions. However, up to four
production plants are needed to cover, for instance, the main demand hub located in the
northwest of Paris. Finally, marginal exchange at the border is noticeable in 2030, while
more than 10% of hydrogen demand in 2050 at the German side border is covered via
import from France.

Concerning production, the scenarios with distributed production plants have a lower
infrastructure cost compared to the centralized one, and low demand scenarios are more
impacted when including the cost of hydrogen production as the total cost increases
because of an increase in the maximum flow and distance standard deviations by 16 TPD
and 6 km, respectively.
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Finally, the same conclusion can be made with regards to the impact of the opti-
mization method choice, as low-demand scenarios are mainly impacted using dynamic
optimization by achieving a cost reduction averaging 39 M€ compared to standard opti-
mization.

In fact, at low demand, using dynamic optimization improvement of the infrastructure
cost is achieved by using liquid organic hydrogen carrier storage and transport, which
allows for more daily flexibility. Thus, for all low demand scenarios, a share of compressed
gas is replaced with LOHC. In contrast, a significant variation for the LOHC share was
noticeable at high hydrogen penetration; however, this had a small cost impact. Thus, a
choice of adequate technology to transport hydrogen is more critical at the early stage of
infrastructure deployment.
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Nomenclature

Ity16(ic) Installed capacity for a technology t in 2016
ic Location in a given country framework c
CFt,c Average capacity factor associated to a technology t, in a country c
Gpry(ic) Projected wind farm generation
∆Iyt,c National generation increase depending on the technology
Tpd Total hydrogen production
HVH2 Higher heating value
Wcluster Clustering of the wind farms by location
(Lat(i), Long(i)) Coordinates associated to a location i
LCOPH Levelized cost of producing hydrogen
Pe Electricity price
Pop16(r) Regional population distribution for 2016
Popy(r) Regional population projection
CAR16(r) Regional car park distribution for 2016
Dtravel,y (r) Yearly average travelled distance per capita owning a private vehicle
pFCEV,y Share of FCEV in mobility
dr FCEV driving range
dy(r) Regional hydrogen demand projection
dy(i) Hydrogen demand projection of the distribution hub located in i
Fcluster Clustering of the refueling stations by location
(P, D) ⊂ N2 Production and demand nodes
eij Edge linking two nodes i and j
xij[t] Flow transported between i and j at a transport state t
LCOHT [s, t] Levelized cost of transforming hydrogen from a state s to t
LCOHS[t] Levelized cost of storing hydrogen at a state t
LCOHR[t] Levelized cost of transporting hydrogen using a state t
z(s, t) Minimum transportation cost function from an initial state s to a transport state t
fij Total hydrogen flow between nodes i and j
Fip jd Optimum flow the production and the demand nodes
np, nd Production and demand node, respectively
dnpnd Transport distance between the two nodes np and nd
I eij Intersection of the edge eij and all the hydrogen flows linking the production and

demand nodes
Ts Group of hydrogen transport states
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z(0, t) Minimum transportation cost function from the production state 0 to a transport
state t

z(s, 7) Minimum transportation cost function from the transport state t to the final
conditions 7

PeFR Electricity prices associated to France for the reference year 2016
PeDE Electricity prices associated to Germany for the reference year 2016
S1, S2, S3, S4 Base case scenarios for infrastructure deployment cost calculation
CS1 Scenario including distributed green hydrogen production
CS2 Scenario including localized green hydrogen production
.

ws−t Work associated to hydrogen transformation from a state s to t
.

wideal,X Ideal transformation work associated to a process X
ηX Process efficiency
Sp Scenarios including production cost

Acronyms

Band
CGH Compressed hydrogen
EU4 Scenario developed by IEA for hydrogen mobility
FCEV Fuel cell electric vehicle
HPP Hydrogen production plants
IEA International energy agency
LH Liquid hydrogen
LOHC Liquid organic hydrogen carrier
NREL National renewable energy laboratory
NUTS Nomenclature of Territorial Units for Statistics
PEM Proton exchange membrane
RES Renewable energy sources
SoT State of hydrogen transport
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