
Lawrence Berkeley National Laboratory
LBL Publications

Title

Geochemical, Biological, and Clumped Isotopologue Evidence for Substantial Microbial 
Methane Production Under Carbon Limitation in Serpentinites of the Samail Ophiolite, 
Oman

Permalink

https://escholarship.org/uc/item/7gn154h9

Journal

Journal of Geophysical Research Biogeosciences, 126(10)

ISSN

2169-8953

Authors

Nothaft, Daniel B
Templeton, Alexis S
Rhim, Jeemin H
et al.

Publication Date

2021-10-01

DOI

10.1029/2020jg006025

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-
NonCommercial License, available at https://creativecommons.org/licenses/by-nc/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7gn154h9
https://escholarship.org/uc/item/7gn154h9#author
https://creativecommons.org/licenses/by-nc/4.0/
https://escholarship.org
http://www.cdlib.org/


1 

Cost of a potential hydrogen-

refueling network for heavy-duty 

vehicles with long-haul application 

in Germany 2050

Rizqi Nugroho1*, Philipp K. Rose2, Till Gnann2, Max Wei3 

1 Chemical Engineering Department, Universitas Indonesia, Depok 16424, Indonesia 

2 Fraunhofer Institute for Systems and Innovation Research ISI, Breslauer Strasse 48, 76139 

Karlsruhe, Germany 

3 Lawrence Berkeley National Laboratory, 1 Cyclotron Rd., Berkeley, CA, 94720, United States 

*corresponding author: r.ilmanugroho@gmail.com phone: +62 815 8544 0774

Abstract 

Long-distance road-freight transport emits a large share of Germany's greenhouse gas 

(GHG) emissions. A potential solution for reducing GHG emissions in this sector is to use 

green hydrogen in  fuel cell electric vehicles (FC-HDV) and establish an accompanying 

hydrogen refueling station (HRS) network. In this paper, we apply an existing refueling 

network design model to a HDV-HRS network for Germany until 2050 based on German 

traffic data for heavy-duty trucks and estimate its costs. Comparing different fuel supply 
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scenarios (pipeline vs. on-site), The on-site scenario results show a network consisting of 

137 stations at a cost of  8.38 billion € per year in 2050 (0.40 € per vehicle km), while the 

centralized scenario with the same amount of stations shows a cheaper cost with 7.25 

billion euros per year (0.35 € per vehicle km). The hydrogen cost (LCOH) varies from 5.59 

€/kg (pipeline) to 6.47 €/kg (on-site) in 2050. 

Keywords (max. 6): Long-haul trucks, heavy-duty vehicles, alternative powertrain, fuel 

cell, green hydrogen, hydrogen refueling network 

Word count:  9,614 words 

Declaration of interest:   none 
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Abbreviations 

AF-HDV Alternative Fuel Heavy-Duty Vehicle 

FC-HDV Fuel Cell Heavy-Duty Vehicle 

BEV Battery Electric Vehicle 

FCEV Fuel Cell Electric Vehicle 

FRLM Flow refueling location model 

GHG Greenhouse Gas 

H2 Hydrogen 

HDV Heavy-Duty Vehicle 

HRS Hydrogen Refueling Station 

ICE Internal Combustion Engine 

LDV Light Duty Vehicle 

LNG Liquefied Natural Gas 

NC-FRLM Node-capacitated flow refueling location model 

OD Origin Destination 

OEM Original Equipment Manufacturer 

TCO Total Cost of Ownership 

ttw Tank-to-wheel 

TRL Technology Readiness Level 
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1 Introduction 1 

Greenhouse gas (GHG) emissions need to be sharply reduced to minimize the impact of global 2 

warming on humans and the environment [1]. The transportation sector is a significant 3 

contributor to global energy-related CO2 emissions, accounting for around 24% in 2019. In 4 

particular, heavy-duty vehicles (HDV) amount for a substantial and increasing share of 5 

approximately 40% of the transportation sector [2] globally, and about 28% in Germany [3]. 6 

One option to reduce GHG is to replace diesel-fueled HDVs, which account for nearly 100% of 7 

the current stock of HDVs [4], with Alternative Fuel Heavy-Duty Vehicles (AF-HDVs). Current 8 

research within more progressive climate protection scenarios shows that AF-HDVs 9 

dominate the market, indicating the positive influence of AF-HDV on CO2 reductions [5]. 10 

Within this segment, the most significant potential for AF-HDV is in vehicles using public 11 

refueling infrastructure rather than in closed fleet systems [6]. 12 

One option is the utilization of fuel cell electric HDVs (FC-HDVs), which use onboard 13 

hydrogen storage generating electricity within a fuel cell. This is one of three main options for 14 

carbon-free driving using hydrogen produced from renewable energy. The other two are 15 

synthetic fuels and battery electric trucks [69 – 74]. Compared to HDVs using synthetic e-16 

fuels, FC-HDVs are more energy-efficient and would thus require less renewable energy for 17 

complete decarbonization. The energy density in an onboard hydrogen tank is lower and they 18 

also require a new refueling infrastructure (see e.g. [69]). Compared to battery electric trucks 19 

(charged at charging stations or en route via a catenary), FC-HDVs have a lower energy 20 

efficiency and would thus require more renewable energy than electric trucks (see e.g. [71]). 21 

In contrast, the FC-HDVs obtain a higher gravimetric energy density than battery electric 22 

trucks. This paper thus explores more detail on FC-HDVs, specifically on the FC-HDVs 23 

specifications and their infrastructure requirements.  24 
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Currently, multiple FC-HDVs have been announced or are already in prototype operations in 25 

various projects, with the hydrogen usually stored at gaseous state with 350 or 700 bar (see 26 

Table 1). Presently, the use of liquified hydrogen (LH2) for trucks is also gaining more 27 

attention, however the feasibility of using LH2 is limited to large-scale export (and thus 28 

import) option [78]. Other studies also shown that the gaseous hydrogen supply-chain is 29 

potentially the cheapest option in Germany [79,80] when disregarding liquid hydrogen 30 

imports. 31 

OEM / 

Chassis 

Year  

announced 

Tank  

volume  

Weight 

(Max.) 

Drive 

Power 

Range (max.) Country Source 

Hyundai 2018 33kgH2 34t 350kW 400km Switzerland [7] 

Iveco 2018 50kgH2 36t 400kW 800km Germany [8] 

Kenworth 2018 50kgH2 36t 500kW 800km USA [9] 

Kenworth 2017 20kgH2 36t 415kW 250km USA [10] 

MAN 2016 35kgH2 34t 250kW 400km Germany [11] 

Nikola Motors 2017 100kgH2 36t 735kW 1,600km USA [12] 

Scania 2018 35kgH2 27t - 500km Sweden [13] 

VDL 2018 30kgH2 44t 160kW 350km Netherlands [14] 

Mercedes 2019 900kgDiesel 40t 460kW 1,200km Germany [15] 

Mercedes 2020/2021 80kgH2 40t  - 1,000km Germany [75] 

Nikola Motors 2021 - 36t 250kW 805-1,207km USA [81] 

Table 1: List of current FC-HDV prototype operations including technical details (an average 32 

diesel HDV is added in the last line for reference purposes) 33 

Similar to passenger FCEVs, FC-HDVs require an accompanying hydrogen refueling station 34 

(HRS) infrastructure. Establishing a novel HRS infrastructure is associated with high 35 
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investments and low utilization in the early adoption period [16]1. Conceptualizing optimal 36 

HRS network designs helps to overcome these challenges.  37 

As the diffusion of FC-HDVs is a potential lever for significant CO2 reductions and fuel cell 38 

technology may be a path towards HDV decarbonization, analyzing the cost of a public 39 

refueling infrastructure is beneficial for future research and fuel cell truck deployment. To 40 

the best of our knowledge, this work is the first to analyze a potential hydrogen supply and to 41 

provide a cost analysis of a public HRS infrastructure for the HDV sector on a national level. 42 

This work aims to determine the cost of a HDV-HRS network in Germany using a two-step 43 

approach and addresses the following research questions: 44 

• Where should HDV-HRS be located on German highways? We aim at determining the 45 

optimal refueling station locations and their size in order to meet the demand of total 46 

(domestic and international) HDV traffic in Germany. 47 

• What are the costs of a potential German HDV-HRS infrastructure? Based on the 48 

determined optimal locations, we aim at deriving the HRS cost per location. 49 

• What is the most cost-efficient way to produce green hydrogen (central vs. local)? 50 

Comparing different scenarios of hydrogen production and distribution (pipeline vs. 51 

on-site) helps us to determine the most cost-effective hydrogen supply for the HRS 52 

network. 53 

The scope of our work is focused on gaseous hydrogen that is locally produced in Germany 54 

(excluding the import of hydrogen from other countries). The work is structured as follows: 55 

First, we provide a literature review in Section 2 before we introduce our technical approach 56 

in Section 3. We describe the data sources, data collection, and processing procedure in 57 

                                                

1 This may be different in a place like China, which dictates a certain number of FC buses (or HDVs) in 
the future. As a result, utilization is higher here than it would be in a "free market" system. 
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Section 4. Section 5 contains our results. We close with conclusions and suggestions for 58 

further research in Section 6. 59 
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2 Literature Review 60 

This work is different from others in each of the three following categories: method, 61 

transport segment, and technology. Hence, we subsequently consider the current literature in 62 

these fields. 63 

Based on the modeling of AFS infrastructure studies, weekly energy transfer can be better 64 

performed using demand-driven location methods rather than strategic location methods 65 

[17]. Thus, the research on infrastructure cost modeling focuses on demand-driven facility 66 

location problems. The facility location problem can be classified into seven research 67 

streams: p-median, set covering problem, maximal covering location problem, flow 68 

interception location problem, flow refueling location problem, network interdiction 69 

problem, and sensor problem [18]. The flow refueling location problem is common in the 70 

road transportation sector, and often solved using the flow refueling location model (FRLM) 71 

[19]. The FRLM is based on the flow capturing location model (FCLM) [20], which uses 72 

Origin-Destination (OD) trips to depict the demand flow within the network. Compared to the 73 

FCLM, the FRLM takes into account the maximum driving range of vehicles [18,19,21], which 74 

is an important factor for alternative-fueled vehicles. The objective of FRLM can be either to 75 

maximize the number of trips covered (maximum covering), or to minimize the required 76 

facilities to serve the given demand (set covering) [22]. Current studies have extended the 77 

FRLM to solve more complex issues in AFS network development, including our previous 78 

work that addresses the problem of maximum capacity restriction to build a single HRS in a 79 

single node and solves the problem using an extension of FRLM called NC-FRLM [23]. 80 

Despite a growing interest in AF-HDVs as an alternative to diesel trucks, the literature on 81 

HDV refueling infrastructure research is limited. Fan et al. analyze the potential liquefied 82 

natural gas (LNG) infrastructure for HDVs in the US and recommend focusing initially on the 83 

highest volume freight routes when promoting an AF [24]. Within a set covering approach, 84 
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they determine the most profitable HDV-LNG network and discover only a minimal number 85 

of stations to be useful. They conclude that large fleet owners will not be willing to make 86 

investments in alternative fuel vehicles unless they are assured of dedicated refueling station 87 

availability for their entire travel route. Combining the profitability challenge with the 88 

required station availability to serve a significant amount of HDV traffic demand suggest that 89 

infrastructure development needs to be pre-funded by public authorities or a public-private 90 

partnership in order to evolve. The study gives neither a detailed analysis of the overall cost 91 

of the HDV-LNG infrastructure nor the individual cost per charge or km. Wietschel et al. 92 

determine infrastructure build-up and market diffusion for catenary HDVs in Germany [3]. 93 

They use a set covering approach, defining highway corridors with similar traffic demand 94 

that are to be equipped with catenary lines. Even though the technology is found to be the 95 

most efficient way to decarbonize HDV traffic, Wietschel et al. also conclude that the large 96 

upfront infrastructure investments represent a high barrier to market entry. In sum, they 97 

calculate the infrastructure installation costs at about two to 23 billion euros, with an 98 

additional maintenance cost of about 40 to 400 million euros per year. Conolly also analyzes 99 

the catenary technology (he calls this "eRoads," meaning the power cables could be installed 100 

either above or below the vehicle), and determines its cost for the Danish passenger and 101 

freight vehicle market [25]. He also follows a maximum coverage approach, assuming an 102 

eRoad infrastructure network of 2,700km. Conolly finds eRoad infrastructure to be cheaper 103 

than conductive charging infrastructure for Battery Electric Vehicles (BEV) with installation 104 

investments of 4 billion euros and annual costs of 80 to 850 million euros (covering 105 

installation and maintenance). Further, Kuby et al. modeled an optimal European network of 106 

LNG-HDV stations and find the most effective station allocation to be a cluster in Germany 107 

due to the high traffic flow density here [26]. However, none of the existing studies has 108 

determined the design or the cost of national FC-HDV infrastructure (cf. Table 2). 109 

 110 
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Author Covering 

type 

Sector Technology Country Infrastructure 

amount 

Source 

Fan et al. 

2017 

Set covering Only HDV Natural 

Gas 

US 6 - 80 stations 

[highways] 

[24] 

Wietschel et 

al. 2017 

Maximum 

covering 

Only HDV Catenary GER 1,000 - 8,000 km 

[highways] 

[3] 

Conolly 

2017 

Maximum 

covering 

All passenger and 

freight vehicles 

incl. HDV 

eRoads DK 2,700km [25] 

Table 2: Overview of HDV infrastructure literature 111 

While little work has been done on FC-HDV infrastructure, the research provides insights for 112 

passenger vehicle refueling networks. Alazemi and Andrews review the current state of all 113 

existing HRS in 2013, which mainly serve passenger cars and LDVs but also buses [27]. Of 114 

those 224 HRS, 109 stations have on-site hydrogen production, and 59 obtain hydrogen from 115 

a central production facility via trailer delivery (the production method for 56 stations cannot 116 

be identified). Most HRS are installed in the US (62), Japan (23) and Germany (22). The 117 

largest HRS has a daily capacity of 600kg and is able to dispense max. 30kg at a time. None of 118 

the stations is designed for HDV applications. Seydel developed a model for the build-up of 119 

hydrogen refueling infrastructure for the German national transport sector [28]. He estimates 120 

about 10% of the traffic to refuel at highway stations. Besides analyzing refueling stations, 121 

Seydel also considers hydrogen production and distribution, and determines investments 122 

accordingly. He projects the HRS network in Germany using a set covering approach and 123 

determines an infrastructure investment of 21 billion euros for 7.5 million passenger cars 124 

and light-duty vehicles (LDV). Other studies show similar results for a relative share of HRS 125 

per vehicle [29]. For passenger FCEVs, recent studies already focus on optimal HRS sizing to 126 

decrease on-site hydrogen production costs, finding that HRS oversizing for future 127 
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applications does not increase the costs significantly [30]. On the other hand, they also focus 128 

on optimizing the hydrogen production and delivery process, finding that hydrogen delivery 129 

in a liquid state is neither cost-effective nor feasible with the current technology due to high 130 

liquefaction costs [31]. The first to conduct research explicitly on FC-HDV infrastructure are 131 

Elgowainy and Reddi, who focused on the design of HDV-HRS [32]. They underline the 132 

difference between LDV and HDV hydrogen refueling, develop a refueling model for HDVs, 133 

and evaluate the impact of key parameters on the refueling cost of FC-HDV. 134 
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3 Approach 135 

The infrastructure design and cost of a HDV-HRS network for German highways in 2050 is 136 

projected using a two-step approach: determining the optimal station locations and 137 

calculating the total costs required to build and operate all the HRS in Germany in 2050. The 138 

two-step approach was taken due to our main objective to identify the optimal HRS network 139 

configuration based on customer satisfaction rather than to optimize the total cost required 140 

to build the infrastructure itself. In addition, two different scenarios are applied: a 141 

decentralized scenario, where hydrogen is produced on-site and thus each of the HRS is 142 

equipped with a certain size of electrolyzer, and a centralized scenario, where hydrogen gas 143 

is supplied through pipelines from several centralized electrolyzer sites. The two-step 144 

approach permits that the optimal HRS network configuration can remain the same for both 145 

scenarios, the only difference lies in hydrogen production and distribution costs.  146 

First, the optimal HRS locations are defined using the NC-FRLM model from our previous 147 

study [23], which is based on one of the most comprehensive surveys of domestic road traffic 148 

in Germany [38]. A total of 4,103 trips are completed by HDVs (the same trailer and tractor 149 

truck weight categories as in [36]), the focus of this work. Compared to our previous study 150 

[23], we additionally synthesize transit and border traffic flow (= international traffic) in this 151 

paper by subtracting the domestic traffic flows of data set [38] from the total HDV traffic of 152 

the data set [36]. These transit routes represent a significant  share of about 40% of the HDV 153 

traffic on German highways, most likely due to Germany’s central location in the European 154 

Union. As the market diffusion of alternative power train for trucks could reach 100% in 155 

2050 [5], it is assumed that all long-haul trucks will be FC-HDVS (thus 100% penetration 156 

scenario) in this study. Further details of the NC-FRLM is described in section 3.1.  157 

The total cost of the HDV-HRS network consists of total capital expenditures (CAPEX), e.g. 158 

low-pressure hydrogen storages or compressors, total fixed operational expenditures 159 
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(OPEX), e.g. maintenance, and the total fuel/electricity cost to generate hydrogen from the 160 

electrolyzer. Further details on the calculation of HDV-HRS is explained in section 3.2.  161 

Overall, this work differs from our previous study in [23] in terms of the traffic data used, the 162 

HRS network cost estimation and the additional scenario analysis with two scenarios for 163 

hydrogen supply - centralized plus pipeline and onsite at the refueling stations. 164 

3.1 Node-capacitated FRLM (NC-FRLM) 165 

The node-capacitated flow refueling location model (NC-FRLM) was developed in our 166 

previous study [23], and is used to identify the optimal HDV-HRS locations on German 167 

highways [23]. It is a flow-based, demand-driven model that considers hydrogen demand 168 

from HDVs on a regional scale. The concept of flow-based demand closely resembles the 169 

behavior of heavy-duty long-haul freight trucking operations, since truckers mostly refuel in 170 

stop locations en route to their destination [76]. The traffic flows are defined in the form of 171 

OD (Origin – Destination) paths, which will be further described in section 4.1. Hydrogen 172 

demand is determined based on HDV traffic data, FC-HDV powertrain efficiency, and FC-HDV 173 

market diffusion that are used as input to forecast the local hydrogen demand on a NUTS32 174 

level. Further, we estimated the refueling demand using data from section 4.1, while the data 175 

from section 4.2 characterize the vehicle and facility type.  176 

The formulation of the model can be seen in the following 177 

��� ∑ ���∈	          (1) 178 

Subject to: 179 

                                                

2 Nomenclature of Territorial Units for Statistics (NUTS) is a geocode standard referencing the 
subdivisions of countries for statistical purposes. For each EU member country, a hierarchy of three 
NUTS levels is established by Eurostat in agreement with each member state, whereby NUTS3 in 
Germany consists of 402 districts (counties). 
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 ∑ ���∈
�,

�  ≥  �� , ∀� ∈ �, ��,� ∈  ��      (2) 180 

∑ [��  ∙ �� ∙  ���  ∙  � ∙  ��� ∙  ���]  ≤  " ���#$ , � ∈ %    (3) 181 

∑ ����#
�

� =  �� , ∀� ∈ �, ��,� ∈  ��      (4) 182 

∑ ∑ ����#$�∈	 =  �� . (�        (5) 183 

��� ≤  ��,, � ∈ %, � ∈ �        (6) 184 

0 ≤ ��� ≤ 1         (7) 185 

 ��  ∈  +0,1,, ∀� ∈ �, � ∈ %       (8) 186 

 187 

Nomenclature 188 

 Sets and Indices 189 

Aq Set of directional arcs on the shortest path q, sorted from the origin to the 190 

destination  191 

-�,�
�  Set of all potential HRS sites / nodes that can refuel the directional arc aj,k in Aq   192 

N Set of all nodes that form the highway network, N = {1,…n} 193 

Q Set of all OD pairs 194 

i,j,k  Indices of potential facilities at nodes 195 

q Index of OD pairs 196 

aj,k Index of unidirectional arc from node j to node k  197 

 198 
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 199 

 200 

Parameters 201 

fq Total vehicle flow per OD trip refueled 202 

S  Objective percentage of refueled traffic flow3 203 

c Capacity at node i 204 

lq Refueling occasion on path q 205 

p Fuel efficiency 206 

riq Amount of refueling to reach maximum tank (difference between current fuel 207 

level and maximum fuel level) 208 

giq Potential station location indicator 209 

yq Proportion of vehicles refueled on path q 210 

Decision variables 211 

xiq Proportion of vehicles on path q that refuel at node i  212 

zi  = 1 if an AFS is built at node i. zi = 0 if otherwise 213 

Equation (1) represents the objective of the model, which is to minimize the number of HRS 214 

built in the network. Equation (2) is a constraint that ensures a station ��  should at least be 215 

opened/constructed at one of the potential station locations -�,�
�  that lies in path q to allow �� 216 

trucks to refuel. In this case, �� is set to 1 as our main aim is to identify the minimum number 217 

                                                

3 In this case, S = 100% (all flows will be refueled at least once per trip). 
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of refueling stations required to serve the total demand in Germany. Equations (3) – (5) are 218 

constraints that limit the potential station’s capacity in the model based on the amount of 219 

energy consumed. Constraint (3) says that a station built at node i can only serve a total 220 

demand below the capacity limit. The total demand served is equal to the total truck flow �� 221 

multiplied by the fuel consumption p and the amount of refueling at node i (ri). Parameter ��� 222 

acts as the potential station location indicator, which will be equal to 1 if node i is a potential 223 

station location in path q and 0 if otherwise. ���  is a variable that defines the proportion of 224 

vehicles in path q that can refuel at node i in order to keep the demand at node i below the 225 

capacity limit. Constraint (4) ensures that all vehicles in path q refuel at one of the potential 226 

station locations along the path. Constraint (5) defines how many refueling occasions should 227 

take place along path q, depending on the path’s total distance. Here, lq defines the number of 228 

refueling occasions on path q, which is calculated by dividing the total OD trip q distance by 229 

the maximum driving distance that can be reached with a single refueling and then rounded 230 

up. Equation (6) is a constraint, which defines a station should be open at node i in path q if a 231 

vehicle in that path refuels at that particular node. Equation (7) defines that xiq is a fraction 232 

between 0 and 1, while Equation (8) represents the nature of binary variable zi.  233 

Unless otherwise stated, we used similar assumptions as our previous study [23]. The 234 

potential station locations -�,�
�  are defined in a pre-optimization process using an algorithm. 235 

In general, the algorithm calculates the (cumulative) distance from a single node to the next 236 

node in path q, starts from the origin point (O) and ends at the destination point (D). If the 237 

distance to the next node exceeds the maximum vehicle range, the algorithm will then check 238 

(previous) nodes that count as potential station locations and keep the nodes as a single set of 239 

potential station locations -�,�
� . Complying with the assumption that all vehicles start and end 240 

with the same fuel amount, the algorithm will apply an additional “virtual distance” every 241 

time a destination node is reached. This “virtual distance” can be formulated as below 242 
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�.� = /.� + 123 − .5� 243 

Where ADq is the virtual distance from the starting point, IFR is the initial fuel range, TDq is 244 

the total distance of OD trip q, and DOq is the distance from the origin point to the highway 245 

entrance. The model has already been described in detail in our previous publication [23] and 246 

we therefore advise readers to refer to [23] for further information.  247 

3.2 Total HRS Cost Calculation  248 

Within the second step, the total HRS cost calculation is performed for the previously defined 249 

HDV-HRS network based on the two scenarios shown in Table 3: On-site (1) and Pipeline (2). 250 

This optimal cost of HRS is determined exogenously from the NC-FRLM, meaning that we 251 

consider the NC-FRLM result along with the additional hydrogen production, distribution, 252 

and storage data from section 4 as the input for the calculation.  253 

Scenarios 1 2 

HRS network (stand alone, without H2 production) √ √ 

"On-site" (= local production) √ - 

"Pipeline" (= central production) - √ 

Table 3: Scenarios 1 and 2 to determine infrastructure costs 254 

3.2.1 On-site Production Scenario 255 

For the on-site production scenario, the total cost is defined in our model as follows: 256 

/1 = ∑ ∑ [([21]77∈8 + [9:]7�∗∈	 + [5�]7) +  (�∗7]  (9) 257 

Equation (9) defines TI as the total annualized costs (in €/yr) of building a station network. 258 

�∗ is an indicator of the node at which a station will be built in network N, while s is an 259 

indicator of station size from the overall station profile S. Accordingly, the total CAPEX is 260 

equal to the sum of FIs (annualized investment cost for size s station in €/yr) as well as Els 261 
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(on-site electrolyzer annualized investment cost that complies with size s station in €/yr).4 262 

Meanwhile, the total fixed OPEX consists of the sum of variable operating and maintenance 263 

costs (OMs in €/yr, which are 4 % of FCs). Finally, the total fuel cost is defined as the sum of 264 

the electricity costs ((�∗7 in €/yr) to produce the amount of hydrogen that meets demand at a 265 

station built at i*  with size s. Apart from the annuity factor, no other cost elements are taken 266 

into account. Therefore, the total cost to build a single HRS typically follows the average cost 267 

curve, in which the total cost of HRS/kg hydrogen decreases as the capacity limit increases. 268 

For this reason, in the on-site hydrogen production scenario, the only optimization conducted 269 

is within the first model stage (NC-FRLM). 270 

3.2.2 Centralized Hydrogen Production Scenario 271 

The centralized production scenario includes four large electrolyzers (of equal size; close to 272 

the northern shorelines) and hydrogen pipelines to transport the hydrogen from the 273 

production site to the stations. This section describes the methodology used to model the 274 

hydrogen pipeline in the network and the total cost calculation for this scenario. Further 275 

explanation about the input data for the model (e.g. electrolyzer sites, techno-economic 276 

parameters of the hydrogen pipeline) is described in section 4.2.2 and section 4.2.3.  277 

To determine the total cost of HRS built up in the centralized hydrogen production scenario, 278 

the previous cost formula (Equation 9) is adjusted as shown: 279 

/1= =  ∑ >(21? + 9(? + 5�?@?∈	 + ∑ ∑ >21?�∗ + 5�?�∗@�∗∈	?∈	 +280 

∑ ∑ ((217 + 5�7)  +  (�∗7 )7∈8�∗∈	     (10) 281 

Equation (10) determines total annualized costs for the pipeline scenario in €/yr TIP from the 282 

total annualized costs for hydrogen production facilities, a hydrogen pipeline system as well 283 

                                                

4 For the CAPEX within this analysis, the annuity factor concept has been applied to the asset 
investments to represent the cost per year of owning an asset over its entire lifespan [34]. For all 
technologies, a universal discount rate of 7% is assumed. 
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as the total annualized station costs. Here, p is an indicator of a node in network N in which a 284 

hydrogen production facility is built. The total cost to build the hydrogen production facilities 285 

is then equal to the total sum of annualized investment to build centralized hydrogen 286 

production site at node p in €/a FIp , variable operating and maintenance costs of centralized 287 

hydrogen production site at node p in €/yr OMp, and annualized investment cost of 288 

electrolyzers that comply with centralized hydrogen production site at node p and total 289 

demand, in €/yr Elp. The total annualized costs for a hydrogen pipeline system include 290 

annualized investment cost of pipeline from production site p to station site built at i* in €/yr 291 

FIpi and variable operating and maintenance cost of pipeline from production site p to station 292 

site built at i* in €/yr OMpi. Finally, the total annualized station costs cover annualized 293 

investment cost of building station with size s in €/yr FIs, variable operating and maintenance 294 

cost of s in €/yr OMs, and the total annual electricity costs electricity costs to produce the 295 

hydrogen that meets demand at node i in size s station in €/yr li*s. 296 

In the centralized scenario, a second stage of optimization is performed to determine the 297 

annualized investment of the hydrogen pipeline. Here, we apply a similar methodology as in  298 

[35] to obtain the minimum cost of building a hydrogen pipeline network to satisfy the 299 

network's hydrogen demand. The model is a mixed integer linear programming (MILP) 300 

optimization model with binary variables depicting the decision to build a production facility 301 

at a single node with a certain size, or to construct a pipeline segment between two nodes and 302 

certain diameter sizes. In addition, the model includes continuous variables that represent 303 

decisions in terms of the quantity of hydrogen production at a certain node and 304 

transportation from one node to another. The model’s objective is to determine the 305 

infrastructure design with the least total annual costs of production and pipeline 306 

transmission, which also considers the surge in demand in the summer. However, we 307 

adjusted the method to suit our case by pre-defining the potential centralized electrolyzer 308 

sites and not considering the summer surge effect, leaving the cost to build the hydrogen 309 
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pipelines as the only decision variable. A multi-stage optimization technique is then applied. 310 

The formula to define the minimum annualized investment cost of the hydrogen pipeline is 311 

then defined as follows: 312 

���  ∑ ∑ ∑ A��B
=

B#C�#	D�#	D E��B  (11) 313 

Subject to: 314 

     ℎ�� ≤  ∑ -B
=

B  E��B    ∀�, GH%= , I ∈ .  (12)   315 

     �� ≤  -�
J    ∀�H%J     (13) 316 

∑ ℎ��� + /� =  ∑ ℎ��� + ��  ∀�, GH%=  (14) 317 

∑ ���∈	K =  ∑ /��∈	L     (15) 318 

∑ E��BB ≤  1   ∀�, GH%= , IH.   (16) 319 

ℎ�� ≥  0   ∀�H%J     (17) 320 

�� ≥  0   ∀�H%J      (18) 321 

E��B ∈  +0,1,   ∀�, GH%= , IH.   (19) 322 

 323 

Nomenclature 324 

Sets and indexes 325 

NP Set of all nodes that will form the hydrogen pipeline network, NP = {1,…n} 326 

NF Set of all centralized electrolyzer sites (a subset of NP) 327 

NT Set of all potential hydrogen refueling station locations (a subset of NP) 328 
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D Set of all pipeline diameters 329 

i,j  Indices of all nodes 330 

d Indices of the diameters 331 

Parameters 332 

TN The hydrogen refueling station peak demand at node i 333 

KP Maximum capacity of a pipeline (tons/day) 334 

KQ
  Maximum capacity of a centralized electrolyzer site 335 

CP Fixed annualized capital costs for constructing a hydrogen pipeline 336 

(MEUR/yr.) 337 

Decision variables 338 

ℎ��  Units of hydrogen transported from node i to node j (tons/day) 339 

aN Hydrogen produced at node i (tons/day) 340 

E��B  Binary variable; 1 if a pipeline is constructed from node i to node j with 341 

diameter d, 0 if otherwise      342 

Equation (11) states the objective of the model, which is to minimize the cost of building 343 

hydrogen pipelines that meet the demand. Equation (12) is a constraint that limits the 344 

amount of hydrogen flow from node i to j, which  must not exceed the capacity of a pipeline 345 

with diameter d. Equation (13) is a constraint to ensure that the hydrogen produced at node i 346 

does not exceed the maximum daily production capacity of a centralized hydrogen 347 

production site. Equation (14) and Equation (15) represent the mass balance constraints. 348 

Equation (14) ensures that the total hydrogen flow from each node, which includes the 349 

hydrogen produced from centralized hydrogen production sites, is equal to the total 350 
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hydrogen flow entering the other node that also consists of the hydrogen demand at node i. 351 

Equation (15) ensures that the total hydrogen produced is equal to the total hydrogen 352 

demand. Equation (16) dictates that only one pipeline size can be built to connect two nodes. 353 

Equation (17) and Equation (18) define the continuous variables and Equation (19) sets the 354 

binary variable used. 355 

Finally, the hydrogen supply cost of each scenario – pipeline and on-site – will be compared 356 

and analyzed after describing the input data in the next section.  357 
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4 Data 358 

In order to apply our model to a potential HDV-HRS network in Germany, we require traffic-359 

related data as well as fuel cell and hydrogen data. 360 

4.1 Vehicle usage data 361 

We use two types of input to characterize German HDV traffic: highway data to determine the 362 

current network system, and individual HDV vehicle trips to understand traffic flow. In 363 

general, we used a similar but extended data set for highway road network data and HDV 364 

traffic flows as in our previous study [23]. Hence, we present both types of data only briefly 365 

here  and refer to [23] for further details. 366 

4.1.1 Highway road network in Germany and current fuel stations 367 

We used the 2,500 traffic surveillance points (hereafter referred to as "nodes") as well as 368 

distances between adjacent nodes from the Federal Highway Research Institute (BASt) as our 369 

primary data for the highway network [36]. The nodes along with the connecting routes 370 

depict the complete German highway network of about 13,000 km and 121 highways. For 371 

further spatial analyses, the coordinates of each node were located within EPSG:4326 for 372 

geographic coordination and the distance between each node obtained from BASt. The 373 

resulting HDV traffic intensity on German highways is shown in Figure 1, which is illustrated 374 

using QGIS software. Furthermore, we added information about existing conventional fuel 375 

stations in Germany in accordance with [37] as additional nodes to the network.  376 
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   377 

Figure 1: German NUTS3 areas; left: highway network (black lines), junctions (green dots) and 378 

other nodes (black dots); right: HDV traffic intensity on German highways in 2017 379 

(based on [36]) 380 

4.1.2 HDV flows 381 

The final OD path subsets and their vehicle intensity are displayed in Figure 2. The longest OD 382 

trip in the data set is from DE138 (Konstanz) to DEF01 (Flensburg), a total distance of around 383 

900 km, which only needs a maximum of two refueling stops. 384 
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  385 

Figure 2: Traffic of OD trips used in this study including domestic HDV traffic (left, based on 386 

[38]) as well as synthesized transit and border HDV traffic (own illustration) 387 

Applying the NC-FRLM algorithm and assumptions, as explained in section 3.1 , to these 388 

nodes and OD trips, the potential station locations -�,�
�  results in 11,084 sets from all 1,591 389 

OD trips. These sets are utilized in the station location optimization model.  390 

4.2 Fuel Cell and Hydrogen data 391 

4.2.1 FC-HDV design and market diffusion 392 

There are currently limited FC-HDVs in commercial operation (TRL 9), such as the Hyundai 393 

XCient [77]. Subsequently, only FC-HDVs prototypes (TRL 7) with limited available 394 

technological data are present. Therefore, we develop an FC-HDV design, which is based on 395 

the regulatory framework in the EU and Germany as well as the technical feasibility of the 396 

subcomponents. 397 
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The German road traffic regulations (StVO) stipulate the maximum dimensions, weight, and 398 

speed of HDVs. According to §32 StVO, HDVs may be 2.55m wide, 4.00m high, and 18.75m 399 

long. §34 StVO limits the weight to 10t per axle for a maximum of four shafts (40t). The speed 400 

of HDVs is limited to 80km/h on highways (§18 StVO). EU directive 2015/719 allows HDVs 401 

with alternative powertrains an additional 50cm in length as well as up to 2t of additional 402 

permitted weight. A computer-aided design (CAD) model of a conventional diesel HDV tractor 403 

that complies with German road traffic regulations can be seen below. 404 

 405 

Figure 3: CAD model of current conventional HDV tractor that complies with German road 406 

traffic regulations [39] 407 

Subsequently, parameters are defined for a FC-HDV, including components that comply with 408 

the given regulatory framework with particular attention paid to volume, length, and weight. 409 

Neglecting the fuel storage components, the size of a FC powertrain is almost the same as a 410 
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conventional diesel HDV. The available space determines the hydrogen storage capability of 411 

the HDV tractor. Under EU directive 2015/719, an average HDV tractor provides about 4.3 m³ 412 

behind the driver cabin5. An additional one m³ stemming from the previous conventional fuel 413 

tank6 can be used for battery system components. For onboard hydrogen storage, the 414 

necessary conversion of square tanks to cylindrical ones as well as storing the hydrogen in 415 

type 4 tanks [40] imply a 50 % loss of space. As a result, circa 2.15 m³ could be available in 416 

HDVs for onboard hydrogen storage. The two most common hydrogen pressure levels in 417 

automotive applications – 350 bar and 700 bar – mean that a volume of 2.15m³ is equivalent 418 

to either 34 kg (at 350 bar considering a gravimetric energy density of 16 kg/m³) or 50 kg 419 

(700 bar, 23 kg/m³) [40]. This translates into a driving range of about 550 km  420 

(350 bar) or 810 km (700 bar), assuming a tank-to-wheel (ttw) powertrain efficiency of 421 

about 51 %7 and the energy consumption of a fully-loaded HDV (2.10 kWh/km). Given 422 

German HDV user requirements, with a required average HDV range of 800 km, only the 700 423 

bar option seems suitable for a FC-HDV powertrain. The CAD layout of the FC-HDV, including 424 

its dimensions, can be seen below. 425 

                                                

5 Space assessment behind driver cabin: x-axis (600 mm), y-axis (2,400 mm), z-axis (3,000 mm). 

6 The size of a diesel fuel tank is estimated at about 500 liter (1,400 mm x 600 mm x 600 mm) with 
two tanks per HDV. 

7 This efficiency is based on a component level and corresponds to most of the prototypes. 
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 426 

Figure 4: CAD model of potential FC-HDV tractor after replacing the diesel engine with a fuel 427 

cell powertrain, which meets HDV user requirements 428 

On a side note, no significant constraints for FC-HDVs in terms of weight are identified. The 429 

overall weight of diesel HDV powertrains is around 2.4t, with 1t for the full fuel tank, 1.3t for 430 

the engine and gears, and 0.1t for the exhaust system [15]. In contrast, the FC-HDV 431 

powertrain is considered to be 2.2t. As a result, the additional range would be limited by 432 

current HDV length restrictions rather than weight restrictions, as the designed FC-HDV 433 

makes full use of the available tank space but is slightly lighter than its diesel equivalent. 434 

 435 

 436 

 437 
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Component Energy / Power Volume Efficiency Weight Source 

Motor 350 kW 0.5 m³ 92 % 200 kg [41] 

Battery 

system 

30 kWh 0.08 m³ 95 % 150 kg [42] 

Stack 300 kW 0.5 m³ 60 % 450 kg [43] 

Tank 8 1,665 kWh9 2.65 m³ 98 % 1,400 kg [44] 

Total - 3.73 m³ 51 % 2,200 kg 

Table 4: Techno-economic parameters: power, volume, efficiency, and weight for FC-HDV in 438 

2050 (own assumptions based on mentioned sources) 439 

In addition to the previously defined powertrain component parameters, vehicle energy 440 

consumption is an essential input for the analysis. In this study, the energy consumption for 441 

FC-HDV in 2050 is based on the on-wheel energy consumption [45], efficiency improvements 442 

over time due to non-powertrain enhancements [46] as well as HDV fuel cell powertrain 443 

efficiency. The result is a ttw efficiency of 2.10 kWh/km for a fully loaded (25 tons load 444 

weight) FC-HDV and 1.16 kWh/km for an empty FC-HDV (0t load weight) in 2050. As the data 445 

from [38] shows, about 30 % of the HDVs operate with a full load and about 30 % with zero 446 

loads. Therefore, an average load of 12.5 tons and energy consumption of 1.63 kWh/km 447 

(equaling 4.89 kg hydrogen per 100 km) are assumed for each HDV in the entire fleet in this 448 

analysis. 449 

The market diffusion of FC-HDVs into the German HDV stock by 2050 is defined as an 450 

external input. To reach global climate targets of almost zero emissions in 2050 [47], we 451 

                                                

8 at 700 bar 

9 1,665 kWh equals 50 kg hydrogen 
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assume a share of 100% FC-HDV in 2050 following [5] with a stock of 176,000 FC-HDV in 452 

Germany. 453 

4.2.2 Discrete HDV-HRS portfolio 454 

We used a similar configuration of potential HDV-HRS design portfolio as in our previous 455 

work [23]. The portfolio consists of six different HDV-HRS sizes, ranging from XS to XXL, and 456 

is defined using the Heavy-Duty Vehicle Refueling Cost models (HDRSAM) from Argonne Lab 457 

[48]. Following the German Federal Immission Control Act (Bundesimmissionsschutz-458 

Verordnung BImSchV, Annex 1 and BImSchV, Incident Ordinance), storing more than 30 tons 459 

of hydrogen in a single hydrogen refueling station requires additional procedures which 460 

increase construction complexity. Thus, the largest station size (XXL-sized station) has a 461 

maximum capacity of 30 tons of hydrogen. Further details of the portfolio can be seen in 462 

Table 5.   463 

Parameter Unit XS S M L XL XXL 

Vehicles [HDV/d] 19 31 75 150 300 600 

Hydrogen demand [kg_h2] 938 1,875 3,750 7,500 15,000 30,000 

Dispenser [#] 1 2 2 4 8 16 

LP-Storage size [kg_h2] 938 1,875 3,750 7,500 15,000 30,000 

HP-Storage size [kg_h2] 114 228 455 900 1,821 3,642 

Compressor rate [kg_h2/h] 114 228 455 900 1,821 3,642 

Footprint (station only) [m²] 198 198 486 1,109 2,628 6,170 

Footprint (incl. 

Electrolyzer) 
[m²] 290 565 1,190 2,725 6,330 13,470 

Dispenser [k€] 107 214 214 428 856 1,712 
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Parameter Unit XS S M L XL XXL 

LP-Storage size [k€] 189 377 755 1,509 3,019 6,037 

HP-Storage size [k€] 130 260 521 1,042 2,083 4,166 

Compressor [k€] 1,578 2,761 5,522 10,649 20,692 40,989 

Cooling unit [k€] 14 14 28 560 1,120 2,240 

Safety features [k€] 115 115 115 115 115 120 

Total investment [k€] 2,133 3,742 7,154 14,303 27,885 55,265 

Lifetime [a] 20 20 20 20 20 20 

Annuitized investment [k€] 107 187 358 715 1,394 2,763 

Table 5. Overview of technology and economics for all HRS types (XS to XXL) based on HDRSAM 464 

tool [32] and own assumptions for 2050 465 

4.2.3 Hydrogen production 466 

A promising way to produce carbon-neutral hydrogen from renewable energies – also known 467 

as “green” hydrogen – is to split water through electrolysis. The PEM electrolyzer seems most 468 

suitable to HDV-HRS applications due to its fast dynamic response, low space requirements, 469 

and independence of an (industrial) waste heat environment (cf. [50]). 470 

Currently, multiple small- to large-scale PEM projects have been announced, as shown in 471 

Figure 5. For example, the North American company “Hydrogenics” recently started offering a 472 

new standard PEM electrolyzer with 500 kW power and an average daily production of about 473 

200kg hydrogen. Further, “Nikola Motors” plans to open their first (small) HDV-HRS in the 474 

United States with a daily hydrogen production of 1t at a capacity of 2.2 MW. Later on, a 475 

larger HDV-HRS will produce about 30t daily, corresponding to 66 MW. In Germany, large 476 

PEM projects include “Refhyine” (10 MW, 3.5 tons hydrogen daily) to support a refinery site 477 



 
 

32 

 

with renewable hydrogen, and the “Hybridge” project (100 MW, 35 tons hydrogen daily), 478 

initialized by a grid operator to support the energy transition by storing excess renewable 479 

energy as hydrogen. 480 

 481 

Figure 5: Exemplary PEM electrolysis projects by power (in MW) and daily hydrogen production 482 

(in kg hydrogen per day) and derived potential electrolyzer sizes for HDV-HRS 483 

portfolio (XS to XXL) (more details on these projects can be found in Table 10 in the 484 

appendix)  485 

Techno-economic input parameters are needed to determineg both the total network cost 486 

and the optimal electrolyzer dimensions, particularly when integrating the HDV-HRS 487 

infrastructure network with the electricity system using the PyPSA tool. These include 488 

efficiencies, investment, operating and maintenance costs, production rate, lifetime, grid 489 

connection, and transformer investment. The techno-economic parameters for electrolyzers 490 

in this study are summarized in Table 6. 491 

Parameter Unit Value Source 

Electrolyzer efficiency [%] 68 [51] 

Electrolyzer investment [€/kW] 510 [52] 
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Parameter Unit Value Source 

Electrolyzer operating & maintenance costs [%/a] 4 [53] 

Electrolyzer production rate [Nm³/h/MW] 200 [51] 

Electrolyzer lifetime [a] 20 [51] 

Connection investment [EUR/MW/m] 11 [54] 

Transformer investment [EUR/MW] 27,000 [54] 

Table 6: Techno-economic parameters for electrolyzers in 2050 492 

We calculate the CAPEX, fixed OPEX and energy costs to determine the cost of each scenario. 493 

Regarding CAPEX, the capacity of the electrolyzers is demand-driven in both scenarios 494 

(centralized and on-site). It adds up to about 11 GW, assuming a capacity factor of 90% based 495 

on [55] and 68% efficiency based on [51]. In our first scenario, the size of the on-site 496 

electrolyzer, and therefore the size of each HRS, is based on local demand. On-site 497 

electrolyzer dimensions for the HDV-HRS portfolio are defined by assuming a linear trend 498 

line between the exemplary projects and considering the mentioned capacity. Based on daily 499 

demand at each station, as defined in section 0, the on-site electrolyzer of the stations would 500 

range from 1.2 MW for a station size XS, through 3.7 MW (size S), 8.8 MW (size M), 19 MW 501 

(size L), 39.3 MW (size XL) to 80 MW for an XXL station (cf. Figure 5). The second scenario 502 

features four large, centralized electrolyzers at Germany's northern coastline in the cities of 503 

Rostock, Cuxhaven, Wilhelmshaven, and Emden based on [56]. These electrolyzers are each 504 

allocated about 25% of production, which is in line with current literature (cf. Table 7). 505 

Finally, we assume full exploitation of economies-of-scale due to the large electrolyzer sizes 506 

even for small HDV-HRS for both scenarios leading to 510€/kW in 2050 based on [52].  507 

 508 
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Source Total GW Full-load hours 
TWh 

(year) 
Northern Sea Baltic Sea 

[56] 28 3,958 111 90% 10% 

[55] 15 4,604 69 65% 35% 

Own assumptions 11 4,000 42 75% 25% 

Table 7: Overview of German offshore-wind capacity available for centralized electrolysis in 509 

2050 and own assumptions 510 

Regarding fixed OPEX, we assume maintenance of the stations and electrolyzers at 4% per 511 

annum [55] for both scenarios. 512 

For the energy cost, both scenarios assume the locational marginal price of electricity shown 513 

in Figure 6 for the electrolyzers in 2050, which are based on the European electricity system 514 

model “PyPSA” [57]. These locational marginal price of electricity cover the cost of electricity 515 

generation as well as its distribution.  516 

 517 



 
 

35 

 

Figure 6: Overview of locational marginal electricity price in Germany in 2050 based on PyPSA 518 

(cf. [57]) 519 

4.2.4 Hydrogen distribution 520 

Hydrogen can be provided at the HDV-HRS either on-site at the station (using a local 521 

electrolyzer) or through a hydrogen delivery service to the station from centralized 522 

electrolysis at a place with low electricity cost. On-site hydrogen production needs almost no 523 

additional hydrogen distribution effort10. In contrast, centralized hydrogen production 524 

involves additional expenditure from using either trucks or a dedicated pipeline network to 525 

deliver the hydrogen to the stations [59]. None of the truck delivery options seem suitable for 526 

a HDV-HRS network in Germany (cf.  [60–64]) and are thus excluded from further analysis. 527 

Hydrogen pipelines are well established throughout the world, with about 4,500 km of 528 

installed assets, 390 km of which are in Germany. The most common application for 529 

hydrogen pipelines is currently in the chemical industry [58]. Accordingly, pipelines seem a 530 

good option for transporting large amounts of hydrogen overland without significant energy 531 

losses, primarily to supply HRS on a national scale [28, 56]. Moreover, German highways are 532 

inalienable federal property. Theoretically, therefore there is the chance of a shorter 533 

installation time here(most other German street types are state or private property, which 534 

would have to be bought or confiscated to install pipelines) [65]. Thus, in addition to on-site 535 

hydrogen production, a hydrogen pipeline network seems a feasible option to distribute 536 

hydrogen from a centralized electrolyzer to a national HDV-HRS network. 537 

                                                

10 79 of today’s 303 active HRS have on-site hydrogen production. At 171 HRS, the source of hydrogen 
is "unknown" (cf. [58]). 
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To analyze whether a pipeline network is competitive with on-site production, we define techno-538 

economic parameters for the hydrogen pipelines based on [66]. We determine the required pipeline 539 

diameter based on the given mass flow between a specific HDV-HRS location (i.e. its daily hydrogen 540 

consumption) and the centralized electrolysis facility (cf. [66]). In the case of parallel pipelines, e.g. if 541 

two HRS are relatively close to each other, the diameters of each station are added to result in a single 542 

pipeline. The author of [66] defines 100mm as the minimum and 600mm as the maximum diameter for 543 

hydrogen pipelines. Hence, in this work, similar to the distinct HRS sizes, we apply distinct pipeline 544 

diameters in steps of 100mm (i.e. 100mm, 200mm, 300mm, 400mm, 500mm, and 600mm) to take 545 

standardization benefits into account. This results in a specific pipeline cost per diameter based on 546 

hydrogen mass flow rates, as shown in Table 8 below. For on-site production of hydrogen, we consider 547 

the HDV-HRS and the electrolyzer asset cost but no additional distribution asset cost. 548 

Diameter Hydrogen flow Cost11 

[mm] [tons per day] [€ per meter] 

600 2,185 1,200 

500 1,517 970 

400 971 780 

300 546 590 

200 243 420 

100 61 300 

Table 8: Resulting hydrogen flow rate (in tons per day) and cost (in € per meter) based on [66] 549 

                                                

11 These costs include the pipeline material, booster compressors and valves (cf. [66]). 
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5 Results 550 

In this section, we present the results of the investigation. First, we show the resulting 551 

potential HDV-HRS network in Germany and its electricity demand. Second, we present our 552 

result in modelling the potential hydrogen pipeline network that is used in the centralized 553 

scenario. Lastly, we compare the resulting hydrogen supply options (local vs. central 554 

production) as well as the total potential cost to build the HRS network. 555 

5.1 Potential HDV-HRS network 556 

Applying the case study to our NC-FRLM model without the capacity restriction, results in an 557 

optimal solution shown in Figure 7 (left). It can be seen that about 100 hydrogen refueling 558 

stations are required to satisfy FC-HDV demand in Germany in 2050. These stations are 559 

evenly distributed across Germany, with fewer HRS in the northeast (around Berlin). 560 

The result of the NC-FRLM with a capacity limit of 30 tons indicates an optimum of 137 561 

stations to serve all vehicles in all OD trips shown in Figure 7 (right). Of these 137 stations, 96 562 

stations reach the maximum capacity of 30 tons, and the average size of all stations is around 563 

28 tons. The lowest station capacity is less than 3.5 tons; this is located in the east on highway 564 

A4 near Görlitz close to the Polish border. In terms of HRS portfolio sizes, 122 stations are 565 

XXL (30 t), eleven are XL (15 t), two are L (7.5 t), and two are M (3.75 t).  566 

 567 
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  568 

Figure 7: The existing fuel stations (white points) and 100 potential HRS locations (triangles) 569 

based on non-capacity-constrained FRLM (left); the existing fuel stations (white 570 

points) and 137 potential HRS locations (triangles) based on capacity-constrained 571 

FRLM with 30t limit (right) 572 

The resulting electricity demand in the domestic traffic network sums up to 38 TWh per 573 

annum and to 65 TWh per annum in the total traffic scenario.  574 

In regards to the station footprints, the footprints of each HRS station size on both scenarios 575 

as well as the footprint of conventional stations in Germany highways can be seen in Table 9. 576 

Table 9. Station footprints for each HRS station size in centralized and on-site scenarios as well as the 577 

conventional fuel stations in Germany highways 578 

Station Size Unit Centralized scenario On-site scenario 

XS m2                               198.19                         290.00  

S m2                               198.19                         565.00  

M m2                               486.34                      1,185.00  

L m2                            1,108.98                      2,725.00  

XL m2                            2,628.45                      6,330.00  

XXL m2                            6,170.48                    13,470.00  

Conventional stations m2 4,000-6,000 

It can be seen that there is a large gaps in the station footprints between the two scenarios 579 

due to the need of space for electrolyzer in the on-site scenario, which contributes for about 580 

50% of the total area required. In the centralized scenario, the largest station would equal 581 

about the size of a conventional fuel station, while a station containing an on-site electrolyzer 582 
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has about twice the size. The total area required to build the all of the stations in the network 583 

is thus is 1.68 km2 for the on-site scenario, whereas for the centralized scenario is 0.77 km2 584 

(which equals about 140 football fields). 585 

 586 

5.2 Potential hydrogen pipeline network 587 

This section describes the additional pipeline network required to distribute hydrogen from 588 

centralized production sites to the HRS stations. As mentioned, four main electrolyzers are 589 

assumed; three at the North Sea coast (near Bremerhaven, Cuxhaven, and Wilhelmshaven) 590 

and one at the Baltic Sea (near Rostock). A hydrogen pipeline system along highways is then 591 

modeled to reach each HRS of the network.12 While the highway network is used as the basis, 592 

the hydrogen pipeline network candidate is determined by applying the Dijkstra algorithm 593 

[67] only between nodes that represent the central electrolyzer sites, intersections, and 594 

potential HRS locations based on the result of the NC-FRLM model. The resulting pipeline is 595 

shown in Figure 8. This has a total length of 5,381 km with an average diameter of 0.23 m, 596 

and the pipelines with the largest diameters have a North-South orientation. Pipelines 597 

become narrower towards the south and the decentralized station locations. For comparison, 598 

this supply pipeline system for a HDV-HRS network is significantly shorter than a 599 

hypothetical pipeline system to supply a passenger car HRS network in Germany. According 600 

to [56], a full HRS network for passenger cars would require a pipeline network of about 601 

42,000 km (12,000 km transmission and 30,000 km distribution pipelines) to supply about 602 

10,000 stations with nearly three million tons of hydrogen per year.13 603 

                                                

12 As the German highway network is federal property, it is assumed that installing a new hydrogen 
pipeline here is much easier than installing one on private property. Other authors assumed new 
hydrogen pipeline installations close to existing gas pipelines (cf. [28, 56]). 

13 For comparison, the HDV-HRS network in the reference scenario of this study has 137 stations and 
requires 1.3 million tons hydrogen annually. 
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 604 

Figure 8: Pipeline network to supply the HDV-HRS network in the reference scenario with 605 

hydrogen 606 

5.3 Total Cost of HRS Infrastructure 607 

This section presents the results of the model-based HDV-HRS network for the reference 608 

scenario to illustrate the economic implications such as total annualized network costs and 609 

cost shares of the different components. The pipeline scenario is also compared with the 610 

reference scenario to gain a more comprehensive understanding of the cost of a potential 611 

HDV-HRS network in Germany in 2050.  612 

Three different perspectives were applied to appraise and compare the cost of producing and 613 

supplying hydrogen via a HDV-HRS network: the total annualized costs of the network, the 614 

levelized cost of hydrogen (LCOH) per kilogram hydrogen, and the relative network cost per 615 

HDV kilometer14. The annualized network costs comprise the full network life-cycle costs 616 

expressed as consistent periodic payments over the lifespan (Wöhe and Döring (2010)), 617 

                                                

14 These costs were analyzed from a macro-economic perspective, i.e. without levies, taxes, or other 
surcharges. 
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which include CAPEX15 and fixed OPEX for the stations and electrolyzers as well as for 618 

electricity. Next, the LCOH metric is used, which is conceptionally very similar to the 619 

Levelized Cost of Electricity (LCOE). The LCOH determines the full life-cycle costs of hydrogen 620 

production up to delivery at the station dispenser and expresses them as costs per unit of 621 

hydrogen produced. The LCOH is the annualized cost of hydrogen production divided by total 622 

hydrogen generation, which can be calculated at station level and aggregated or averaged 623 

using the annual hydrogen production as a weight. Finally, the relative network cost per HDV 624 

kilometer is a metric used within recent HDV infrastructure literature [3]. In our study, the 625 

relative network costs show the infrastructure costs per driven distance within the network, 626 

based on the annual HDV traffic on German highways. 627 

Our results show that the economics of a potential HDV-HRS network depends strongly on 628 

the supply scenario. The on-site scenario with a network of 137 stations results in annualized 629 

costs of about 8.39 billion euro. Less than 20 % of these costs are non-electricity related, 630 

indicating the minor impact of station costs on the final costs. Correspondingly, more than 80 631 

% of these costs are energy-related, which highlights the overriding importance of electricity 632 

prices. The average LCOH at the station is 6.47 €/kg, which can be translated into 0.40 € per 633 

HDV kilometer.  634 

The pipeline scenario with centralized hydrogen production instead of on-site electrolysis 635 

decreases costs significantly by more than one billion euro per year, resulting in a total 636 

investment of 7.25 billion euro and LCOH of 5.59 €/kg, which is equal to 0.35 € per HDV 637 

kilometer. The main cost advantage of the pipeline versus the on-site scenario is the 638 

availability of lower-priced electricity in Northern Germany, which outweighs the additional 639 

pipeline costs. These results are summarized in Table 9.  640 

                                                

15 CAPEX are defined as annuitized investments in this work. 
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 Scenario 
On-Site 

(Reference) 
Pipeline Unit 

Input 

Station capacity limit 30 30 tH2/d 

Total hydrogen refueling demand 3,557 3,557 tH2/d 

Total hydrogen refueling demand 64.88 64.88 TWhel/a 

HDV range 800 800 km 

Electrolyzer location Local Central - 

Electricity cost 100 80 €/MWh 

HRS electrolyzers capacity factors 90.00 90.00 % 

Design 

results 

Stations 137 137 # 

- XXL 122 122 # 

- XL 11 11 # 

- M 2 2 # 

- S 2 2 # 

- XS - - # 

Utilization 96.5 96.5 % 

HRS electrolyzers 12.62 12.62 GW 

Economic 

results 

Network cost 8.38 7.25 bn€/yr 

- HRS 0.62 0.62 bn€/yr 

- Electrolyzer 0.57 0.57 bn€/yr 

- Distribution - 0.31 bn€/yr 

- Electricity 7.19 5.75 bn€/yr 

LCOH 6.47 5.59 €/kgH2 

Relative HDV cost 0.40 0.35 €/km 

Table 10: Summary of the network design and economic results for the reference scenario as 641 

well as the pipeline scenario    642 
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5.3.1 Sensitivity Analysis 643 

We also performed a sensitivity analysis to see the significancy of the HRS infrastructure 644 

network cost elements to the total cost. The analysis is performed in the centralized 645 

scenario in order to depict all of the cost elements, that is the station cost, electrolyzer 646 

cost, pipeline cost, and electricity cost. Here, the cost of each elements are varied by -10%, 647 

-5%, +5%, and +10%, and the result can be seen in Figure 9. 648 

In overall, the cost of electricity causes the most significant impact to the total cost, which 649 

corresponds with the results. Varying the electricity cost by -/+5% causes the total 650 

infrastructure cost to change for about 3.97% (6.97/7.54 bn €/year) and by -/+ 10% 651 

changes the total infrastructure cost to about 7.93% (6.68/7.83 bn €/year).  Meanwhile, 652 

the rest of the elements only shift the total infrastructure cost by less than 1% even in the -653 

/+ 10% cost variance, with the parameters in descending order of impact are as follows: 654 

station cost, electrolyzer cost, and pipeline cost.  655 
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 656 

Figure 9. Sensitivity analysis of total HRS infrastructure network cost based on electricity, 657 

electrolyzer, and station cost in the centralized scenario 658 

6 Conclusions and recommendations 659 

In this study, we developed a method to derive infrastructure costs and applied it to a case 660 

study of an optimal set-covering infrastructure with node capacity restrictions. Our 661 

approach extended a previously presented NC-FRLM and introduced new constraints to 662 

assess hydrogen supply options. This approach was used to determine a hydrogen 663 

refueling infrastructure and its related costs for the HDV sector on a national level for both 664 

a central and a local hydrogen supply scenario.  665 

The resulting HDV-HRS network in Germany in 2050 to service 72 million HDV kilometers 666 

per day has about 140 stations. Considering virtually zero-emission truck traffic in 2050 667 

(thus assuming 100 % FC-HDV market diffusion) combined with current legal restrictions 668 

(a daily demand cap of 30 tons of hydrogen per location), a potential HRS station network 669 

for HDVs would be 1.5 of the size of the current passenger car HRS network in Germany 670 

(which can be further decreased in the future), or one-third of the number of conventional 671 

fueling stations on German highways. As the potential HDV-HRS network is located along 672 
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-0.85%

-0.92%

-7.93%

0.36%

0.72%

0.79%

7.93%

 6.50  6.70  6.90  7.10  7.30  7.50  7.70  7.90

Pipeline

Electrolyzer

Station

Electricity

10% -10%



 
 

45 

 

highways and mainly in rural areas, it would complement the existing passenger car HRS 673 

network, as the latter is located primarily in metropolitan areas.  674 

A potential HDV-HRS network in Germany in 2050 would have total costs of about eight 675 

billion euros per year. The actual station and electrolyzer operating and capital 676 

expenditures only make up a minor share of the total costs (below 20 %) compared to the 677 

cost of providing the electricity to produce the required hydrogen (above 80 %). The 678 

resulting average LCOH at the station is about 6.50 €/kg, of which about one €/kg is for 679 

the station network including electrolysis. The construction and operation of a pipeline 680 

network with centralized hydrogen production instead of on-site production could 681 

generate savings of about one billion euros per year, reducing the average LCOH to about 682 

5.60 €/kg, but only if the locational marginal electricity cost (LMC) for centralized 683 

hydrogen production were at least 20 €/MWh cheaper than on-site production. Producing 684 

hydrogen at centralized locations and distributing it to the stations via pipeline is a 685 

favorable scenario for a high market diffusion of FC-HDVs. This assumes local marginal 686 

costs are low and reliable and does not consider the interaction of the HDV-HRS network 687 

with the electricity system. 688 

Based on the results of our model extension and the case study, four recommendations for 689 

further research are: 690 

1. Analyze the interplay of AFS networks with the energy system: Installing large-691 

scale AFS networks may have – depending on the application – a massive impact 692 

on both local and national electricity demand. 693 

2. Collect more OD data for HDVs: While we applied the most suitable available data 694 

for our case study, we still found some flaws in the representativeness of the OD 695 

data for the HDV sector. 696 
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3. Conduct more case studies using different technology options: Other technologies 697 

such as battery-electric or catenary HDVs might be interesting options for 698 

decarbonizing the HDV sector. 699 

4. Investigating the HRS design network that is applicable for other type of vehicles: 700 

As fuel-cell application for other type of vehicles, e.g. LDVs, is also emerging, it 701 

might be interesting to see the HRS design network that is not only for long-haul 702 

HDVs but also for LDVs application. 703 

5. Investigate the potential HRS network for FC-HDVs considering an import option 704 

for the hydrogen supply as well as the implementation of liquified hydrogen in the 705 

supply-chain.  706 
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8 Appendix 1005 

Project Name Type Power 

[MW] 

Hydrogen 

per day 

[kg] 

Consumption 

[kWh/Nm³] 

Efficiency 

[%] 

Production 

Rate 

[Nm³/h] 

Production 

Rate 

[kg/MW] 

Nikola HRS 

(small) 
PEM 2 1,000 [unknown] [unknown] [unknown] 454.5 

Energy Park 

Mainz 
PEM 6 2,031 5.5 50 1006 338.4 

REFHYNE PEM 10 3,500 3.78 79 2160 350.0 

HyLYZER PEM 25 10,092 5 [unknown] 5000 403.6 

Nikola HRS 

(large) 
PEM 66 30,000 [unknown] [unknown] [unknown] 454.5 

HYBRIDGE PEM 100 34,000 [unknown] [unknown] [unknown] [unknown] 

Table 12: Exemplary projects of PEM electrolyzers 1006 




