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Decarbonizing long-haul heavy-duty freight transport requires cost-competitive zero 

emission energy supply chains. This study presents a techno-economic analysis of three LH2-

based conversion chains for 100 heavy-duty trucks along a 500 km corridor from Hamburg 

to Frankfurt-am-Main in Germany. A bottom-up energy flow model and life-cycle cost 

framework are applied to quantify energy demand, system-level efficiencies and four 

levelized cost indicators under consistent system boundaries and fleet assumptions. 

In chain 1, direct LH2 delivery to hydrogen refuelling stations for the hydrogen fuel cell 

trucks achieves 96.7% efficiency and an LCOH of 7.91 €/kg, competitive with commercial 

refuelling prices in Germany. In chain 2, a pipeline-based supply model achieves 91.7% 

efficiency. For a new dedicated hydrogen pipeline, chain 2 achieves a high LCOH of 64.92 

€/kg. However, with shared pipeline infrastructure costs across a broader network at mature-

stage deployment, chain 2 can achieve a reduced LCOH of 8.89 €/kg. In chain 3, gas turbine 

conversion to electricity for recharging battery-electric trucks achieves only 33.6% 

efficiency and an LCOE of 0.71 €/kWh, approximately 1.8 times the commercial recharging 

price in Germany. LH2 fuel cost is the dominant operating cost driver across all three 

conversion chains. 

Chain 1 with direct LH2 delivery model is the most efficient and feasible for short-term 

deployment. Chain 2 with pipeline supply model requires network-scale utilization. Chain 3 

with gas turbine LH2-to-electricity conversion model requires fundamental technological 

improvement to become efficient and competitive. These findings provide evidence-based 

guidance for investment decisions for developing alternative fuel infrastructure in Germany 

under the EU’s AFIR directive.  
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1  Introduction 

Decarbonizing carbon-intensive sectors is essential for achieving climate neutrality and net-

zero emissions by 2050. Under the European Climate Law, the member countries of the 

European Union (EU) are legally obliged to reduce net greenhouse gas (GHG) emission by 

55% by 2030 with the target to achieve net-zero GHG emissions by 2050 [1]. Road transport 

is one of the most difficult sectors to decarbonize because of its dependence on fossil fuels 

and significant contribution to global CO2 emissions. In the European Union, the transport 

sector is responsible for 25% of the EU’s total GHG emissions, with road transport 

dominating over 70% of the total emissions from the transport sector [2]. Over 35% of 

carbon emissions from road transport are directly caused by trucks and buses [3]. Therefore, 

decarbonizing the long-haul heavy-duty transport is among the key priorities in the transition 

towards zero emission mobility in Europe. This remains especially challenging because of 

the high energy demand, operating range and corridor specific infrastructures required for 

heavy-duty freight operations. To address this challenge, the Alternative Fuel Infrastructure 

Regulation (AFIR) has been introduced to support deployment of hydrogen refuelling 

stations and high-power recharging stations for heavy-duty transports along the TEN-T 

network [4].  

Liquid hydrogen (LH2) is increasingly recognised as a strategic energy carrier for long-haul 

zero emission freight transportation, supported by continuous technological advancements 

in fuel cell and battery-electric trucks. This offers a strategic advantage to energy-importing 

countries like Germany to support its economy with high energy demand in industrial 

development and transportation sectors through large-scale LH2 import. High energy density 

and cryogenic properties of LH2 make it a suitable option for supplying energy through 

different conversion processes to ensure zero emission freight transport for heavy-duty 

vehicles such as hydrogen fuel cell (HFC) trucks and battery-electric (BE) trucks. Hydrogen 

logistics, hydrogen refuelling stations (HRS), hydrogen pipelines, high-power recharging 

stations (HPRS), HFC and BE freight transports, hydrogen fuelled power generation are 

widely discussed in the literature but are often analyzed separately. However, unlike other 

studies, corridor-specific research comparing multiple liquid hydrogen-based conversion 

chains under a consistent modelling framework and system boundaries remains limited for 

zero emission freight mobility. This creates a research gap for understanding how alternative 
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fuels like LH2 can be efficiently used in freight transport, the infrastructure requirement, 

system-level energy efficiency and overall cost performance of the freight transports. 

Therefore, this study conducts a comparative techno-economic analysis with quantitative 

comparison of three LH2-based conversion chains, modelled for zero emission heavy-duty 

freight transport across the 500 km industrial corridor from Hamburg to Frankfurt-am-Main 

in Germany.  

The techno-economic comparison is carried out in terms of system-level energy efficiency, 

demand for hydrogen and electricity, infrastructure requirements, life-cycle cost (LCC), and 

levelized cost indicators to identify the technically and economically feasible conversion 

chain under the defined conditions. The objective of this study is addressed through the 

following research questions such as how the three conversion chains differ in system-level 

energy performance, what are the infrastructure and energy demand for each conversion 

chain compared under defined system boundaries, which conversion chain delivers the 

lowest levelized cost indicators for the fleet within its defined infrastructure modelling, and 

which conversion chain is technically and economically feasible in earlier stage as well as 

mature stage deployment. In this way the study analyzes these LH2-based conversion chains 

together and evaluates the market competitiveness of the derived levelized costs of hydrogen 

and electricity against prevailing reference market prices in Germany.  
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2  Literature Review 

This chapter reviews scientific and technical backgrounds relevant to the three liquid 

hydrogen (LH2)-based conversion chains evaluated in this study. The literature review 

begins with the role of hydrogen as an energy carrier followed by discussing its physical 

forms, storage, logistics and safety aspects. Two heavy-duty vehicle technologies integral to 

decarbonizing heavy-duty freight transport are reviewed, followed by discussing relevant 

infrastructure components. This chapter ends with a synthesis of existing studies that 

identified the research gap and motivated the integrated approaches embedded in this study. 

2.1  Hydrogen as an energy carrier 

Hydrogen is becoming increasingly important as an energy carrier for decarbonizing sectors 

that have difficulty in direct electrification. Such sectors include transport, heating and 

energy-intensive industries such as steel, cement, and chemical industries [5]. Hydrogen can 

be stored, transported, and used to deliver energy from primary energy sources to end-user 

applications, encompassing a complete value chain. The carbon intensity of hydrogen 

depends on its production process [5]. Hydrogen produced from low-carbon energy sources 

can substantially lower greenhouse gas emissions, thereby making it a potential replacement 

for fossil fuels. In the transport sector, hydrogen can store and carry electrical energy in the 

form of chemical energy, and it can be used as a fuel. Application of hydrogen as an energy 

carrier spans mobility, heating, chemical industry, power generation through gas turbine, 

and fuel-cell reconversion to electricity or industrial feedstock [6], [7]. The following section 

differentiates between two primary physical forms of hydrogen relevant to the system design 

and energy modelling of this study. 

2.2  Gaseous hydrogen and liquid hydrogen 

Hydrogen is used in two primary forms in energy systems, as gaseous hydrogen (GH2) or 

liquid hydrogen (LH2). Usually, GH2 is stored in high-pressure storage, and distributed 

through tube trailers and gas pipeline systems. LH2 is produced through liquefying GH2 by 
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cooling it to a very cold temperature of -253º Celsius. This comes with higher volumetric 

density, making LH2 useful for long distance transport and electrification of energy-intensive 

applications such as heavy-duty transport [7]. In this study, LH2 is considered as the central 

energy carrier whose physical form, requirements for storage, re-gasification and conversion 

process directly affect the corridor level system efficiency, infrastructure design and overall 

conversion chain performance. Describing the relevance of liquid hydrogen, the following 

section discusses the logistics, storage and safety aspects that govern the LH2 supply chains. 

2.3  Liquid hydrogen import, storage, logistics, and safety 

Hydrogen can be stored in dedicated facilities and distributed through infrastructures 

including pipeline, gaseous tube trailers, liquefaction plants, and liquid hydrogen trailers [8]. 

With a volumetric energy density of 2.4 kWh/L and a purity level of up to 99.99%, LH2 

becomes a dependable energy carrier enabling compact storage. Compared to gaseous 

hydrogen, ammonia or liquid organic hydrogen carrier (LOHC), LH2 is a good choice for 

countries that rely on importing large volume of energy in compact storage. In Europe, 

maritime transport of LH2 is a preferred option for importing hydrogen at terminals [9]. 

 

 

 

Figure 1: General overview of the components of hydrogen supply chains [10]. 
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Figure 1 demonstrates the general overview of different hydrogen supply chains relative to 

respective system boundaries, relevant to the properties of different hydrogen carriers. LH2 

is very light in weight compared to ammonia and LNG. Gravimetric density for LH2 is 

around four times higher, but volumetric density is lower than ammonia and LNG.  LH2 

must be stored at atmospheric pressure inside insulated storage tanks at its boiling 

temperature of -253º Celsius. Same temperature is maintained while storing and transporting 

LH2 in specialized cryogenic infrastructure such as storage tank or inside cryogenic LH2 

trailers for long-distance road transport. However, there is an unavoidable effect of 

temperature gradient that causes partial evaporation of LH2. This generates evaporated gas 

known as boil-off gas (BOG) [11]. Boil-off gas loss is an integral part of the LH2 system 

design due to this low temperature. The daily BOG loss rate may vary with the size of the 

cryogenic tank. There is an inverse relationship between the tank size and loss. For a 50 m3 

cryogenic tank, the BOG loss rate is 0.4% which reduces to 0.06% for a tank size of 20,000 

m3 [12]. Precooling may lower losses, but it comes with additional cost and complexity in 

the system. Managing BOG is very important in LH2 storage and transportation from both 

economic and safety perspectives. It affects the mass of delivered hydrogen, distribution and 

performance of the infrastructure. Safety is critical throughout LH2 value chain. Material 

embrittlement is a common safety consideration. BOG can cause blockages resulting from 

ice formed by moisture in the air, ultimately leading to equipment failure. This can increase 

pressure by blocking vents and valves and may lead to a boiling liquid expanding vapor 

explosion (BLEVE) caused by hydrogen jet release [11], [13]. LH2 combined with BOG can 

cause burns and may increase the risk of fire and explosion  [11]. Transporting large quantity 

of LH2 emphasizes on technologies and regulatory framework to ensure safe transport of 

LH2 as an energy carrier [11]. Having discussed the properties, logistics, storage and safety 

properties for LH2 as an energy carrier, the following section explains the transition toward 

decarbonizing freight transport through electromobility and the heavy-duty vehicle 

technologies that define energy demands in this study. 

2.4  Electromobility 

Electromobility is a cornerstone of decarbonizing the transport sector, especially relevant to 

commercial heavy-duty freight transport. According to the International Energy Agency 

(IEA), the global sales of electric trucks grew by 80% in 2024 while electric trucks accounted 
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for 2% of total truck sales [14]. The global trend in regional sales of electric trucks from 

2016 to 2024 indicates the market of zero emission freight transport is growing, particularly 

in China [14]. The declining price of battery packs is among the key driving factors in the 

growth of electric trucks, with a 30% reduction in battery prices for commercial vehicles 

[14]. This improves the economic competitiveness of battery-electric trucks and supports 

longer driving range.  

Electromobility in heavy-duty freight transport refers to propulsion based on electric 

drivetrain rather than direct combustion [15]. Its performance is shaped by vehicle 

technology, operational requirements and infrastructure availability. Key factors include 

driving range, route length, payload efficiency, energy demand, vehicle utilization, 

availability of refuelling or recharging infrastructure [16]. Large-scale adoption of hydrogen 

in electromobility is  highly sensitive to the infrastructure [16]. Hydrogen-powered mobility 

involves additional stages including hydrogen production, compression, liquefaction, 

transport, storage, dispensing and reconversion for the fuel cells, which increases system 

complexity and affects overall efficiency compared to that of battery-electric trucks [16]. To 

support the heavy-duty electromobility, refuelling and recharging stations are required to be 

deployed in accordance with the Alternative Fuel Infrastructure Regulation (AFIR), the 

Regulation (EU) 2023/1804, which mandates the deployment of refuelling and recharging 

infrastructures. For hydrogen fuel cell heavy-duty vehicles, the AFIR requires publicly 

accessible HRS with minimum 1 ton per day of capacity at 200 km interval, along the TEN-

T network by 2030. For HPRS to power battery-electric heavy-duty vehicles, AFIR 

mandates that each recharging pool must be equipped with at least two chargers of 150 kW 

each, to supply a minimum output power of 600 kW by end of 2027 [4]. The following 

section discusses two specific types of heavy-duty trucks that belongs to the scope of AFIR 

infrastructure requirements. 

2.5  Role of HFC and BE trucks in zero emission freight transport 

Heavy-duty freight transport is among the most difficult segments in the transport sector to 

decarbonize. This is because long-haul trucks need daily energy throughput, long distance 

travel and infrastructure to support commercial scale operations. In this study, fuel cell 

electric vehicles (FCEVs) and battery-electric vehicles (BEVs) are considered as heavy-duty 
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trucks for zero emission mobility. BEVs store electrical energy directly in its battery pack. 

In a FCEV, GH2 is supplied to the fuel cell system to power the electric motors [17]. Neither 

HFC nor BE trucks run on fossil fuels. Therefore, they do not cause any carbon emission. 

Both hydrogen fuel cell (HFC) trucks and battery-electric (BE) trucks offer complementary 

solution for zero emission freight transport [14].  

2.5.1  Hydrogen fuel cell trucks 

Hydrogen fuel cell (HFC) trucks are heavy-duty FCEVs, supplied by GH2 at refuelling 

stations. The European models of Hyundai XCIENT Fuel Cell Trucks are suitable 

representative for the fleet of heavy-duty HFC trucks in this study [18], [19]. These trucks 

operate on commercial level with a powerful hydrogen fuel cell system. Hydrogen acts as 

an energy carrier for FCEVs and is electrochemically converted into electricity in the fuel 

cell system. HFC trucks use pressurized GH2 through the membranes in its fuel cells, 

creating chemical reactions with oxygen to produce electricity and pure water as a byproduct 

from the reaction [15]. These trucks’ dimensions comply with the EU’s Weight and 

Dimension Directive (Directive 96/53/EC) [20]. The powertrain includes fuel cell system, 

battery packs and drive motor. Figure 2 shows the fuel cell, battery packs and tank 

specification for the HFC truck. 

 

 
 

Figure 2: Fuel cell and battery specifications for Hyundai XCIENT HFC trucks [18]. 
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From Figure 2, the fuel cell system in this HFC truck has maximum stack power of 220 kW 

and the battery pack capacity is 72 kWh. The gross filling pressure is 350 bar when refuelling 

at station dispenser [18]. Generally long-haul FCEVs consume around 8 kg to 9 kg GH2 for 

every 100 km driving range [21]. This can be reduced to 6 kg for every 100 km with 

improved efficiency of fuel cells and truck load carrying technologies. Hyundai XCIENT 

Fuel Cell truck has Type IV tanks with capacity of 31.08 kg hydrogen and can travel up to 

400 km with it, and needs 7 to 20 minutes for completely filling its tank [18]. The fuel 

consumption rate is computed as 7.77 kg H2 /100 km for each of the HFC truck [18]. 

2.5.2  Battery-electric trucks 

Battery-electric (BE) trucks are heavy-duty BEVs in which the battery-packs are electrically 

charged at recharging stations with CCS2 (Combined Charging System type 2) chargers. For 

rapid charging they can be charged with megawatt charging system (MCS) at high-power 

recharging infrastructure. The Mercedes-Benz eActros 600 BE trucks are long-haul battery-

electric heavy-duty trucks designed for e-mobility in freight operations, with an extended 

travel range of 500 km with its fully charged battery packs [22]. Using a megawatt charging 

system, its three units battery packs with a combined capacity of 621 kWh can charge from 

20% to 80 % SoC in 30 minutes with an average charging capacity of 1,000 kW [22]. These 

fully electric trucks come with a technical gross vehicle weight (GVW) of 22 tons and a 

maximum gross combination weight of 44 tons [22]. All these operational characteristics 

make the Mercedes-Benz eActros 600 a suitable and realistic representative for modelling 

the fleet of heavy-duty BE trucks in this study. A comparison of operational characteristics 

between HFC and BE trucks is shown in Table 1 below. 

 

Table 1: Comparison of operational characteristics and parameters. 

Parameters HFC trucks BE trucks 

Range at full capacity 400 km 500 km 

Energy Storage 31.08 kg H2 (1035 kWh) tank 621 kWh Battery capacity 

Number of battery packs 3 3 

Installed battery pack capacity 72 kWh (3 x 24 kWh) 621 kWh (3 x 207 kWh) 

Refuelling / Charging capacity Filling H2 fuel tank with 350 bar 

filling pressure 

1,000 kW with megawatt charging 

system 

Refuelling / Charging time 7 to 20 minutes approx. 30 minutes (for battery Soc 

20% to 80%) with 1000 kW MCS 

Refuelling / Charging station Hydrogen refuelling station High power charging stations 
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Maximum Gross Vehicle 

Weight (Front / Rear) (ton) 

19.5 ton (8 ton / 11.5 ton) 22 ton (9 ton / 13 ton) 

Maximum gross combination 

weight (ton) 

38 ton 44 ton 

Data source [18] [22] 

 

The operational characteristics as shown in Table 1, significantly differ for the HFC trucks 

and BE trucks due to several factors such as their drivetrain technologies, energy storage 

system such as fuel cells capacity and battery pack capacity as well as refuelling or 

recharging performance. 

Having introduced the two most important vehicle technologies that can be powered using 

energy carried by hydrogen, the following section reviews the LH2 road transport logistics 

for supplying liquid hydrogen from import terminal to end-user facilities. 

2.6  Cryogenic LH2 trailer 

Cryogenic LH2 trailers are very important components in transport logistics for delivering 

liquid hydrogen. These trailers are road tankers built for large-scale LH2 transport between 

import terminals and end user facilities such as HRS, industrial consumers or inland depots 

or terminals. In these trailers, LH2 is carried at atmospheric pressure inside insulated double 

walled, volume-jacketed storage tanks at -253º Celsius, making road transport of LH2 more 

payload-efficient than tube trailers to carry compressed GH2.  

The Linde LH2 semi-trailer applied in this study can carry between 3,500 to 4,000 kg of LH2 

at atmospheric pressure under cryogenic temperature [23]. The cryogenic LH2 tank is 

designed with vacuum insulation and multi-layer insulation (MLI) to ensure minimum heat 

leakage, hydrogen boil-off losses and operates at a maximum working pressure of 12.75 bar. 

The Linde LH2 semi-trailer contains a cryogenic process control system which includes 

valve, piping system and safety device required during filling and off-loading operations 

[23]. The pressure monitoring system ensures operational stability, enabling a controlled 

transfer of LH2 from the trailer to the off-loading point at end user facility such as HRS. 

The operation cycle of an LH2 trailer comprises multiple stages such as pre-trip cooling at 

the import terminal, loading, road transport to the delivery point and unloading at end-use 

facilities. It takes approximately four hours to fill the tank to 90% of its usable volume and 
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one hour to off-load them. These LH2 semi-trailers offer operational advantages such as high 

energy density transport of hydrogen with low boil-off losses, flexible routing and scalable 

logistics. Thus, making it suitable for early-stage corridor-level medium distance LH2 supply 

chain. The following section explains the design and operation of hydrogen refuelling station 

which is end use facility for hydrogen powered HDVs in this study. 

2.7  Hydrogen refuelling stations 

A hydrogen refuelling station (HRS) is an integral part of hydrogen refuelling infrastructure 

in the transport sector. HRS serves as the heart of hydrogen powered zero emission mobility. 

FCEVs refuel their fuel tank at HRS with compressed GH2 to supply the fuel cell stacks and 

generate electricity and power its batteries. By 2020, around 1,100 HRS units operated to 

support approximately 80,000 FCEVs globally [24]. By the same period, around 254 HRS 

units were operating to serve approximately 5,570 FCEVs in Europe [24]. By 2030, 

Hydrogen Council forecasted a need of around 3,700 HRS units to support nearly 4.2 million 

FCEVs, including 45,000 commercial vehicles for freight transport in Europe [24]. A typical 

schematic diagram for HRS is shown in Figure 3 below. 

 

 
 

Figure 3: Schematic diagram for typical hydrogen refuelling station. 
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Figure 3 demonstrates the main components of hydrogen refuelling stations including 

compressors, storage tanks, dispensing units which dispense GH2 to the FCEVs. Some 

hydrogen refuelling stations have onsite hydrogen production facility. Generally, the 

hydrogen refuelling stations are LH2 supplied or directly GH2 supplied through pipelines or 

tube trailers. At the HRS, supplied LH2 is stored at 0.2 to 0.8 MPa in onsite storage facility 

[25]. The stored LH2 is converted into GH2 through re-gasification process, which includes 

cryopump, heat exchangers, vaporizer. These converted or supplied GH2 is compressed 

through a high-pressure gas compressor. GH2 supplied at low pressure need compression to 

increase pressure up to 50 MPa [25]. GH2 is compressed and stored in high pressure buffer 

storage system at the HRS before being dispensed into the vehicle’s fuel tank through 

dispenser. HRS design may need hydrogen to be precooled to -40º Celsius before dispensing, 

as a safety measure to avoid temperature increase over 85º Celsius in vehicle tank during 

quick refuelling  [25]. The dispenser regulates flow of GH2 into the fuel tank in the FCEV.  

The number of hydrogen refuelling stations has increased significantly over years. This 

indicates the strong focus on reducing carbon emissions at transport sector by shifting 

towards fuel cell powered vehicles. Germany has the highest number of hydrogen refuelling 

stations across Europe, followed by France and Netherlands [26]. The number of HRS in 

Germany has been rising for years. From only 11 units in 2016, the number of operational 

HRS units in Germany increased to approximately 76 units in 2019 and further increased to 

109 units in 2022 [27]. As of Q4 2025, approximately 128 HRS units have been operational 

in Germany [27], among which 81 units operate at 700 bar and 47 units operate at 350 bar 

[26]. In April 2025, H2 MOBILITY the largest HRS operator in Europe, announced a 

strategic shift by moving its focus from 700 bar to 350 bar for commercial heavy-duty 

vehicles [28]. Having discussed the HRS scenario in Germany, the following section 

discusses another method for supplying hydrogen to the refuelling stations. 

2.8  Gaseous hydrogen transmission pipelines 

Pipeline transportation is a highly efficient and reliable way for large-scale continuous 

hydrogen supply over long distance [29]. In terms of scalability, system-level efficiency and 

long-term cost, pipeline transportation is highly reliable to meet continuous demand [30]. 

Through pipeline, GH2 continuously flows at high pressure. This pressure is maintained by 
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booster compressor units typically built over 100 km to 500 km across the pipeline route 

[30]. Efficiency of hydrogen pipeline transmission system depends on size and materials of 

pipes, operating pressure, compression units and other parameters. To transport GH2, using 

existing natural gas pipelines can reduce infrastructure cost but it will affect the purity of 

transported hydrogen. It also comes with risk of hydrogen embrittlement for the natural gas 

pipeline. Fuel cell applications need hydrogen purity level of 99.99% [6]. To improve the 

hydrogen purity, existing natural gas pipelines must be repurposed. However, repurposed 

pipelines alone could not completely remove the risk of hydrogen contamination. With the 

growing demand of fuel cell vehicles, demand of pure hydrogen is continuously increasing. 

The European Hydrogen Backbone (EHB) initiative which is discussed in the following 

section,  is focused on developing dedicated GH2 pipeline system with new and repurposed 

pipelines across Europe,  to meet the demand of pure hydrogen as well as ensuring smooth 

energy system transition [31].  

2.9  European Hydrogen Backbone 

The European Hydrogen Backbone (EHB) was initiated in 2020 [31]. It is a pan-European 

hydrogen transmission network which involves thirty-three energy infrastructure operators 

sharing a common vision to decarbonize Europe by achieving climate-neutrality [32]. The 

operators in the EHB infrastructure are contributing to the development around 30,000 km 

GH2 pipeline network by 2030 [32]. The aim of the EHB initiative is to utilize the 

infrastructure of new and repurposed hydrogen gas pipelines as the cornerstone for Europe’s 

decarbonization, integrating with variable renewable energy. EHB initiative is focused on 

developing a widespread and secured hydrogen supply chain and market development to 

meet the increasing demand. This pan-European hydrogen network can deliver an estimated 

savings of around €330B compared to clustered hydrogen networks [32], making it a cost-

efficient solution to serve the cross-border hydrogen economy. This initiative connects 

regions with strong wind and solar resource potential to regions with higher demand for 

hydrogen to meet the energy demand for industry and e-mobility. EHB network has been 

planned through five hydrogen supply corridors [33] which are: 

1) Corridor A: North Africa and Southern Europe 

2) Corridor B: Southwest Europe and North Africa 



26 

 

 

3) Corridor C: North Sea 

4) Corridor D: Nordic and Baltic regions 

5) Corridor E: East and South-East Europe 

Germany is connected to the major corridors of the EHB initiative network. This highlights 

the strategic importance of Germany as not only a key demand country but also a transit 

region for future hydrogen infrastructure. In this study, the EHB initiative is particularly 

relevant to the conversion chain designed with GH2 pipeline-based hydrogen transmission 

to the HRS across the corridor from Hamburg to Frankfurt-am-Main in Germany. The EHB 

initiative provides an important strategic and technical background for this corridor-level 

techno-economic study and emphasizes the importance of GH2 pipeline transmission for 

future large-scale hydrogen transport at continental scale across Europe. The following 

section focuses on the infrastructure requirement for alternate conversion model in this study 

that focuses on charging battery-electric heavy-duty vehicles. 

2.10  High-power recharging infrastructure 

High-power recharging stations (HPRS) are grid connected charging stations capable to 

deliver charging power up to megawatt range, significantly reduces charging time to 

recharge the battery packs in heavy-duty BE vehicles. Efficient charging system and 

improved duty-cycle enable broader commercial acceptance of battery-electric vehicles in 

freight transport. With increasing demand of heavy-duty electric vehicles in e-mobility, 

HPRS is becoming crucial to ensure quick and efficient charging infrastructures. Megawatt 

charging system can provide fast charging solutions up to one megawatt to heavy-duty trucks 

[15]. HPRS typically have multiple MCS units connected to the grid. They can consume up 

to several megawatts of grid capacity depending on the simultaneous vehicles charging. 

HPRS is at the core of high-power rapid charging infrastructure for BE trucks in this study. 

The following section focuses on process and technology that can convert hydrogen into 

electricity for grid supply to these HPRS. 
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2.11  Conversion of hydrogen to electricity through gas turbines 

Conversion of LH2 into electricity via gas turbine is becoming useful in large-scale power 

generation with minimum carbon footprint where gas turbine is the most important part in 

the conversion process. The process begins with the vaporization and heating of LH2 to GH₂ 

using vaporizers or cryopump with heat exchanger. After vaporization, the GH2 is supplied 

to the gas turbine at controlled pressure and temperature for stable combustion. The Siemens 

SGT-800 gas turbine to be used in this study for generating electricity, is equipped with a 

dry low emission (DLE) burner which can burn a mixture of natural gas and hydrogen as 

input fuel [34]. The volume of hydrogen can be up to 75% of the total natural gas mix. The 

gross efficiency of the gas turbine is 38.4% at its rated output configuration of 45.3 MW(e) 

[34]. Near the Hamburg port, the Dradenau Combined Heat and Power Plant project is under 

development with two units of SGT-800 gas turbine in its system. This project is capable of 

producing total 180 MW of electricity [35]. The location of this project and the scope for 

future analysis for hydrogen gas turbine-based electricity generation make SGT-800 a 

technically and geographically relevant selection of gas turbine for this study.  

2.12  Existing techno-economic studies 

Many techno-economic studies analyzed individual components of hydrogen supply chains. 

The HRS infrastructures are analyzed for different station sizes and utilization rate for fleet 

scale HRS configuration in Germany in a study of cost analysis for HRS by T. Eißler [36] 

where results show station level refuelling infrastructure cost of  0.34 €/kg hydrogen. This 

indicates that station throughput is a primary cost driver at refuelling stations. However, this 

study focuses on HRS economics rather than evaluating and comparing upstream hydrogen 

supply chains. A study by Basma et al. identified hydrogen consumption by conducting a 

comprehensive techno-economic evaluation for fuel cell trucks across European operating 

scenarios to identify different total cost of ownership (TCO) [37]. The study also identified 

hydrogen consumption of around 7.5 kg/100 km for heavy-duty fuel cell electric trucks 

operating in European conditions. The study analyzed the TCO of long-haul hydrogen fuel 

cell trucks operating in Europe and identified that hydrogen supply cost is the dominant 

factor in the economics of fleet operation for fuel cell trucks. A techno-economic study by 
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Khan et al. [30] on hydrogen pipeline transportation identified that cost scenarios in pipeline 

economics is highly dependent on infrastructure investment to achieve sufficient hydrogen 

throughput with higher utilization rate. The study conducted with the European hydrogen 

price ranging 0.07 €/kg to 0.23 €/kg for 1000 km pipeline transmission and concluded 

hydrogen transport through pipeline is economically viable for large-scale high-utilization 

transport [30].  

These studies analyzed individual components in hydrogen supply chains. They also reflect 

on the importance of minimizing the supply chain cost of hydrogen for economic 

competitiveness. But none of the studies integrates supply chain logistics, infrastructure 

sizing within a single consistent modelling framework and compared multiple LH2 based 

conversion chains under the same defined system boundaries and fleet assumption to identify 

the cost competitiveness of the conversion process to reduce the hydrogen supply cost in 

future. This methodological gap motivates the integrated corridor-specific techno-economic 

analysis conducted in this study. 
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3  System Definition 

This chapter demonstrates the system definitions for modelling the techno-economic 

analysis in this study. It defines the geographical study region, fleet characteristics, 

conversion chains to be analyzed, infrastructure components, modelling assumptions and 

exclusions applied while conducting this techno-economic study of the three conversion 

chains. 

3.1  Germany as the study region 

Germany is the hub of industrial developments in Europe. It has the strongest economy in 

the European Union with the largest share of GDP [38]. Germany is a hub in Europe’s transit 

and logistic network, accounts for one of the highest freight transport volumes in the 

European Union, with road freight accounting for more than 70% of inland goods movement 

[39].  Hydrogen demand in Germany is highest compared to other countries in Europe. The 

German transport system also provides a realistic and policy-aligned environment for 

evaluating zero emission freight technologies. National and EU-wide regulations such as the 

AFIR [4], updated CO2 emission standards for heavy-duty vehicles, and Germany’s National 

Hydrogen Strategy [40], all support the expansion of HRS, megawatt-scale HPRS 

infrastructure, and hydrogen pipeline networks. Monthly hydrogen demand at H2 

MOBILITY operated HRS reflects on the increasing  use of hydrogen as an energy supply 

to decarbonizing transport sectors in Germany [41]. Manufacturing industry can be highly 

beneficial using hydrogen. Steel production industry, chemical industry and even cement 

industry can reduce CO2 emission by integrating hydrogen into their process [42]. 

Germany’s well-developed highway network, existing pilot hydrogen mobility initiatives, 

and early deployments of megawatt charging solutions provide a practical context for 

evaluating three different LH2-based energy transport and conversion chains. Germany’s 

strategic importance and dependency on energy import, large freight volume, and emerging 

hydrogen-based infrastructure make it highly relevant to the purpose of this study. 
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3.2  Hamburg LH2 import terminal as system starting point 

The Port of Hamburg has emerged as one of Europe’s key entry points for future LH2 

imports, supported by national hydrogen strategies and port infrastructure development 

plans [43]. A bulk liquid hydrogen storage tank is modelled at Hamburg port with short-term 

buffer capacity for multiple days of storage that reduces the dependency on maritime import 

schedules for LH2. The infrastructure ensures a reliable and continuous supply of LH2 to the 

hydrogen refuelling stations throughout respective conversion chains.  

3.3  Freight corridor 

The freight corridor in this study spans approximately 500 km from Hamburg to Frankfurt-

am-Main connected through the Autobahn (§ 18 Motorways and Expressways) which is the 

federal controlled highway in Germany [44]. Geographically Hamburg and Frankfurt-am-

Main both bear economic importance. They are closely linked with few corridors in EHB 

network [32]. Figure 4 shows the geographic location of the freight corridor in this study. 

 
 

 

 

Figure 4: Freight corridor for case study in Germany [45]. 
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This corridor from Figure 4 provides an ideal and realistic operational scenario for evaluating 

zero emission heavy-duty freight transport in this study. For different conversion chains, the 

500 km corridor is divided into sub-corridor segments shown in the following Table 2 [45]. 

 

Table 2: Freight corridor segmentation. 

Segments Conversion 

chain 

Sub-Corridor segments Approximate 

Distance 

Total 

corridor 

distance 

Segment-1 chain 1 and 

chain 2 

Hamburg to Hannover 160 km 500 km 

Hannover to Frankfurt-am-Main 340 km 

Segment-2 chain 3 Hamburg to Göttingen 270 km 500 km 

Göttingen to Frankfurt-am-Main 230 km 

 

As shown in Table 2, segment-1 is applied for modelling refuelling infrastructures in 

conversion chain 1 and chain 2. Segment-2 is applied for modelling recharging 

infrastructures across the corridor in conversion chain 3.  

3.4  Fleet definition 

The zero emission fleet in this study consists of 100 long-haul heavy-duty trucks. Each truck 

is capable of operating with 40 tons of gross vehicle weight (GVW), in accordance with the 

EU’s Weight and Dimension Directive (Directive 96/53/EC) for maximum allowable load 

for heavy-duty vehicles [20]. Table 3 below shows the fleet definition applied in this study. 

 

Table 3: Fleet definition. 

Fleet parameter Value 

Number of vehicles in the fleet 100 

Vehicle class Long-haul heavy-duty truck 

Gross vehicle weight (GVW) 40 tons 

Payload 25 tons 

truck type in Chain 1 & 2 Hydrogen fuel-cell (HFC) truck 

truck type in Chain 3 Battery-electric (BE) truck 

Daily operation One round-trip per truck 

Modelling basis Steady-state continuous operation 

 

As shown in Table 3, the fleet is modelled using two types of heavy-duty trucks 

corresponding to the three conversion chains in this study. Each truck type belongs to 

category N vehicles [46] and comply with the EU regulation 2019/1242 [47], which defines 

CO2 emissions standards in EU for heavy-duty vehicles [48].   
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3.5  Conversion chain definition 

Three alternative conversion chains are analyzed to evaluate the role of liquid hydrogen 

(LH2) as the primary energy carrier for powering fleets of heavy-duty trucks in respective 

conversion chain for zero emission freight transport. 

3.5.1  Conversion Chain 1 

Conversion chain 1 is modelled with imported LH2 supplied from Hamburg port to 

respective HRS across the corridor by cryogenic LH2 trailers. At the HRS, LH2 is stored and 

converted into GH2, pressurized through a compressor, followed by high pressure buffer 

storage and dispensed into the fuel tank of HFC trucks at 350 bar. Figure 5 illustrates the 

layout of the process flow for conversion chain 1. 

 

 
 
 

Figure 5: Process layout of conversion chain 1. 
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In chain 1 as show in Figure 5, imported LH2 is stored in a bulk storage tank at Hamburg 

port terminal before being transported to respective HRS at Hannover and Frankfurt-am-

Main by cryogenic LH2 trailers, sufficient supply for the fleet of 100 HFC trucks. 

3.5.2  Conversion Chain 2 

The conversion chain 2 is modelled with LH2 converted GH2 supplied through dedicated 

hydrogen gas pipeline to the respective HRS at Hannover and Frankfurt-am-Main.  At each 

HRS, the supplied GH2 goes through compressor for subsequent buffer storage before 

dispensed at 350 bar into the fuel tank of HFC trucks. Figure 6 illustrates the layout of the 

process flow for conversion chain 2. 

 

 
 

Figure 6: Process layout of conversion chain 2. 

  

Figure 6 shows from the bulk LH2 storage tank at Hamburg port terminal, imported LH2 

goes through re-gasification process and compression before the GH2 transmitted through 

the dedicated 500 km GH2 pipeline across the study corridor in conversion chain 2. 
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3.5.3  Conversion Chain 3 

The conversion chain 3 is modelled with an LH2-to-electricity design for recharging fleet of 

BE trucks. The imported LH2-converted GH2 is supplied as a fuel mix for the gas turbine 

(GT) to generate electricity at the Hamburg port. The generated electricity is transmitted and 

distributed through the national grid to respective HPRS across the corridor. Figure 7 

illustrates the layout of the process flow for conversion chain 3. 

 

 
 

 Figure 7: Process layout of conversion chain 3.  

 

Figure 7 shows from the bulk LH2 storage tank at Hamburg port terminal, imported LH2 

goes through re-gasification process and compression before the GH2 is supplied as a fuel 

mix to the hydrogen-powered SGT-800 gas turbine at the port. The electricity generated by 

the gas turbine is stepped up and fed into the transmission grid at the port, electricity 

transmitted through grid network and stepped down to respective HPRS at Hamburg, 

Göttingen and Frankfurt-am-Main. At each HPRS, the fleet of BE trucks is recharged using 

MCS. Conversion chain 3 requires a robust high-power electric charging network throughout 

the system. It can utilize the existing national grid infrastructure from Hamburg to Frankfurt-

am-Main. 
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3.6  System boundaries, exclusions, and assumptions 

This section defines the system boundaries, exclusions and key assumptions applied to the 

techno-economic analysis of the three LH2-based conversion chains for zero emission heavy-

duty freight transport. The system boundaries are defined in terms of geographical 

boundaries, functional boundaries and analytical scope of the study to provide the basis for 

consistent comparison of energy flows, infrastructure requirements and costs across the 

conversion chains. Figure 8 illustrates the system boundaries from the starting point to the 

end point designed in this study. 

  

 

 

Figure 8: System boundaries for the techno-economic study. 

 

The geographical boundary of the system shown in Figure 8 starts with Hamburg port where 

LH2 arrives via maritime transport as imported energy. The geographical end point of the 

system is Frankfurt-am-Main, a major industrial area, located approximately 500 km away 

from Hamburg. The functional boundary of the system includes LH2 storage at the Hamburg 

port terminal, LH2 re-gasification process, transport infrastructure LH2, GH2 and electricity 

for respective conversion chain, refuelling and recharging infrastructures, and the end use 

energy demand for the fleet of HFC and BE trucks. The analytical boundary of the system 
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compares the energy conversion process, energy flows, stage-wise efficiencies, 

infrastructure requirements, and life-cycle costs across the three conversion chains.  

The techno-economic study is performed with some key assumptions considered for 

comparing the three conversion chains. 

• All three conversion chains are modelled, assuming continuous and steady-state 

freight transport operations for 24/7, for 365 days per year across the study corridor. 

• Imported LH2 is assumed to preserve a high purity level of up to 99.99%, stored and 

transported at cryogenic temperature of -253º Celsius in the LH2 trailers. 

• Boil-off loss rates and gasification efficiency values are based on literature values. 

• In conversion chain 2, pipeline infrastructure CAPEX, OPEX and energy 

consumption during GH2 pipeline transmission are based on EHB literatures. 

• Major disruptions such as pipeline outage or major equipment such as gas turbine 

downtime are not considered in system modelling for the study. 

• The electricity generation unit for gas turbine is assumed to have available grid 

connectivity sufficient to supply electricity for HPRSs demand. Electricity grid 

transmission and distribution losses follow average high-voltage transmission 

efficiencies of German TSOs.  Gas turbine cost is assumed for the turbine unit only. 

• The trip plan divided the fleet of 100 heavy-duty trucks into two groups of 50 trucks 

for bidirectional continuous round-trip operation across the 500 km corridor. 50 

trucks operate from Hamburg and 50 trucks from Frankfurt-am-Main. 

• Average payload for each HFC and BE truck is considered as 25 tons [49].  

• Energy consumption rate for HFC and BE trucks are computed from technical 

specifications and literature-based drive-cycle averages for heavy-duty trucks. 

• Refuelling and recharging times are calculated from literature values. 

• According to Road Traffic Regulations (StVO) § 18  Motorways and Expressways 

in Germany, the average speed for heavy-duty vehicles is limited to  80 km/h [50] 

which is applied to calculate the continuous travel duration for the fleet. 
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• 30 minutes of goods loading and unloading times are considered in designing trip 

plan for each heavy-duty truck in respective conversion chain. 

• The trip operation is planned with a minimum of two drivers for each truck under 

multi-manning as per Regulation (EC) No 561/2006 on driving time, breaks and rest 

periods. It requires a mandatory 45 minutes break for a driver after 4 hours 30 

minutes of driving [51].  

• Electricity price (€/kWh) is assumed constant across all three conversion chains. 

• The techno-economic comparison for three conversion chains is conducted using a 

discounted life-cycle cost calculation with a uniform interest rate applied over 

component specific lifetimes. 

• For conversion chain 2, two different pipeline cost scenarios are evaluated. Scenario-

a considers complete development cost of a 500 km dedicated new 20-inch GH2 

pipeline infrastructure for LCC calculation. Whereas scenario-b assumes the pipeline 

infrastructure costs are shared across a broader hydrogen pipeline transmission 

network consistent with EHB framework. These two scenarios evaluate the cost 

effects for early-stage dedicated corridor-level deployment to matured-stage shared 

infrastructure operation. 

 

Some exclusions are made from the scope of this study. Upstream LH2 production and 

liquefaction process before arrival at Hamburg port are excluded. Manufacturing and 

environmental life-cycle impacts such as CO2 emissions from construction of 

infrastructures, recycling and decommissioning of the system components are excluded in 

this study. Operational uncertainties such as extensive traffic congestion, uncertain queuing 

at HRS or HPRS, weather effects, and seasonal fluctuations in freight demand are also not 

considered in this study. Land acquisition costs for HRS, HPRS are not considered as well. 

3.7  Alignment with European Hydrogen Backbone development 

The modelling of conversion chain 2 is conceptually aligned with the EHB initiative which 

targets around 30,000 km of hydrogen gas pipelines network across Europe by 2030 for 

large-scale cross border hydrogen supply and distribution chain. Hamburg is strategically 



38 

 

 

positioned near the intersection of Corridor C of North Sea and Corridor D of Nordic and 

Baltic regions whereas Frankfurt-am-Main is closely connected to Corridor A and B [33]. 

The 500 km GH₂ pipeline modelled in chain 2 is consistent with EHB initiative infrastructure 

configuration. Scenario-b in chain 2 directly reflects the EHB model of shared high-

utilization pipeline infrastructure where the pipeline costs are distributed across a broader 

hydrogen network. This provides a sound technical basis for evaluating cost competitiveness 

of conversion chain 2 at both early-stage and mature-stage deployment of GH2 pipelines. 
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4  Methodology 

This chapter outlines a methodological framework for evaluating three LH2-based 

conversion chains for zero emission heavy-duty freight transport across the 500 km corridor 

from Hamburg to Frankfurt-am-Main. It quantifies the energy flow throughout each 

conversion chains, the energy demand for round-trip operation by the fleet of heavy-duty 

trucks, evaluates techno-economic performance for each conversion chain within defined 

system boundaries using: 

• Energy demand and energy efficiency. 

• Infrastructure requirement and sizing. 

• Life-cycle cost and levelized cost indicators based on energy consumed. 

Figure 9 shows the workflow for the techno-economic analysis in this study. 

 

 

 

Figure 9: Workflow of the techno-economic system analysis. 

 

Data collection is an integral part of the input parameters stage shown in Figure 9 for 
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European Hydrogen Backbone (EHB) [54]. These data are validated through cross-

referencing between datasets as well as yearly data, discussions and sensitivity screening to 

identify parameters that can influence the techno-economic analysis in the study. The 

methodology is reflected throughout the calculations for all the three conversion chains. 

4.1  Energy system modelling 

Energy demand for conversion chain 1, 2 and 3 are computed for 24/7 round-trip operation 

by the fleet of 100 heavy-duty trucks designed with bidirectional operation by two groups of 

50 trucks from each direction over the year.  

For conversion chain 1 and chain 2, total demand of LH2 depends on the total demand of 

GH2 across respective conversion chain. Total demand for GH2 at the dispensers at each 

HRS is calculated by the following equation: 

              𝑀dispense,HRS = 𝑛visit,HRS ∙ 𝑁truck,HFC ∙ 𝑑travel ∙  𝑀GH2,HFC                         (4.1) 

 

where Mdispense,HRS represents the total demand of GH2 at dispensers in respective HRS, 

nvisit,HRS is the number of visits at that HRS, Ntruck,HFC is the number of HFC trucks visiting 

the HRS, dtravel is the distance travelled across the corridor to reach specific HRS, and 

MGH2,HFC is the GH2 consumption rate in kg per kilometre (km) by each HFC truck. 

For conversion chain 3, total demand of LH2 depends on the total demand for GH2 in fuel 

mix for the gas turbine (GT), to generate sufficient electricity for grid transmission to 

respective HPRS across the corridor. Total electricity demand at the chargers at each HPRS 

is calculated by the following equation: 

               𝐸recharge,HPRS = 𝑛visit,HPRS ∙ 𝑁truck,BE ∙ 𝑑travel ∙  𝐸km,BE                               (4.2) 

 

where Erecharge,HPRS represents the total electrical energy demand in kWh, by the fleet for 

charging at respective HPRS across the corridor, nvisit,HPRS is the number of visits at that 

HPRS, Ntruck,BE is the number of BE trucks visiting the HPRS, dtravel is the distance travelled 

across the corridor to reach specific HPRS, and Ekm,BE is the electricity consumption rate 

kWh per kilometre (km) by each BE truck. The usable energy for the battery-packs in the 
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BE truck depends on the SoC% window for the batteries. The allowable travel range for each 

BE truck depends on the usable energy.  

The overall system-level chain efficiency is determined with stage-wise losses for respective 

conversion chains. Demands for GH2 and LH2 for all three conversion chains are computed 

using bottom-up approach with stage-wise efficiencies across the chain. The upstream 

energy demand is calculated by the following equation: 

                                                         𝑋upstream𝑖
=

 𝑋downstream

𝜂i
                                                   (4.3) 

 

where Xupstream represents the total hydrogen mass or electrical energy demand at the 

upstream stage for the specific conversion chain, Xdownstream is the corresponding downstream 

stage in that chain, ηi represents the efficiency for moving from downstream stage to 

upstream stage, and the subscript i denotes efficiency stages in the conversion chain. 

4.1.1  Modelling chain 1 

The demand for GH2 and LH2 for chain 1 is calculated with the stage-specific efficiencies 

based on respective loss stages, as shown in Table 4 below. 

 

Table 4: Stage-wise losses for computing efficiencies in chain 1. 

Losses Loss stages 

Dispensing (disconnect + nozzle) loss Dispensing at HRS 

GH₂ buffer storage & venting (permeation) loss GH2 buffer storage at HRS before dispensing 

HRS-side LH2 re-gasification LH2 to GH2 conversion 

(using cryopump and heat exchanger) at HRS 

HRS-side LH₂ storage tank BOV loss Before LH2 to GH2 conversion at HRS 

LH₂ trailer boil-off (BOV) loss Up to LH2 arrival at HRS 

Port-side LH2 storage daily evaporation (BOV) loss LH2 bulk storage at port 

 

Table 4 shows losses at different stages for conversion chain 1, applicable for computing 

stage-wise efficiencies. Total demand for GH2 at the dispensers in HRS is calculated with 

the following equation.                                       

                                        𝑀HRS,total,GH2
=  

1

𝜂disp .  𝜂storage,GH2

 ∑ 𝑀dispense𝑑
                               (4.4) 

 

where MHRS,total,GH2 represents the total demand for GH2 at the dispensers at all HRS across 

the corridor and the subscript d denotes HRS at Hannover and Frankfurt-am-Main, ηdisp is 
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the dispensing efficiency at HRS, and ηstorage,GH2 is the storage and venting efficiency at GH2 

buffer storage in the HRS.  

                                           𝑀HRS,total,LH2
=  

1

𝜂vap .  𝜂BOV

 ∑ 𝑀HRS,GH2𝑑
                                     (4.5) 

 

where MHRS,total,LH2 represents the total mass of equivalent LH2 demand for all HRS across 

the corridor, ηvap is vaporization efficiency during LH2 re-gasification process at that HRS 

and ηBOV is the evaporation efficiency due to the boil-off loss in the cryogenic LH2 storage 

tank at respective HRS. 

                                                𝑀LH2,Trailer,total =  
1

𝜂trailer,BOV
 ∑ 𝑀LH2,Trailer𝑑

                                    (4.6) 

 

where MLH2,Trailer,total represents the total mass of LH2 to be carried to all HRS by cryogenic 

LH2 trailers, and the subscript d denotes each HRS across the corridor. ηtrailer,BOV is the 

evaporation efficiency due to the boil-off loss during LH2 road transportation.  

 

                                                   𝑀LH2,chain1 =
 𝑀LH2,Trailer,total

𝜂port,BOV,LH2

                                             (4.7) 

 

where MLH2,chain1 represents the mass of total demand of LH2 for conversion chain 1, and 

ηport,BOV,LH2 is the daily evaporation efficiency due to boil-off loss for bulk cryogenic LH2 

storage at the port. 

 

                      𝜂chain1 = 𝜂disp .  𝜂storage,GH2
. 𝜂vap .  𝜂BOV . 𝜂Trailer,BOV . 𝜂port,BOV,LH2

               (4.8) 

 

where ηchain1 represents the total system-level efficiency for conversion chain 1. 

In conversion chain 1, electricity demand is calculated only for the specific electricity 

consumption (SEC) by components in LH2 re-gasification and compression at the HRS. The 

total electricity consumption for chain 1 is calculated with the equation below: 

 

                                                  𝐸total,chain1 =  ∑ 𝑀HRS,GH2𝑑
 . SEC                                         (4.9) 

 

where Etotal,chain1 is the total electricity consumption in conversion chain 1, which is 

calculated from total electricity consumption at all HRS across the corridor, and SEC is the 

specific electricity consumption by the electrical components at the respective HRS. 
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4.1.2  Modelling chain 2 

The demand for GH2 and LH2 for chain 2 is calculated with the stage-specific efficiencies 

based on respective loss stages, as shown in Table 5 below. 

 

Table 5: Stage-wise losses for computing efficiencies in chain 2. 

Losses Loss stages 

Dispensing (disconnect + nozzle) loss Dispensing at HRS 

GH₂ buffer storage & venting (permeation) loss GH2 buffer storage at HRS before dispensing 

HRS-side compression loss Before GH2 buffer storage at HRS 

Pipeline transmission loss GH2 transmission to HRS through pipeline 

Port-side GH2 compression loss After LH2 to GH2 conversion at port 

Port-side LH2 re-gasification loss During LH2 to GH2 conversion at port 

(using cryopump and heat exchanger) 

Port-side LH2 storage daily evaporation (BOV) loss LH2 bulk storage at port 

 

Table 5 shows losses at different stages for conversion chain 2, applicable for computing 

stage-wise efficiencies. Total demand for GH2 at the dispensers in HRS is calculated with 

the following equation.                                       

                                 𝑀HRS,total,GH2
=  

1

𝜂disp .  𝜂storage,GH2
 .  𝜂comp,HRS

 ∑ 𝑀dispense𝑑
                       (4.10) 

 

where MHRS,total,GH2 represents the total demand for GH2 at the dispensers at all HRS across 

the corridor identified by subscript d, ηdisp is dispensing efficiency at the HRS, ηstorage,GH2 is 

the storage and venting efficiency for GH2 buffer storage in that HRS, and ηcomp,HRS is the 

compression efficiency before GH2 buffer storage at HRS. 

Total GH2 demand at the inlet of pipeline network is computed by dividing the total GH2 

demand for all HRS across the corridor from Eq. 4.10 by pipeline transmission efficiency.                              

Total GH2 flow through pipelines can be used to analyze the pipeline transmission capacity, 

by comparing with the rated annual pipeline throughput expressed in GW over the full load 

hour (FLH) equal to 5000 hours in accordance with EHB initiative reports [55]. 

                                    𝑃pipeline,chain2 =  
𝑀pipeline,input,GH2

 ∙ LHV ∙ 365

FLH ∙ 106
                                       (4.11) 

 

where Ppipeline,chain2 represents the electrical power in GW equivalent for daily GH2 flow 

through the pipeline in conversion chain 2, Mpipeline,input,GH2 is the mass of daily GH2 

transported through the pipeline to supply the required GH2 at HRS for the round trip 
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operation by the fleet of HFC trucks, FLH is the full load hour equal to 5000 hours [55], and 

LHV is the lower heating value for hydrogen [56]. 

 

                                                      𝑈𝑝𝑖𝑝𝑒𝑙𝑖𝑛𝑒 =  
𝑃pipeline,chain2

𝑃pipeline
                                               (4.12) 

 

where Upipeline represents the utilization ratio of the GH2 pipeline expressed in terms of 

percentage,  and Ppipeline is the power in GW over 5000 full load hours for respective pipeline 

size in accordance with EHB initiative reports [55].  

 
 

                                                𝑀GH2,chain2 =
𝑀HRS,total,GH2

𝜂T&recomp .  𝜂comp,port
                                              (4.13) 

 

where MGH2,chain2 represents the mass of total GH2 demand in chain 2, ηT&recomp is the 

transmission and recompression efficiency during GH2 transport through pipeline, and 

ηcomp,port is the efficiency of compressing GH2 at Hamburg port before entering the hydrogen 

gas pipeline. 

                                                𝑀LH2,chain2 =
 𝑀GH2,chain2

𝜂vap .  𝜂port,BOV,LH2

                                                (4.14) 

 

where MLH2,chain2 represents the mass of total LH2 demand for conversion chain 2, ηvap is the 

vaporization efficiency during LH2 re-gasification at Hamburg port and ηport,BOV,LH2 is the 

daily evaporation efficiency due to boil-off loss for bulk cryogenic LH2 storage at the port. 

           𝜂chain2 = 𝜂disp . 𝜂storage,GH2
. 𝜂comp,HRS . 𝜂

T&recomp
. 𝜂

comp,port
 . 𝜂vap . 𝜂port,BOV,LH2

      (4.15) 

 

where ηchain2 represents the total system-level efficiency for conversion chain 2. 

Electricity consumption by the booster compressor units across the pipeline infrastructure 

depends on GH2 demand at the inlet of pipeline network. In addition to GH2 compression at 

the HRS, conversion chain 2 includes additional compression steps such as pipeline 

recompression and electricity consumption at port-side LH2 re-gasification subsystem. 

                                     𝐸pipeline,comp = 𝑃pipeline,comp ∙ 24 ∙ 𝑈pipeline                                        (4.16) 

 

where Epipeline,comp is the daily electricity consumption for GH2 recompression during pipeline 

transmission of GH2 to HRS, and Ppipeline,comp is value of pipeline recompression power from 

EHB reports [55]. 



45 

 

 

                                            𝐸re−gasification,port =  𝑀GH2,chain2 ∙ SEC                                    (4.17) 

 

where Ere-gasification,part is the total electricity consumption by the subsystem for LH2 re-

gasification and compression at Hamburg port, and SEC is the specific electricity 

consumption by the subsystem. 

 

             𝐸electricity,chain2 = 𝐸HRS,total,chain2 + 𝐸pipeline,comp + 𝐸re−gasification,port          (4.18) 

 

where Eelectricity,chain2 is the total electrical energy consumption in chain 2, and EHRS,total,chain2 

is the total electricity consumption at all HRS calculated using Eq. 4.9 with specific 

electricity consumption by the electrical components at respective HRS in chain 2. 

4.1.3  Modelling chain 3 

The demand for GH2 and LH2 for chain 3 is calculated with the stage-specific efficiencies 

based on respective loss stages, as shown in Table 6 below. 

 

Table 6: Stage-wise losses for computing efficiencies in chain 3. 

Losses Loss stages 

HPRS operations Recharging at HPRS 

Electricity transmission and distribution Electricity transmission to HPRS through grid 

Port-side Gas turbine (GT) GH2 to electricity generation at port 

Port-side GH2 compression After LH2 to GH2 conversion at port 

Port-side LH2 re-gasification loss During LH2 to GH2 conversion at port 

(using cryopump and heat exchanger) 

Port-side LH2 storage daily evaporation (BOV) loss LH2 bulk storage at port 

 

Table 6 shows losses at different stages for conversion chain 3, applicable for computing 

stage-wise efficiencies. Total demand for electricity at the chargers in HPRS is calculated 

with the following equation. 

                                               𝐸total,HPRS =  
1

𝜂HPRS
 ∑ 𝐸recharge,HPRS𝑚𝑐𝑠

                                       (4.19) 

 

where Etotal,HPRS represents the total electrical energy need for all HPRS to recharge the fleet 

of BE trucks, the subscript mcs denotes HPRS at Hamburg, Göttingen and Frankfurt-am-

Main across the corridor, and ηHPRS is the HPRS operation efficiency. 

                                                        𝐸GT,output =  
𝐸total,HPRS

𝜂T&D
                                                      (4.20) 
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where EGT,output represents the electric energy that must be generated by the gas turbine to 

transmit through grid to all HPRS across the corridor, and ηT&D is the transmission and 

distribution efficiency during electricity transmission through grid. The daily average output 

power of the gas turbine can be computed by dividing EGT,output by 24 hours. 

                                                𝑀GH2,chain3 =
𝐸GT,output

𝜂GT .  LHV .  𝜂comp,port
                                                  (4.21) 

 

where MGH2,chain3 represents the mass of GH2 in kg that is required to supply to the input of 

the gas turbine, ηGT is the gas turbine efficiency [57], LHV is the lower heating value for 

hydrogen [56] and ηcomp,port is the efficiency of compressing GH2 at Hamburg port before 

entering the gas turbine. 

                                                  𝑀LH2,chain3 =
 𝑀GH2,chain3

𝜂vap .  𝜂port,BOV,LH2

                                               (4.22) 

 

where MLH2,chain3 is the total LH2 demand in conversion chain 3, ηvap is vaporization 

efficiency during LH2 re-gasification at Hamburg port and ηport,BOV,LH2 is the evaporation 

efficiency due to daily boil-off loss during bulk cryogenic LH2 storage at the Hamburg port.         

   

                                 𝜂chain3 = 𝜂
HPRS

∙ 𝜂
T&D

∙ 𝜂GT ∙ 𝜂
comp,port

∙ 𝜂vap ∙  𝜂port,BOV,LH2
                     (4.23) 

 

where ηchain3 represents the total system-level efficiency for conversion chain 3. 

The total electricity demand for chain 3 is calculated by combining the electricity output 

generated by the gas turbine and the electricity consumed by the LH2 re-gasification and 

compression subsystem at Hamburg port. 

 

                                 𝐸electricity,chain3 =  𝐸GT,output + (𝑀GH2,chain3. SEC)                               (4.24) 

 

where Eelectricity,chain3 is the total electrical energy consumption in chain 3, and SEC is the 

specific electricity consumption by the subsystem of LH2 re-gasification and compression 

process at Hamburg port.                      
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4.2  Refuelling and recharging infrastructure 

The refuelling and recharging infrastructures are among the most important components in 

this techno-economic analysis on zero emission freight transport for both type of heavy-duty 

trucks. The refuelling infrastructures are applied to conversion chain 1 and chain 2, and 

includes number of dispensers at each HRS across the corridor. The recharging 

infrastructures are applied to conversion chain 3 and includes number of chargers at each 

HPRS across the corridor. The minimum number of dispenser or chargers are determined 

under ideal steady state operation assumption. The station time for HRS includes refuelling 

and non-refuelling activities time in chain 1 and chain 2. Similarly, the station time for HPRS 

includes recharging and non-recharging activities in chain 3. 

 

                                                          𝑁𝑠𝑡  (λ, ρ, μ) =
𝜆s

𝜌 ∙ 𝜇𝑠𝑡
                                                         (4.25) 

 

where Nst is a function of hourly arrival rate, utilization factor and service rate at stations. It 

represents the minimum number of dispensers at each HRS or chargers at each HPRS across 

the corridor for respective conversion chains, and the subscript st denotes dispensers in HRS 

for chain 1 and chain 2, whereas chargers for HPRS for chain 3. λs represents the hourly 

arrival rate for trucks during 24 hours of continuous operation at HRS or HPRS respectively, 

the subscript s denotes HFC trucks for chain 1 and chain 2, whereas BE trucks for chain 3. 

The hourly arrival rate is calculated by dividing number of visits at the station by the total 

station time in hour, each HFC truck occupies at the HRS or BE truck occupies at the HPRS 

during its respective refuelling process in chain 1 and chain 2, or recharging process in chain 

3. µst represents the service rate per hour per dispenser at each HRS or per charger at each 

HPRS across the corridor at respective conversion chain. The service rate is calculated using 

total station time each HFC truck occupies at the HRS or BE truck occupies at HPRS. ρ is 

the utilization factor where ρ ≤ 1 is the condition for steady-state operation at HRS or HPRS 

to meet arrival demand of heavy-duty trucks [58]. 

4.3  Techno-Economic evaluation  

The economic modelling computes the LCC, LCOD, LCOT, LCOH, and LCOE for the three 

conversion chains. Table 7 shows cost components for each conversion chain.  
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Table 7: Techno-economic evaluation components for conversion chains. 

Cost 

Category 

Chain 1 Chain 2 Chain 3 

CAPEX Port-side LH₂ storage Port-side LH₂ storage Port-side LH₂ storage 

__ Port-side cryopump, heat 

exchanger (for LH2 re-

gasification) and 

compressor 

Port-side cryopump, heat 

exchanger (for LH2 re-

gasification) and compressor 

Cryogenic LH₂ trailers 20-inch GH2 pipeline Port-side gas turbine (GT) 

__ Booster Compressor 

stations in GH2 pipeline 

grid 

__ 

HRS (includes LH2 

storage, LH2 cryopump, 

heat exchanger, GH2 

buffer storage, dispensers) 

HRS (includes 

compressor, GH2 buffer 

storage, dispensers) 

HPRS (MW chargers’ 

hardware, charger 

installation and connectivity 

to electricity grid) 

OPEX LH₂ fuel cost LH₂ fuel cost LH₂ fuel cost 

Electricity consumption by 

HRS electrical components 

Electricity consumption by 

port-side LH2 re-

gasification subsystem 

Port-side gas turbine (GT) 

O&M 

Drivers’ salaries for 

cryogenic LH2 Trailers 

Pipeline O&M Electricity consumption by 

port-side LH2 re-gasification 

subsystem 

__ Pipeline booster 

compressor O&M and 

electricity consumption by 

booster compressor 

HPRS O&M 

__ Electricity consumption by 

HRS compressor 

__ 

 

Components shown in Table 7 are applied in economic evaluations of the three conversion 

chains in this study. 

The life-cycle cost (LCC) for each component is calculated with CAPEX and annual OPEX 

discounted with uniform interest rate over the component-specific lifetime. This LCC value 

is further used in computing levelized cost indicators for economic performance comparison 

in this techno-economic analysis. 

                                             𝐿𝐶𝐶k =  CAPEXk + ∑
𝑂𝑃𝐸𝑋k,annual

(1+𝑟)𝑡

𝑛,k
𝑡=1                                            (4.26) 

 

where LCCk represents the life-cycle cost for the component k in conversion chain, 

OPEXannual represents the total annual operating cost for the component k, discounted with 

specific interest rate r over lifetime t for the component k. 
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CAPEX for HRS is calculated using scaling method [59], where the scaling factor is used to 

determine the infrastructure CAPEX for each HRS. It is calculated with a design buffer that 

represents an additional safety margin for hydrogen storage capacity at HRS in respective 

conversion chain.                                      

                                      Scaling factor =  (
𝑀HRSℎ

 ∙ (1+𝛽buffer)

𝑀baseHRS
)

𝛼

                                      (4.27) 

 

where the scaling factor (SF) is the ratio of total mass of hydrogen storage at respective HRS 

to the capacity of a base HRS [59]. MHRS,h is the total mass of hydrogen demand at respective 

HRS where the subscript h denotes LH2 storage for chain 1 and GH2 storage for chain 2 at 

each HRS across the corridor, βbuffer is the design buffer for the capacity design for 

infrastructure CAPEX of that HRS, Mbase,HRS which is the capacity of a base HRS in kg [36], 

and the scaling exponent α which is usually between 0.6 to 0.8 [60]. 

 

           𝐶𝐴𝑃𝐸𝑋HRS,total,chain =  ∑(𝐶𝐴𝑃𝐸𝑋baseHRS ∙  SF) + (𝑁dispenser ∙ 𝐶𝐴𝑃𝐸𝑋dispenser)        (4.28) 

 

where CAPEXHRS,total,chain represents the total Capex for the HRS at Hannover and Frankfurt-

am-Main in chain 1 and chain 2, CAPEXbaseHRS is the capital investment cost for the base 

HRS, SF is the scaling factor, Ndispenser is the number of dispensers at respective HRS, and 

CAPEXdispenser is the unit cost of a 350 bar dispenser. 

4.3.1  Economic evaluation for chain 1 

Economic evaluation of conversion chain 1 includes LCC for HRS, cryogenic LH2 trailer, 

port-side bulk LH2 storage, all computed using CAPEX and annual OPEX discounted with 

uniform interest rate over the component-specific lifetime.  

In conversion chain 1, CAPEXHRS,total which is total CAPEX for the HRS at Hannover and 

Frankfurt-am-Main, is calculated using Eq. 4.28 and the operating expenditure of each HRS 

includes OPEX for electricity consumption by the electrical components at respective HRS. 

                                      𝑂𝑃𝐸𝑋electicity,HRS =  𝐸HRS,chain1 ∙  365 ∙ 𝑝electricity                              (4.29) 
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where OPEXelectricity,HRS represents the operating cost for annual electricity consumption for 

respective HRS in chain 1, EHRS,chain1 is the electricity consumption at the HRS in chain 1 

calculated using Eq. 4.9 and pelectricity is the electricity price applied in this study. 

 

                               𝐿𝐶𝐶HRS =  CAPEXHRS,total + ∑
𝑂𝑃𝐸𝑋electricity,HRS

(1+𝑟)𝑡
20
𝑡=1                             (4.30) 

 

where LCCHRS represents the total LCC for all HRS across the corridor in chain 1, calculated 

using OPEXelectricity,HRS from Eq. 4.29, which is discounted over component-specific lifetime 

t with uniform interest rate r. 

The LCC for cryogenic LH2 trailer includes capital investment cost for each LH2 trailer and 

operating expenditure for annual salary of the drivers for these LH2 trailers. 

                          𝐿𝐶𝐶LH2,trailer =  CAPEXLH2,trailer + ∑
𝑂𝑃𝐸𝑋driver.trailer

(1+𝑟)𝑡
10
𝑡=1                              (4.31) 

 

where LCCLH2,trailer represents the total LCC for total number of cryogenic LH2 trailers in 

chain 1, CAPEXLH2,trailer is the total capital investment cost for the cryogenic LH2 trailers 

calculated by multiplying the number of trailers with the unit trailer cost. OPEXdriver,trailer is 

the total annual operation expenditure for driver’s salary for all cryogenic LH2 trailers in 

chain 1, discounted over component-specific lifetime t with uniform interest rate r.                 

The LCC for storing imported LH2 at Hamburg port includes operating expenditure for 

annual LH2 fuel cost and capital investment cost for storing those LH2 at Hamburg port.  

                            𝐿𝐶𝐶port,LH2,chain1 =  CAPEXport,LH2
+ ∑

𝑂𝑃𝐸𝑋LH2,port

(1+𝑟)𝑡
20
𝑡=1                           (4.32) 

 

where LCCport,LH2,Chain1 represents the total LCC for storing LH2 at Hamburg port in chain 1, 

CAPEXport,LH2 is the total capital investment cost for storing LH2 at port calculated by 

multiplying total LH2 demand in chain 1 by the unit LH2 storage cost. OPEXLH2,port is the 

annual operating expenditure of LH2 fuel cost in chain 1 calculated by multiplying daily LH2 

demand by unit cost of imported LH2 for 365 days, and the resultant OPEX is discounted 

over component-specific lifetime t with uniform interest rate r.         

 

                        𝐿𝐶𝐶chain1 =  𝐿𝐶𝐶HRS + 𝐿𝐶𝐶LH2,trailer + 𝐿𝐶𝐶port,LH2,chain1                       (4.33) 

 

where LCCchain1 represents the total life-cycle cost for chain 1. 
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4.3.2  Economic evaluation for chain 2 

Economic evaluation of conversion chain 2 includes LCC for HRS, compressor in HRS, 

GH2 pipeline infrastructure, port-side LH2 re-gasification process, and port-side bulk LH2 

storage, all computed using CAPEX and annual OPEX discounted with uniform interest rate 

over the component-specific lifetime.  

In conversion chain 2, the total CAPEX for the HRS at Hannover and Frankfurt-am-Main is 

calculated using Eq. 4.28. The annual operating expenditure for electricity consumption for 

respective HRS in chain 2 is calculated using Eq. 4.29 with the respective electricity 

consumption. The total LCC for all HRS in chain 2 represented by LCCHRS,chain2 is calculated 

using Eq. 4.30 with the respective values for chain 2. 

The LCC for GH2 pipeline infrastructure includes capital investment cost for building a 500 

km dedicated new GH2 pipeline across the corridor to transport and supply GH2 to respective 

HRS at Hannover and Frankfurt-am-Main. It also includes capital investment cost for 

booster compressor units within the pipeline infrastructure. The life-cycle costs include 

operation and maintenance costs for both pipeline and booster compression units across the 

500 km GH2 pipeline. 

                            𝐿𝐶𝐶pipeline =  𝐶𝐴𝑃𝐸𝑋pipeline + ∑
𝑂𝑃𝐸𝑋pipeline,O&M

(1+𝑟)𝑡
50
𝑡=1                                   (4.34) 

 

where LCCpipeline represents the total LCC for dedicated new GH2 pipeline, calculated using 

CAPEXpipeline which is capital investment cost for the new pipeline [55], OPEXpipeline,O&M is 

the annual OPEX for pipeline O&M, which is a share in percent of pipeline CAPEX [55], 

discounted over component-specific lifetime t  with uniform interest rate r.       

 

                   𝐿𝐶𝐶pipeline,comp =  𝐶𝐴𝑃𝐸𝑋pipeline,comp + ∑
𝑂𝑃𝐸𝑋pipeline,comp,O&M

(1+𝑟)𝑡
20
𝑡=1 + 

                                                         ∑
𝑂𝑃𝐸𝑋elec,pipeline,comp

(1+𝑟)𝑡
20
𝑡=1                                                            (4.35) 

 

where LCCpipeline,comp represents the total LCC for new GH2 pipeline booster compression 

during pipeline transmission in chain 2, calculated using CAPEXpipeline,comp which is capital 

investment cost for booster compressor unit [55], OPEXpipeline,comp,O&M is the annual 

operating expenditure for operation and maintenance of booster compressor unit which is a 

share in percent of CAPEXpipeline,comp, and OPEXelec,pipeline.comp is the annual operating cost for 
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electricity consumption by the booster compression units during pipeline transmission 

calculated by multiplying daily electricity consumption by these compression units with 

electricity price for 365 days. Both OPEX are discounted over component-specific lifetime 

t with uniform interest rate r. 

The LCC for port-side LH2 re-gasification process includes capital investment cost for the 

re-gasification subsystem (including cryopump, heat exchanger and compressor) to convert 

LH2 into GH2 and to increase GH2 pressure for pipeline transmission. 

 

                              𝐿𝐶𝐶subsystem,port =  𝐶𝐴𝑃𝐸𝑋subsystem,port +

                                                                    ∑
𝑂𝑃𝐸𝑋subsystem,port

(1+𝑟)𝑡
20
𝑡=1                                                 (4.36) 

 

where LCCsubsystem,port represents the total LCC for LH2 re-gasification and compression 

subsystem at Hamburg port, calculated using CAPEXsubsystem,port which is capital investment 

cost of the subsystem, OPEXelec,subsystem,port is the annual operating cost for electricity 

consumption by the subsystem, calculated by multiplying daily electricity consumption of 

the subsystem with electricity price for 365 days. This OPEX is discounted over component-

specific lifetime t with uniform interest rate r. 

The total LCC for storing LH2 at Hamburg port in chain 2 represented by LCCport,LH2,Chain2 is 

calculated using Eq. 4.32 with the respective value of LH2 demand for chain 2. 

For conversion chain 2, total life-cycle cost is evaluated with two different pipeline cost 

scenarios. Scenario-a considers complete development cost of a 500 km dedicated new 20-

inch GH2 pipeline infrastructure, and LCC is calculated with the following equation: 

 

                 𝐿𝐶𝐶chain2,scenario−a =  𝐿𝐶𝐶HRS,chain2 + 𝐿𝐶𝐶pipeline + 𝐿𝐶𝐶pipeline,comp +

                                                            𝐿𝐶𝐶subsystem,port + 𝐿𝐶𝐶port,LH2,chain2                             (4.37) 

 

where LCCchain2,scenario-a represents the total life-cycle cost for scenario-a in chain 2. 

 

Whereas, scenario-b for chain 2 assumes the pipeline infrastructure costs are shared across 

a broader hydrogen pipeline transmission network, therefore the pipeline infrastructure costs 

are excluded in calculating LCC with the following equation: 
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                 𝐿𝐶𝐶chain2,scenario−b =  𝐿𝐶𝐶HRS,chain2 +  𝐿𝐶𝐶subsystem,port +

                                                            𝐿𝐶𝐶port,LH2,chain2                                                                 (4.38) 

 

where LCCchain2,scenario-b represents the total life-cycle cost for scenario-b in chain 2. 

4.3.3  Economic evaluation for chain 3  

Economic evaluation of conversion chain 3 includes LCC for HPRS, electricity generation 

through gas turbine, port-side LH2 re-gasification process, and port-side bulk LH2 storage, 

computed using CAPEX and annual OPEX discounted with uniform interest rate over the 

component-specific lifetime.  

Total CAPEX for the HPRS at Hamburg, Göttingen and Frankfurt-am-Main is calculated 

using number and power of megawatt chargers, hardware and installation cost of these 

megawatt chargers at each HPRS across the corridor.                                 

             𝐶𝐴𝑃𝐸𝑋HPRS,total =  ∑ ((𝑁charger ∙ 𝑃charger ∙ (𝐶hardware + 𝐶inctallation)) +

                                                        𝐶𝐴𝑃𝐸𝑋grid.connection)                                                                          (4.39) 

                              

where CAPEXHPRS,Total represents the total capital investment cost for all the HPRS across 

the corridor in chain 3, Ncharger is the number of MW chargers at each HPRS, Chardware is the 

unit cost of MW charger hardware, Cinstallation is the installation cost for each MW charger, 

and CAPEXgrid.connection is the cost of grid connectivity for that HPRS. 

                        𝐿𝐶𝐶HPRS =  CAPEXHPRS,total + ∑
𝑂𝑃𝐸𝑋HPRS,O&M

(1+𝑟)𝑡
20
𝑡=1                                   (4.40) 

 

where LCCHPRS represents the total LCC for all the high-power recharging stations (HPRS) 

across the corridor in chain 3, calculated using OPEXHPRS,O&M which is the annual OPEX 

for HPRS operation and maintenance, a share in percent of CAPEX for HPRS, discounted 

over component-specific lifetime t with uniform interest rate r.          

                                   𝐿𝐶𝐶GT = 𝐶𝐴𝑃𝐸𝑋GT + ∑
𝑂𝑃𝐸𝑋GT,O&M

(1+𝑟)𝑡
20
𝑡=1                                         (4.41) 
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where LCCGT represents the total LCC for generating electricity through the gas turbine (GT) 

at Hamburg port in chain 3, CAPEXGT is total capital investment cost for the gas turbine at 

the port. OPEXGT,O&M is the annual operating expenditure for operation and maintenance of 

the GT unit, calculated as a share in percent of the CAPEX of the gas turbine. This OPEX is 

discounted over component-specific lifetime t with uniform interest rate r. 

The total LCC for LH2 re-gasification and compression subsystem at Hamburg port in chain 

3 is calculated using Eq. 4.36 with the respective values for chain 3. 

The total LCC for storing LH2 at Hamburg port in chain 3 represented by LCCport,LH2,Chain3 is 

calculated using Eq. 4.32 with the respective value of LH2 demand for chain 3. 

 

                         𝐿𝐶𝐶chain3 =  𝐿𝐶𝐶HPRS,chain3 + 𝐿𝐶𝐶GT,port + 𝐿𝐶𝐶subsystem,port +

                                                   𝐿𝐶𝐶port,LH2,chain3                                                                                    (4.42) 

 

where LCCchain3 represents the total life-cycle cost for chain 3. 

4.3.4  Techno-economic performance 

Techno-economic evaluations are conducted on performance comparisons among the three 

conversion chains in this study. These include evaluating the levelized cost of driving 

(LCOD), levelized cost of transport (LCOT), levelized cost of hydrogen (LCOH) at 

dispenser for chain 1 and chain 2. The levelized cost of electricity (LCOE) is calculated for 

the electricity generated by the gas turbine and applicable only for chain 3. 

 

                                                             𝐿𝐶𝑂𝐷𝑐 =  
𝐿𝐶𝐶𝑐

∑
𝑘𝑚c

(1+𝑟)𝑡
𝑛
𝑡=1

                                                           (4.43) 

 

where LCODc represents the levelized cost of driving for the conversion chains expressed in 

€/km and calculated as the ratio of total life-cycle cost (LCCc) to the total annual distance 

travelled by the fleet which is discounted over the economic period t with specific interest 

rate r. The subscript c indicates conversion chain 1, 2 and 3. 

 

                                                           𝐿𝐶𝑂𝑇𝑐 =  
𝐿𝐶𝐶𝑐

∑
𝑇𝑜𝑛c

(1+𝑟)𝑡
𝑛
𝑡=1

                                                                   (4.44) 
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where LCOTc represents the levelized cost of transport for conversion chains expressed in 

€/ton and calculated as the ratio of total life-cycle cost (LCCc) to the total freight tonnage 

transported (Tonc) by the fleet of heavy-duty trucks in chain c which is discounted over the 

economic period t with specific interest rate r. The subscript c indicates chain 1, 2 and 3. 

Here, the freight tonnage transported is computed using the annual payload carried by the 

heavy-duty trucks. 

 

                                                         𝐿𝐶𝑂𝐻GH2,c =  
𝐿𝐶𝐶𝑐

∑
𝑀GH2𝑐
(1+𝑟)𝑡

𝑛
𝑡=1

                                                            (4.45) 

 

where LCOHGH2,c represents the levelized cost of gaseous hydrogen for chain c expressed in 

€/kg GH2 and calculated as the ratio of total life-cycle cost (LCCc) to total annual GH2 

consumption represented by MGH2,c, which is discounted over the economic period t with 

specific interest rate r. The subscript c indicates chain 1 and chain 2. 

 
 

                                                       𝐿𝐶𝑂𝐸 =  
𝐿𝐶𝐶chain3

∑
𝐸GT,output

(1+𝑟)𝑡
𝑛
𝑡=1

                                                     (4.46) 

 

where LCOE represents the levelized cost of electricity, for the generated electricity through 

GT expressed in €/kWh and calculated as the ratio of total life-cycle cost for chain 3 

(LCCchain3) to the annual electricity generated by the gas turbine and transmitted through grid 

to each HPRS across the corridor, represented by EGT,output, which is discounted over the 

economic period t with specific interest rate r. 
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5  Overview of key input parameters 

This chapter explains the key input parameters used in this study for analyzing the defined 

three conversion chains. These parameters reflect on system level components for respective 

conversion chains and provide the basis for infrastructure sizing and further economic 

analysis in subsequent chapters in this study.  

5.1  Common input parameters 

Some of the common input parameters applied to all three conversion chains are explained 

in Table 8 below: 

 

Table 8: Common input parameters. 

SL Parameter Applicable to Value 

1 Parameters for LCC 

calculations 

Chain 1, 2, 3 Interest rate 6%, component specific lifetime of 10 

years for cryogenic LH2 trailers and heavy-duty 

trucks, 20 years for other infrastructure equipment, 

and 50 years for pipeline. 

2 Economic period for 

techno-economic analysis 

Chain 1, 2, 3 10 years for comparing and analyzing techno-

economic performances. 

3 Lower heating value Chain 1, 2, 3 LHV of hydrogen 33.33 kWh/kg [56]. 

4 Fuel tank capacity and 

consumption rate for HFC 

truck 

Chain 1, 2 Fuel tank size for Hyundai XCIENT Fuel Cell truck 

is 31.08 kg GH2 with  a travel range of 400 km and 

consumption rate is 0.0777 kg H2/km [18]. 

5 LH2 fuel cost (OPEX) Chain 1, 2, 3 Cost of imported LH2 at port is 4.58 €/kg [61], [62]. 

6 Port-side bulk LH2 

storage cost (CAPEX) 

Chain 1, 2, 3 Cost of port-side LH2 bulk storage is 35 €/kg [63]. 

7 Cost of electricity (OPEX) Chain 1, 2, 3 Electricity cost is 0.20 €/kWh [64]. 

8 Hydrogen mass flow rate 

at dispensers 

Chain 1, 2 60 g/s for dispensing GH2 into fuel tank of HFC 

trucks. It is equal to 3.6 kg/min [65]. 

9 Refuelling station time for 

HFC truck 

Chain 1, 2 Total refuelling station time assumed 15 minutes, 

including dispensing and non-dispensing buffer time. 

10 Vehicle speed for HDV Chain 1, 2, 3 HFC and BE trucks travel at 80 km/hr [50]. 

11 CAPEX and OPEX 

components for port-side 

LH2 re-gasification and 

GH2 compression 

Chain 2, 3 CAPEX 515,500 € for LH2 cryopump and heat 

exchanger, CAPEX 580,000 € for compressor [36], 

[66], specific electricity consumption (SEC) 0.63 

kWh/kg for port-side subsystem for LH2 re-

gasification and compressor [67]. The OPEX for the 

corresponding electricity consumption is calculated 

with electricity price. 

 

The above parameters from Table 8 are applied throughout the calculations in this study. 
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5.2  Key input parameters for chain 1 

Key input parameters applied in chain 1 are explained in Table 9 below: 

 

Table 9: Key input parameters applied in chain 1. 

SL Parameter Value 

1 Stage-wise losses for 

chain 1 

Dispensing (disconnect + nozzle) loss 0.01%, GH2 buffer storage & 

venting loss 0.01%, vaporization (cryopump + heat exchanger) loss 

1.1%, HRS-side LH2 storage tank BOV loss 0.73% [68] , LH2 trailer 

boil-off loss (BOV) 0.5%, and port-side bulk LH2 storage tank daily 

evaporation loss (BOV) 1% [68]. 

2 Cost components for 

cryogenic LH2 trailers 

CAPEX 510,000 € for each cryogenic LH2 trailer [69], and OPEX 

48,000 €  as yearly salary for each driver for the trailer [70]. 

3 CAPEX components for 

LH2-supplied HRS in 

chain 1 

Unit CAPEX 30,000 € for each 350 bar GH2 dispenser [36], base HRS 

CAPEX 1,072,000 € (excluding dispenser cost) [66]. The base HRS 

corresponds to 1608 kg LH2/day capacity. 

4 OPEX components for 

HRS 

SEC by the electrical components at each HRS is 0.3 kWh/kg [71], and 

OPEX for the corresponding electricity consumption is calculated with 

electricity price. 

 

The above parameters from Table 9 are applied in calculation for conversion chain 1. 

5.3  Key input parameters for chain 2 

Key input parameters applied in chain 2 are explained in Table 10 below: 

 

Table 10: Key input parameters applied in chain 2. 

SL Parameter Value 

1 Stage-wise losses for 

chain 2 

Dispensing (disconnect + nozzle) loss 0.01%, GH2 buffer storage & 

venting loss 0.01%, HRS compression loss 0.31% [68], pipeline 

transmission losses 5% [72], port-side compression loss 0.31%, 

vaporization (cryopump + heat exchanger) 1.84%, and port-side bulk 

LH2 storage tank daily evaporation loss (BOV) 1% [68]. 

2 CAPEX and OPEX 

components for new 20-

inch GH2 pipeline 

infrastructure 

20-inch GH2 pipeline CAPEX 1,800,000 €/km and total pipeline CAPEX 

900,000,000 € for 500 km corridor, pipeline O&M cost 0.9% of pipeline 

CAPEX per year, booster compressor station CAPEX 4,000,000 €/MW, 

booster compressor station O&M cost 1.7% of compressor station 

CAPEX per year [55]. 20-inch GH2 pipeline compression capacity 26 

MWe/1000 km transmission. OPEX for corresponding electricity 

consumption by compressor is calculated with the electricity price. 

3 CAPEX components for 

pipeline-supplied HRS 

in chain 2 

Unit CAPEX 30,000 € for 350 bar GH2 dispenser and base HRS CAPEX 

6,217,580 € (excluding dispenser cost) [36]. The base HRS corresponds 

to 4000 kg GH2/day capacity. The pipeline-supplied HRS configuration 
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 requires additional instruments for connectivity to the GH2 pipeline grid, 

resulting in a higher CAPEX for the base HRS. 

4 OPEX components for 

electricity consumption 

at HRS in chain 2. 

SEC by the electrical components at HRS in chain 2 is 2.2 kWh/kg [71]. 

The SEC for HRS chain 2 is higher due to the pipeline-supplied HRS 

configuration. OPEX for corresponding electricity consumption is 

calculated with the electricity price. 

 

The above parameters from Table 10 are applied in calculation for conversion chain 2. 

5.4  Key input parameters for chain 3 

Key input parameters applied in chain 3 are explained in Table 11 below: 

 

Table 11: Key input parameters applied in chain 3. 

SL Parameter Value 

1 Stage-wise losses for 

chain 3 

HPRS operation loss 5% [73], transmission and distribution loss 5% 

[74], gas turbine (GT) efficiency 38.4% (loss 61.6%) [57], port-side 

compression loss 0.31%, vaporization (cryopump + heat exchanger) 

1.84% [68], port-side bulk LH2 storage tank daily evaporation loss 

(BOV) 1% [68]. 

2 Battery pack capacity 

and consumption rate for 

BE trucks 

Truck Installed battery pack capacity 621 kWh and 500 km travel range 

with a full charged battery. Energy consumption rate of 1.242 kWh/km 

for each BE truck. For battery SoC 20 % to 80 % , battery pack capacity 

is 372.6 kWh and with MCS the charging time is 30 minutes and 

maximum travel range is 300 km [22]. 

3 CAPEX and OPEX 

components for gas 

turbine (GT) 

CAPEX 19,610,400 € for hydrogen powered GT  [75] and OPEX for gas 

turbine O&M is 4% of CAPEX for gas turbine [76]. 

4 CAPEX components for 

HPRS 

CAPEX 336,600 € for megawatt charger hardware, 94,500 € for charger 

installation, and 900,000 € for grid connection at each HPRS [77]. OPEX 

for HPRS O&M is 3% of CAPEX for HPRS [77]. 

 

The above parameters from Table 11 are applied in calculation for conversion chain 3. 

All the input parameters are applied in several derivations as well as technical and economic 

calculations for the three conversion chains throughout the techno-economic analysis.  
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6  System sizing and infrastructure requirements 

This chapter quantifies the infrastructure requirements associated with the three LH2-based 

conversion chains evaluated in this study. The system sizing includes estimating energy 

demand, refuelling and recharging infrastructures design, LH₂ logistics, performance of 

hydrogen pipeline, and demand for generated electricity. 

6.1  Total demand for liquid and gaseous hydrogen 

For conversion chain 1, demand for LH2 and GH2 is calculated using the efficiencies derived 

from losses at different stage of the conversion chain 1, as illustrated in Figure 10 below. 

 

 
 

Figure 10: Stage-wise efficiencies in chain 1. 

 

By applying these stage-wise efficiencies from Figure 10, computed total demands for GH2 

and LH2 for conversion chain 1 are shown in Table 12 below. 
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Table 12: Stage-wise GH2 and LH2 demand in chain 1. 

Particular GH2 demand 

for HFC 

trucks at 

dispenser (kg) 

GH2 demand at 

dispenser with 

consumption by 

LH2 trailer (kg) 

GH2 

demand 

at HRS 

(kg) 

LH2 

demand 

at HRS 

(kg) 

LH2 

demand at 

LH2 trailer 

(kg) 

LH2 

demand 

at port 

(kg) 

Hannover HRS 5,128 5,229 5,230 5,327 5,354 5,408 

Frankfurt-am-

Main HRS 

2,642 2,668 2,669 2,718 2,732 2,760 

Stage-wise 

Total chain 

demand 

7,770 7,897 7,899 8,046 8,086 8,168 

 

As shown in Table 12, total daily demand of GH2 in conversion chain 1 is 7,899 kg (7.9 ton). 

This includes both the GH2 consumption by the fleet of HFC trucks and the fleet of HFC 

tractors carrying cryogenic LH2 trailers. Daily total demand for LH2 at Hamburg port is 

8,168 kg (8.2 ton) and annual demand for LH2 is 2,981.2 ton/year for conversion chain 1.         

For conversion chain 2, demand for LH2 and GH2 is calculated using the efficiencies derived 

from losses at different stages of the conversion chain 2, as illustrated in Figure 11 below. 

 

 

 
Figure 11: Stage-wise efficiencies in chain 2. 
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By applying these stage-wise efficiencies from Figure 11, computed total demands for GH2 

and LH2 in conversion chain 2 are shown in Table 13 below. 

Table 13: Stage-wise GH2 and LH2 demand in chain 2. 

Particular GH2 

demand 

at 

dispenser 

(kg) 

GH2 

demand 

at HRS 

(kg) 

GH2 demand 

pipeline inlet 

before pipeline 

transmission 

loss (kg) 

GH2 

demand 

before 

compression 

at port (kg) 

Equivalent 

LH2 for re-

gasification 

at port (kg) 

LH2 

demand 

at port 

(kg) 

Hannover HRS 5,128 5,230 5,327 5,354 5,408 5,591 

Frankfurt-am-Main 

HRS 

2,642 2,669 2,718 2,732 2,760 2,880 

Stage-wise Total 

chain demand 

7,770 7,899 8,046 8,086 8,168 8,471 

 

As shown in Table 13, total demand of GH2 for conversion chain 2 is 8,086 kg (8.1 ton). 

Daily total demand for LH2 at Hamburg port is 8,471 kg (8.5 ton) and annual demand for 

LH2 is 3,091.7 ton/year in conversion chain 2.      

For conversion chain 3, demand for LH2 and GH2 is calculated using the efficiencies derived 

from losses at different stages of the conversion chain, as illustrated in Figure 12 below. 

 

 

 

Figure 12: Stage-wise efficiencies in chain 3. 
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By applying these stage-wise efficiencies from Figure 12, computed total demands for GH2 

and LH2 in conversion chain 3 are shown in Table 14 below. 

 

Table 14: Stage-wise GH2 and LH2 demand in chain 3. 

Particular GH2 demand at 

GT fuel input (kg) 

GH2 demand 

at port (kg) 

Equivalent LH2 for 

re-gasification (kg) 

LH2 demand 

at port (kg) 

Hamburg HPRS 2,903 2,912 2,967 2,997 

Göttingen HPRS 5,376 5,393 5,494 5,550 

Frankfurt-am-Main HPRS 2,473 2,481 2,527 2,553 

Stage-wise Total chain 

demand 

10,752 10,786 10,988 11,099 

 

As shown in Table 14, total daily demand for GH2 at Hamburg port is 10,786 kg (10.8 ton), 

total daily demand for LH2 at Hamburg port is 11,099 kg (11.1 ton) and annual demand for 

LH2 is 4,051.2 ton/year in conversion chain 3.   

6.2  LH₂ trailer fleet size and delivery frequency 

In conversion chain 1, the cryogenic LH2 trailers carry liquid hydrogen to the respective 

HRS at Hannover and Frankfurt-am-Main. The Linde cryogenic LH2 semi-trailer has 

cryogenic tank capacity of 3,900 kg, with a usable filling of 90% of the trailer capacity [23]. 

Therefore, each trailer can transport maximum 3,510 kg LH2 to the HRS. The fleet size of 

LH2 trailers is based on the daily demand for LH2 at each HRS as shown in Table 15 below. 

 

Table 15: LH2 trailer sizing. 

HRS destination Usable trailer capacity (kg) LH2 carried (kg) Number of LH2 trailer 

Hannover 3,510 5,354 2 

Frankfurt-am-Main 3,510 2,732 1 

Total 8,086 3 

 

Table 15 demonstrates that it requires two units of cryogenic LH2 trailers to carry 5,354 kg 

of LH2 to the HRS at Hannover. Whereas only one unit of trailer is required to carry 2,732 

kg of LH2 to the HRS at Frankfurt-am-Main. Each of the cryogenic LH2 trailers is coupled 

with an HFC tractor unit like those used in the fleet of HFC trucks. The fuel cell tractor has 

the same 31.08 kg GH2 fuel tank with a maximum travel range of 400 km in one complete 

refuelling. Each of them refuels its full tank with GH2 from an existing HRS at Hamburg 

before filling the cryogenic trailer tank with LH2 from the bulk storage tank at Hamburg 
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port. Each HFC tractor consumes 12.43 kg GH2 for travelling 160 km up to Hannover and 

26.42 kg GH2 for travelling 340 km from Hannover to Frankfurt-am-Main. Thus, consuming 

a total of 38.85 kg GH2 for travelling total 500 km from Hamburg port to Frankfurt-am-

Main. This exceeds the maximum travel range with filled fuel tank. Therefore, each HFC 

tractor carrying an LH2 trailer does not need any intermediate refuelling to reach only up to 

Hannover. But reaching Frankfurt-am-Main requires an intermediate refuelling of 26.42 kg 

GH2 at an existing HRS at Hannover.  

Driver allocations for cryogenic LH2 semi-trailers comply with the Regulation (EC) No 

561/2006 [51] on driving time, breaks and rest periods. Required number of drivers for each 

LH2 trailer is based on the travel duration from Hamburg port to respective HRS across the 

corridor. Each LH2 trailer travelling from Hamburg port to Hannover needs only one driver. 

Whereas each trailer carrying LH2 from Hamburg port to Frankfurt-am-Main needs two 

drivers. Therefore, the fleet of cryogenic LH2 trailers requires a total of four drivers. 

6.3  Trip plan 

The trip plan is designed for bidirectional continuous round-trip operation by the fleet of 100 

heavy-duty trucks across the corridor, where each truck completes one round trip starting 

from both directions by returning to its starting point after delivering the goods. The travel 

duration for each truck is computed with travel speed of 80 km/hr [50] across different 

corridor segments and summarized in Table 16 below. 

 
Table 16: Travel duration for trucks. 

Segments Conversion 

Chain 

Origin Destination 

 

Distance 

(km) 

Travel duration 

(one-way) 

Segment-1 Chain 1 and 

chain 2 

Hamburg Hannover 160 2.00 hr 

(120 min) 

Hannover Frankfurt-am-Main 340 4.25 hr or 

4 hr 15 min (255 min) 

Segment-2 Chain 3 Hamburg Göttingen 270 3.375 hr or 

3 hr 22 min (202.5 min) 

Göttingen Frankfurt-am-Main 230 2.875 hr or 

2 hr 52 min (172.5 min) 

 

Table 16 shows, the one-way travel duration for each heavy-duty truck is based on the 

corridor segmentation across conversion chains. In addition to the travel duration, an average 
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30 minutes is assumed for loading and unloading time at both Hamburg port and Frankfurt-

am-Main for calculating trip plan in this study. Hamburg port operates on a slot-booking 

process which allot 60 minutes slot with 30 minutes of tolerance period for every truck [78]. 

Some port terminals use between 22 to 45 minutes operation depending on congestion [79]. 

The trip plan ensures compliance with Regulation (EC) No 561/2006 on driving time, breaks 

and rest periods by alternating driving between two drivers for each heavy-duty truck. 

6.3.1  Trip plan for HFC trucks in chain 1 and 2 

The trip and refuelling plan in chain 1 and 2, applicable for one round trip by the fleet of 100 

HFC trucks is illustrated in Figure 13 where Hamburg port is identified as point A, HRS at 

Hannover as point B and HRS at Frankfurt-am-Main as point C across the 500 km corridor. 

 

 
 

Figure 13: Refuelling plan for the fleet of 100 HFC trucks in chain 1 and chain 2. 

 

Demonstrated in Figure 13, the 50 HFC trucks departing from point A with loaded goods, 

travel 160 km to point B for intermediate refuelling before travelling 340 km from point B 

to point C for unloading the goods. Upon unloading goods at point C, these 50 HFC trucks 

refuel at the HRS at point C, load goods and travel back to point B for intermediate refuelling 

before returning to point A and unloading goods, thus completing a round trip. Similarly, 

the remaining 50 trucks departing from point C with loaded goods, travel 340 km to point B 

for intermediate refuelling before travelling 160 km from point B to point A for unloading 
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Hannover
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Frankfurt-am-Main
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the goods. These 50 HFC trucks complete their round-trip by intermediate refuelling at point 

B similarly and returning to point C for unloading goods. Therefore, daily refuelling events 

by the fleet include total 200 visits at Hannover HRS and 100 visits at Frankfurt-am-Main 

HRS. The HFC trucks are dispatched at 15 minutes intervals. One round-trip by each HFC 

truck takes approximately 915 minutes which equals to 15 hours and 15 minutes. This 

includes the 30 minutes for each loading and unloading time of goods at both end of the 

corridor, 15 minutes for each refuelling time at point B and C, 120 minutes travel duration 

between point A and B, 255 minutes travel duration between point B and C respectively.  

6.3.2  Trip plan for BE trucks in chain 3 

The trip and recharging plan in chain 3, applicable for one round trip by the fleet of 100 BE 

trucks is illustrated in Figure 14 where Hamburg port and HPRS at Hamburg are identified 

together as point A, HPRS at Göttingen as point B and HPRS at Frankfurt-am-Main as point 

C across the 500 km corridor. 

 

 

 

Figure 14: Recharging plan for the fleet of 100 BE trucks in chain 3. 

 

Demonstrated in Figure 14, the 50 BE trucks recharge at the HPRS at point A and depart 

with loaded goods, travel 270 km to point B for intermediate recharging before travelling 
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230 km from point B to point C for unloading the goods. Upon unloading goods at point C, 

these 50 BE trucks recharge at the HPRS at point C, load goods and travel back to point B 

for intermediate recharging before returning to point A and unloading goods, thus 

completing a round trip. Similarly, the remaining 50 BE trucks recharge at HPRS before 

departing from point C with loaded goods, travel 230 km to point B for intermediate 

recharging before travelling 270 km from point B to point A for unloading the goods. These 

50 BE trucks also complete their round trip by following same intermediate recharging at 

point B and returning to point C for unloading goods. Therefore, daily recharging events by 

the fleet include total 200 visits at Göttingen HPRS and 100 visits at both Hamburg HPRS 

and Frankfurt-am-Main HPRS. The BE trucks are dispatched at 35 minutes intervals. One 

round-trip by each BE truck takes approximately 1010 minutes which equals to 16 hours and 

50 minutes. This includes the 30 minutes for each loading and unloading time of goods at 

both end of the corridor, 35 minutes for each recharging at point A, B and C, 202.5 minutes 

travel duration between point A and B, 172.5 minutes travel duration between point B and 

C respectively.  

6.4  HRS capacity and design  

In conversion chain 1 and chain 2, two hydrogen refuelling stations (HRS) are located at 

Hannover and Frankfurt-am-Main across the freight corridor for refuelling the fleet of HFC 

trucks. Sizing of each HRS is based on the hydrogen storage capacity and referenced to base 

HRS of 2XL or XXL size for designing and scaling the respective HRS in conversion chain 

1 and chain 2. The 2XL or XXL configuration is based on maximum daily hydrogen 

throughput up to 4,000 kg, to meet the high hydrogen demand at HRS and is applicable for 

refuelling large-scale heavy-duty trucks [80]. According to the defined trip plan for each 

HFC truck, completing a round-trip by the fleet requires a total 200 refuelling events at 

Hannover HRS and 100 refuelling events at Frankfurt-am-Main HRS, performing 

intermediate refuelling at the HRS at Hannover. Total refuelling station time for each HFC 

truck is assumed 15 minutes which includes dispensing time and non-dispensing buffer time 

also known as buffer time or lingering time. The actual dispensing time is 8.633 minutes, 

computed with a hydrogen mass flow rate of 3.6 kg/min for dispensing at 350 bar to 

completely fill its fuel tank [65]. In accordance with the 15 minutes of refuelling station time, 

HFC trucks are scheduled to dispatch at 15 minutes intervals from both directions for steady 
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state operation at HRS. For continuous steady-state operation, each operational direction is 

assigned with 2 active dispensers for refuelling 2 units of HFC trucks operating within the 

15 minutes dispatch interval. The average hourly arrival rate (λ) for refuelling HFC trucks at 

HRS is calculated as 8 refuels/hour by the trucks coming from each operational direction. 

Considering each dispenser is occupied with 15 minutes refuelling station time, the service 

rate (µ) at each HRS is calculated as 4 refuels/hour/dispenser. The HRS at Frankfurt-am-

Main operates with only one operational direction toward Hannover and therefore requires 

only 2 dispensers to refuel the inbound fleet of HFC trucks. Whereas the HRS at Hannover 

operates with two operational directions, one toward the Hamburg port and other toward the 

Frankfurt-am-Main. Therefore, the HRS at Hannover needs a minimum 4 dispensers to 

refuel the inbound fleet of HFC trucks. By using Eq. 4.25, the calculated total number of 

dispensers at the respective HRS at Hannover and Frankfurt-am-Main are shown in Table 

17 below. 

 
Table 17: Number of dispensers at HRS in chain 1 and 2. 

HRS 

Location 

Basis of 

Operation 

Refuelling 

station 

time (hr) 

service rate, 

µ 

(refuel/hr/ 

dispenser) 

Hourly 

arrival rate, 

λ 

(refuels/hr) 

Number of 

dispensers 

Utilization 

factor 

ρ 

Hannover Bi-directional 0.25 4 16 4 1 

Frankfurt-

am-Main 

One directional 0.25 4 8 2 1 

 

Table 17 shows the number of dispensers at respective HRS across the corridor applied in 

chain 1 and chain 2. The utilization factor ρ ≤ 1 indicates the number of dispensers at 

respective HRS are sufficient for steady-state operation to meet the truck’s arrival demand. 

6.5  Pipeline throughput and length 

For pipeline infrastructure design in conversion chain 2, all the technical and economic 

parameters for different components for new GH2 pipeline are assumed from EHB initiative 

reports [55], a 500 km dedicated new 20-inch GH2 pipeline network is applied throughout 

the study corridor from Hamburg to Frankfurt-am-Main modelled in accordance with the 

EHB data [55]. The mass flow rate of GH2 through the pipeline is computed as 342 kg/h for 

24 hours operation. The equivalent electrical power of the total GH2 demand across the 

pipeline by the round-trip operation of the fleet is calculated, and the power is compared 
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with capacity for different size pipeline to calculate their respective utilization ratios as 

shown in Table 18 below.  

 

Table 18: Utilization for different pipeline size for chain 2. 

Pipeline 

category 

Pipe diameter 

(inch) 

Power for GH2 

demand (GW) 

Pipeline 

power (GW) 

Pipeline 

utilization 

(%) 

Feasibility 

 

Small 20 0.01997 1.2 1.66 % Yes but underutilized 

Medium 36 0.01997 4.7 0.42 % Yes but underutilized 

Large 48 0.01997 13 0.15 % Yes but underutilized 

 

Table 18 shows the percentage of the full capacity of the new pipeline to be used by the HFC 

truck’s fleet demand of GH2. The utilization ratio is calculated  with the pipeline power over 

5000 full load hours (FLH) in accordance with the EHB data for each pipeline size [55]. For 

20-inch new pipeline, GH2 demand from the round-trip operation of the fleet utilizes only 

1.66 % of the total pipeline capacity which is highest compared to the utilization ratio for 

36-inch and 48-inch new hydrogen pipeline.  

6.6  HPRS capacity and design 

In this study, conversion chain 3 is modelled with three high-power recharging stations 

(HPRS), respectively located at Hamburg, Göttingen and Frankfurt-am-Main across the 

corridor to recharge the fleet of BE trucks. At 20% - 80% SoC, BE truck’s battery-pack 

capacity is 372.6 kWh and the actual recharging time is 30 minutes for each BE truck with 

megawatt charging system [22]. Considering an average non-recharging time of 5 minutes 

also known as lingering time for connection and disconnection [81], the total recharging 

station time for each BE truck is 35 minutes applied in this study. According to the defined 

trip plan for each BE truck, completing a round-trip by the fleet requires a total 200 

recharging events at Göttingen HPRS and 100 recharging events at Hamburg HPRS and 

Frankfurt-am-Main HPRS, performing intermediate recharging at the HPRS at Göttingen. 

In accordance with the 35 minutes of recharging station time, BE trucks are scheduled to 

dispatch at 35 minutes intervals from both directions for steady state operation at HPRS. 

Each operational direction is assigned with 4 active chargers for recharging 4 units of BE 

trucks operating within the 35 minutes dispatch interval. The average hourly arrival rate (λ) 

for recharging BE trucks at HPRS is calculated as 6.9 recharge/hour by the trucks coming 
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from each operational direction. Considering each charger is occupied with 35 minutes 

recharging station time, the service rate (µ) at each HPRS is calculated as 1.714 

recharge/hour/charger. The HPRS at Hamburg and Frankfurt-am-Main both operate with 

only one operational direction toward Göttingen and therefore require only 4 chargers to 

recharge the inbound fleet of BE trucks. Whereas the HPRS at Göttingen operates with two 

operational directions, one toward the Hamburg port and other toward the Frankfurt-am-

Main. Therefore, the HPRS at Göttingen requires a minimum 8 chargers to recharge the 

inbound fleet of BE trucks. By using Eq. 4.25, the calculated total number of chargers at the 

respective HPRS at Hamburg, Göttingen and Frankfurt-am-Main are shown in Table 19 

below. 

 
Table 19: Number of chargers at HPRS in chain 3. 

HPRS 

Location 

Basis of 

Operation 

Recharging 

station time 

(hr) 

service rate, 

µ 

(recharge/hr/

charger) 

Hourly 

arrival rate, λ 

(recharge/hr) 

Number 

of 

chargers 

Utilization 

factor 

ρ 

Hamburg One directional 0.5833 1.714 6.9 4 1 

Göttingen Bi-directional 0.5833 1.714 13.7 8 1 

Frankfurt-

am-Main 

One directional 0.5833 1.714 6.9 4 1 

 

The Table 19 shows the number of chargers at respective HPRS across the corridor. The 

utilization factor ρ ≤ 1 indicates the number of chargers at respective HPRS are sufficient 

for steady-state operation to meet the trucks arrival demand. 
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7  Analysis & Discussion 

This chapter analyzes and discusses the results for how the chain modelling affects their 

energy and economic performance in this techno-economic study of three LH2-based 

conversion chains, to identify the optimal chain. The findings are related to broader context 

of Germany’s National Hydrogen Strategy [82], EHB, and AFIR regulations. 

7.1  Technical analysis 

The technical analysis is mainly focused on analyzing consumption-based energy demand 

for GH2 and LH2 along with system-level energy efficiency for all three conversion chains. 

7.1.1  Energy demand of conversion chains 

The energy demands for the three conversion chains are compared based on GH2 and LH2 

demand for each chain. Mass of daily demand for GH2 and LH2 are plotted in the Figure 15 

below. 

 

 
 

Figure 15: Daily demand for GH2 and LH2 for three conversion chains. 
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The daily demands for GH2 and LH2 as shown in Figure 15, vary across conversion chains 

due to the modelling of the conversion process and energy consumption by the fleet of 

heavy-duty trucks in the respective conversion chain. The demand for GH2 is highest in 

chain 3 because the 38.4% efficiency for the gas turbine results in high consumption of GH2 

as fuel mix used as input, subsequently results in high demand for LH2. 

 

Electricity is consumed differently across the three conversion chains. The daily and annual 

electricity consumption in MWh for all three conversion chains are shown in Figure 16 

below:  

 

 

 

Figure 16: Electricity demand for three conversion chains in MWh: (a) Daily electricity demand and (b) 

Annual electricity demand. 

 

Figure 16 shows the electricity demand in chain 2 is substantially higher compared to chain 

1 and 3. This is because unlike conversion chain 1 and chain 3, the electricity consumption 

in chain 2 is computed with electricity consumption by multiple compression at different 

stages across the conversion chain.  
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7.1.2  Energy-efficiency of conversion chains 

The System-level energy efficiency for the three conversion chains in this study is computed 

by multiplying all the efficiencies in respective chain and illustrated in Figure 17 below. 

 

 
 

Figure 17: System-level efficiency for conversion chains. 

 

From Figure 17, chain 1 demonstrates the highest system-level efficiency by utilizing 96.7% 

of the input energy carried by LH2 and delivered to the system for converting into useful 

output energy. Conversion chain 2 also performs as energy efficient by utilizing 91.7% of 

its input energy while chain 3 achieves only 33.6% system-level efficiency. In conversion 

chain 3, majority of the chemical energy carried by the GH2 is burnt out and lost as heat 

through Brayton cycle during the combustion and expansion cycle in the gas turbine for 

generating electricity [83]. Details for total system level efficiencies for all three conversion 

chains are shown in Table A1 from Appendix 1. The results from Figure 17 clearly indicate 

that LH2 supply chains based on direct fuel utilization from chain 1 and 2 retain more than 

90% of the initial hydrogen mass within the defined boundary, whereas indirect hydrogen-

to-electricity from chain 3 incurs significant efficiency drawbacks. This thermodynamic 

constraint has direct implications for hydrogen demand, system sizing, and cost intensity, as 

larger upstream energy input is required to deliver equivalent transport services. This results 

in higher demand for both GH2 and LH2 for conversion chain 3.  



73 

 

 

7.2  Economic analysis 

The economic analysis is focused on comparing techno-economic performance for the three 

conversion chains and plays a decisive role in this study. It determines whether technically 

feasible energy systems can operate competitively and sustainably under real-world 

constraints. In this study, the economic analysis is used to identify the most economically 

feasible conversion chain model for converting LH2 into useful energy for zero emission 

heavy-duty freight transport. The LCC for respective conversion chains are applied to derive 

levelized cost indicators such as LCOD, LCOT, LCOH and LCOE over an economic lifetime 

to assess the economic performance and feasibility of the conversion chains. 

7.2.1  Life-cycle cost for conversion chains 

The Life-cycle cost (LCC) is applied to assess the economic feasibility of the three LH2-

supplied conversion chains by comparing total discounted operating cost over the 

component-specific lifetime addition to initial investment cost. LCC for each component is 

calculated with component specific CAPEX and annual OPEX discounted over component 

specific lifetime such as 10 years for cryogenic LH2 trailer and heavy-duty trucks, 20 years 

for other infrastructure equipment, and 50 years for pipeline infrastructures, with uniform 

6% interest. The resultant LCC for all three conversion chains are shown in Table 20 below: 

 

Table 20: Life-cycle cost for three conversion chains. 

LCC Components Chain 1 Chain 2 Chain 3 Unit 

Scenario-a Scenario-b 

LCC for all HRS across corridor 7,989 28,476 28,476 - K€ 

LCC for all HPRS across corridor - - - 12,900 K€ 

LCC for fleet of cryogenic LH2 trailers 2,943 - - - K€ 

LCC for new 20-inch GH2 pipeline - 1,027,671 - - K€ 

LCC for new GH2 pipeline booster 

compression 

- 211,248 - - K€ 

LCC for electricity generation through 

gas turbine 

- - - 28,608 K€ 

LCC for LH2 re-gasification subsystem 

at port 

- 5,438 5,438 6,785 K€ 

LCC for storing LH2 at Hamburg port 156,895 162,713 162,713 213,205 K€ 

Total LCC for conversion chain 167,828 1,435,546 196,626 261,498 K€ 

 



74 

 

 

As shown in Table 20, the LCC for scenario-a in chain 2 demonstrates the highest total chain 

life-cycle cost whereas conversion chain 1 demonstrates the lowest. Table 21 illustrates the 

breakdown of total LCC for each conversion chain in terms of total CAPEX components, 

total discounted OPEX for annual electricity consumption and annual LH2 fuel consumption.  

 

Table 21: Life-cycle cost breakdown for three conversion chains. 

LCC Components Chain 1 Chain 2 Chain 3 Unit 

Scenario-a Scenario-b 

Total CAPEX 7,821 967,507 15,507 30,692 K€ 

Total discounted OPEX for annual 

electricity consumption 

1,984 167,811 18,702 5,690 K€ 

Total discounted OPEX for annual 

LH2 fuel consumption 

156,610 162,416 162,416 212,816 K€ 

Total for other OPEX components 1,413 137,810 - 12,300 K€ 

Total Discounted OPEX 160,007 468,038 181,119 230,806 K€ 

Total LCC for conversion chain 167,828 1,435,546 196,626 261,498 K€ 

 

As shown in Table 21, LCCs for each conversion chain are demonstrated in terms of total 

CAPEX and discounted annual OPEX for each component. The dominant operating cost 

driver is the annual LH2 fuel cost across all three conversion chains, with discounted OPEX 

of 156,610 K€ for chain 1, for chain 2 it is 162,416 K€ and for chain 3 it is 212,816 K€, 

discounted over 20 years of infrastructure lifetime.  The annual demand for LH2 in chain 3 

is 36% higher compared to chain 1 and 31% higher compared to chain 2, resulting in 

proportionately higher LH2 fuel cost for chain 3. The annual operating cost for electricity 

consumption remains a minor component in total discounted OPEX for conversion chain 1 

and chain 3 but has a higher contribution in chain 2 (scenario-a) due to multi-stage 

compression across the 500 km GH2 pipeline.  The total LCC for conversion chain 2 is 

dominated by the LCC of 1,238,919 K€ for building a dedicated 500 km new 20-inch GH2 

pipeline infrastructure (including pipeline and booster compressor units) across the 500 km 

corridor from Hamburg to Frankfurt-am-Main, which includes a large upfront capital 

investment cost and operating expenditure for operation and maintenance. However, in 

scenario-b, the total LCC for conversion chain 2 assumes a similar GH2 pipeline is available 

across the 500 km, thereby excluding the dedicated pipeline infrastructure cost across the 

corridor and reducing the total chain 2 LCC to 196,626 K€. Details of LCC cost breakdown 

for all three conversion chains are shown in Table A2 from Appendix 1. 

Figure 18 shows the component-wise LCC for each conversion chain as a percent of total 

LCC for the respective conversion chain. 
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Figure 18: Component-wise LCC as % of total conversion chain LCC: (a) chain 1, (b) chain 3, (c) chain 2 

(scenario-a), and (d) chain 2 (scenario-b). 

 

Figure 18 demonstrates that, in conversion chain 1 the largest portion of the total LCC is 

occupied by the life-cycle cost for bulk LH2 storage at Hamburg port to supply sufficient 

LH2 to the HRS at Hannover and Frankfurt-am-Main. In scenario-a shown in Figure 18, the 

largest portion of the total LCC is occupied by the life-cycle cost for building the 500 km 

new 20-inch GH2 pipeline across the corridor from Hamburg to Frankfurt-am-Main. As 

shown in Figure 18, the largest portion of the total LCC for both scenario-b in chain 2 as 

well as in chain 3 is occupied by the life-cycle cost for bulk LH2 storage at Hamburg port. 

7.2.2  Techno-economic performance evaluation 

The techno-economic performances for the conversion chains are assessed over an economic 

period of 10 years to derive the LCOD, LCOT, LCOH and LCOE, to determine the technical 

and economic feasibility of the three conversion chains in this study. The economic 

feasibility of each chain depends on how the energy conversion and distribution processes 

are modelled. The most sensitive assumption concerns the infrastructure modelling of 

conversion chain 2 in two different scenarios, and the economic feasibility of chain 2 is 

substantially dependent on the cost modelling of pipeline infrastructures across the 500 km 

study corridor from Hamburg to Frankfurt-am-Main. The LCOH is applicable to chain 1 and 
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chain 2, whereas the LCOE is applicable to chain 3 only. The techno-economic performances 

are demonstrated in Figure 19 below. 

 

 
 
Figure 19: Techno-economic performance for three conversion chains: (a) LCC, (b) LCOD and (c) LCOT for 

three chains, (d) LCOH for chain 1 and 2, (e) LCOE for chain 3. 

 

Comparing the techno-economic performance for three conversion chains shown in Figure 

19 reveals the effect of fundamental difference in life-cycle cost on the levelized cost 

structures across the chains. Detailed values for the levelized costs for three conversion 

chains are shown in Table A3 from Appendix 1.  Scenario-a for conversion chain 2, which 

includes costs for new 20-inch GH2 pipeline and booster compressor stations, LCOD and 

LCOT differ significantly compared to chain 1 and chain 3. This also reflects the high LCOH 

value of 64.92 €/kg for scenario-a in chain 2 compared to the LCOH of 7.91 €/kg for 

conversion chain 1.  Under the optimistic scenario-b for chain 2, where the same pipeline 

infrastructure is assumed to be already available for operation across the 500 km corridor, 

the LCC reduces significantly. Therefore, the levelized cost indicators for chain 2 

substantially reduce and become competitive with chain 1. Under scenario-b assumption, the 

LCOH for chain 2 reduces to 8.89 €/kg.  

For conversion chain 2, scenario-b should be interpreted as an optimistic sensitivity case 

rather than a full new pipeline investment case, since all major pipeline construction costs 

are excluded from this corridor-specific study. This suggests that pipeline-based hydrogen 

supply model could become economically beneficial over the long run when major pipeline 
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infrastructure is already available or when the cost is shared across a wider hydrogen pipeline 

network to enable large-scale hydrogen supply over long distances. The electricity 

consumption by the booster compressors across the corridor pipeline network is calculated 

using the EHB reference values developed for GW-scale regional or national level operation 

of hydrogen pipeline. The 500 km corridor-specific GH2 demand for round-trip operation 

results in only 1.66 % utilization of the rated 1.2 GW capacity. Such extreme underutilization 

indicates that a high-capacity pipeline built for gigawatt scale GH2 transportation is 

economically unjustified for the relatively small hydrogen demand for this corridor specific 

freight study. This finding also highlights a limitation for chain 2 while remaining consistent 

with the European Hydrogen Backbone initiative’s guideline, developed for regional or 

national scale and shared-use hydrogen supply infrastructure rather than a single corridor 

specific application. The pipeline construction costs represent primary sources of uncertainty 

for analyzing both scenarios in conversion chain 2. Scenario-a reflects the upper bound 

where the investment cost for a completely dedicated pipeline is attributed to the 500 km 

corridor across Hamburg to Frankfurt-am-Main. Scenario-b reflects the lower bound with 

shared pipeline cost across the EHB initiative pipeline network at matured-stage 

deployment. In addition, pipeline connectivity cost to EHB for each HRS across the corridor 

depends on its distance to the nearest node of EHB pipeline network. For a GH2 pipeline 

supplied HRS, there are additional costs for gas cleaning units, pressure handling and 

connectivity to the main EHB pipeline. However, for HRS located directly on an EHB node, 

these additional costs are negligible. These additional costs may affect the capital investment 

cost for each HRS across the corridor as well as the LCOH in chain 2, but they are not 

modelled separately in this study. Conversion chain 2 is not economically viable for current 

corridor-specific demand but could achieve both technical and economic feasibility for large 

scale regional demand in future. Therefore, scenario-b should be interpreted as a planning 

target rather than an immediate cost projection, applicable only when the EHB pipeline 

network achieves operational maturity. 

The techno-economic performance of chain 3 is significantly influenced by infrastructure 

components and conversion stage performances. The 38.4% efficiency of the gas turbine 

significantly reduces the overall chain 3 efficiency to 33.6% and contributes to high demand 

for both GH2 and LH2. The derived LCOE for generated electricity through gas turbine is 

0.71 €/kWh, thus making conversion chain 3 both technically and economically infeasible. 
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7.3  Comparison of LCOH and LCOE with current scenarios 

The computed LCOH and LCOE values from this techno-economic study are benchmarked 

against prevailing commercial reference in Germany to assess the market competitiveness 

and address the research objective of identifying the most suitable conversion chain for zero 

emission mobility of heavy-duty freight transport along an industrial corridor in Germany. 

According to H2 MOBILITY in October 2023, HRS operated by them at Dresden and Berg 

bei Hof supplied with green hydrogen produced through PEM electrolysis, offered a 

refuelling price of 9.5 €/kg for HDVs at 350 bar, lower than conventionally produced grey 

hydrogen prices ranging from 12.85 €/kg to 15.25 €/kg at the stations [84]. In addition, from 

January 2026, hylane and H2 MOBILITY announced a special commercial price of 8 €/kg 

at some of their selected HRS [85], to provide support for refuelling stations with higher 

throughput. Figure 20 illustrates the comparison of LCOH with current market scenarios for 

350 bar refuelling cost at HRS for HDVs in Germany. 

 

 
 

Figure 20: Comparison of LCOH with market prices in Germany. 

 

 

As shown in Figure 20, LCOH of 7.91 €/kg for conversion chain 1 is highly competitive 

with the prevailing refuelling price in Germany for 350 bar refuelling. For scenario–b in 

chain 2, the LCOH drops to 8.89 €/kg for pipeline supplied GH2 at the HRS and chain 2 also 

becomes competitive with the prevailing market prices at its matured-stage.  
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To assess the market competitiveness of conversion chain 3, the derived LCOE is compared 

with prevailing public charging cost of heavy-duty battery-electric trucks in Germany. The 

derived LCOE value of 0.71 €/kWh for chain 3 is the electrical charging cost for high-power 

megawatt recharging at HPRS. Current market cost scenario of 0.3999 €/kWh without VAT 

for heavy-duty vehicle charging in Germany [86], provided by Milence, a pan-European 

public charging network operator for HDVs specializing on HPRS infrastructures [86]. The 

LCOE of 0.71 €/kWh for chain 3 is approximately 1.8 times higher than the referenced 

charging price, indicating the current model of conversion chain 3 is economically 

infeasible. 

7.4  Sensitivity analysis 

To assess the sensitivity of the result to imported LH2 price, the base case value of 4.58 €/kg 

is varied from 2 €/kg to 6 €/kg of LH2 [62], [87]. For conversion chain 1, the resultant LCOH 

ranges between 3.75 €/kg to 10.2 €/kg of GH2, confirming market competitiveness with H2 

MOBILITY offered refuelling prices. For chain 2 (scenario-b), the resultant LCOH ranges 

between 4.8 €/kg to 11.17 €/kg of GH2 respectively. For chain 3, the sensitivity hardly 

changes the feasibility as the LCOE ranges from 0.4 €/kWh to 0.89 €/kWh. Details of this 

sensitivity analysis are shown in Table A4 from Appendix 1.  

For scenario-b in conversion chain 2, an additional sensitivity analysis is conducted by 

excluding the additional costs for HRS connectivity to the main EHB pipeline, considering 

the HRS is located directly on an EHB pipeline network node. The revised infrastructure 

CAPEX of  € 3,077,912 (excluding dispenser cost) is applied for the pipeline-supplied base 

HRS [36]. This results in an LCOH of 8.57 €/kg for scenario-b which is highly competitive 

with prevailing refuelling price in Germany. Details of this sensitivity analysis are shown in 

Table A5 from Appendix 1. 

7.5  Study limitations and future research directions 

This techno-economic analysis of LH2 based conversion chains for corridor-specific fleet 

has following limitations to be considered while interpreting the results. 
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• With 38.4% efficiency at rated capacity of 45.3 MW for the SGT-800 gas turbine, 

the computed average output power of 5.73 MW for recharging the fleet of 100 BE 

trucks represents only 12.6% of the gas turbine’s rated capacity [57]. 

•  As the land acquisition costs for HRS and HPRS are excluded from the respective 

CAPEX calculations across the three conversion chains, computed LCC for each 

conversion chain represents a lower bound on the total capital investment. 

 

Future research extension of this techno-economic study could include: 

• A fleet scaling and corridor length-based study could be a further extension of this 

techno-economic study. The LCOD is a function of fleet size and corridor length. It 

would identify specific market condition, in terms of fleet size and travel density 

along with corridor geography. This analysis would provide actionable guidance for 

infrastructure planners and policymakers regarding the minimum throughput 

requirements for economically justified investment decisions for building hydrogen 

pipeline infrastructure. 

• Key cost parameters such as cost of imported LH2, electricity price, uniform interest 

rate and economic lifetime are considered as fixed base case values. The import price 

of LH2 is assessed through a sensitivity analysis. In addition, an optimized scenario-

b for conversion chain 2 is assessed through a sensitivity analysis. However, the 

study enabled complete framework for further simultaneous sensitivity across all cost 

drivers as a scope of extended study. 

• Real freight operations could experience variable truck arrival schedules, port-side 

congestion as well as seasonal freight demands. Modelling with dynamic operation 

including LH2 import scheduling, seasonal freight demand, and truck arrival patterns 

at HRS and HPRS may improve conversion chain cost resilience and station sizing 

precision with variability of maritime LH2 delivery frequency. 

• The environmental life cycle assessment (LCA) for all three conversion chains 

ranging from hydrogen production, liquefaction, shipping, distribution and end use 

would complement the techno-economic analysis in this study. It could quantify CO2 

reduction cost per ton to compare the conversion chain relative to diesel powered 

freight and cost effectiveness of subsidy programmes [88]. 
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• Exploring technological improvement in modelling chain 3 to reduce the efficiency 

gap and improve the technical feasibility for conversion chain 3. Study could be done 

by replacing the gas turbine with proton exchange membrane fuel cell (PEMFC) or 

solid oxide fuel cell (SOFC) which are promising technology with high efficiency 

ranging 35% to 70% in energy conversion for sustainable power generation [89].  

 

These limitations should be considered when interpreting the models and results from this 

study which may lead to scope for future research. 
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8  Conclusion 

This study conducted a comprehensive techno-economic analysis of three liquid hydrogen 

(LH2)-based conversion chains for zero emission heavy-duty freight transport along a 

strategically important 500 km industrial freight corridor from Hamburg port to Frankfurt-

am-Main in Germany. Using a bottom-up energy flow model and life-cycle cost (LCC) 

framework, the study quantified energy demand, system-level chain efficiency, 

infrastructure requirement and four levelized cost indicators as LCOD and LCOT for all 

three conversion chains, LCOH for chain 1 and chain 2 and LCOE for chain 3 under 

consistent system boundaries. The analysis successfully addressed the research gap by 

providing an integrated corridor specific comparison of multiple LH2-based conversion 

processes. 

The capital investment cost and discounted annual operating expenditure components in total 

LCC for each conversion chain reflect that LH2 fuel cost is the dominant operating cost 

across all three chains. Conversion chain 1, modelled with direct road transport delivery of 

liquid hydrogen to HRS for refuelling HFC trucks using cryogenic LH2 trailer, is identified 

as the most energy efficient and economically feasible model for short-term corridor-level 

deployment. It achieves the highest system-level efficiency and an LCOH highly 

competitive with prevailing commercial refuelling prices in Germany, making chain 1 model 

deployable under current market conditions. Conversion chain 2, which supplies GH2 

through a dedicated 500 km pipeline network to the same HRS locations, also achieves 

system-level efficiency close to that of chain 1. However, conversion chain 2 is viable with 

a competitive LCOH only when the costs of pipeline infrastructure are shared across a 

regional and national scale hydrogen transmission network aligned with the EHB initiative. 

The pipeline utilization is considerably too low to justify the investment in pipeline 

infrastructure for corridor-scale demand. Conversion chain 3, modelled with LH2 to 

electricity by a gas turbine using GH2 as fuel input mix, demonstrates low system-level 

efficiency due to the fundamental thermodynamic limitation for combustion-based power 

generation by the turbine. The resulting LCOE extensively exceeds the commercial charging 

price for heavy-duty vehicles in Germany. Conversion chain 3 is neither technically efficient 

nor cost-competitive under current gas turbine technology. Replacing the gas turbine with a 

high-efficiency fuel cell system may improve the competitiveness for chain 3. 
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This study contributes to the existing body of knowledge on hydrogen supply chain 

economics in several ways. It provides a combined quantitative comparison of three different 

LH2-based conversion chains, evaluated simultaneously within a realistic freight corridor 

under integrated modelling assumptions and fleet definitions. The analysis quantitatively 

demonstrates that across a sensitivity range of current LH2 import price from 2 €/kg to 6 

€/kg with the same system boundaries and fleet size, the energy-efficient direct LH2 delivery 

model remains the most economically feasible for initial-stage deployment. Additional 

sensitivity analysis conducted with chain 2, demonstrates that under optimistic conditions 

where each HRS is located on an EHB pipeline network node, the LCOH for scenario-b in 

chain 2 reduces to 8.57 €/kg, confirming its potential competitiveness at matured-stage 

deployment with shared pipeline infrastructure. Moreover, by quantifying the 1.66 % 

utilization rate, this study identifies such high investment for building a dedicated pipeline 

cannot be economically justified by throughput for corridor-specific freight demand. These 

findings provide a structured foundation for evidence-based investment decisions for 

planning refuelling and recharging infrastructures along major freight corridors in Germany 

under the AFIR directive. 

From a stakeholder perspective, outcomes from this study suggest that logistics operators 

seeking short-term execution for zero emission freight solutions should prioritize system 

designs resembling Chain 1, where infrastructure investments are scalable with demand. 

Policymakers and infrastructure planners should treat large-scale GH2 pipelines as a system-

level, long-term asset whose feasibility depends strongly on high utilization through shared 

pipeline network, repurposing opportunities, and integrating multisectoral GH2 demand 

consistent with the long-term horizon of EHB initiative. In chain 3, grid and charging 

stakeholders should note that for battery-electric freight transports, corridors powered by 

LH2 derived electricity require fundamental technological improvement in system-level 

energy efficiency before they can compete with direct grid-supplied charging for BEVs.  

However, the findings of this study are subject to some modelling limitations that should be 

considered when applying the results beyond the corridor-level context of this study. The 

steady-state modelling assumptions, fixed cost parameters, and corridor-specific fleet size 

limit the direct transferability of the findings to other operational contexts. Further research 

should prioritize dynamic operation modelling and fleet scaling with varied costs under 

which each conversion chain can be techno-economically justified. 
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Appendix 1. Technical and economic calculations 

Table A1: System level efficiency for each conversion chain. 

Losses Efficiency 

Symbol 

Chain 1 

(%) 

chain 2 

(%) 

Chain 3 

(%) 

HRS Dispensing (disconnect + nozzle) ɳdisp 99.995% 99.995% - 

HRS GH2 buffer Storage & Venting ɳstorage,GH2 99.995% 99.995% - 

HRS Compression ɳcomp,HRS - 99.69% - 

HRS Vaporization (Cryopump) ɳvap 98.9% - - 

HRS LH2 storage tank BOV ɳBOV 98.9% - - 

LH2 trailer boil-off (BOV) ɳtrailer,BOV 99.27% - - 

Pipeline transmission and recompression ɳT&recomp - 95% - 

HPRS operation ɳHPRS - - 95% 

Grid Transmission and distribution ɳT&D - - 95% 

Port-side Gas turbine (GT) ɳGT - - 38.4% 

Port-side Compression ɳcomp,port - 99.69% 99.69% 

Port-side Vaporization (Cryopump) ɳvap - 98.16% 98.16% 

Port-side bulk LH2 storage tank evaporation 

(BOV) 

ɳport,BOV,LH2 99% 99% 99% 

Total Chain Efficiency 96.69% 91.73% 33.57% 

Total Chain Loss 3.31% 8.27% 66.43% 

 

Table A2: LCC breakdown for all three conversion chains. 

LCC Component Cost Type Chain 1 Chain 2 

(scenario-a) 

Chain 2 

(scenario-

b) 

Chain 3 Unit 

Hydrogen Refuelling Station (HRS) 

HRS CAPEX for 

infrastructure and dispensers 

CAPEX 6,005 14,115 14,115 - K€ 

Annual electricity 

consumption cost at HRS 

Discounted 

OPEX 

1,984 14,360 14,360 - K€ 

Sub-total of LCC for all 

HRS across corridor 

 7,989 28,476 28,476  K€ 

High-Power Recharging Station (HPRS) applicable only in Chain 3 

HPRS CAPEX for 

infrastructure and chargers 

CAPEX - - - 9,598 K€ 

HPRS O&M Discounted 

OPEX 

- - - 3,303 K€ 

Sub-total of LCC for all 

HPRS across corridor 

    12,900 K€ 

Cryogenic LH2 Trailer applicable only in Chain 1 

LH2 Trailer CAPEX CAPEX 1,530 - - - K€ 

Drivers’ salary LH2 Trailers Discounted 

OPEX 

1,413 - - - K€ 

Sub-total of LCC for fleet 

of cryogenic LH2 trailers 

 2,943    K€ 

GH2 Pipeline Infrastructure applicable only in Chain 2 
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Pipeline construction 

CAPEX 

CAPEX - 900,000 - - K€ 

Booster compressor station 

CAPEX 

CAPEX - 52,000 - - K€ 

Booster compressor station 

O&M 

Discounted 

OPEX 

- 10,139 - - K€ 

Booster compressor O&M 

and electricity cost 

Discounted 

OPEX 

- 149,109 - - K€ 

Pipeline O&M cost Discounted 

OPEX 

- 127,671 - - K€ 

Sub-total of LCC for new 

20-inch GH2 pipeline and 

booster compression 

  1,238,919   K€ 

Gas Turbine Electricity Generation applicable only in Chain 3 

Gas turbine unit CAPEX CAPEX - - - 19,610 K€ 

Gas turbine O&M Discounted 

OPEX 

- - - 8,997 K€ 

Sub-total of LCC for 

electricity generation 

through gas turbine 

    28,608 K€ 

Port-side LH2 Re-gasification 

LH2 re-gasification 

subsystem CAPEX 

CAPEX - 1,096 1,096 1,096 K€ 

Annual electricity cost for 

LH2 re-gasification 

subsystem 

Discounted 

OPEX 

- 4,342 4,342 5,690 K€ 

Sub-total of LCC for LH2 

re-gasification subsystem 

at port 

  5,438 5,438 6,785 K€ 

Port-side LH2 bulk Storage 

LH2 bulk Storage at port CAPEX 286 296 296 388 K€ 

LH2 fuel cost Discounted 

OPEX 

156,610 162,416 162,416 212,816 K€ 

Sub-total of LCC for 

storing LH2 fuel at 

Hamburg port 

 156,895 162,713 162,713 213,205 K€ 

Total CAPEX  7,821 967,507 15,507 30,692 K€ 

Total Discounted OPEX  160,007 468,038 181,119 230,806 K€ 

Total LCC for conversion 

chain 

 167,828 1,435,546 196,626 261,498 K€ 

 

Table A3: Levelized costs (for LH2 import cost 4.58 €/kg). 

Component Chain 1 Chain 2 Chain 3 unit 

scenario-a scenario-b 

LCC 167,828 1,435,546 196,626 261,498 K€ 

LCOD 0.62 5.34 0.73 0.97 €/km 

LCOT 25.0 213.7 29.3 38.9 €/ton 

LCOH 7.91 64.92 8.89 - €/kg 

LCOE - - - 0.71 €/kWh 
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Table A4: Sensitivity test for LCOH and LCOE (for different LH2 import cost). 

LH2 import 

cost (€/kg) 

Component Chain 1 Chain 2 Chain 3 unit 

scenario-a scenario-b 

2 LCC 79,606 1,344,053 105,134 141,614 K€ 

LCOH 3.75 60.78 4.8 - €/kg 

LCOE - - - 0.4 €/kWh 

6 LCC 216,383 1,485,902 246,982 327,480 K€ 

LCOH 10.20 67.19 11.17 - €/kg 

LCOE - - - 0.89 €/kWh 

 

Table A5: Levelized costs for chain 2 (for EHB node optimized scenario-b). 

Component Chain 1 Chain 2 (scenario-b) Chain 3 unit 
LCC 167,828 189,589 261,498 K€ 

LCOD 0.62 0.71 0.97 €/km 

LCOT 24.99 28.23 38.94 €/ton 

LCOH 7.91 8.57 - €/kg 

LCOE - - 0.71 €/kWh 

 
 
 
 



 

 

 


