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Abstract 

The increasing demand for sustainable energy solutions highlights the importance of 

hydrogen as a potentially clean fuel for transportation. In this context, hydrogen 

refueling stations (HRS) have the crucial role to make hydrogen-powered vehicles 

practical for everyday usage. In this thesis, state of the art HRS technology is analyzed, 

with the goal of defining a reference design for a medium-capacity station, which is 

supplied via tube trailers and is capable of dispensing approximately 500 kg of 

hydrogen daily. A dynamic model based on such design is developed to compute the 

energy consumption and performance of key HRS components, including 

compression, cascade storage, and pre-cooling systems, under different operational 

scenarios and testing various configurations. The results are used to assess the 

dispensed hydrogen’s carbon footprint, evaluating compliance with EU Renewable 

Energy Directive (RED) III regulations, and to estimate the final levelized cost of 

hydrogen (LCOH). The selected HRS configuration has an electricity demand of 

3,62 kWh per kg of dispensed hydrogen. Associated greenhouse gas (GHG) emissions 

depend on the electricity source, as different EU national grids are evaluated, leading 

to the HRS contributing to between 2 % and 76 % of the RED III emissions threshold, 

respectively in the worst and best scenario. LCOH at the dispenser heavily depends 

on station operating days, as, even in an optimized scenario, the HRS has an impact 

on costs comparable to that of the production stage. 

 

Key-words: hydrogen refueling station, hydrogen compression, hydrogen storage, 

electricity demand, carbon footprint, levelized cost of hydrogen. 
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Abstract in italiano 

L’aumento della richiesta di soluzioni energetiche sostenibili mette in luce 

l’importanza dell’idrogeno come possibile combustibile pulito per il settore dei 

trasporti. In questo contesto, le stazioni di rifornimento di idrogeno (HRS) svolgono 

un ruolo cruciale nel rendere possibile l’utilizzo quotidiano di veicoli alimentati a 

idrogeno. In questa tesi viene analizzata la tecnologia attuale delle HRS, con l’obiettivo 

di definire un design di riferimento per una stazione di media capacità, rifornita 

tramite rimorchi con tubi di idrogeno e in grado di erogare circa 500 kg di idrogeno al 

giorno. Sulla base di questo design, è stato sviluppato un modello dinamico per 

calcolare il consumo energetico e le prestazioni dei principali componenti della HRS, 

tra cui sistemi di compressione, stoccaggio e raffreddamento, considerando diversi 

scenari operativi e testando varie configurazioni. I risultati ottenuti sono stati utilizzati 

per valutare l’impronta di carbonio dell’idrogeno erogato dalla HRS, verificandone la 

conformità alle normative della Renewable Energy Directive (RED) III dell’UE, e per 

stimarne il costo livellato (LCOH). La configurazione selezionata per la HRS presenta 

una domanda di energia elettrica di 3,62 kWh per kg di idrogeno erogato. Le emissioni 

di gas serra (GHG) associate dipendono dalla fonte di elettricità, perciò vengono 

effettuate valutazioni su diverse reti nazionali dell’UE. In base al mix energetico 

considerato, il contributo della HRS alle emissioni varia tra il 2 % e il 76 % della soglia 

massima prevista dalla RED III, rispettivamente negli scenari migliore e peggiore. Il 

LCOH dipende strettamente dal numero di giorni operativi della stazione, che, anche 

in uno scenario ideale, ha un impatto sui costi comparabile alla fase di produzione. 

 

Parole chiave: stazione di rifornimento di idrogeno, compressione di idrogeno, 

stoccaggio di idrogeno, consumo di elettricità, impronta di carbonio, costo livellato 

dell’idrogeno. 
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1 Introduction 

1.1. Background of the problem 

The energy crisis that our society is facing, due to rising global energy demands, 

limited resources and the growing environmental impact of GHG emissions, has 

intensified the urgent need to adopt cleaner and more sustainable energy solutions. 

Emissions from conventional energy sources are a major contributor to global 

warming, resulting in environmental, health, and economic challenges on an 

unprecedented scale. As a result, countries worldwide are called to progressively 

replace fossil fuels, with low-carbon and renewable alternative energy sources, in an 

effort to transition to a more sustainable and resilient energy system. This shift requires 

innovative approaches to energy production, storage, and consumption, with the goal 

of reducing emissions, while also ensuring energy security and economic stability for 

the future. 

In recent years, among the possible alternative energy solutions, there has been 

renewed interest in hydrogen, regarded as a potential key component of the transition 

to a low-carbon economy. Today, governments, businesses, and researchers are 

exploring new technologies and applications to harness the potential of this gas as a 

versatile energy carrier and clean fuel. Hydrogen has emerged as a promising solution 

for storing excess energy generated from renewable energy sources (RES), which is a 

critical challenge for ensuring electricity grid stability, given the intermittent nature of 

such sources. Using renewable energy to produce hydrogen means that such energy 

can be stored for later use, either reconverting it into electricity or using hydrogen as 

fuel in various applications, offering a flexible means to balance energy supply and 

demand. 

The high energy density of hydrogen makes it a potentially attractive fuel source for 

transportation, where weight is a critical factor. Hydrogen fuel cell electric vehicles 

(HFCVs or FCEVs) can become a viable alternative to traditional internal combustion 

engines, primarily for heavy-duty and intensive usage transportation, including 

trucks, buses, taxi fleet and trains, where battery-electric solutions face limitations in 

range and recharging times. 

However, for hydrogen to become a mainstream fuel, an extensive and reliable 

distribution network is still required to be implemented, which brings into focus the 

importance of hydrogen refueling stations (HRSs). Developing a robust HRSs network 
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is essential to support the adoption of hydrogen vehicles and to ensure that hydrogen 

is accessible and affordable for end-users. An efficient distribution system is needed 

not only for vehicle refueling but also for other applications, including industrial use 

and power generation. 

Despite significant advancements in hydrogen technologies, several challenges still 

have to be faced for scaling up HRS infrastructure. The technical components of HRSs, 

such as compressors, storage tanks and dispensers still require to be optimized for 

large-scale deployment, their energy efficiency has to be enhanced, as well as their 

reliability and cost-efficiency. Current HRS infrastructure is expensive and its capital-

intensive nature poses a barrier to widespread adoption of hydrogen as a fuel. 

Scaling up HRS infrastructure also requires addressing issues related to the 

standardization of components, safety regulations, and integration with RES. As 

hydrogen stations are scaled to meet growing demand, they must be designed to 

handle larger volumes of hydrogen while maintaining operational safety and 

efficiency. The successful development of a hydrogen refueling network will depend 

on both technological improvements and supportive policy frameworks that 

encourage investment in hydrogen infrastructure. 

In conclusion, while the technical feasibility of HRSs has been demonstrated, there is 

a pressing need to advance their design and operation to support the broader adoption 

of hydrogen as a key energy carrier and alternative fuel. 

To identify the key areas for improvement of HRS infrastructure, this work aims to 

conduct a comprehensive analysis of the current state of HRS technology, focusing on 

technical requirements and energy consumption. Particularly, starting with an 

overview of hydrogen's role as a fuel in the transportation sector, this study will 

describe the refueling infrastructure in detail, examining its design and technical 

components. Following this overview, a model of a standard HRS will be developed 

to assess energy balances across various stages of the refueling process. Building on 

this foundation, further analysis will be conducted on the environmental impacts and 

costs associated with HRS operations. This approach will help to identify critical 

inefficiencies and potential upgrades essential for improving the efficiency, cost-

effectiveness, and scalability of HRS infrastructure, which are fundamental steps to 

foster the growth of hydrogen-powered transportation, helping to accelerate the 

transition to a cleaner energy system. 

 



1| Introduction 3 

 

 

1.2. Objectives 

The study focuses on evaluating the current state of hydrogen management and 

distribution for road mobility by analyzing reference hydrogen refueling station (HRS) 

technology. This evaluation is conducted to achieve the following main objectives: 

▪ Conduct a detailed review of current state HRSs, focusing on the main technical 

components involved and their operational constraints. 

▪ Define a reference layout for an offsite hydrogen production HRS, serving as 

the basis for a computational model that estimates the energy requirements of 

its key components. 

▪ Implement such model based on thermodynamics calculations and evaluate the 

impact of different configurations and potential technical upgrades on the HRS 

computed energy demand. 

▪ Estimate the carbon footprint of hydrogen dispensed by the modeled HRS and 

assess its compliance with EU renewable energy targets, comparing its 

associated GHG emissions with those of traditional fossil fuel alternatives 

under different scenarios. 

▪ Estimate the final Levelized Cost of Hydrogen, highlighting the contribution of 

the HRS stage of the value chain while evaluating the impact of the station 

utilization. 

 

1.3. Methodology 

This study will follow a structured approach, beginning with a comprehensive review 

of the state of the art of HRSs, including all relevant technological components 

required for their operation. This literature review will cover the current 

infrastructure, focusing on storage, compression, and distribution technologies. 

Following the review, the study will move into a calculation phase, where a 

mathematical model will be employed to assess the performance of a reference HRS. 

The model will evaluate the dependence of the system's performance on key input 

parameters, such as hydrogen pressure, storage capacity and utilization rate (UR), by 

conducting energy balances to quantify the electricity demand to power each stage. 

This integrated approach will provide insights into both the technical and operational 

aspects of HRSs, identifying areas for potential optimization. Furthermore, it will serve 

as a basis to perform a carbon footprint assessment according to EU implemented 

regulations. Specifically, the methodology defined in EU Renewable Energy Directive 

(RED III), which sets rules on renewable hydrogen based on a life cycle assessment 

(LCA) logic, will be implemented to estimate both the modeled HRS’ and the overall 
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hydrogen value chain’s GHG emissions. Finally, the modeled HRS electricity and 

power requirements will serve as inputs for estimating the costs of building and 

operating the station, enabling the calculation of the LCOH at the dispenser. This will 

allow an evaluation of how station utilization impacts such estimated LCOH. 

 

1.4. Assumptions and limitations 

This study makes several key assumptions regarding the operation and evaluation of 

the reference HRS. One primary assumption is that hydrogen is considered to be 

supplied to the HRS at a standardized pressure level of 200 bar and that no technology 

is available to guarantee a constant input flow of hydrogen at such pressure level for 

the following HRS operation stages. This assumption is made following a conservative 

approach, despite the potential for higher pressures in future systems, as innovations 

in tube trailers, transporting H₂ to the HRS and filling center technologies could allow 

for pressures above this threshold. Furthermore, transportation of hydrogen at such 

standardized pressure level is assumed to provide the HRS with enough hydrogen to 

satisfy nominal capacity demand. 

Additionally, the study focuses exclusively on the refueling of light-duty road 

vehicles, with the reference HRS modeled to support standard 700-bar refueling only, 

which is the nominal pressure for modern passenger FCEVs. For what concerns the 

energy modeling, only the compression and cooling requirements are accounted for, 

always with conservative estimates, while other auxiliaries’ contributions are 

neglected. 

As the hydrogen production stage is outside the scope of this work, some generalized 

assumptions, based on available data, are made regarding its impact on both 

dispensed hydrogen carbon footprint and cost. Other limitations include the 

unavailability of detailed, real-world data for HRS components efficiency and costs, 

which may vary across regions and specific HRS designs. 

 

1.5. Structure of the document 

This thesis is organized into five main chapters. The Introduction chapter provides an 

overview of the research context, outlining the objectives and scope of the study on 

HRSs and their technical evaluation. The Theoretical background and literature 

review chapter presents the fundamental concepts and literature relevant to hydrogen 

infrastructure and HRS state of the art, as well as the broader context of hydrogen's 

role in the energy transition. The Model chapter defines the layout of a reference HRS 

and describes the assumptions and methodology used to compute its energy demand, 
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by modeling the main involved stages: hydrogen compression, storage and cooling. 

The Results and Discussion chapter presents the outcomes of these calculations, 

analyzing electricity demand at each stage and with different configurations, 

evaluating potential improvements for the HRS infrastructure. It then delves into the 

estimation of the dispensed hydrogen carbon footprint, evaluating compliance with 

EU emissions targets. The model results are also used to provide an estimation of the 

LCOH at the dispenser, which is evaluated in relation to the station operating days. 

Finally, the Conclusions chapter summarizes key findings, reflects on their 

implications for future hydrogen infrastructure development, and offers 

recommendations for further research. 

 

 





 7 

 

 

2 Theoretical background and literature 

review 

2.1. Hydrogen potential for the transportation sector 

The global energy sector is required to undergo a significant transformation, driven 

by the urgent need to reduce greenhouse gas emissions and limit the impacts of climate 

change by transitioning to more sustainable sources of energy. Traditionally reliant on 

fossil fuels, the sector has to shift toward renewable and low-carbon alternatives to 

comply with environmental goals while meeting the constantly growing global energy 

demand. 

This transition is particularly important in sectors like power generation and 

transportation, together responsible for around 65 % of Green House Gas (GHG) 

emissions globally. Transportation alone accounts for around a quarter of global CO₂ 

emissions, with road vehicles making up approximately 74,5 % of that amount [1]. 

Because of that, as part of the broader European Green Deal, the EU has set the 

ambitious goal that, by 2035, all new cars and vans sold in the EU must be zero-

emission vehicles, which corresponds to a 100 % reduction in CO₂ emissions for these 

vehicle types. This target follows the EU's long-standing strategy of gradually 

reducing emissions, with interim milestones such as a 55 % CO₂ reduction for cars and 

50 % for vans by 2030, compared to 2021 levels [2].  

Historically, petroleum-based fuels such as gasoline and diesel have dominated global 

transport, which, at present, is still powered almost entirely by internal combustion 

engines (ICE) and relies on oil products for nearly 91 % of its final energy [3], [4]. 

Emission reduction targets have led to the exploration of various alternatives with a 

widely implemented mid-term solution being that of gasoline-bioethanol and diesel-

biodiesel blends [1]. However, low energy density, low stability and competition with 

farming land and their associated emissions appear to be major issues for biofuels 

usage to effectively contribute in the decarbonization of the transport sector. 

Electric vehicles (EVs), including battery/plug-in electric or hybrid electric vehicles, 

represent a potential technical solution for improved sustainability of the sector, due 

to their higher efficiency and lower life cycle emission compared to conventional ICE 

vehicles, particularly when the electricity is produced from clean and renewable 

energy sources. 
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Nevertheless, their diffusion implies a higher electricity demand from the transport 

sector as plug-in EVs typically charge from the main electricity grid, affecting its 

functionality during peak demand, hence the required integration of large-scale EVs 

charging entails considerable stability challenges for the grid itself [1], [5]. At the same 

time, the electricity grid is expected to manage an increasing percentage of RES 

generation, characterized by an intermittent regime, which further complicates the 

necessity to match load with generation at each instant [6]. 

In this scenario, hydrogen fuel cells (HFCs) are today regarded as another useful 

energy source for many transport applications and hydrogen, in general, is regarded 

as a potentially very good ally of decarbonization policies. 

Hydrogen can in fact be employed both as a feedstock, to directly feed industrial 

processes, and as an energy vector/carrier, to power the transportation sector or other 

sectors that cannot be easily directly electrified. Its production via electrolysis can be 

powered by RES and, in such a way, hydrogen serves as a flexible resource, enabling 

energy storage and flexible loads, which is crucial for higher integration of RES in the 

electricity system [6]. Incorporating district heating and waste heat recovery into the 

hydrogen production system can also increase its efficiency by utilizing the leftover 

heat from the electrolysers [7]. 

HFCVs are propelled by electric motors, which instead of being powered by a battery, 

like other EVs, use electricity produced from the chemical reaction between hydrogen, 

stored on board in fuel tanks, and oxygen, from the air, which occurs in the fuel cell. 

Hydrogen fuel, when consumed in fuel cells, generates electricity producing only 

water vapor as a byproduct, which is released into the environment, making this 

technology an attractive option for zero-emission transportation, even though the 

associated emissions of the hydrogen production pathway must be taken into 

consideration. 

HFCVs provide several benefits, which can make them a valid alternative to 

conventional and electric vehicles, among which: 

▪ Faster refueling (less than 5 min), increased range (up to 600 km between refills) 

compared to battery electric vehicles (BEVs). 

▪ Less weight than BEVs for same driving range (same amount of energy stored) 

and longer life expectancy (>200,000 km) [8]. 

▪ No moving or frictional parts and minimum required maintenance. 

▪ Only water and heat as waste products. 

▪ Higher energy efficiency (up to 60 %) compared to ICE vehicles (20–30 %) [9]. 

▪ Greenhouse gas (GHG) emissions reduction by 50–90 % compared to ICE 

vehicles [1], depending on the hydrogen production process. 
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The challenges associated with HFC powered vehicles adoption include: 

▪ High production cost of hydrogen and necessity to scale up sustainable and 

low-carbon hydrogen production methods. 

▪ Current lack of widespread refueling infrastructure and of suitable control 

strategies for effective vehicle operation. 

▪ A limited energy conversion efficiency compared to that of BEVs (80-90 %) [10]. 

▪ Higher cost of the fuel cell system, fuel cell degradation and low durability 

compared to that of ICE. 

▪ Onboard storage of hydrogen at high pressure and safety concerns related to 

storage, handling, and refueling of hydrogen, being it a highly flammable gas 

[9]. 

Overall, considering these aspects, HFC technology proves to be a more promising 

solution for transport application with intensive usage, such as heavy duty and utility 

vehicles, taxi fleets, busses, and non-road transportation, such as regional trains and 

ships. 

The countries with the greatest percentage of HFCVs on national roads are currently 

South Korea, USA, China, and Japan [7]. 

 

2.1.1. Overview of hydrogen policies 

The idea of energy systems fueled with hydrogen was already settled in the aftermath 

of the oil crises back in the 1970s. Since then, there has been continuous interest on 

hydrogen, which became more popular as a potential clean fuel after successful 

breakthrough of the fuel cell system in the late 1990s [11]. 

In the last years, the great interest towards hydrogen in Europe has been driven by 

two important pillars of the EU policy: decarbonization and security of supply [6]. The 

chain of policy provisions in Europe concerning hydrogen started with the EU 

hydrogen strategy, adopted in July 2020, which defined an action plan aimed at 

supporting investments for production and demand of hydrogen, creating a market 

and infrastructure, boosting research and international cooperation. 

The EU Hydrogen Strategy sets, as one of its key actions, the goal to achieve the 

installation of at least 40 GW of electrolysers for renewable hydrogen and to increase 

production to up to 10 million tons of renewable hydrogen in the EU by 2030 [12]. 

The Fit-for-55 package, presented in July 2021 as a plan to meet targets of the European 

Green Deal, provides, among others, a set of legislative proposals that translate the 

European hydrogen strategy into a concrete policy framework, including a proposal 
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to set targets on the uptake of renewable hydrogen in industry and in transport by 

2030. 

In addition, the Renewable Energy Directive (RED III), adopted in 2023 by the 

European Parliament and Council, reiterates the importance of hydrogen to enable 

energy transition towards climate neutrality. Among its sub-targets, it is established 

that Member States shall ensure that by 2030, 42,5 % of the hydrogen used in industry 

complies with renewable fuels of non-biological origin rules, increasing to 60 % by 

2035 [13]. These rules, which define maximum GHG emissions levels for such fuels, 

are further discussed in the following chapter 2.1.2RED III methodology for hydrogen 

carbon footprint. 

Finally, the new Alternative Fuels Infrastructure regulation (AFIR), adopted in 2024, 

sets a number of mandatory national targets to ensure minimum infrastructure for 

supporting the required uptake of alternative fuel vehicles, reformulating provisions 

for areas where no mandatory EU wide targets are set. For hydrogen, it prescribes the 

drafting of a national strategic framework for each member state, recommending that 

publicly accessible hydrogen refueling station (HRS), designed for a minimum 

cumulative capacity of 1 ton per day and equipped with at least one 700 bar dispenser, 

must be deployed along the Trans-European Transport network (TEN-T) roads with a 

maximum distance of 200 km in between them and at least one must be available in 

every urban node [14]. 

 

2.1.2. RED III methodology for hydrogen carbon footprint 

The Renewable Energy Directive (RED III), adopted by the European Union, sets 

ambitious targets for renewable energy use, aiming for a 42,5 % share in overall energy 

consumption by 2030. For the transport sector specifically, RED III mandates a 

minimum of 29 % renewable energy use or a 14.5 % greenhouse gas (GHG) reduction 

compared to replaced fossil fuel emissions, incentivizing the adoption of renewable 

fuels of non-biological origin (RFNBOs) and other low-carbon alternatives. In 

addition, RED III sets the target of a 1 % minimum share of RFNBOs in final 

consumption of all energy supplied to the transport sector [15]. 

RFNBOs are defined as liquid and gaseous fuels whose energy content is derived from 

RES, excluding biomass. They need to achieve a minimum GHG reduction of 70 % 

compared to a fossil comparator of 94 gCO₂eq/MJ to be counted towards EU's 

renewable energy target [16]. Hydrogen itself can be classified as a RFNBO if it 

complies with such requirements, and in that case, it is referred to as renewable 

hydrogen. 

To support these rules, in June 2023, the European Commission adopted two 

Delegated Acts. One defines detailed rules for determining when electricity used to 
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produce RFNBOs can be considered fully renewable [17]. The other provides a 

methodology for calculating life cycle GHG emissions savings from RFNBOs and from 

recycled carbon fuels [18]. 

Such methodology, proposed in the second mentioned RED III Delegated Acts, was 

chosen for the evaluation of the carbon footprint of the hydrogen dispensed by the 

modeled HRS, which is carried out in chapter 4.3Carbon footprint assessment. This 

way, a transparent framework for calculating GHG emissions and emissions savings 

is employed, ensuring comparability across projects and compliance with EU targets. 

The methodology accounts for the entire life cycle of the fuel, from production to use, 

instead, emissions from the manufacture of machinery and equipment shall not be 

taken into account [18]. 

The Delegated Act specifies emission factors and calculation rules for renewable and 

non-renewable inputs, offering a robust basis for assessing carbon intensity of 

hydrogen produced via electrolysis powered by grid or renewable electricity, which is 

considered to have zero carbon equivalent emissions. The flexibility in accounting for 

renewable electricity or national grid mixes enables tailored evaluations that can 

reflect the actual carbon intensity of the HRS under different scenarios. 

Another key advantage of the RED III methodology is its alignment with EU policy 

goals for climate neutrality by 2050. By requiring a minimum 70 % GHG emissions 

savings for RFNBOs, RED III sets stringent benchmarks that encourage the adoption 

of low-carbon technologies and renewable electricity sourcing, which aligns well with 

the sustainability objectives of HRSs. 

Unlike established LCA methodologies, RED III is applicable only to RFNBOs and 

focuses exclusively on GHG emissions, simplifying policy implementation while 

providing relatively strict rules for renewable energy claims. 

Overall, the adoption of RED III methodology for evaluating the modeled HRS is 

justified by its clear and standardized framework for assessing RFNBO compliance. 

By adhering to a well-established directive, the model carbon footprint evaluation can 

also contribute to a broader understanding of hydrogen’s role in decarbonizing the 

transport sector. 

 

2.2. Hydrogen value chain 

Today most of the hydrogen demand is satisfied by hydrogen produced via steam 

methane reforming (SMR) of natural gas, which is called grey hydrogen. This process 

produces CO2 emissions, which negate some, if not most, of the environmental benefits 

of fuel cell vehicles. 
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Hydrogen produced by electrolysis, powered by electricity that comes from RES, and 

water as an input, is instead defined as green, as the process is GHG emissions-free. 

However, as of 2022, green hydrogen accounts for less than 1 % of the total amount of 

hydrogen produced worldwide [19]. 

Nevertheless, while much of the discussion and policies intervention have focused on 

production methods, the management and distribution of hydrogen are equally 

critical challenges, given its unique properties compared to other conventionally used 

fuels. 

Hydrogen has the lowest atomic weight of any substance and therefore has very low 

density both as a gas and as a liquid. Gaseous hydrogen, at 0 °C and 1 atm, has a 

density of 0,0899 kg/m³, which is approximately 7 % the density of air at the same 

temperature and pressure, while liquid hydrogen density is around 7 % that of water. 

Ironically, every cubic meter of water, due to its tight molecular structure, contains 

111 kg of hydrogen, whereas a cubic meter of liquid hydrogen only contains 71 kg of 

hydrogen. Hydrogen’s expansion ratio of 1:848 means that hydrogen in its gaseous 

state at atmospheric conditions occupies 848 times more volume than it does in its 

liquid state [20]. 

To compare hydrogen behavior to that of traditional hydrocarbon fuels, it is necessary 

to talk about its reactivity. Hydrogen, when mixed with oxygen, necessitates a small 

amount of activation energy, in the form of a spark, for its molecules to rapidly 

combine in an exothermic reaction, releasing significant heat and water as the end 

product. This reaction is reversible, as it is possible to convert water to hydrogen and 

oxygen by adding slightly greater energy than that which was previously released. 

This is the principle behind hydrogen production through electrolysis. 

Every fuel can liberate a fixed amount of energy when it reacts with oxygen and is 

combusted. This energy content is quantified by a fuel’s higher heating value (HHV) 

and lower heating value (LHV), which denote the amount of energy per unit mass of 

the fuel. The difference between the HHV and the LHV is that the former includes all 

energy released during combustion, assuming water vapor condenses, recovering 

latent heat, while the latter excludes this latent heat [21]. Hydrogen has the highest 

energy-to-weight ratio of all conventional fuels, surpassing all of them in terms of its 

HHV and LHV, with values about 3 times greater than those of gasoline and diesel. 

Therefore, for a given load duty, the mass of hydrogen required is only about a third 

of the mass of such hydrocarbon fuels [20]. For this reason, hydrogen has been used 

extensively in space programs, where weight saving is crucial. 

The volumetric energy density, instead, represents the amount of energy per unit 

volume of a fuel. Thus, it is the product of the energy content (LHV in our case) and 

the density of the fuel. In the case of uncompressed gaseous hydrogen, despite it 

having a higher energy content, the energy volumetric density is significantly lower 
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than that of conventional fuels, being about 1/3000th that of gasoline [22]. This is 

outlined in Table 2.1, which provides a comparison between hydrogen, at different 

conditions, and other fuels, in terms of LVH and volumetric energy density values.  

 

Table 2.1: Energy content and volumetric energy density values of hydrogen and other fuels 

[20], [23]. 

  

Energy content 

(LHV) 

[MJ/kg] 

Volumetric 

energy density 

[MJ/L] 

H₂ gas (1 atm, 25°C) 119,9 0,01 

Compressed H₂ gas (350 bar, 25°C) 119,9 2,80 

Compressed H₂ gas (690 bar, 25°C) 119,9 4,66 

Liquid H₂ 119,9 8,50 

Methane (1 atm, 25°C) 50,0 0,03 

Gasoline (petrol) 43,4 32,0 

Diesel fuel 42,6 36,0 

 

This brings into focus the issue of hydrogen logistics, in which a key requirement is 

enhancing hydrogen low volumetric energy density for making storage, 

transportation and consumption more practical. Overall, the efficiency of hydrogen 

supply chains, from production sites to end-users, hinges on robust infrastructure, that 

has yet to be optimized and expanded. This includes storage, transportation, and, in 

the case of transport sector applications, HRSs that can make hydrogen-powered 

vehicles practical for everyday usage. The logistic value chain represents today about 

50 % of the overall cost of the hydrogen at the HRS and remains a major technical and 

economic bottleneck for the wider deployment of the H₂ infrastructure [24]. 

For what concerns hydrogen production, there are various possible pathways and 

technologies that can be utilized, which, based on their associated amount of emitted 

CO2 and CO2-equivalents, are typically categorized using different color codes [25]. 

Among these, the gasification process, which uses coal as primary source, leads to the 

production of brown hydrogen and is the most CO₂ emitting production pathway. 

Instead, as already mentioned, electrolysis powered by renewable electricity is the 

least impactful process, being emission free, and generates green hydrogen. The 

production method may also have an impact on purity, as typically hydrogen 

produced via SMR of natural gas requires additional purification compared to 

hydrogen from electrolysis, which is generally already very pure [22], [26]. 
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Regardless of the production method, to improve its volumetric energy density and 

thus optimize its distribution, hydrogen must then be conditioned, which means either 

compressed or liquefied. Hydrogen can in fact be transported and stored either as 

liquid or as compressed gas. The choice depends mainly on end use, demand profile 

and distance from the production site to delivery points [27]. For reference, 

compressed hydrogen gas at 700 bar has approximately half the volumetric energy 

density of liquid hydrogen [28]. However, liquefaction is far more energy-intensive 

than compression as it requires cooling hydrogen gas to about −253 °C and then 

storing it in specialized cryogenic tanks, a process that requires high investments and 

an energy consumption equivalent to up to 40 % of hydrogen energy content [22], [29]. 

For these reasons, generally liquid hydrogen is today only suitable for industrial 

applications requiring high-density storage or long-distance transport, while 

compressed hydrogen is a more common solution for HRSs and short-term storage. 

Another option is to transport hydrogen in liquid or solid energy carriers, such as 

ammonia or metal hydrides, which are effective solutions for long term storage [22], 

[26], [28]. However, this method involves less mature technologies, facing high costs 

and even larger energy requirements for the absorption and desorption of hydrogen 

from the carriers, making it an option only for industrial sectors requiring high-

stability stationary storage. 

Liquefied hydrogen can be transported in tankers on trucks, ships or via railways, 

whereas gaseous hydrogen can be conveyed via high-pressure pipelines or tube 

trailers. Despite pipelines being considered safer and more environmentally 

sustainable than alternative methods, in the early stages of hydrogen value chain 

development, constructing pipelines specifically for transporting pure hydrogen is 

rather costly. Blending hydrogen into natural gas and utilizing the existing natural gas 

pipeline network instead, appears as a more viable strategy, however, transporting 

blends with proportion higher than 20 % of hydrogen would still require significant 

modifications to the existing pipeline infrastructure [22]. To this day, the most 

common solution is transporting hydrogen in gaseous form via tube trailers, in which 

it is typically stored at 200 to 500 bar. 

Hydrogen storage presents challenges not only for capacity reasons, due to the gas low 

density, but also for possible losses and safety concerns. Hydrogen molecules are 

smaller than those of all other gases, which enables them to permeate materials that 

are typically considered airtight, making containment more difficult. In addition, 

liquid storage faces the issue of evaporation losses, given the boiling point of liquid H₂ 

is extremely low. 

Hydrogen is also highly flammable across a wide range of concentrations in air, 4 to 

75 %, depending on the temperature, and can be explosive within concentrations of 15 

to 59 % at ambient temperature, making hydrogen leaks particularly dangerous given 

the risk of fire when the gas mixes with oxygen. However, the small molecular size 
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that increases the likelihood of leaks also translates into very high buoyancy and 

diffusivity of the gas, meaning that any leaked hydrogen disperses quickly, especially 

in outdoor environments, resulting in a very localized region of flammability [20]. 

In terms of end uses, other than its consumption in fuel cells in the transportation 

sector hydrogen finds applications in power generation and various industrial sectors, 

including chemicals and refineries. Hydrogen contains no carbon or sulfur, so when 

combusted, it emits no carbon dioxide (CO₂), carbon monoxide (CO), sulfur oxides 

(SOₓ), or particulate matter, resulting in much lower environmental impact compared 

to fossil fuels. Combustion can be leaner, leading to lower temperatures and very 

minimal nitrogen oxide (NOₓ) emissions. Hydrogen is also non-toxic, meaning 

uncombusted hydrogen does not pose a direct health risk [20]. 

When consumed in fuel cells instead, where it reacts with oxygen electrochemically at 

a low temperature, hydrogen offers even greater environmental advantages. Fuel cells 

emit only water, and, given their low operating temperatures (around 80 °C), they 

eliminate also NOₓ emissions entirely [20]. Additionally, since fuel cells do not require 

lubricating oils, there are no secondary emissions from their reaction products, making 

them an emission free technology for hydrogen exploitation. 

For hydrogen mobility to scale up, however, it must become widely available and cost-

effective, which mainly requires solving the issue of logistics. After production, 

typically at relatively low pressures (e.g., 30 bar in an electrolyser), hydrogen must be 

compressed, transported to an HRS and distributed at pressures of 350 or 700 bar, 

depending on the vehicle type [24]. Ensuring the efficiency and safety of this entire 

supply chain is crucial for the advancing of hydrogen economy. 

 

2.3. Hydrogen Refueling Stations 

Hydrogen refueling stations (HRS) are complex systems designed to store, compress, 

cool, and dispense hydrogen for fueling vehicles. The process involves several steps, 

each requiring specific components with technical characteristics tailored to handle 

hydrogen's unique properties. 

By the end of 2023, a total of about 1000 HRSs were in operation in 35 different 

countries worldwide. At a country level, China has the largest number of HRS in 

operation, followed by Japan, and South Korea [30]. Looking at Europe, the total 

number has grown to around 200 operational and publicly accessible HRSs by the 

summer of 2024 [31], with the majority found in France and Germany [7]. 

HRSs can be categorized between on-site hydrogen production HRS and off-site 

hydrogen production HRS. In the first case (Figure 2.1) hydrogen is produced directly 

at the refueling site (typically via electrolysis), while in the second case, hydrogen is 
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produced at a separate, centralized facility (often at larger scale using electrolysis, SMR 

or other methods) and then transported (via trucks or pipelines) to the refueling 

station. The existing tradeoff is between the dimension and complexity of the HRS and 

the cost and complexity of needing to transport hydrogen to it. 

 

 

Figure 2.1: Standard onsite HRS layout. 

 

Another distinction can be made based on the state of the hydrogen that is supplied to 

the HRS, since it can be either in gaseous or liquid form, even though the first option 

is typically the preferred one for this kind of application, both for cost and energy 

efficiency reasons. 

The vast majority of HRSs typically require the following components [32]: 

1. A hydrogen production unit. 

2. A hydrogen purification unit, in order to secure that purity meets the standards 

for supplying fuel cells (purity above 99,97 %). 

3. A hydrogen compression system for high pressure storage inside the station's 

main H2 tanks. 

4. Hydrogen storage tanks for compressed gas (or liquid) H2. Typically, there is a 

lower pressure (buffer) tank to store the hydrogen coming from the source, 

before it is compressed, and a higher pressure (storage) tank that stores 

hydrogen after the compression stage. 
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5. A hydrogen gas booster or a reduction valve, to regulate pressure to 350 bar or 

700 bar during the refueling procedure. 

6. A pre-cooling unit to reduce hydrogen gas temperature down to −40 °C 

ensuring that during fast refills the vehicle's hydrogen tank does not exceed the 

safety limit of 85 °C (since the Joule-Thompson coefficient of H₂ is negative, 

temperature increases during an isenthalpic expansion of the gas) [33]. 

7. Safety equipment, including leak detectors, emergency shutoff systems, 

pressure relief devices, sensors and waterless fire suppression. 

8. Mechanical and electrical equipment such as valves, piping, control panels and 

high voltage connections. 

9. Dispensers used to supply the vehicles' H2 tank from the station's storage tanks, 

while complying with refueling requirements, such as average pressure ramp 

rates (APRR), which describe the desired pressure rise in the vehicle tank along 

with pre-cooling temperatures of hydrogen [34]. 

An offsite H₂ production HRS does not require 1) and 2), but instead necessitates to 

include a receiving port able to support proper connectivity with the respective 

method of H2 deliverance, which is typically by heavy-duty trucks where hydrogen is 

stored in tube trailers as compressed gas. Alternatively, liquid H₂ has to be transported 

in cryogenic tankers which are much more costly despite allowing for hydrogen with 

a higher volumetric energy density to be supplied. This makes it a suitable option only 

for long distance transportation but, as of today, an overall less viable one compared 

to gaseous hydrogen supply [29]. 

All the discussed main components of the hydrogen supply chain already exist today. 

However, as they are technically not well adapted to high pressure (500 bar or more), 

their low capacity makes them inefficient from an economic and energy efficiency 

perspective, and they also lack an overall sustainability approach [24]. 

Offsite production HRS allows for centralized hydrogen generation, which can take 

advantage of economies of scale. Large-scale hydrogen production facilities can 

produce hydrogen more efficiently and at lower cost per unit than smaller, 

decentralized onsite systems. This centralized approach also enables better integration 

with RES to power electrolysis, which might not be available in sufficient quantities at 

individual refueling stations. 

By focusing on offsite production, it is possible to explore how to optimize the logistics 

chain and investigate how improving distribution technologies and strategies can 

bring down costs and operational challenges, to make hydrogen more competitive 

with other fuels. 
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Moreover, offsite production aligns with the current trajectory of hydrogen 

deployment strategies in many countries, where governments and industries are 

building centralized production hubs (or "hydrogen valleys") that supply multiple 

refueling stations in a region. This model facilitates easier management of supply and 

demand, especially as hydrogen networks grow. 

Overall, offsite production offers greater potential for widespread adoption, making it 

a more impactful focus for research on hydrogen refueling infrastructure. 

In the current reference supply chain (Figure 2.2), after hydrogen is produced by 

electrolysis, it is typically compressed to around 250 bar, in order to be filled on-to 

trucks, in 200 bar tubes for a total capacity of 395 kg of hydrogen per trailer. It is then 

transported in gaseous form to the HRS, where, once unloaded from the truck, it needs 

to be compressed to 900 to 1000 bar and cooled so it can be fueled into the FCEV (at 

700 bar), as the refueling process inevitably involves losses of pressure [29]. 

 

 

Figure 2.2: Reference hydrogen 200 bar supply chain for offsite HRS. 

 

Current state of the art HRS can distribute H₂ at 350 or 700 bar or both (dual-pressure), 

depending on the targeted FCEV (350 bar for heavy-duty vehicles such as buses and 

trucks, 700 bar for light-duty passenger vehicles. Their typical capacity is 100-

400 kg/day. The refueling time is generally between 3 to 5 minutes for light-duty 

vehicles and 10 to 15 minutes for larger vehicles. 

Hydrogen compression is a major contributor to the capital costs (48 %) and 

maintenance hours (24 %) of the HRS. Conventional use of mechanical compressors, 

typically diaphragm and piston ones, is associated with safety and reliability issues, 

and a relatively high energy consumption, more than 15 % of the lower H2 heating 

value, resulting in high electricity cost [35]. 

At present, another main technological difficulty is reflected in the balanced treatment 

of reducing the temperature rise of hydrogen and shortening the filling time during 

the fast-filling process [36]. 

Overall, the efficiency of today’s HRS is still too low. Since H₂ is mostly supplied with 

200 bar tube trailers to the HRS, and the pressure progressively decreases in the trailers 
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when H₂ is used at the HRS, the average inlet pressure of the HRS compressor is only 

about 100 bar. To compress hydrogen from 100 to 1000 bar, about 3,5 kWh/kg are 

necessary. In addition, ~1 kWh/kg is consumed for cooling and other auxiliaries, 

resulting in an overall electricity consumption of 4,5 kWh/kg. This is economically 

suboptimal and technically problematic for large installations: a 2000 kg/day HRS 

would need > 400 kW of installed power, which can be challenging [24].  

The capacity is also still too low to achieve techno-economic viability and an increase 

in capacity from 100-400 to 1000-2000 kg/day is needed to achieve economies of scale. 

Today, while China and the US are leading the field in construction of large-scale HRS 

(daily capacity over 1000 kg a day), about 73 % of all HRSs in operation worldwide 

have a refueling capacity of no more than 500 kg a day [30].  

 

2.3.1. Buffer tank 

The buffer tank can be considered as a first critical element of a standard HRS. It acts 

as an immediate storage unit, managing the flow of hydrogen between the delivery 

source and the compressor, or between the electrolyser and the compressor in case of 

an onsite H₂ production station. A buffer tank is used to ensure a constant flow of 

hydrogen and thus stable operating conditions to the compressor [34]. This stability is 

essential because, generally, the hydrogen flow rate from the delivery source is going 

to be different than the compressor flow rate. This may result in pressure buildup or 

vacuum within the connecting pipe if no buffer tank is employed [37]. A buffer tank 

mitigates these issues by allowing hydrogen delivery process to operate 

independently of refueling demand, accommodating variations in delivery schedules 

without interrupting station operation. 

When full, the buffer tank can typically send a signal to the compressor to engage, 

draining the buffer tank to a preset pressure level at which the compressor 

automatically shuts down until the buffer tank is refilled to its preset maximum 

pressure [37]. Buffer tanks are typically designed to store hydrogen at relatively low 

pressures (between 30 and 50 bar) and maintain a stable flow rate when the 

compressor is operating, allowing it to work efficiently and reducing system strain 

during peak demand periods. 

In offsite production HRS, although still often implemented, buffer tanks can be 

replaced by alternative systems. Particularly in small stations, with a relatively low 

and stable demand, other more cost-effective options may suffice. One alternative to 

the buffer tank is the use of a recycle line [38]. This system increases and stabilizes the 

inlet pressure of the compressor by redirecting a portion of compressed hydrogen back 

to the inlet side. Equipped with a control valve, the recycle line mixes recycled 

hydrogen with the incoming supply from the tube trailer, ensuring consistent 
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performance. A recycle line can be particularly useful as it allows to avoid introducing 

an additional component, the buffer tank, while still providing the same benefit. 

However, it has a clear energy efficiency tradeoff, as already compressed hydrogen is 

cycled back and re-compressed. 

Another alternative may include having multiple tube trailers with pressure 

sequencing, which are connected in sequence, with hydrogen drawn from the trailer 

with the highest pressure, switching automatically as pressure levels drop. This 

approach simplifies operation but requires robust pressure monitoring systems. A less 

complex and cheaper option is to implement a pressure-regulated feed line, which 

uses a regulating valve to maintain a consistent downstream pressure level, although 

that will be limited by the lowest upstream pressure. 

The suitability of each of these alternatives depends on the requirements and 

constraints of the HRS. Nonetheless, the buffer tank remains a widely adopted solution 

due to its reliability and ability to ensure uninterrupted operation under varying 

demand conditions. 

 

2.3.2. Compressor 

The next major component of the HRS layout is the compression system, which is the 

core of the station as it accounts for more than 30 % of its total cost [34] and consumes, 

on average, 11,3 % of the energy contained in hydrogen fuel [39]. HRSs generally rely 

on mechanical compressors, which can be further categorized in various typologies, 

including piston compressors, diaphragm compressors, linear compressors, 

pneumatic boosters, centrifugal compressors and ionic liquid compressors [24], [40], 

[41]. 

The first two of the list are the most common technologies, they both use a 

reciprocating motion to achieve compression in stages, but, while, for piston 

compressors, the piston directly compresses the hydrogen within a cylinder, for 

diaphragm ones a flexible diaphragm driven by a piston is used to compress hydrogen 

indirectly, preventing it to get in contact with the piston and lubricants. Piston 

compressors are a relatively low cost and mature technology, their high flow rate make 

them the best choice for high-pressure hydrogen compression in HRSs with large daily 

refueling capacity. Diaphragm ones discharge higher purity H₂, have good heat 

dissipation and large compression ratio. However, due to the small stroke volume and 

displacement, are suitable for HRSs with smaller daily refueling capacity [40]. 

The other technologies are less diffused in HRS applications. Linear compressors use 

pistons directly connected to linear motors and have resonance spring systems instead 

of connecting rod crank assemblies. Their design is simpler and inexpensive, but, as 
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they operate with a single, continuous compression stroke, they are better suited for 

lower pressure uses. 

Pneumatic boosters use compressed air to drive the piston, which compresses the gas. 

They are compact and easy to install but their efficiency is lower than piston and 

diaphragm compressors and in addition they require air storage [24]. 

Centrifugal compressors use the kinetic energy of a rapidly rotating impeller to 

compress the gas [41]. They are typically designed for high flow rates but at moderate 

pressures, making them not suitable for HRS application (they are instead widely used 

for pipelines) [42], as they are also less efficient at compressing low-density gases like 

hydrogen to high pressures and can be more sensitive to fluctuating demand. 

In ionic liquid compressors, ionic liquid columns are used to compress the hydrogen, 

and the compression process is closer to an isothermal process, as the liquid can 

effectively take away the heat produced by compression [39]. Compared with piston 

compressors, energy consumption can be reduced by about 20 %, and no additional 

heat exchanger is required [40]. Nevertheless, the technology is less mature and has 

higher costs, but is already employed in some HRSs [42]. 

Finally, also some non-mechanical technologies are being investigated and developed 

in EU funded projects, among which the most advanced for hydrogen supply 

application is metal hydride compression. Metal hydride compressors rely on an 

absorption-desorption principle of H₂ into metal alloys having the ability to react with 

H₂ to build a hydride [40]. Then, heat is provided to the hydride so that H₂ is desorbed 

and released from it at higher pressure. The reaction is endothermic and consumes 

heat at high temperature [24], [41].  Compressors using this technology have limited 

pressure range, generally up to around 200 to 300 bar, though some specialized 

designs can reach slightly higher pressures, but typically requiring complex multi-

stage absorption-desorption cycles. They also have limited throughput compared to 

MC and require complex thermal management. For these reasons, and for the fact that 

compressors using this technology can use industrial waste heat, their use is being 

investigated mainly for compression at filling centers, where the produced hydrogen 

is filled into tube trailers at 200 to 500 bar. Here, the electrolysers can provide waste 

heat to the metal hydride compressor, which can achieve better system economy and 

environmental friendliness than mechanical compressors [43]. 

To sum up, today operating HRSs use piston and diaphragm compressors, as well as, 

to a lower extent, ionic liquid ones. These technologies appear to be the best solution 

despite some still present drawbacks, among which the large maintenance costs, of 3 

to 5 % of the CAPEX each year [24], the associated high availability loss, often up to 3 

weeks of downtime per year, and most importantly a limited energy efficiency. The 

efficiency relative influence is higher for hydrogen than for other gasses, mainly 

because of its low density, which cause an isothermal compression of H₂ from ambient 
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pressure to 1000 bar to require 2,64 kWh/kg, while the same compression for air only 

requires 0,19 kWh/kg [42]. At the HRS, the energy consumption is typically around 

3,5 kWh/kg to compress H₂ from 100 to 1000 bar [24]. Such a huge energy consumption 

highlights the importance of any gain in efficiency during compression to keep the 

green hydrogen route on the path of sustainable technologies. 

 

2.3.3. Storage tank 

The hydrogen storage tank or vessel is another key equipment of an HRS, as it largely 

determines the hydrogen supply capacity. The simplest solution that can be adopted 

is a single-tank storage design, which also provides easy control of the pressure rise. 

However, with this design, some of the compressor work is going to be wasted. This 

occurs during refueling when the gaseous hydrogen is expanded through the 

reduction valve, used to control the pressure rise at the dispenser nozzle. Typically, in 

a single-tank storage system, the pressure difference across the valve is considerably 

greater than necessary to comply with APRR for the majority of the refueling period 

and the entropy generation is large. In addition, a larger pressure difference across the 

reduction valve causes a larger temperature increase, resulting in a higher cooling 

demand [34]. 

For these reasons, single-tank solutions are not used in a standard HRS, instead, a 

cascade storage system (CSS) is typically employed. Such a system is usually 

composed of a low- pressure, a medium-pressure and high-pressure (up to 900-

1000 bar) tank, constituting a three-stage storage method [34], [40]. 

With this layout, as a vehicle connects to the HRS, the refueling starts from the low-

pressure tank and continues until the pressure in it becomes insufficient to maintain 

the APRR. At this point, the HRS switches to the medium-pressure tank and the 

refueling proceeds, until pressure becomes insufficient again and the refueling process 

is completed from the high-pressure tank. In this process, the high-pressure tank is 

used for a shorter time period, compared to the single-tank storage design, and its size 

can thus be reduced, minimizing its cost. The work of the compressor will also be 

reduced since not all of the hydrogen must be compressed to 900 bar. 

Cascade storage also allows for a lower pressure difference across the reduction valve, 

meaning that the entropy generation is reduced. And less of the compressor work is 

being wasted, although some losses are inevitable since a pressure difference is 

required for the refueling to take place. Additionally, a lower pressure difference 

across the valve results in a lower temperature increase and thus in a limited cooling 

demand [34].  

Despite these advantages, it has to be considered that if the CSS is not optimally 

configured for the current demand, it may lead to longer refueling times as the system 
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must cycle through tanks and pressure levels. The sequential tank usage leads to 

operational challenges and high potential for errors or inefficiencies, which must be 

carefully addressed. 

 

2.3.4. Pre-cooling unit 

Hydrogen pre-cooling is necessary to ensure short enough hydrogen filling time and 

a high final state of charge (SoC) of an FCV, without H₂ reaching a temperature higher 

than 85 °C inside the vehicle tank. This temperature limit of 85 °C is set both to protect 

the tank materials from thermal degradation, and to be able to fill the tank without 

exceeding its maximum working pressure (125 % of the nominal working pressure) 

[44]. Performing a refueling meeting these requirements represents a technological 

challenge, since the higher is the H₂ mass flow, the higher is the increase of the gas 

temperature in the tank. A pre-cooling unit (PCU) is thus another crucial element of a 

standard HRS, accounting for about 10 % of its total equipment cost [45]. 

According to SAE J2601 protocol, which is the protocol applied to avoid overheating 

and overfilling during fast refueling of the FCEV’s tank [46], the PCU is required to 

cool hydrogen to a temperature range of -33 to -40 °C before distribution. This is 

necessary to ensure the onboard tank temperature stays below its nominal rated limit 

of 85 °C during rapid filling [47]. A typical PCU of a HRS uses a thermal refrigeration 

cycle, which consists of a hydrogen chiller, a heat exchanger and pipeline system. 

Hydrogen from the storage tanks enters the heat exchanger, where it releases heat to 

the coolant in the chiller, before entering the dispenser [40].  

 

2.3.5. Dispenser  

The dispenser is the user-facing part of the station, similar in function to a fuel pump 

at a conventional gasoline station. In standard HRSs, the dispenser integrates various 

components necessary to ensure fast and safe refueling, such as pneumatic shut-off 

valves and explosion-proof solenoid valves, electronic pressure regulators, gas guns, 

temperature and pressure sensors, mass flow meter, monitor and sequential gas 

control panel. Most of these components are off-the-shelf parts that can be assembled 

to make the final dispenser. For reference, each 250 kg of daily hydrogen demand is 

considered to require a dispenser with a single hose [48], with a unitary ranging 

between $50.000 and $100.000 [45], [49]. In many cases, HRSs utilize double hose 

dispensers, with two distinct nozzles for 700 bar fueling (H70) and 350 bar fueling 

(H35). 

Generally, the maximum dispenser pressure for 700 bar refueling HRSs is 875 bar, as 

recommended by SAE J2601 refueling protocol [47], [50]. The necessary safety 
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functions of the dispenser include overpressure protection, ambient temperature 

compensation, hose break protection and sequential gas extraction functions, to ensure 

that the fueling process can be automatically cut off under special circumstances, such 

as an emergency shutdown [40]. 
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3 Model 

Every offsite hydrogen production HRS involves all the previously discussed 

components, but their specific technical characteristics, as well as the station adopted 

layout can vary, impacting on its operational behavior, energy demand and costs. 

The modeling part is the core of this work and aims at investigating the technical 

constraints and estimating the energy consumption of a state-of-the-art HRS, across its 

key components. The layout of such HRS is defined trying to balance technical 

feasibility and efficiency, while reflecting industry standards, ensuring that the 

analysis is relevant to real-world implementations. 

The model built on such HRS layout will then be sensitive to the variation of some key 

parameters, such as the hourly fuel demand or the available initial pressure level of 

supplied hydrogen, to make it possible to evaluate different possible configurations 

and optimize the operating conditions of the station’s technical components. 

 

3.1. General assumptions 

The model presented in this study aims to describe a medium-capacity (around 500 kg 

of dispensed hydrogen daily [51]) offsite hydrogen production station, to which 

hydrogen is delivered via tube trailers. The refueling infrastructure of the station is 

designed to support the demand from early adopters of fuel cell vehicles, as well as 

potential increases in demand in the future. It is assumed that the entire demand 

originates from light-duty passenger FCEVs, to be refueled at a nominal pressure of 

700 bar. The first step to size the HRS is to define the number of vehicles that will be 

refueled and their refueling frequency, as this is what will determine the exact 

hydrogen demand to satisfy. To fall into the scope of medium-sized HRS, a number of 

100 vehicles to be refueled daily has been set as the nominal maximum capacity, with 

a station utilization rate (UR) of 80 %. Peak demand conditions will be evaluated to 

define the required power of the components. 

The delivery of hydrogen to the HRS via tube trailers is a common and flexible method 

of transport in early hydrogen markets. State of the art trailers use 200 to 250 bar type 

I tubes with 395 kg capacity [52], which is limited by the weight of the steel tubes, for 

a total allowed weight on road of 44 ton in EU [53]. These trailers are relatively 

inexpensive, offering a good enough compromise, for initial market stage demand, 
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between maximizing the amount of hydrogen transported per trip and minimizing 

cost and safety risks. However, their efficiency is limited and they are not suitable for 

large-scale stations, that would require multiple trips per day to meet demand. To 

solve this issue, trailers with much higher capacity, of up to 1 ton of hydrogen, thanks 

to the use of innovative composite material tubes, and operating pressure of around 

500 bar, are starting to appear on the market [54]. Nevertheless, this study focusses 

specifically on the HRS infrastructure, while hydrogen supply to the station does not 

directly fall into the scope of work and thus it is appropriate to consider the state-of-

the-art practice, involving relatively low tubes pressure of 200 bar, and initially assume 

that the required amount of hydrogen can effectively be supplied to the HRS. 

Anyway, the hydrogen supplied by tube trailers will not be realistically available for 

compression at 200 bar, since as soon as one tube starts to be emptied, the pressure of 

hydrogen inside of it starts progressively dropping. Nevertheless, it is important to 

ensure steady-state operation for the following compression phase, and particularly, 

to provide a stable inlet pressure for the compressor system. 

For this purpose, one of the alternative technologies discussed in chapter 2.3.1 must be 

implemented, both to improve the overall efficiency and reliability of the compression 

process and to decouple the hydrogen supply process from refueling demand. 

It is assumed that a buffer tank system is introduced and connected to the supplied 

200 bar tubes, regulating the flow of hydrogen in a way that a constant pressure at a 

lower level is maintained in such buffer while the tubes are being emptied. However, 

the design of such a system is not included in the model and thus the exact constant 

pressure level achievable within the buffer tank is unknown. For this reason, the model 

will allow for different fixed inlet pressures for the following compression phase to be 

selected as input, to account for potential different designs, as well as to show the 

potential impact of having hydrogen supplied at a higher pressure. 

Independently from its pressure level, the hydrogen stored in the buffer tank serves as 

the input for the multi-stage compression system. The HRS uses multi-stage 

diaphragm compressor technology to increase the pressure of hydrogen from the 

selected inlet level to the desired output of typically around 950 bar, necessary to 

completely refill the storage system at the required pressure level to support efficient 

700 bar vehicle refueling. 

A diaphragm compressor is chosen due to its ability to handle hydrogen’s specific 

properties while reliably achieving pressures up to 2000 bar [55]. Hydrogen is 

compressed without coming into contact with the compressor’s moving parts, 

reducing contamination risks and ensuring the high purity needed for fuel cells. 

Diaphragm compressors also experience less wear and tear when handling hydrogen 

compared to piston compressors, offering better longevity and lower maintenance 

costs. 
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A multi-stage compression process will be adopted, with the pressure increasing 

incrementally with each stage and the gas being cooled between one stage and the 

following one, though the use of intercoolers. Thanks to such design, since 

temperature increases are limited, energy losses can be minimized and the work 

required for compression is reduced. The process theoretically becomes more efficient 

the higher is the number of implemented stages. Furthermore, multi-stage 

compression reduces the load on each individual stage, improving the compressor’s 

operational lifespan and reliability. A minimum number of stages is mandatory to 

ensure that the nominal temperature limit for the compressor, which is typically 

between 135 °C and 180 °C according to industry standards, is not exceeded, as 

excessive temperatures can compromise the compressor's integrity and performance. 

However, increasing the number of stages also raises the initial investment cost, as 

well as maintenance complexity, due to the need for additional equipment, such as 

compressors themselves, intercoolers, and control systems. Considering the industry-

standard typical limit of 3 to 4 stages for diaphragm compressors, if the modeled 

system requires more than this number of stages, the integration of an additional 

compressor is likely needed. This additional unit could either be a piston compressor 

or another diaphragm one, depending on the chosen division of compression stages 

between the two. Multi-stage compression is also well-suited for integration with a 

cascade storage system (CSS), as the intermediate pressure levels of the compressor 

stages can match the required pressure levels to refill different storage tanks, as will 

be investigated through the model. 

In this HRS model, the number of compression stages will be selected according to the 

overall required pressure increase and the assumed maximum allowed discharge 

temperature of the compressor. To maximize efficiency and minimize required 

compressor power, the pressure ratio is the same for each stage and will depend on 

the number of stages and the ratio between initial inlet and final outlet pressure [56]. 

The intercooler operating after each stage is assumed to cool back hydrogen to ambient 

temperature. 

Specific energy consumptions of each compression and intercooling stage will be 

calculated to then assess the electricity required to compress a unit of mass of 

hydrogen to the final selected pressure levels of such system. The optimal output 

pressure levels to be reached by the compression system can be obtained after 

modeling the storage system.  

As per industry standard, the HRS will employ a CSS with three distinct pressure 

levels, including a low-pressure, a medium-pressure, and a high-pressure storage 

tank. To dimension the storage tanks of the CSS, a hydrogen mass balance of a 

standard refueling process and of a refueling cycle of more vehicle refueled 

consecutively are dynamically modeled. This approach enables to calculate the 

hydrogen mass transferred from each HRS’ storage tank to the vehicles and iteratively 

select the best suited possible storage tank pressure levels and capacities. 
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The final step before dispensing hydrogen into vehicles’ tanks involves pre-cooling the 

gas to a temperature of -40 °C, which is the industry standard for vehicle refueling to 

prevent excessive temperature rise which could compromise safety and efficiency. 

The energy demand of the PCU is modeled as the sum of two factors: 

▪ Dispensed hydrogen cooling consumption, which accounts for the energy 

required to cool the mass of hydrogen being dispensed. 

▪ Overhead cooling consumption, which accounts for the baseline energy 

required to maintain the system’s operational readiness, meaning maintaining 

refrigeration temperatures and compensating for thermal losses during idle 

periods. 

Regardless of the PCU design, heat gain from the ambient atmosphere due to 

imperfect insulation causes the PCU heat exchanger's temperature to increase over 

time [57]. Therefore, intermittent overhead cooling is necessary in anticipation of 

refueling demand that may arise at any time.  In early hydrogen markets, where 

utilization of the refueling capacity is low, the overhead cooling load can significantly 

impact the energy efficiency of the station. The PCU must remain operational to 

maintain the low temperature of the heat exchanger, even if only a small amount of 

hydrogen is being dispensed. 

Through the model it is possible to assess the respective impact of such factors in 

relation to the assumed UR, as, the less the HRS is utilized, the higher is the energy 

consumed per unit of mass of dispensed hydrogen, given that the fixed cooling load 

is divided by a smaller volume of dispensed hydrogen. 

Some additional assumptions are made to streamline the modeling process: 

▪ As for the inlet temperature of hydrogen into each compressor stage, which is 

assumed to be always equal to 25 °C, thanks to intercooling, also the storage 

temperature of hydrogen in both the station’s tanks and the reference vehicles 

one is assumed to be constant and equal to 25 °C or 273,15 K.  

▪ For the compression system, the isentropic efficiency will depend on the 

selected compression ratio, while the motor electrical efficiency is assumed to 

be 95 %. Intercoolers will have a cooling efficiency of 75 %, while the COP will 

be calculated assuming it is 65 % the Carnot coefficient of performance.  

▪ Similar assumptions are made for the PCU, which also has a cooling efficiency 

of 75 % and a COP value estimated in the same way. 

▪ The PCU heat exchanger is assumed to have a surface of 5 m², covered by an 

insulated layer. Such insulation layer material is assumed to have a heat transfer 

coefficient of 0,25 W (m² K)-1. 
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▪ The station is assumed to operate in a steady-state mode, with no significant 

variations in demand or supply over short time periods. This simplifies the 

analysis and allows for more straightforward calculation of energy 

requirements. 

The assumptions outlined in this chapter form the basis for the energy modelling and 

both environmental and economic evaluations of the HRS. By carefully selecting the 

compression, storage and precooling configurations, the model aims to reflect a 

realistic and efficient design for a medium-size HRS. 

 

3.2. HRS model implementation 

The goal of the model is to dynamically compute the specific electricity consumption 

of the HRS and the dispensed hydrogen mass, according to the selected inputs. 

Knowing such parameters it is then possible to obtain the HRS overall electricity 

demand and thus additionally estimate GHG emissions and costs in the following 

chapters. This approach also ensures an accurate estimation of power demand for the 

compressor unit under different operating conditions. 

The dynamic computations are carried out on Excel, where the thermodynamic 

properties of hydrogen under specific state conditions are calculated using the 

CoolProp thermodynamic library. This tool provides accurate values for properties 

such as pressure, temperature, enthalpy and entropy, ensuring precise inputs for 

energy calculations at each stage of the model. 

The modeling scenario could be defined assuming steady state conditions for the 

compressor and CSS tanks. This means assuming that hydrogen at a certain fixed 

pressure from the buffer tank is always available to be compressed and, most 

importantly, that the compressor is constantly running, allowing the three storage 

tanks to be always at full capacity, despite the refueling of vehicles. 

Despite diaphragm compressor actually benefits from steady state operations [58], a 

more realistic approach should consider that the compressor cannot be continuously 

running, but instead should work only during certain intervals, when it is needed to 

bring back the CSS tanks to full capacity. Even with the tanks pressure dropping after 

one refueling, in fact, they are dimensioned to be capable of completing more than one 

in a row, until the pressure is not sufficient anymore and the compressor has to be run 

again to rise it. 

Additionally, not having a reference technology to consider for designing the initial 

buffer stage that allows a constant inlet pressure for the compression phase, a worst-

case scenario, in which the delivered hydrogen drops back to 3 bar of pressure, is 

initially considered. 
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To figure out how many vehicles can be refueled without the compressor doing any 

work, a simulation is carried out on Excel after selecting a reference vehicle. 

For the vehicle’s on-board tank, Toyota Mirai latest model specifications are taken as 

reference [59]. In accordance with them, the volume of the tank is set at 141 L. Given 

the nominal maximum hydrogen pressure of 700 bar is also a constraint, the mass 

capacity of the tank, which according to car specifications is 5,6 kg, is recalculated with 

the fixed volume and the hydrogen density, which depends on pressure (fixed at 

700 bar) and temperature. As presented in Table 3.1, Assuming the hydrogen in the 

on-board tank is at ambient temperature (25 °C), its density is 39,22 kg/m³, which 

results in a full tank hydrogen mass of 5,53 kg, which is only slightly lower than what 

the car specification states. 

As cars that stop for refueling typically still have some remaining amount of fuel in 

their tank, it is assumed that each car stopping at the HRS has an initial 50 bar residual 

pressure value in its tank, which corresponds to about 0,56 kg of hydrogen, as again 

Table 3.1 shows. This means that for each refueling process the HRS has to provide the 

vehicle with 5,53 kg - 0,56 kg = 4,97 kg of hydrogen. 

 

Table 3.1: Reference vehicle’s (Toyota Mirai) tank parameters before and after refueling. 

  
Vehicle's tank 

volume, 𝑉𝑣 
  141,0 L 

Final vehicle's 

tank conditions 

Pressure, 𝑃𝑚𝑎𝑥   700,0 bar 

Density, ρ𝑚𝑎𝑥 ρ𝑚𝑎𝑥 =  ρ(700 bar, 25°C) 39,223 kg/m³ 

Mass capacity, 𝑚𝑚𝑎𝑥 𝑚𝑚𝑎𝑥 = ρf ∙ 𝑉𝑣 5,530 kg 

Initial vehicle's 

tank conditions 

Pressure, 𝑃𝑚𝑖𝑛   50,0 bar 

Density, ρ𝑚𝑖𝑛 ρ𝑚𝑖𝑛 = ρ(50 bar, 25°C) 3,949 kg/m³ 

Mass capacity, 𝑚𝑚𝑖𝑛 𝑚𝑚𝑖𝑛 = ρ𝑚𝑖𝑛 ∙ 𝑉𝑣 0,557 kg 

 

Both the vehicle’s tank capacity and initial amount of hydrogen in it before starting 

the refuel process are, for simplicity, considered to be the same for each vehicle 

stopping at the HRS, as they can anyway be seen as reasonable average values. 

 

3.2.1. Cascade storage system 

It was assumed that the volume of the three CSS tanks are 5000 L, 3000 L and 1000 L, 

respectively for the low, medium and high-pressure tank. Their respective nominal 

pressure level, meaning their pressure level when full of hydrogen to the maximum 
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capacity, have been optimized through various iterations, but was initially set at 

280 bar, 500 bar and 850 bar.  

For what concerns the volume of the tanks, given industry standard are not clearly 

defined, the values were chosen mainly based on the fact that the highest the nominal 

pressure of the tank is, the highest would be its capital and O&M cost, so it is better to 

limit the size of the high-pressure tank, compared to the other’s. The three chosen 

volumes will directly influence the pressure drops in the respective tank after a 

refueling process, and thus the number of cars that can be refueled in between each 

compression cycle. Being the model designed in a dynamic way, it would be possible 

to verify if the selected values are optimal or, in case they are not, to adjust them in 

order to get a more balanced mass flow of hydrogen among the different tanks. 

The same can be said for what concerns the pressure values, which also clearly directly 

influence the tanks pressure drops. In this case the highest value, looking at the 

industry standard for 700 bar refueling, typically ranges from 850 bar to 900 bar. The 

lowest one, initially set at 280 bar, was instead selected according to station layout 

considerations. In particular, it was investigated the possibility to avoid compressing 

all the hydrogen to the maximum compressor outlet pressure, but instead allow for 

lower pressure tanks to store hydrogen that has not undergone all the compression 

stages, thus saving some energy. Given that the pressure ratio is the same for each 

compression stage, and it typically ranges between 2 and 4 for hydrogen compression, 

it is clear that only the outlet pressure of the second last stage would be high enough 

to make it possible to directly store hydrogen coming out of that stage and, 

furthermore, that such pressure level would be suitable only for the lowest-pressure 

tank. According to the modeled layout, 280 bar was thus initially estimated as a 

potentially optimal pressure at which storing hydrogen that does not go through the 

last compression stage. Finally, 500 bar was selected as the medium-pressure tank 

pressure level both according to industry standards and according to the ratio between 

the selected volume capacity values. 

It was then assumed that, during the refueling process of each vehicle, which is carried 

out starting from the lowest pressure tank, the first two storage tanks, so the low and 

the medium-pressure ones, keep refueling the car till the equalization pressure is 

reached. The equalization pressure is calculated starting from the ideal gas law, 

introducing the compressibility factor, which describes the deviation of a real gas from 

ideal gas behavior [60], as follows: 

𝑃𝑒  =  
(𝑚𝑡_𝑧 + 𝑚𝑣_𝑧) ∙ Z ∙ R′ ∙ T

(𝑉𝑡 + 𝑉𝑣)
 , (3.1) 

where 𝑚𝑡_𝑧 is the initial hydrogen mass in the storage tank, 𝑚𝑡_𝑧 = ρ𝑡_𝑧 ∙ 𝑉𝑡. 𝑚𝑣_𝑧 is the 

hydrogen mass present in the vehicle’s tank before the mass transferred from the 

considered storage tank, meaning that when computing 𝑃𝑒 between the vehicle and 
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the lowest pressure storage tanks, 𝑚𝑣_𝑧 = 𝑚𝑚𝑖𝑛 = 0,557 kg, corresponding to the 

initial SoC pressure of 50 bar (see Table 3.1). Z is the compressibility factor of 

hydrogen, calculated at ambient temperature and at pressure equal to 𝑃𝑒, making the 

equation solved via iterations. R’ is H₂ specific gas constant, obtained from gas 

constant, R, and hydrogen molar mass, Mm, as: 𝑅′ =  𝑅 𝑀𝑚⁄  = 4124,9107 J (kg K)-1. T 

is the temperature and is considered equal to 293,15 K; 𝑉𝑡 is the volume of the CSS 

considered tank; 𝑉𝑣 is the volume of the vehicle’s on-board tank.  

The last, high-pressure one instead, which is thus engaged once the pressure of the 

vehicle’s tank equalizes the pressure of the medium-pressure tank, keeps refueling 

until the pressure of the car’s tank reaches the nominal value of 700 bar, which means 

the car is completely refueled and the pressure control valve has to stop the flow from 

the CSS tanks. This also means that just for this high-pressure storage tank, the 

remaining pressure will not be equal to that reached in the vehicle tank. 

The mass transferred from each of the station’s storage tanks to the vehicle one is 

calculated with the following equation: 

∆𝑚𝑡  =  ρ𝑣_𝑓 ∙  𝑉𝑣  −  𝑚𝑣_𝑧 , (3.2) 

where ρ𝑣_𝑓 is the density of the hydrogen in the vehicle’s tank after the hydrogen from 

the considered HRS’ storage tank has been transferred into it, meaning that for the first 

two tanks ρ𝑣_𝑓 =  ρ𝑒 = ρ(P𝑒, 25°𝐶), while for the high-pressure tank ρ𝑣_𝑓 is equal to 

ρ𝑚𝑎𝑥 =  ρ(700 bar, 25°𝐶). 

Such computation of the transferred mass of hydrogen to the vehicle from each of the 

HRS’s tanks is performed starting from the condition of three storage tanks at full 

capacity. To calculate the equilibrium conditions and transferred mass for a second 

vehicle coming to the HRS, the same equations are used, simply selecting as inputs the 

final pressure and capacity values of the tanks after the first vehicle refueling. 

With this logic, the calculations are repeated n times, so for n consecutive refueling 

processes without additional hydrogen compression in between, until the pressure of 

the high-pressure tank drops to below 700 bar. This means that it is no longer possible 

to carry out the nth refueling process without storing more high-pressure hydrogen in 

the high-pressure storage tank. To optimize such n-cars cycle of consecutive refueling, 

the pressure value reached in the high-pressure tank after the nth car is refueled should 

be as close as possible to 700 bar, but not below that. A lower level would mean that 

such car’s tank could only reach that same final equalized pressure and not the 

nominal 700 bar, so it would not be at 100 % SoC. 

For reference, with the considered assumptions, the equalized pressure between the 

high-pressure storage tank and the 4th refueled vehicle’s tank is 698 bar, meaning that 

a slight increase in the starting storage pressure levels would be required to get also 

that 4th vehicle to 100 % SoC. For what instead concerns the other two HRS’ storage 
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tanks, with the same initially assumed configuration, their relative equalized pressure 

levels after 4 vehicles are refueled, drop to around 253 bar and 456 bar respectively. 

The assumption of always considering the equalized pressure with the vehicle’s tank 

for the two first storage tanks is justified given that if the flow of hydrogen would 

instead be interrupted after a certain (higher) pressure value is reached in the car’s 

tank, as it happens with the high-pressure tank, more hydrogen supply to the car 

would then be required from that same high-pressure tank, meaning that its pressure 

would drop more quickly and it would be possible to complete a shorter refueling 

cycle before needing to refill the storage tank, by running the compressor. 

With this same refueling mechanism and station layout (Figure 3.1), different storage 

tanks nominal pressure levels can be tested with the goal of optimizing the associated 

maximum number of vehicles that is possible to refill consequently without additional 

hydrogen compression. 

 

 

Figure 3.1: Modeled HRS layout and initial configuration. 

 

3.2.2. Compression system 

Calculating the energy consumption linked to the refueling of the HRS’ storage tanks 

from the reaming hydrogen levels after this n-vehicles refueling cycle, back to nominal 

maximum capacity, is the next implemented step. To do so, the compression system 

has to be modelled, starting with setting the inlet and outlet pressure of the first and 

last compression stage, which are considered constant for simplicity. 
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For the estimation of the minimum required outlet compressor pressure to recover 

mass transferred, ∆𝑚𝑡, for each tank, it has to be noted that, as the storage tank is 

progressively being refilled, its pressure is rising and thus the required outlet 

compressor pressure also becomes progressively higher. The pressure necessary for 

the last increment of refilled hydrogen is estimated to be 5 % higher than the nominal 

full tank pressure, thus assuming losses increase proportionally with the operating 

pressure. 

For each of the three storage tanks, such pressure value represents an overestimation 

of the overall needed compressor work, since it would not be necessary to reach it until 

the very end stages of the refilling of the tank. Nevertheless, to adopt a more 

conservative approach for energy consumption estimation, it is the value considered 

for selecting the optimal compressor final output pressure and number of compression 

stages. 

The constant pressure ratio for each stage can be calculated as: 

𝑟 = (
𝑃𝑓

𝑃𝑧
)

1
𝑁

, (3.3) 

where 𝑃𝑓 and 𝑃𝑧 are respectively the final outlet and initial inlet pressure and N is the 

number of compression stages. 

Considering 3 bar as the initial inlet, or suction, pressure and setting the final output 

pressure as the high-pressure tank target level increased by 5 %, the N value is selected 

in order to have a pressure ratio that does not lead to overcoming the compressor 

maximum allowable operating temperature, which is assumed to be 150 °C. It also 

must be considered that typical compression ratio values for diaphragm compressors 

dealing with hydrogen range from 2 to 4. 

With r defined, the outlet pressure of each stage, 𝑃2, is calculated as: 

𝑃2 =  𝑃1 ∙ 𝑟 ,  (3.4) 

where 𝑃1 is the inlet pressure of such stage. 

The nominal input pressure levels of the CSS tanks are also chosen to enable a layout 

where only the necessary amount of hydrogen required to refill the low-pressure tank 

is compressed to the second-to-last stage, avoiding compression through the final 

stage. For optimal efficiency, the outlet pressure of the second-to-last stage should be 

at least 5 % higher than the full nominal pressure of the low-pressure tank, but not 

significantly higher, as excessive pressure would result in unnecessary energy losses. 

For each compression stage, i, the compressor specific mechanical energy 

consumption, 𝐸′𝑚𝑒𝑐ℎ 𝑠𝑡𝑎𝑔𝑒_𝑖, is calculated as the difference between actual outlet 
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enthalpy, ℎ2, and inlet enthalpy, ℎ1. Where ℎ2 is calculated according to the following 

equation: 

ℎ2 = ℎ1 +
(ℎ2_𝑖𝑠 − ℎ1)

η
 , (3.5) 

where ℎ2_𝑖𝑠 is the isoentropic outlet enthalpy, calculated as a function of 𝑇2 and 𝑃2 with 

CoolProp (as it is done for ℎ1); η is the compressor efficiency, calculated as: 

η = 0,85 − 0,05 ∙ 𝑟0,1. (3.6) 

To account also for intercooling energy consumption, its value for each intercooling 

phase is calculated as: 

𝐸′
𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙 𝑠𝑡𝑎𝑔𝑒_𝑖 =

(ℎ2_𝑖𝑠 − ℎ𝑎𝑚𝑏)

η𝑐
 ,  (3.7) 

where ℎ𝑎𝑚𝑏 is the enthalpy of hydrogen at the output pressure of the considered stage 

and ambient temperature; η𝑐 is the cooling efficiency. 

The intercoolers’ coefficient of performance, COP, is function of the Carnot cycle 

coefficient of performance, 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡, with 𝐶𝑂𝑃 = 65 % ∙ 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡, as it is stated in the 

assumptions. 𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 is calculated as: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =  
𝑇2𝑎𝑣𝑔

𝑇2𝑎𝑣𝑔 − 𝑇𝑎𝑚𝑏
 ,  (3.8) 

where 𝑇2𝑎𝑣𝑔 is the average outlet temperature of the compression stages. 

Dividing the specific energy consumption of the compressor by the motor efficiency, 

η𝑚, and the specific energy consumption of the intercoolers by the COP, it is possible 

to obtain the overall specific electricity consumption, 𝐸𝑙′𝑐𝑜𝑚𝑝, for compressing 

hydrogen through all the stages: 

𝐸𝑙′𝑐𝑜𝑚𝑝 = ∑ 𝐸𝑙′𝑐𝑜𝑚𝑝 𝑠𝑡𝑎𝑔𝑒_𝑖 =

𝑁

𝑖=1

= ∑ (
𝐸′𝑚𝑒𝑐ℎ 𝑠𝑡𝑎𝑔𝑒_𝑖

η𝑚
+

𝐸′
𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑜𝑙 𝑠𝑡𝑎𝑔𝑒_𝑖

𝐶𝑂𝑃
) 

𝑁

𝑖=1

. 

(3.9) 

Necessary compression system power computation is instead discussed afterwards in 

chapter 3.2.4. 
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3.2.3. Pre-cooling phase 

Regarding the pre-cooling phase, the PCU will have to cool hydrogen from 273,15 K 

to 233,15 K. 

The cooling energy intensity, related to the cooling of dispensed hydrogen, is 

calculated as: 

𝐸′
𝑐𝑜𝑜𝑙𝑖𝑛𝑔 =  

ℎ𝑧 − ℎ𝑓

η𝑐
 , (3.10) 

where η𝑐 is the cooling efficiency; ℎ𝑧 and ℎ𝑓 are initial and final enthalpy, calculated as 

function of initial and final temperature, and of a pressure value assumed to be 700 bar. 

These assumptions can be justified since the enthalpy is much more dependent on 

temperature so, despite the pressure level constantly changing during the refueling 

process, the nominal refueling pressure of 700 bar can be selected without much 

affecting the computed energy consumption. 

The overhead cooling energy intensity, 𝐸′𝑜𝑣ℎ, is calculated as: 

𝐸′
𝑜𝑣ℎ =  

𝐿𝑜𝑣ℎ

𝑚′
 ,  (3.11) 

where 𝑚′ is the mass flow rate of dispensed hydrogen in kg/s and 𝐿𝑜𝑣ℎ represents the 

heat exchanger thermal losses, calculated as: 

𝐿𝑜𝑣ℎ = 𝑈 ∙ 𝐴 ∙ 𝑇𝑎𝑚𝑏 − 𝑇𝑑 ,  (3.12) 

where U is the heat exchanger insulation heat transfer coefficient; A is the heat 

exchanger surface; 𝑇𝑑 is the dispensing temperature. 

The COP is calculated as 65 % of the Carnot COP, which in this case is given by: 

𝐶𝑂𝑃𝐶𝑎𝑟𝑛𝑜𝑡 =  
𝑇𝑑

𝑇𝑎𝑚𝑏 − 𝑇𝑑
 . (3.13) 

The overall PCU specific energy consumption, 𝐸′𝑃𝐶𝑈, given by the sum of 𝐸′𝑐𝑜𝑜𝑙𝑖𝑛𝑔 and 

𝐸′𝑜𝑣ℎ, is divided by the COP to get the specific electricity consumption of the pre-

cooling phase, 𝐸𝑙′𝑃𝐶𝑈: 

𝐸′𝑃𝐶𝑈 = 𝐸′
𝑐𝑜𝑜𝑙𝑖𝑛𝑔 + 𝐸′

𝑜𝑣ℎ , (3.14) 

𝐸𝑙′𝑃𝐶𝑈 =  
𝐸′𝑃𝐶𝑈

𝐶𝑂𝑃
 . (3.15) 
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3.2.4. HRS overall electricity consumption 

Once the specific electricity consumption is calculated, accounting for the compression 

and pre-cooling phase contributions, and the hydrogen transferred mass from the CSS 

tanks to the vehicles are known, it is possible to compute the HRS electricity 

consumption over selected time periods. 

The daily nominal capacity of the HRS, 𝐷𝐻2_𝑛𝑜𝑚𝑖𝑛𝑎𝑙, is 497,4 kg of hydrogen, calculated 

as the overall mass transferred from the CSS times 100 vehicles to be refueled daily. 

Accounting for an UR of 80 %, the considered amount of hydrogen dispensed daily, 

𝐷𝐻2_𝑎𝑣𝑔, is 397,9 kg. The selected UR also impacts on the average number of completed 

refueling cycles per day. 

The electricity consumption per each completed n-vehicles refueling cycle, 𝐸𝑐𝑦𝑐𝑙𝑒, is 

computed by summing up the electricity consumption for dispensing hydrogen from 

the three different pressure level tanks: 

𝐸𝑙𝑐𝑦𝑐𝑙𝑒 =  𝐸𝑙𝐿𝑜𝑤−𝑃𝑡𝑎𝑛𝑘 + 𝐸𝑙𝑀𝑒𝑑𝑖𝑢𝑚−𝑃𝑡𝑎𝑛𝑘 + 𝐸𝑙𝐻𝑖𝑔ℎ−𝑃𝑡𝑎𝑛𝑘 . (3.16) 

These three contributions are calculated as: 

𝐸𝑙𝐿𝑜𝑤−𝑃𝑡𝑎𝑛𝑘 = (∑ 𝐸𝑙′𝑐𝑜𝑚𝑝 𝑠𝑡𝑎𝑔𝑒_𝑖

𝑁−1

𝑖=1

+ 𝐸𝑙′
𝑃𝐶𝑈) ∙  ∆𝑚1 , (3.17) 

𝐸𝑙𝑀𝑒𝑑𝑖𝑢𝑚−𝑃𝑡𝑎𝑛𝑘 = (𝐸𝑙′𝑐𝑜𝑚𝑝 + 𝐸𝑙′𝑃𝐶𝑈) ∙  ∆𝑚2 , (3.18) 

𝐸𝑙𝐻𝑖𝑔ℎ−𝑃𝑡𝑎𝑛𝑘 = (𝐸𝑙′𝑐𝑜𝑚𝑝 + 𝐸𝑙′𝑃𝐶𝑈) ∙  ∆𝑚3 , (3.19) 

which account for the electricity consumed to compress and cool each unit of mass of 

H₂ being dispensed from each tank. Particularly, equation (3.17) addresses the fact that 

hydrogen coming from the low-pressure tank is previously only compressed until the 

second last stage. 

The HRS average specific electricity consumption, 𝐸𝑙′𝐻𝑅𝑆, can then be calculated 

dividing 𝐸𝑙𝑐𝑦𝑐𝑙𝑒 by the total mass of hydrogen dispensed per cycle. 

Daily electricity consumption is instead obtained multiplying 𝐸𝑐𝑦𝑐𝑙𝑒 by the number of 

cycles per day. 

Finally, it is possible to estimate the compression system required power. To do so, a 

peak demand scenario is defined as 30 % of the daily demand being concentrated 

within a single hour. 
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Considering a nominal daily capacity of 100 vehicles and an 80 % UR, this leads to a 

peak demand of 24 cars/h or 119,37 kg/h. Considering the amount of cars to be refueled 

within a single continuous refueling cycle, such peak demand can be translated in 

numbers of n-cars cycle performed in one hour, 𝑃𝑒𝑎𝑘𝑐𝑦𝑐𝑙𝑒/ℎ. 

Compression system power, 𝑊𝑐_𝑠𝑦𝑠𝑡 can then be calculated as: 

𝑊𝑐_𝑠𝑦𝑠𝑡 = 𝑃𝑒𝑎𝑘𝑐𝑦𝑐𝑙𝑒/ℎ ∙ (∆𝑚1 ∙ ∑ 𝐸𝑙′
𝑐𝑜𝑚𝑝 𝑠𝑡𝑎𝑔𝑒𝑖

𝑁−1

𝑖=1

+ (∆𝑚2 + ∆𝑚3) ∙ 𝐸𝑙′
𝑐𝑜𝑚𝑝

) , (3.20) 

which accounts for the contributions of all the three tanks, but without considering the 

PCU electricity demand. 

To compute the required compression mechanical power, 𝑊𝑐_𝑠𝑡𝑎𝑔𝑒𝑠, meaning the 

power needed only to perform the compression stages, excluding intercooling 

demand, the following equation is used: 

𝑊𝑐_𝑚𝑒𝑐ℎ = 𝑃𝑒𝑎𝑘𝑐𝑦𝑐𝑙𝑒/ℎ ∙

∙ (∆𝑚1 ∙ ∑
𝐸′

𝑚𝑒𝑐ℎ 𝑠𝑡𝑎𝑔𝑒𝑖

η𝑚

𝑁−1

𝑖=1

+ (∆𝑚2 + ∆𝑚3) ∙ ∑
𝐸′

𝑚𝑒𝑐ℎ 𝑠𝑡𝑎𝑔𝑒𝑖

η𝑚

𝑁

𝑖=1

) . 
(3.21) 

This value can later be used to estimate the compressor unit investment cost (chapter 

4.4). 
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4 Results and Discussion 

4.1. Modeled configurations  

Three different configurations with the associated system input pressure levels were 

evaluated. The two configurations were optimized to respectively lead to the 

completion of a 4-cars, of a 5-cars and of a 6-cars refueling cycle, without intermediate 

compression work. 

In this optimization process, only the nominal pressure levels of the high-pressure and 

low-pressure storage tanks were adjusted. This is because the high-pressure tank 

impacts the required maximum compressor outlet pressure and, consequently, the 

outlet pressure of each compression stage. The low-pressure tank, on the other hand, 

influences the ability to bypass the last compression stage for part of the hydrogen. 

The medium-pressure tank is instead assumed to have a fixed nominal pressure level 

of 500 bar at full capacity, as altering it would primarily affect the duration of the 

refueling cycle. Storing hydrogen at such pressure level clearly introduces some losses 

in the system, since this hydrogen is previously being compressed to the maximum 

outlet pressure. Nevertheless, lowering its pressure to the low-pressure tank level 

would necessitate significantly larger high-pressure storage to compensate and, 

similarly, a larger high-pressure tank would clearly be needed to store this hydrogen 

at the high-pressure level. Both scenarios would increase costs and contradict the 

principles of cascade storage. Furthermore, 500 bar is a standard nominal pressure 

level for common Type IV tanks, making it a logical choice to keep this parameter 

fixed. 

 

4.1.1. 4-vehicles cycle 

For the 4-cars cycle the optimal storage pressure levels are found to be 265 bar, 500 bar 

and 854 bar, respectively for the low, medium and high-pressure tank. Considering 

their capacity (5000 L, 3000 L, 1000 L), the initial mass of hydrogen contained in the 

three tanks is about 229,7 kg overall, with the 265 bar and 500 bar tanks having a 

similar mass capacity of around 92,5 kg and the high-pressure, 854 bar one having 

about half of that, with around 44,8 kg. These values are presented in Table 4.1, which 

also shows each tank pressure and stored mass values at the end of a consecutive 

refueling cycle. 
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Table 4.1: Storage tanks conditions in 4-vehicles refueling cycle configuration. 

  

Initial 

conditions 

Final 

conditions 
∆ 

Low-P tank 

(265 bar) 

Pressure [bar] 265,00 239,62 25,38 

Mass [kg] 92,48 84,82 7,66 

Medium-P tank 

(500 bar) 

Pressure [bar] 500,00 452,80 47,20 

Mass [kg] 92,43 85,73 6,70 

High-P tank 

(854 bar) 

Pressure [bar] 854,00 700,02 153,98 

Mass [kg] 44,76 39,22 5,54 

 

The hydrogen mass transferred in a full cycle is 19,89 kg, corresponding to the 

refueling of 4 reference vehicle’s tanks. As the table displays, 7,66 kg of that amount 

comes from the 265 bar tank, while 6,70 kg and 5,54 kg come from the 500 bar and 

854 bar tanks, respectively. The associated pressure drops are 25,38 bar, 47,20 bar and 

153,98 bar, leading to final pressure levels of 239,62 bar, 452,80 bar and 700,02 bar. 

Accounting for a 5 % margin, as discussed in the chapter 3.2.2, a maximum compressor 

outlet pressure of 896,70 bar is necessary to completely refill the CSS. To compress 

hydrogen from 3 bar to 8967,70 bar, it is ideal to have 5 compression stages, which, 

using equation (3.3), leads to a compression ratio of 3,127. This brings to an outlet 

temperature value of around 413 K (or 140 °C) for each stage, meaning the compressor 

temperature limit is respected. The outlet pressure reached in the fourth stage, which 

results equal to 286,78 bar using equation (3.4), can be effectively exploited to fill back 

the lower-pressure tank. 

The energy consumption for compressing and cooling hydrogen through all the stages 

is 5,506 kWh/kg, of which 3,108 kWh/kg is required only for intercooling. Intercooling 

contribution gets considerably lower while considering electricity demand, 

particularly, overall electricity demand, computed with equation (3.9), is equal to 

3,850 kWh per kg of dispensed hydrogen, of which 2,524 kWh/kg is necessary for 

compression only. 

Comparing the results with a hypothetical single stage compressor design shows the 

convenience of the multiple stages approach. Specifically, one single stage would lead 

to a specific energy required of 12,813 kWh/kg and to an electricity demand of 

9,431 kWh/kg, moreover it would be physically impossible to be implemented, given 

the outlet temperature theoretically reached at the end of the stage is of 1457 K. 

Calculating it with equation (3.20), the power required for the whole compression 

system is equal to 411,1 kW. Using equation (3.21) instead, only the compressor motor 

power is obtained, which is equal to 265,1 kW. However, with an inlet pressure as low 
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as 3 bar, necessitating five compression stages, an additional compressor may be 

required, as discussed in chapter 3.1. An optimal division of stages between two 

compressors would involve the first unit handling the initial three stages, requiring 

137,4 kW of power, and the second unit managing the final two stages, requiring 

127,6 kW of power. Two diaphragm compressors with such minimum power 

capacities can be assumed to be suitable for the system. 

 

4.1.2. 5-vehicles cycle 

For the 5-cars cycle the optimal storage pressure levels are set at 282 bar, 500 bar and 

899 bar, respectively for the low, medium and high-pressure tank. Considering their 

capacity, which is always 5000 L, 3000 L and 1000 L respectively, the initial mass of 

hydrogen contained in the three tanks is about 236,17 kg overall and the hydrogen 

mass transferred in a full cycle is 24,87 kg, corresponding to the refueling of 5 reference 

vehicle’s tanks. 

Specific initial and final values of pressure and capacity of each tank for the considered 

cycle are summarized in Table 4.2. 

 

Table 4.2: Storage tanks conditions in 5-vehicles refueling cycle configuration. 

  

Initial 

conditions 

Final 

conditions 
∆ 

Low-P tank 

(282 bar) 

Pressure [bar] 282,00 248,06 33,94 

Mass [kg] 97,49 87,39 10,09 

Medium-P tank 

(500 bar) 

Pressure [bar] 500,00 445,64 54,36 

Mass [kg] 92,43 84,68 7,75 

High-P tank 

(899 bar) 

Pressure [bar] 899,00 700,00 199,00 

Mass [kg] 46,25 39,22 7,03 

 

In this case, a maximum compressor outlet pressure of 943,95 bar is required in order 

to completely refill the CSS. To compress hydrogen from 3 bar to 943,95 bar, the 

optimal number of compression stages is, again, equal to 5, leading to a compression 

ratio of 3,159. This brings to an outlet temperature value of around 414 K (or 141 °C) 

for each stage, which falls within the assumed compressor limit. The outlet pressure 

reached in the fourth stage, equal to 298,80 bar, can again be exploited to fill back the 

lower-pressure tank. 

The energy consumption for compressing and cooling hydrogen through all the stages 

is 5,566 kWh/kg, of which 2,426 kWh/kg for compression and the rest for intercooling. 
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Considering electricity demand, its overall value is 3,904 kWh per kg of dispensed 

hydrogen, of which 2,553 kWh/kg is associated with compression only. 

The required power for the compression system motor, calculated with equation 

(3.21), is almost identical as in the previous configuration and equal to 265,8 kW. In 

this case as well, two diaphragm compressors are needed to reach such power output, 

given the high number of compression stages, the first one with a power output of 

137,7 kW and the second with a power output of 128,1 kW. 

 

4.1.3. 6-vehicles cycle 

For the 6-cars cycle the optimal selected storage pressure levels are 290 bar, 500 bar 

and 948 bar, respectively for the low, medium and high-pressure tank. Considering 

their capacity, the initial mass of hydrogen contained in the three tanks is about 

240,06 kg overall and the hydrogen mass transferred in a full cycle is 29,84 kg, 

corresponding to the refueling of 6 reference vehicle’s tanks. As for the previous two 

configurations, Table 4.3 summarizes specific initial and final values of pressure and 

capacity of each tank for the considered cycle. 

 

Table 4.3: Storage tanks conditions in 6-vehicles refueling cycle configuration. 

  

Initial 

conditions 

Final 

conditions 
∆ 

Low-P tank 

(290 bar) 

Pressure [bar] 290,00 248,42 41,58 

Mass [kg] 99,81 87,50 12,31 

Medium-P tank 

(500 bar) 

Pressure [bar] 500,00 437,52 62,48 

Mass [kg] 92,43 83,49 8,94 

High-P tank 

(948 bar) 

Pressure [bar] 948,00 700,02 247,98 

Mass [kg] 47,82 39,22 8,60 

 

This maximum compressor outlet pressure necessary to refill the CSS to its initial 

capacity is of 995,40 bar. To compress hydrogen from 3 bar to 995,40 bar, 5 

compression cycles are once again implemented. The associated compression ratio is 

3,193 and each stage has an outlet temperature value of around 414 K (or 141 °C), 

respecting the compressor temperature limit. The outlet pressure reached in the fourth 

stage, equal to 311,76 bar, can be effectively exploited to fill back the lower-pressure 

tank. 

The energy consumption for compressing and cooling hydrogen through all the stages 

is 5,630 kWh/kg, of which 3,175 kWh/kg is required only for intercooling. The overall 
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electricity demand is 3,959 kWh per kg of dispensed hydrogen, of which 2,584 kWh/kg 

is associated with compression, while 1,375 kWh/kg is the overall intercooling 

demand. Computed power demand for the compression stages is 268,0 kW. Again, 

such power output is best achievable employing two different diaphragm 

compressors. 

A summary of the results obtained is provided by Table 4.4, which compares 

compression system energy and power requirements for each of the three modeled 

configurations. 

 

Table 4.4: Compression phase power demand for each modeled refueling cycle 

configuration. 

 
4-vehicles cycle 5-vehicles cycle 6-vehicles cycle 

𝐸𝑙′𝑐𝑜𝑚𝑝 [kWh/kg] 3,850 3,904 3,959 

𝑊𝑐_𝑠𝑦𝑠𝑡 [kW] 411,1 413,8 418,5 

𝑊𝑐_𝑚𝑒𝑐ℎ [kW] 265,1 265,8 268,0 

𝑊𝑐_𝑚𝑒𝑐ℎ 1st compressor [kW] 137,4 137,7 139,0 

𝑊𝑐_𝑚𝑒𝑐ℎ 2nd compressor [kW] 127,6 128,1 129,0 

 

4.1.4.  PCU energy demand 

Adopting the steps highlighted in chapter 3.2.3, it is clear that the resulting energy 

intensity of the pre-cooling phase is the same independently from the considered 

storage configuration, given the assumption of a constant pressure of 700 bar for this 

phase. As shown in the following diagrams (Figure 4.1), different UR levels can instead 

influence the performance of the PCU, given their impact on overhead cooling. 
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Figure 4.1: (a) Different UR values impact on hydrogen and overhead cooling, and on overall 

energy intensity and PCU specific electricity demand. (b) PCU electricity demand as a 

function of UR.  

 

Cooling energy intensity, calculated with equation (3.10), does not depend on UR and 

has a constant value of 0,361 kWh per kg of dispensed hydrogen. Considering a UR of 

80 %, overhead cooling, computed with equation (3.11), is almost negligible, as it 

equals to 0,0033 kWh per kg of dispensed hydrogen. Equations (3.14) and (3.15) 

respectively lead to an overall energy intensity of 0,364 kWh/kg and electricity 

consumption of 0,156 kWh/kg. This goes to show that with such UR, the impact of 

cooling on the performance of the HRS is somewhat limited, especially compared to 

the compression phase energy intensity. Only very low UR values can make cooling 

energy intensity significantly impact on the overall electricity demand of the station. 

 

4.2. HRS performance 

In this chapter, the overall performance of the modeled HRS can be evaluated by 

observing the electricity demand value calculated for all the different configurations, 

according to the steps discussed in the chapter 3.2.4. 

Selecting an UR of 80 % means that the average number of completed consecutive 

refueling cycles per day is 20 for the 4-cars cycle configuration, 16 for the 5-cars cycle 

one and 13,33 for the 6-cars cycle one, given that an average of 80 vehicles a day are 

estimated to be refueled. 

The value of 𝐸𝑙𝑐𝑦𝑐𝑙𝑒 for each of the three modeled configurations is presented in Table 

4.5, highlighting the contribution of each different pressure level tank of the CSS, 

calculated with equations (3.17), (3.18) and (3.19). 
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Table 4.5: Modeled refueling cycle configurations electricity demand and contribution of 

each pressure level tank. 

 
4-vehicles cycle 5-vehicles cycle 6-vehicles cycle 

𝐸𝑙 (low-P tank) 

[kWh] 
22,60 30,11 37,11 

𝐸𝑙 (medium-P tank) 

[kWh] 
26,85 31,45 36,80 

𝐸𝑙 (high-P tank 

[kWh] 
22,18 28,54 35,38 

𝐸𝑙𝑐𝑦𝑐𝑙𝑒 

[kWh] 
71,63 90,10 109,29 

𝐸𝑙𝑐𝑦𝑐𝑙𝑒  %increase  - 25,78 % 21,30 % 

 

As can be observed, the electricity demand for a single refueling cycle increases almost 

linearly with the number of vehicles refueled within such cycle. However, the increase 

is slightly higher than what would be expected from perfect linear proportionality 

(e.g., a 25 % increase when moving from 4 to 5 vehicles and a 20 % increase when 

moving from 5 to 6 vehicles). This discrepancy arises because the increase in work 

required to compress hydrogen through stages at higher pressure levels outweighs the 

reduction in the number of needed compression phases. 

This trend is confirmed looking at computed average electricity consumption per unit 

of mass of refueled hydrogen as well as by daily or annual electricity consumptions 

values (Table 4.6), all being slightly higher the longer is the considered cycle. Longer 

refueling cycles are enabled by higher pressure levels in the CSS, which drive up 

energy requirements of the associated configurations, despite the compression system 

is activated less frequently. 

 

Table 4.6: Comparison of modeled refueling cycle configurations in terms of specific 

electricity demand and daily electricity consumption. 

 
4-vehicles cycle 5-vehicles cycle 6-vehicles cycle 

Average specific electricity 

demand, 𝐸𝑙′𝐻𝑅𝑆 [kWh/kg] 
3,60 3,62 3,66 

Daily electricity consumption 

[kWh/day] 
1.432,57 1.441,55 1.457,15 

Annual electricity consumption 

[kWh/year] 
522.887,25 526.166,73 531.859,89 
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Nevertheless, as the table displays, differences in electricity demand among the 

various configurations are very limited and thus may not be the primary criterion for 

selecting the optimal one. Instead, a balance should be struck between the higher 

storage and outlet pressures required for longer, consecutive refueling, cycles, likely 

leading to higher CAPEX for compression and storage systems, and the more frequent 

storage tank refills necessary with shorter cycles, leading to slower overall throughput 

and potentially higher maintenance due to more intermittent compression phases. 

From this point forward, the selected reference configuration will be the one designed 

for a 5-vehicle consecutive refueling cycle. This configuration will serve as the 

reference for further comparisons of different buffer tank pressure levels and will also 

be utilized for the HRS GHG emissions assessment (chapter 4.3). 

 

4.2.1. Initial pressure impact 

To evaluate the impact of a different pressure level at the inlet of the compression 

system or, in other words, of a different fixed pressure level achievable in the buffer 

tank, a more optimistic value of 100 bar is selected as a new input for the model. 

Resulting HRS performance can be compared with the prior scenario of a 3 bar initial 

pressure. A comparison in terms of electricity demand is presented in the following 

Table 4.7. 

In such a newly defined scenario, just 2 compression stages are needed, with 𝑟 = 3,072, 

to rise hydrogen pressure from 100 bar to the required 943,95 bar. Still, the outlet 

pressure of the second-last stage, in this case being the first one, which is 307,24 bar, 

can be used to refill the low-pressure tank, thus maintaining the same system layout. 

The outlet temperature also falls within the acceptable limit, reaching about 411 k, or 

138 °C. 

 

Table 4.7: Comparison of conservative and optimistic constant inlet pressure levels for the 

compression system, in terms of associated electricity demand. 

 
3 bar inlet 

pressure 

100 bar inlet 

pressure 5-cars cycle electricity demand 

[kWh] 
90,10 45,93 

Average specific electricity 

demand, 𝐸𝑙′𝐻𝑅𝑆 [kWh/kg] 
3,62 1,85 

Daily electricity demand 

[kWh/day] 
1.441,55 734,85 

Annual electricity demand 

[kWh/year] 
526.166,73 268.221,07 

∆%  - -49,02 % 
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 It is observed that, if a constant pressure of 100 bar for the hydrogen flowing from the 

buffer tank to the compression system is achieved, the electricity demand of the whole 

HRS is reduced to almost half of the amount necessary for the 3 bar inlet pressure 

scenario. 

In addition, the compression system can be composed of just one diaphragm 

compressor, and its motor required power drops from 265,8 kW to 134,3 kW. 

However, to maintain a constant compressor inlet pressure of at least 100 bar, without 

additional energy input, such the use of a recycle line, likely more than 500 kg of 

hydrogen would need to be supplied to the HRS daily, otherwise pressure would 

inevitably drop below 100 bar at some point. To address this, the station would either 

need to be supplied by tube trailers with larger capacity, and thus higher nominal 

pressure, or receive multiple deliveries per day. Both options would increase energy 

demand during the transportation phase. 

 

4.3. Carbon footprint assessment 

HRSs are a cornerstone of the European Union’s strategy to decarbonize the transport 

sector and achieve its climate neutrality goals by 2050. However, GHG emissions 

associated with hydrogen mobility can vary significantly depending on the gas 

production pathways, the station's supply mode, its layout, and the electricity sources 

used. To fully understand the environmental impact of HRSs and to verify that the 

hydrogen they dispense ensures a reduced environmental impact compared to the 

fossil fuels it replaces, transparent rules to assess its carbon footprint are needed.  

The EU RED III establishes clear regulations for this purpose, requiring the carbon 

footprint of hydrogen, as well as of other RFNBOs, to be assessed across their entire 

value chain, from production to consumption. This evaluation focuses exclusively on 

operational GHG emissions, explicitly excluding the environmental impact of needed 

equipment and machinery manufacturing [18]. Under RED III, the calculated 

greenhouse gas (GHG) emissions of a RFNBO must achieve a minimum 70 % 

reduction compared to the emissions of a fossil fuel comparator, which is set at 94 

gCO₂eq/MJ. For hydrogen, this corresponds to a maximum GHG emissions threshold 

of 3,384 kgCO₂eq/kg [61]. Dispensed hydrogen meeting this criterion is classified as 

renewable and thereby complies with EU-defined sustainability standards. 

In this context, this chapter presents a comprehensive assessment of the carbon 

footprint of the modeled HRS, considering all major contributing factors, from an 

operational perspective, as indicated by RED III methodology. In addition to 

previously calculated HRS electricity consumption, estimated production and 

transportation energy demand are accounted for, as they can have a considerable 

impact, particularly for stations supplied via tube trailers. The analysis compares 
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different electricity sourcing scenarios and evaluates emission savings relative to the 

RED III fossil fuel comparator. 

To evaluate the total GHG emissions associated with the HRS dispensed hydrogen, 

the analysis considers three key contributions, in terms of emitted kgCO₂eq per unit of 

mass of hydrogen: 

▪ Hydrogen Production carbon footprint (𝐶𝐹𝐻2 𝑝𝑟𝑜𝑑): GHG emissions associated 

with the selected hydrogen production pathway. 

▪ Hydrogen Transportation carbon footprint (𝐶𝐹𝐻2 𝑡𝑟𝑎𝑛𝑠): GHG emissions arising 

from the delivery of hydrogen to the HRS via tube trailers. 

▪ HRS Operations carbon footprint (𝐶𝐹𝐻𝑅𝑆): Emissions related to the electricity 

consumed by the station for compressing and cooling hydrogen. 

The total GHG emissions expressed in kgCO₂eq/kgH₂ are calculated as: 

𝐶𝐹𝑡𝑜𝑡 =  𝐶𝐹𝐻2 𝑝𝑟𝑜𝑑 + 𝐶𝐹𝐻2 𝑡𝑟𝑎𝑛𝑠 + 𝐶𝐹𝐻𝑅𝑆 . (4.1) 

This comprehensive approach ensures that all relevant sources of emissions are 

captured, providing a holistic understanding of the environmental impact of the 

dispensed hydrogen value chain. Focusing solely on the emission associated with the 

modeled HRS electricity demand would provide an incomplete picture, as hydrogen 

must first be produced and transported to the station, each step contributing to the 

overall emissions profile. Neglecting these factors obviously leads to an 

underestimation of the dispensed hydrogen true carbon footprint, particularly for HRS 

that do not produce hydrogen on-site. 

In this case, the HRS is supplied via tube trailers, making transportation a significant 

contributor to emissions. The energy required to compress hydrogen for 

transportation, combined with the diesel consumption of tube trailers, adds a 

measurable carbon burden. 

 

4.3.1. Full value chain emissions contributions 

Hydrogen production emissions depend on the production method employed: 

- Electrolysis is considered to require 53 kWh of electricity to produce one kg of 

hydrogen. The emissions are directly tied to the carbon intensity,  𝐶𝐼𝑒𝑙𝑒𝑐, expressed 

in kgCO₂/kWh, of the electricity used, 𝐸𝑙′𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 = 53 kWh kg-1: 

𝐶𝐹𝐻2 𝑝𝑟𝑜𝑑 = 𝐶𝐼𝑒𝑙𝑒𝑐 ∙  𝐸𝑙′
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠  . (4.2) 
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- Steam methane reforming (SMR) of natural gas is instead associated with specific 

emissions, 𝐶𝐹𝐻2 𝑝𝑟𝑜𝑑, equal to 10,5 kgCO₂eq per kg of hydrogen produced on 

average [62]. Hydrogen produced this way, which represents about 95 % of all 

hydrogen produced today [63], is always considered non-renewable, as it exceeds 

RED III threshold and does not comply with RFNBO rules. 

Hydrogen transportation carbon footprint, 𝐶𝐹𝐻2 𝑡𝑟𝑎𝑛𝑠, is computed as: 

𝐶𝐹𝐻2 𝑡𝑟𝑎𝑛𝑠 = 𝐶𝐹𝑐𝑜𝑚𝑝_𝑡𝑢𝑏𝑒𝑠 + 𝐶𝐹𝑡𝑟𝑢𝑐𝑘 , (4.3) 

which involves the following two contributions: 

- Compression at the filling center: hydrogen is compressed to around 250 bar before 

being loaded onto 200 bar tube trailers. Associated emissions can be calculated 

after estimating electricity consumption with the already developed model: 

considering 2 compression stages to rise the gas’ pressure from the electrolyser 

output level of 30 bar to 250 bar, the overall specific electricity consumption, 

𝐸𝑙′𝑐𝑜𝑚𝑝_𝑡𝑢𝑏𝑒𝑠, computed with equation (3.9), equals 1,676 kWh/kg. The specific 

emission from this phase can then be computed as follows: 

𝐶𝐹𝑐𝑜𝑚𝑝_𝑡𝑢𝑏𝑒𝑠 = 𝐶𝐼𝑒𝑙𝑒𝑐 ∙ 𝐸𝑙′
𝑐𝑜𝑚𝑝𝑡𝑢𝑏𝑒𝑠

 . (4.4) 

- Diesel truck transportation: 200 bar hydrogen tubes are transported by a diesel-

powered trailer truck. The associated GHG emissions are calculated as: 

𝐶𝐹𝑡𝑟𝑢𝑐𝑘 =
𝐹 ∙ 𝐶𝐼𝑓𝑢𝑒𝑙 ∙  𝜀𝑓𝑢𝑒𝑙 ∙ 𝑑

𝐷𝐻2_𝑛𝑜𝑚𝑖𝑛𝑎𝑙
 , (4.5) 

where 𝐹 is the diesel consumption rate, set at 0,4 L/km, 𝐶𝐼𝑑𝑖𝑒𝑠𝑒𝑙 is diesel carbon 

intensity, set at 95,1 gCO₂eq/MJ [64], while 𝜀𝑑𝑖𝑒𝑠𝑒𝑙 is the diesel volumetric energy 

density, equal to 36,0 MJ/L (see Table 2.1). The average daily transportation 

distance, d, is calculated, considering 100 km separating the HRS from the filling 

center, as: 

𝑑 =  2 ∙ 100 𝑘𝑚 ∙
𝐷𝐻2𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝑇𝑢𝑏𝑒 𝑡𝑟𝑎𝑖𝑙𝑒𝑟 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 . (4.6) 

This accounts for the average number of necessary round trips per day, as the tube 

trailer capacity of 395 kg considered is actually lower than the computed daily 

nominal capacity of the HRS, 𝐷𝐻2_𝑛𝑜𝑚𝑖𝑛𝑎𝑙, which is 497,4 kg/day (as calculated in 

chapter 3.2.4). 
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HRS operation emissions, 𝐶𝐹𝐻𝑅𝑆, are calculated based on the modeled HRS electricity 

demand, 𝐸𝑙𝐻𝑅𝑆, and the considered electricity carbon intensity, 𝐶𝐼𝑒𝑙𝑒𝑐, as: 

𝐸𝐻𝑅𝑆 = 𝐶𝐼𝑒𝑙𝑒𝑐 ∙  𝐸𝑙′
𝐻𝑅𝑆 . (4.7) 

Different scenarios in terms of production pathways and most importantly of 

electricity source, can then be evaluated. In this analysis, for grid electricity carbon 

intensity, it is considered the Emission factor of Italy in 2020, which is equal to 92,3 

gCO₂eq/MJ or 332,28 gCO₂eq/kWh [18]. 

Five different scenarios, summarized in Table 4.8, are analyzed: 

▪ Scenario A: hydrogen is produced via SMR, compressed using grid electricity 

to be loaded on tube trailers, which transport it consuming diesel. HRS also uses 

grid electricity. 

▪ Scenario B: hydrogen is produced by RES powered electrolysis, compression 

before transportation is also powered by RES, while tube trailers trucks are 

diesel powered. HRS consumes RES generated electricity. 

▪ Scenario C: electrolysis is powered by RES, as well as compression before 

transportation. Tube trailers trucks are diesel powered. HRS uses electricity 

from the grid. 

▪ Scenario D: electrolysis is powered by RES, while compression prior to 

transportation is powered by grid electricity. Tube trailers trucks are diesel 

powered. HRS consumes grid electricity. 

▪ Scenario E: electrolysis is powered by grid electricity, as well as hydrogen 

compression prior to transportation. Transportation is again diesel powered. 

HRS operations are powered by grid electricity. 

 

Table 4.8: Defined scenarios in terms of energy source at each supply chain stage.  

Scenario Prod. Tube compr. Truck HRS 

A SMR grid diesel grid 

B RES el. RES diesel RES 

C RES el. RES diesel grid 

D RES el. grid diesel grid 

E grid el. grid diesel grid 

 

Resulting GHG emissions levels of each scenario and relative contributions of each 

supply chain stage are presented in Figure 4.2. 
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Figure 4.2: Dispensed hydrogen GHG emissions for selected scenarios, compared to RED III 

renewable hydrogen threshold. 

 

As can be observed, only in scenarios B, C and D, hydrogen dispensed by the modeled 

HRS complies with RED III threshold for EU renewable energy target. 

In scenario B, only diesel emissions associated with transportation, which are equal to 

0,693 kgCO₂/kgH₂, are relevant, as everything else is powered by RES which, 

according to RED III methodology, are considered to lead to zero GHG emissions. 

Scenario C and D, in which the carbon footprint is 1,897 and 2,454 kgCO₂/kgH₂ 

respectively, involve the same level of GHG emissions associated with the HRS 

operation. Showing that, if the HRS is powered by electricity of the Italian grid, it can 

maintain the dispensed hydrogen carbon footprint below the threshold level, as long 

as hydrogen production happens via electrolysis powered by renewable electricity. In 

fact, for both scenario A and E, in which production happens via SMR and electrolysis 

powered by the grid, respectively, the threshold is largely surpassed just for its 

contribution, with total GHG emissions reaching levels of 12,954 and 

20,065 kgCO₂/kgH₂. 

Further evaluations can be made by analyzing the percentage share of each 

contribution in each scenario, as presented in Figure 4.3. 
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Figure 4.3: Relative share of GHG emissions of each value chain stage for selected scenarios. 

 

RED III regulations complying scenarios all involve green hydrogen production, 

meaning production through RES powered electrolysis. Among these complying 

scenarios, C and D, in which the HRS is powered by grid electricity, are the most 

realistic ones for an early-stage offsite production HRS. Focusing on these two cases, 

the HRS proves having a large impact on overall GHG emissions, respectively of about 

63 % and 49 % for C and D, highlighting the critical importance of optimizing its 

energy efficiency. 

To provide a comprehensive assessment of the environmental benefits of the hydrogen 

dispensed by the HRS, the total emissions are compared against the fossil fuel 

comparator defined by RED III Delegated Act at 94 gCO₂eq/MJ. The savings are 

calculated as: 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 =
𝐸𝐹 − 𝐶𝐼𝑡𝑜𝑡 

𝐸𝐹
% . (4.8) 

where 𝐸𝐹 is the fossil fuel comparator and 𝐶𝐼𝑡𝑜𝑡 is the total carbon footprint per unit 

of energy (e.g., the carbon intensity) of the hydrogen delivered by the HRS, calculated 

dividing the already calculated 𝐶𝐹𝑡𝑜𝑡 by the LHV of hydrogen, which is equal to 119,9 

MJ kg-1 (see Table 2.1). 

A positive savings percentage indicates that the hydrogen dispensed results in lower 

emissions than conventional fossil fuels. Figure 4.4 shows saving percentage levels for 

all the previously defined scenarios, confirming the earlier findings, as only scenarios 

B, C and D lead to higher than 70 % emissions savings, complying with RED III rules. 

While A and E lead to dispensed hydrogen actually having more associated GHG 

emissions compared to fossil fuels alternatives. 

0%

20%

40%

60%

80%

100%

A B C D E

Production Emissions Transportation Emissions HRS Operation Emissions



4| Results and Discussion 55 

 

 

 

 

Figure 4.4: Emissions savings of the selected scenarios, compared to RED III fossil fuel 

comparator. 

 

4.3.2. Focus on HRS emissions 

To better assess the potential contribution of HRS operations on the overall value chain 

carbon footprint, and thus on the maximum allowable emissions threshold of 

3,384 kgCO₂eq/kgH₂ for renewable hydrogen, the grid powered case, which can serve 

as the reference scenario for the modeled HRS, is analyzed in greater detail. 

Particularly, by considering the grid electricity emission factors of different countries 

[18], it is demonstrated how regional variations in grid carbon intensity can influence 

the HRS's overall emissions and its ability to meet RED III requirements. The analysis, 

presented in Figure 4.5, shows the percentage share of the RED III threshold that is 

covered by grid powered HRS emissions only.  To provide a comprehensive overview, 

both the lowest and highest national electricity emission factors among EU countries, 

corresponding to Sweden and Poland, respectively. Additional countries, including 

Italy, Slovenia and France, are included for completeness (Table 4.9). 

 

Table 4.9: 2020 grid electricity emissions factors of selected EU countries [18]. 

  Italy Slovenia France Sweden Poland 

Emission intensity of generated 

electricity (gCO2eq/MJ) 
92,3 70,1 19,6 4,1 196,5 
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Figure 4.5: GHG emissions associated with the operation of the modeled HRS powered by 

different national grids, compared to RED III hydrogen threshold of 3,384 kgCO₂/kgH₂. 

 

Even in the worst-case scenario, represented by Poland electricity carbon intensity, the 

emissions from HRS operations alone do not exceed the RED III threshold, meaning 

that, even in such case, it is theoretically still possible to dispense hydrogen that is 

associated with at least 70 % emissions savings. However, the 2,563 kgCO₂/kgH₂ 

associated with the Poland scenario accounts for nearly 76 % of the 3,384 kgCO₂/kgH₂ 

threshold, leaving very limited room for contributions from other stages of the value 

chain. 

In contrast, in the Sweden scenario, the emissions are only 0,053 kgCO₂/kgH₂, 

representing just 1,58% of the threshold. 

Overall, this analysis highlights the significant impact of selecting low-carbon 

electricity sources and the importance of optimizing HRS operations to minimize 

emissions, thereby preserving the potential environmental benefits of hydrogen 

mobility. 

 

4.4. LCOH assessment 

The cost evaluation of the HRS centers on estimating the Levelized Cost of Hydrogen 

(LCOH), which represents the cost per kilogram of the hydrogen dispensed by the 

HRS, considering all capital and operational expenditures over the system's lifetime. 

This metric is fundamental for understanding HFCVs cost competitiveness with BEVs, 

and ICE vehicles, which is essential to ensure financial viability of hydrogen road 

transportation. 
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In this chapter, the LCOH is calculated after estimating both the HRS total investment 

costs, CapEx, and the operational costs, OpEx, leveraging modeled HRS electricity 

consumption, components power and hydrogen flows. HRS decommissioning costs 

are instead neglected. It is then possible to evaluate how LCOH is impacted by the 

station operating days, which can offer a clearer perspective on the economic viability 

of the HRS under varying levels of demand and downtime. 

The total investment cost includes the cost for the various components of the HRS 

infrastructure, as summarized in Table 4.10, and is thus given by the following 

equation: 

𝐶𝑎𝑝𝐸𝑥 =  𝐶𝑐_𝑠𝑦𝑠𝑡 + 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 + 𝐶𝑃𝐶𝑈 + 𝐶𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑟 , (4.9) 

where: 

- 𝐶𝑐_𝑠𝑦𝑠𝑡 is the cost of the compression system, which considers both the cost of the 

two diaphragm compressors, using a power-based scaling equation [65], and the 

cost of the intercoolers, estimated as a percentage of the first: 

𝐶𝑐_𝑠𝑦𝑠𝑡 = (1 + 0,05) ∙

∙ (43872 ∙ 𝑊𝑐𝑚𝑒𝑐ℎ1

0,5861 + 43872 ∙ 𝑊𝑐𝑚𝑒𝑐ℎ2

0,5861) . 
(4.10) 

With 137,1 kW being the power of the first compressor and 128,1 kW that of the 

second one, resulting 𝐶𝑐_𝑠𝑦𝑠𝑡 is equal to 1.617.824 €. 

- 𝐶𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is the is the cost of the CSS, estimated as a function of mass capacity and 

nominal pressure level of each of the three tanks, with the following equation, 

derived from comparing different estimated values in other works [66], [67], [68]: 

𝐶𝑆𝑡𝑜𝑟𝑎𝑔𝑒 =  ∑ 1100 ∙ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑘
0,55 ∙ 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑘

0,25,

3

𝑘=1

 (4.11) 

which, considering a capacity of 97,5 kg, 92,4 kg, 46,3 kg and a nominal pressure of 

282 bar, 500 bar, 899 bar, respectively for the low, medium and high-pressure tank, 

is equal to 168.289 €. 

- 𝐶𝑃𝐶𝑈 is the cost of the PCU, which is considered equal to 140.000 € [68]. 

- 𝐶𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑟 is investment required for the dispensers, which are assumed to be two 

units given the HRS capacity, for a total cost that is estimated as a function of the 

nominal daily demand [67], with the following equation: 

𝐶𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑟 = 350 ∙ 𝐷𝐻2_𝑛𝑜𝑚𝑖𝑛𝑎𝑙  , (4.12) 
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which, with a 𝐷𝐻2_𝑛𝑜𝑚𝑖𝑛𝑎𝑙 of 497,4 kg/day, leads to 𝐶𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑟 being equal to 

174.080 €. 

 

Table 4.10: Total CapEx components. 

Compressor system cost, 𝐶𝑐_𝑠𝑦𝑠𝑡 
Compressors 1.540.785,03 € 

Intercoolers  77.039,25 € 

CSS cost, 𝐶𝑆𝑡𝑜𝑟𝑎𝑔𝑒 

Low-P tank 55.959,30 € 

Medium-P tank 62.709,92 € 

High-P tank 49.619,88 € 

PCU cost, 𝐶𝑃𝐶𝑈 PCU 140.000,00 € 

Dispensers cost, 𝐶𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑟 Dispensers 174.079,51 € 

Total CapEx   2.100.192,88 € 

 

All other costs are defined as operational, OpEx, as they are recurrent over the lifetime 

of the HRS. OpEx include both fixed and variable costs. This distinction is important 

as they are impacted differently by the number of station operating days, as it is later 

analyzed. 

In this work, Fixed OpEx are calculated on a yearly basis as: 

𝐹𝑖𝑥𝑒𝑑 𝑂𝑝𝐸𝑥 = 𝐶𝑡𝑟𝑢𝑐𝑘 + 𝐶𝑀 , (4.13) 

since they include only the leasing cost of the tube trailer truck, 𝐶𝑡𝑟𝑢𝑐𝑘, and the HRS 

maintenance costs, 𝐶𝑀: 

- 𝐶𝑡𝑟𝑢𝑐𝑘, which typically follows specific agreements between the supplier and the 

HRS operator, is calculated using an estimated monthly leasing tariff, 𝐿𝑚, of 2150 

€/month [69], [70], as: 

𝐶𝑡𝑟𝑢𝑐𝑘 = 𝐿𝑚 ∙ 12 𝑚𝑜𝑛𝑡ℎ𝑠 = 25.800 €
𝑚𝑜𝑛𝑡ℎ⁄  . (4.14) 

- 𝐶𝑀 is estimated assuming that, independently from station usage, periodical 

maintenance of the infrastructure components is required and represent 2 % of 

their initial investment cost every year: 

𝐶𝑀 = 2 % ∙ 𝐶𝑎𝑝𝐸𝑥 . (4.15) 

The considered variable OpEx are linearly dependent on the amount of hydrogen 

dispensed by the station. For this reason, it makes sense to compute them as specific 
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variable OpEx, expressed in € kg-1. These include the specific cost of electricity to 

power the HRS infrastructure, 𝑐𝑒𝑙 and the variable supply costs, 𝑐𝑠𝑢𝑝𝑝𝑙𝑦: 

- To calculate 𝑐𝑒𝑙, a cost of 0,19 € per kWh of electricity is considered, as it represents 

a conservative estimate based on recent years average electricity prices for non-

household consumers in EU [71]: 

𝑐𝑒𝑙 = 0,19 €
𝑘𝑊ℎ⁄  ∙ 𝐸𝑙′

𝐻𝑅𝑆 . (4.16) 

which, considering the modeled 𝐸𝑙′𝐻𝑅𝑆 of 3,62 kWh/kgH₂, leads to a 𝑐𝑒𝑙 of around 

0,688 €/kg.  

- 𝑐𝑠𝑢𝑝𝑝𝑙𝑦 are instead computed as: 

𝑐𝑠𝑢𝑝𝑝𝑙𝑦 =  
𝑑 ∙ 𝑐𝑘𝑚

𝐷𝐻2_𝑎𝑣𝑔
+ 𝑅𝐻2 . (4.17) 

In the first factor, which represent the cost associated with transporting hydrogen 

to the station, 𝐷𝐻2_𝑎𝑣𝑔 is the average amount of hydrogen dispensed daily, which is 

equal to 397,9 kg/day; d is the already computed (chapter 4.3.1) average daily 

transportation distance; 𝑐𝑘𝑚 is the cost per kilometer of travel for vehicle weights 

above 26 tons, set at 1,1056 €/km, according to data from Italian Ministry of 

Infrastructure [72]. The second factor, 𝑅𝐻2, is instead the hydrogen retail cost, 

assumed to be 4 €/kg. This value represents a rather optimistic estimate given that 

average European costs [73] are 3,76 €/kg for production via SMR, but range from 

4,06 to 17,36 €/kg for grid powered electrolysis. Nevertheless, independently from 

the assumed value, 𝑅𝐻2 is not directly tied to the modeled HRS operation, and 

simply represent a fixed share of the final LCOH. 

In this analysis, the two calculated variable OpEx contributions, 𝑐𝑒𝑙 and 𝑐𝑠𝑢𝑝𝑝𝑙𝑦, make 

up for the total specific variable cost, 𝑐𝑣, which is thus given by: 

𝑐𝑉 = 𝑐𝑒𝑙 + 𝑐𝑠𝑢𝑝𝑝𝑙𝑦 . (4.18) 

At this point it is possible to calculate the LCOH as follows: 

𝐿𝐶𝑂𝐻 =  𝑐𝐹 + 𝑐𝑉  , (4.19) 

where 𝑐𝐹 represent the specific fixed costs, also expressed in € kg-1, which are thus 

dependent on station operating days and are computed as: 

𝑐𝐹 =  
𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑎𝑝𝐸𝑥 + 𝐹𝑖𝑥𝑒𝑑 𝑂𝑝𝐸𝑥

𝐻𝑅𝑆 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 ∙  𝐷𝐻2_𝑎𝑣𝑔
 , (4.20) 
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where Fixed OpEx is given by equation (4.13), while  Annualized CapEx is computed 

with the annuity formula assuming an HRS technology lifetime, n, of 20 years and an 

interest rate, 𝑖𝑟, of 5 %, as a typical range for the technology is between 3 % and 6 % 

[74]: 

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝐶𝑎𝑝𝐸𝑥 = 𝐶𝑎𝑝𝐸𝑥 ∙  
𝑖𝑟

1 − (1 + 𝑖𝑟)−𝑛
 . (4.21) 

Assuming the modeled HRS is always operating, for 16 h per day and 365 days per 

year, the resulting LCOH, calculated with the described methodology and 

assumptions, is 7,015 €/kg. 

Many arbitrary assumptions are made in estimating CapEx and especially OpEx, 

which are largely influenced by hydrogen retail cost, 𝑅𝐻2. The retail cost of hydrogen 

varies significantly depending on the production pathway and is not related to the 

modeled HRS operation. This introduces considerable uncertainty in standalone 

LCOH estimates, as its variation and that of other upstream factors can 

disproportionately affect results. For this reason, rather than focusing solely on a single 

LCOH estimation, it is more meaningful to analyze its dependence on the number of 

station operating days. This approach allows for a better understanding of how 

operational factors under the HRS's control influence economic performance, 

providing insights into optimizing utilization and minimizing costs. 
The dependance of LCOH on HRS operating days is evaluated with the assumption 

that each operating day involves 16 h of operations over which the same amount of 

hydrogen, 𝐷𝐻2_𝑎𝑣𝑔 = 397,9 kg/day, corresponding to a constant UR of 80 %, is 

dispensed. 

Such dependence, displayed in Figure 4.6, shows that LCOH is highly sensitive to the 

number of operating days. As such number decreases, the fixed costs contribution 

increases significantly, since they are spread over a smaller quantity of dispensed 

hydrogen, leading to higher LCOH values. Vice versa, maximizing operating days 

minimizes the LCOH by diluting fixed costs across a larger amount of hydrogen 

dispensed. 
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Figure 4.6: Dependance of LCOH and of its fixed and variable contributions on the number 

of HRS operating days. 

 

It can be observed that specific variable costs, 𝑐𝑉, are the main contributor to the LCOH 

as long as the HRS operates for at least 110 days over a year. Under this threshold, the 

specific fixed costs, 𝑐𝐹, contribution becomes the dominating one, leading to an 

exponential increase of the LCOH, as operating days decrease. For reference the LCOH 

goes up to 7,621 €/kg, 8,652 €/kg and 11,449 €/kg, respectively for 266, 181 and 98 HRS 

operating days. 

The hydrogen retail cost, 𝑅𝐻2, contribution is highlighted, showing how its value, that 

represent the production LCOH that is acquired and supplied to the HRS, simply adds 

a fixed contribution to the final LCOH. The contribution of the HRS to the dispensed 

hydrogen LCOH, ∆LCOHHRS, is the actual indicator of the HRS impact on final 

hydrogen cost, and can be calculated as: 

∆𝐿𝐶𝑂𝐻𝐻𝑅𝑆 = 𝐿𝐶𝑂𝐻 − 𝑅𝐻2 . (4.22) 

A value of ∆LCOHHR equal to 3,015 €/kg corresponds to 365 operating days and 

represents the minimum possible contribution of the modeled HRS to the final LCOH, 

according to the presented assumptions. 

This analysis shows that, while it is crucial to avoid downtime and ensure high station 

utilization, even in the best considered scenario of 365 HRS Operating days, a 
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relatively large portion of the LCOH at the dispenser, almost 43 % of its value, is 

attributable to HRS operation. 

This impact of HRS operation on the LCOH could increase with more conservative 

station costs estimation, as, for instance, installation and administrative costs are not 

taken into account in this work. Conversely, the LCOH could decrease considerably 

with a less optimistic retail cost for the supplied hydrogen, which would realistically 

be more aligned with the previously discussed emissions target. 

Overall, since achieving a hydrogen retail price of 4,5 to 5,9 €/kg at the dispenser is 

considered necessary to make HFCVs competitive in the market in the long term [75], 

[76], a final LCOH of 7,015 €/kg, corresponding to the most optimistic scenario of this 

analysis, highlights the need for further optimization of HRS infrastructure and 

operation. Particularly, a supplied hydrogen cost of 4 €/kg, would leave room for a 

∆𝐿𝐶𝑂𝐻𝐻𝑅𝑆 of no more than 1,90 €/kg, requiring a further 37 % reduction from the 

previously computed minimum achievable ∆𝐿𝐶𝑂𝐻𝐻𝑅𝑆. 
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5 Conclusions 

The outcome of this work can be summarized in the following key findings: 

1. A reference medium-capacity offsite production HRS has been defined in terms 

of technological infrastructure and optimal layout, which mainly involves a 

diaphragm compression system with intercooling in between stages, a three 

level CSS, a PCU and a double 700 bar dispenser. Various possible operational 

configurations have been evaluated. 

2. The effectiveness of a CSS in limiting the compression system work has been 

assessed, by iteratively optimizing configurations that allow part of the 

hydrogen to avoid a compression stage, without negatively impacting the 

refueling process. 

3. It has been shown that, in terms of specific electricity demand, the UR has a 

limited impact, as it only affects the pre-cooling phase. 

4. Different CSS configurations, involving different numbers of consecutively 

refueled vehicles, have been tested, leading to very similar HRS specific 

electricity consumption levels, ranging from 3,60 to 3,66 kWh kg-1, indicating 

how the choice of the optimal one mainly depends on expected demand. 

5. The impact of a higher available initial pressure level has been assessed, 

showing that a constant inlet pressure of 100 bar leads to a 49 % reduction in 

energy demand compared to the reference 3 bar scenario. 

6. It has been concluded that, while higher-pressure tube trailers are useful for 

meeting increased HRS demand, they are associated with greater energy 

consumption further up the supply chain. This underscores the importance of 

ensuring that the higher pressure is effectively utilized and not lost before 

reaching the HRS compressor inlet. 

7. It has been shown that, to keep dispensed hydrogen carbon footprint under 

RED III threshold, the production stage has to be powered by RES or extremely 

low carbon electricity. 

8. For scenarios in which the HRS is powered by the Italian electricity grid, it has 

been calculated how its impact on dispensed hydrogen carbon footprint is 

comparable to the impact of the transportation phase. With RES powered 

production, the HRS impact ranges from 49 % to 63 % on the total GHG 
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emissions, which represent savings between 78 % and 83 % compared to fossil 

fuel alternatives. 

9. It has been shown how, theoretically, 94 % savings compared to fossil fuels 

GHG emissions are achievable with entirely RES powered production and HRS 

operations, while using electricity from the Italian grid for both stages leads to 

increased emission by 78 %. 

10. The evaluation of different EU national grids powering the HRS, has revealed 

that HRS operations carbon footprint ranges from less than 2 % to 76 % of the 

RED III emissions threshold of 3,384 kgCO₂eq k g-1. 

11. The estimated LCOH at the dispenser shows that achieving competitive 

hydrogen retail prices requires maximizing station operating days. 

12. With maximized operating days, the operation of the HRS has been calculated 

to make up for 43 % of the estimated final LCOH of 7,015 € kg⁻¹. 

This thesis provides valuable insights into the current state and future potential of 

HRSs, along with the estimation of their energy demand. The adopted methodology 

and outcomes could serve as a reference for assessing the conditions under which 

hydrogen mobility can be economically viable while contributing to the reduction of 

transportation emissions.  

 

5.1. Suggestions for further work 

Future research could focus on incorporating dynamic demand models that account 

for real-world fluctuations in refueling demand and station utilization rates, allowing 

for a more realistic performance optimization. This should include the integration of 

350 bar refueling capabilities into the modeled HRS and consideration of various types 

of HFC vehicle, such as heavy-duty trucks. Investigating innovative storage and 

transport methods, such as metal hydrides, could be worthwhile, as they can enhance 

the efficiency of hydrogen supply to the HRS. Additionally, exploring alternative 

supply modalities, such as pipeline delivery, would provide insights into their effects 

on HRS performance and on the carbon footprint of dispensed hydrogen. Finally, 

assessing the economic impact of scaling up HRS capacity and evaluating the role of 

policy incentives and regulatory frameworks would support a more comprehensive 

LCOH analysis, aiding the pursuit of competitive hydrogen pricing. 
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°C, K 

U heat transfer coefficient W (m² K)-1 

V volume m3 

W power kW 

Z compressibility factor / 

ε volumetric energy density MJ L-1 

η efficiency / 
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List of abbreviations used 

Variable Meaning 

APRR 

BEV 

Average pressure ramp rates  

Battery electric vehicle 

CSS Cascade storage system 

GHG Greenhouse gas 

HFCV Hydrogen fuel cell electric vehicle (FCEV is also used) 

HFC Hydrogen fuel cell 

HRS Hydrogen refueling station 

ICE Internal combustion engine 

LCA Life cycle assessment 

PCU Pre-cooling unit 

RED III EU latest Renewable Energy Directive 

RES 

SMR 

SoC 

UR 

Renewable energy source 

Steam methane reforming 

State of charge 

Utilization rate 
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