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Abstract. On-site hydrogen refueling stations (HRSs) play a crucial role in 

promoting the development of sustainable mobility, as they provide enhanced 

flexibility and scalability compared to centralized hydrogen production systems. 

These stations can be established in various locations, including remote areas and 

densely populated urban areas, without the need for a complex transportation 

network. Furthermore, on-site HRSs allow for meeting local demand, tailoring the 

hydrogen production, making these stations particularly suitable for facilitating 

the gradual adoption and exploitation of fuel cell-based vehicles. In this work, a 

modeling approach for sizing a small on-site HRS is presented. This kind of station 

consists of two main sections: the hydrogen production system and the refueling 

line. In particular, in the analyzed configurations, hydrogen is produced on-site by 

means of electrolysis units powered by photovoltaic or wind plants. The refueling 

line is based on a three-cascade storage system. Dynamic models able to forecast 

the hydrogen demand and to size both the hydrogen production section and the 

refueling line have been developed. Considering a specific case study, the 

numerical approach is used to size a small on-site grid-connected HRS. 

1. Introduction  

In recent years, issues such as climate change, the exhaustion of fossil fuels, and the 

increasing demand for energy have highlighted the urgent need for clean fuel alternatives [1]. In 

particular, according to IEA, total CO₂ emissions associated with energy reached an 

unprecedented 37.8 gigatons in 2024, suggesting an increasing growth driven significantly by the 

transportation sector [2]. In this context, green hydrogen, produced from renewable energy 

sources such as solar and wind, is viewed as the ideal long-term carbon-neutral alternative to 

hydrocarbons [3], [4]. However, to promote its use in the transport sector, it is crucial to address 

the development of the required infrastructure, especially hydrogen refueling stations (HRSs). In 
particular, refueling stations with on-site hydrogen production are playing an essential part in the 

shift towards sustainable mobility, providing more flexibility and scalability compared to 

centralized hydrogen production systems [5]. In fact, these stations can be established in various 

locations, including remote areas and densely populated urban centers, thereby removing the 
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need for a complex transportation network [5] and effectively matching local fuel demand by 

customizing hydrogen production, thus promoting the integration of fuel cell vehicles in the 

existing fleet [6]. In recent years, many studies have been devoted to investigating the techno-

economic feasibility of on-site hydrogen refueling stations. 

Di Micco et al. [7] carried out the sizing of an on-site hydrogen refueling station based on 

alkaline electrolysis and powered by a photovoltaic (PV) plant. To meet a daily hydrogen 

production target of 450 kg stored at a maximum pressure of 900 bar, a 2.1 MW electrolyzer and 

an 8 MW PV system are required. The system also includes a 3.5 MWh lithium-ion battery for 

excess electricity storage, with grid connectivity for surplus energy export. A study by Mahmood 

et al. [8] assessed a PV-powered hydrogen refueling station able to produce 160.68 kg of green 

hydrogen per day. Different configurations of the HRS were examined, and a sizing methodology 

was developed, according to which a 2.8 MWp solar power plant alongside a 0.515 MW PEM 

electrolyzer was necessary. The study by Lanni et al. [9] evaluates the techno-economic feasibility 

of a grid-connected hydrogen production plant with a capacity of 1,000 kg/day of hydrogen, for 

an on-site HRS considering various electrolysis technologies, two different power sources (PV and 

wind turbines), and three potential installation sites. Furthermore, two different management 

strategies are proposed: operating the electrolysis unit at full load for 8,000 hours, and running it 

only when the renewable energy source (RES) is active. A numerical model in Matlab was used 

for the techno-economic evaluation, revealing that the PV-alkaline-based configurations were the 

most convenient from an economic point of view. Ren et al. [10] created an extensive dynamic 
model for a hydrogen refueling station using MATLAB, which covers the entire refueling process, 

from the station tanks to the vehicle, including compressor dynamics. This validated model is 

employed to evaluate the impact of critical parameters (such as hydrogen storage pressure and 

temperature, target state of charge of the vehicle’s tank) on the refueling performance. 

Although there is a growing number of studies focusing on the feasibility of on-site HRSs, the 

majority of them use simplified assumptions, or, alternatively, despite incorporating the dynamic 

approach in modeling, they do not address the integration of hydrogen production under varying 

demand conditions. This work addresses this gap by developing a dynamic modeling approach 

able to size both the production and refueling sections of an on-site grid-connected HRS. 

2. Methodology  

This section presents the proposed methodological approach for the sizing of an on-site HRS. 

The proposed methodology (whose workflow is depicted in Figure 1) is articulated in four main 

steps: 

1. First of all, a semi-randomized algorithm is developed in order to generate realistic hourly 

hydrogen demand profiles based on the characterization of the vehicles’ fleet; 

2. Secondly, a refueling line, based on a three-stage cascade storage system to optimize 

compression and distribution consumptions, is modelled; 

3. Then, the hydrogen production section is sized according to the hourly hydrogen demand 

profile and storage requirements; 

4. Finally, the modeling approach is applied to a case study, whose technical assessment is 

carried out through the evaluation of the system components’ sizes and mass and energy 

balances. 

 



ATI Annual Congress (ATI 2025)
Journal of Physics: Conference Series 3143 (2025) 012083

IOP Publishing
doi:10.1088/1742-6596/3143/1/012083

3

 
 
Figure 1. Workflow of the proposed methodology for the modeling process of an on-site HRS 

 

Figure 2 shows a schematic depiction of the on-site HRS examined in this research, and 

designed to serve a local fleet of light-duty vehicles. The HRS comprises two main subsystems: the 

hydrogen production section (HPS) and the refueling line (RL).  

 

 

 
Figure 2. Schematic representation of the on-site HRS. 
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The HPS includes a water electrolyzer and a compression and buffer storage unit (200 bar) 

powered by a grid-connected Renewable Energy System (RES), which is also equipped with a 

battery pack to balance power supply fluctuations. Electricity from the RES is used to operate the 

electrolyzer directly; any surplus is first stored in the battery and eventually delivered to the grid, 

while energy shortages are compensated using battery-stored energy before drawing from the 

grid.  

The RL, instead, is based on a cascade storage system, which consists of three banks: low-

pressure (LP) bank, medium-pressure (MP) bank, and high-pressure (HP) bank. They operate at 

900, 650, and 400 bar, respectively. Each bank is composed of multiple storage tanks (STs) of the 

same volume.  During refueling operations, hydrogen is delivered starting from the low-pressure 

vessel and then progressively from the medium- and high-pressure ones. This approach enables 

a significant reduction (30–40%) in the power demand of the compression unit compared to 

single-stage storage systems [11], [12]. For the analyzed small HRS, a single dispenser is 

considered. 

 

2.1 Daily hydrogen demand profile algorithm 

The daily hydrogen demand profile is crucial not only to design the on-site HRS, since it 

influences the station’s configuration and component selection [13], but also to evaluate the 

refueling line's electrical consumption. Despite this, many feasibility studies only consider the 

total daily demand, without accounting for how hourly variations impact the operation and 
dimensioning of system elements [14], [15]. To address this gap, an algorithm has been developed, 

whose workflow is shown in Figure 3.  

 

 
Figure 3. Workflow of the daily hydrogen profile algorithm. 
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− Fleet characteristics, which in this case study are made up of a single vehicle type, 

which is the Light Duty Vehicle (LD) for private and goods transport, with up to 9 seats;  

To model typical daily refueling patterns, the 24-hour period is divided into six time slots. 

Each time slot is assigned a percentage of the total LD vehicles expected to refuel during that day. 

Once the time slots and vehicle shares have been established (based on the premise that the 

highest volume of vehicles will arrive at the station during the time slots just before and after 

typical office hours), the hourly distribution of refueling events is randomly generated within a 

single time slot. This provides the number of LD vehicles refueled in each hour. The resulting 

hourly distribution is then used to build matrices representing the initial and final state of charge 

(SOC) of each vehicle's tank. These SOC values are assigned randomly, but always within a 

predefined input range. The hydrogen dispensed per refueling event is calculated as: 

 

𝑚𝐻2,𝐿𝐷 = 𝐶𝐿𝐷 ∙ (𝜆𝐿𝐷,𝑜𝑢𝑡 − 𝜆𝐿𝐷,𝑖𝑛) (1) 

 

Where 𝐶𝐿𝐷 (kg) is the tank capacity of LD vehicles, while 𝜆𝐿𝐷,𝑖𝑛 𝜆𝐿𝐷,𝑜𝑢𝑡 are the initial and final 

SOC values, respectively. 

The sum of hydrogen dispensed for all events in a specific hour gives the hourly hydrogen 

demand. A constraint within the algorithm ensures that the maximum allowable hydrogen flow 

rate per hour is not exceeded. If this limit is surpassed, vehicles are either queued to the next hour 

or marked as not refueled, in the case of the last hour of the day. Figure 3 shows the workflow of 

the daily hydrogen demand profile algorithm. 

The characteristics of a small HRS and of the vehicles’ fleet are shown in Table 1, while Table 

2 reports data regarding the time slots and the assigned percentages of the total refueling events 

for a specific day. 

 
Table 1. Small HRS parameters [16]. 

Parameter Unit Value 

Dispensers’ number - 1 

Maximum waiting time between two successive refueling events min 5 

Maximum hourly hydrogen flow kg/h 33.6 

Maximum daily hydrogen flow kg/day 200 

Type of refueled vehicles - LD 

Maximum number of refueling events per day - 38 

Tank’s capacity kg 5.1 

𝜆𝐿𝐷,𝑖𝑛/𝜆𝐿𝐷,𝑜𝑢𝑡  % 20-60/70-98 

 

Table 2. Distribution of time slots and percentage of refueling events. 

Slot Hour range Percentage of refueling events 

F1 0:00-3:59 XF1,LD=5% 

F2 4:00-7:59 XF2,LD=30% 

F3 8:00-11:59 XF3,LD=20% 

F4 12:00-15:59 XF4,LD=5% 

F5 16:00-19:59 XF5,LD=35% 

F6 20:00-23:59 XF6,LD=5% 

 

To ensure a conservative approach to the sizing of the refueling station, the algorithm can 

predict a Worst-Case Scenario (WCS), in which the hydrogen dispensed over 24 hours is at the 

maximum required level. In fact, in this scenario, the SOC of every incoming vehicle's tank is 
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assumed to be 10%, while the filling state of every outgoing vehicle's tank is assumed to be 100%. 

This indicates that, for every refueling event, the dispensed flow rate remains constant and equal 

to the maximum possible. This methodology has been chosen to perform the sizing of the 

refueling station.  

 

2.2 Refueling Line modeling  

The refueling line (Figure 4) has been modelled considering its two main subsystems: the 

three-cascade storage system and the dispenser [17].  

 

 
Figure 4. Schematic representation of a refueling line based on a three-cascade storage system. 

 

The refueling process has been schematized by means of a mass balance between the two 

subsystems. The real gas equation of state of hydrogen has been used, exploiting the NIST 

database [18]. The set of equations (2)-(5) is solved for each ST of the cascade system: 

 

𝑚𝐻2,𝑆𝑇𝑖,,𝑡 = 𝑚𝐻2,𝑆𝑇𝑖,,𝑡−1 −𝑚 𝐻2,𝑑𝑖𝑠𝑝 ∙ ∆𝑡 (2) 

 

𝜌𝐻2,𝑆𝑇𝑖,𝑡 =
𝑚𝐻2,𝑆𝑇𝑖,𝑡

𝑉𝑆𝑇𝑖
 (3) 

 

𝑝𝐻2,𝑆𝑇𝑖,𝑡 = 𝑓(𝑇𝑟𝑒𝑓 , 𝜌𝐻2,𝑆𝑇𝑖,𝑡)  (4) 

 

𝑝𝑑𝑖𝑠𝑝,𝑡 = 𝑝𝑑𝑖𝑠𝑝,𝑡−1 + 𝐴𝑃𝑅𝑅 ∙ ∆𝑡 (5) 

 

where 𝑚𝐻2,𝑆𝑇𝑖,𝑡 is the mass of H2 in the i-th storage tank at time 𝑡, 𝑚 𝐻2,𝑑𝑖𝑠𝑝 is the average hydrogen 

mass flow rate delivered to the dispenser, 𝜌𝐻2,𝑆𝑈𝑖,𝑡 and 𝑝𝐻2,𝑆𝑈𝑖,𝑡  are the density and the pressure, 

respectively, in each ST at time 𝑡, 𝑉𝑆𝑇𝑖 is the volume of the i-th ST, 𝑇𝑟𝑒𝑓 is a reference temperature 

considered equal to 15°C, 𝑝𝑑𝑖𝑠𝑝,𝑡 is the pressure at the dispenser at time 𝑡, 𝐴𝑃𝑅𝑅 is the average 

pressure ramp rate during the refueling process, and ∆𝑡 is the considered time step equal to 1 s. 

As the pressure at the dispenser increases and approaches the decreasing pressure of the storage 

tank, the refueling process shifts to the next storage tank, which can either be from the same bank 

or from another unit that operates at a higher pressure. This operation continues until the target 

pressure at the dispenser is achieved, and the process is reiterated until all refueling tasks are 

completed. In particular, for each refueling event, the first storage tank of the HRS that operates 

in the cascade system is always the one with the lowest pressure. The target pressure at the 

dispenser must not exceed the 125% of the Nominal Working Pressure (NWP), i.e. 700 bar for 

light-duty vehicles [17].  
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The number of STs (𝑁𝑆𝑇) of the three banks is chosen by taking into account the following 

relationship [17]: 

 

𝑁𝑆𝑇,𝐿𝑃 = 𝑁𝑆𝑇,𝑀𝑃 2 = 𝑁𝑆𝑇,𝐻𝑃 3  (6) 

 

The size of the H2 main ground storage is chosen as twice the maximum daily hydrogen 

demand and increased by 20%, allowing for defining a proper hourly hydrogen demand profile 

for the sizing of the hydrogen production section. In particular, in this study, the hourly hydrogen 

demand is considered constant and equal to 1/24 of the maximum daily hydrogen demand.  

 

2.3 Hydrogen Production Section sizing  

The third step of the modeling approach consists of the development of an algorithm for the 

sizing of the hydrogen production section, whose workflow is shown in Figure 5.  

 
Figure 5. Workflow of the hydrogen production section sizing. 

 

The algorithm requires three different sets of input data:  

• the renewable energy potential at the installation site (expressed through the RES load 

factor). 

• the performance characteristics of the selected RES technology; 
• the hourly hydrogen demand profile (MH2,t). 

Furthermore, the algorithm is governed by two key sizing criteria: 

1. the electrolysis unit is sized to meet the maximum hourly hydrogen demand;  

2. the renewable energy system (RES) is sized to cover the annual electricity 

consumption of the electrolysis unit, of the compression units of both HPS and RL, and 

of the pre-cooling unit of the RL. 

The algorithm carries out dynamic mass and energy balances and incorporates a priority-

based energy management strategy to control power allocation: electricity from the RES is first 
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used to supply the electrolyzer, then to charge the battery pack (if present), and finally, any surplus 

is exported to the grid. On the contrary, when RES output is insufficient, electricity is drawn first 

from the battery and then from the grid. This logic is reflected in the battery control subroutine 

shown in the workflow. 

3. Case study 

The developed numerical approach has been used to size a small on-site HRS, which uses a 

photovoltaic (PV) plant as RES. The plant is located in Central Italy (latitude 42.43, longitude 

11.77).  The selected PV system utilizes Jinko Solar's 560W monocrystalline silicon modules 

(44.31V@12.63A), which exhibit a 20.5% efficiency under standard test conditions (STC). The 

optimal inclination and azimuth angles for the photovoltaic cells were determined based on the 

climatic and meteorological conditions of the installation site. The capacity factor of the 

considered PV plant is equal to 19%. For the battery pack, the Tesla Megapack Li-ion battery, 

characterized by a round-trip efficiency of 88 % and a power-to-energy ratio of  741.2 kW/2964.8 

kWh, has been selected [19]. 

The electrolysis unit, based on PEM (proton exchange membrane) technology, consists of 100 

kW modules and operates at 20 bar and 55 °C [20], [21]. In the nominal operating condition, the 

average cell voltage and current density are 2.17 V and 2,99  A/cm2, respectively, while the power 

consumption of the auxiliary is assumed to be 2.8% of the rated power  [20], [21]. The nominal 

hydrogen output for each module is 1.68 kg/h, with a specific energy consumption equal to 59 

kWh/kg (the efficiency, referred to the Low Heating Value of hydrogen, is 56.5%). 

4. Results 

4.1 Daily hydrogen demand profile 

In this section, the results of the daily hydrogen demand profile algorithm are presented. First 

of all, Figure 6 shows a typical distribution of refueling events in a single day. It is worth noticing 

that the peak of refueling events, equal to seven, is reached at 7 p.m. 

 

 
Figure 6. Distribution of refueling events in a single day. 
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Figure 7, instead, illustrates the two hourly profiles of hydrogen demand, one representing 

the typical case and the other depicting the worst-case scenario.  

 

 

Figure 7. Hourly hydrogen demand profile in the typical scenario (green line) and in the worst-case 

scenario (red line). 

By examining Figure 7, it is evident that, in the example provided, even in the worst-case 

scenario, the hourly demand always remains below the constraints imposed on the maximum 

deliverable flow rate (33.6 kgH2/h, see Table 1), amounting to 32.1 kgH2/h. The daily flow of 

hydrogen also adheres to the maximum allowable daily output constraint, which is set at 200 

kg/day, both in the case of the typical profile (105 kgH2/day) and in the worst-case scenario (174.4 

kgH2/day). 

 

 

4.2 Refueling line 

The sizing of the refueling line is carried out by exploiting the results obtained using the daily 

hydrogen demand profile algorithm. In particular, the RL is sized in order to allow the execution 

of the intended refueling events each day in succession, meaning there is no waiting period or 

compression phases between two successive refuelings. Consequently, the hydrogen banks of the 

cascade system can be refilled at the conclusion of the working day. 

Since the duration of the refueling event (refueling time) is equal to 5 minutes, and by 

assuming an initial pressure at the dispenser of 50 bar, the 𝐴𝑃𝑅𝑅 has been set to 159 bar/min. 

This leads to a target pressure equal to 842.4 bar, which is lower than the considered limit value, 

i.e., 875 bar. The average hydrogen mass flow rate delivered to the dispenser, 𝑚 𝐻2,𝑑𝑖𝑠𝑝, results 

equal to 0.918 kg/min, calculated considering the total hydrogen dispensed in a single refueling 

event (4.59 kg) divided by the refueling time. 

The results of the sizing of the RL, obtained by applying the described methodology, are 

reported in Table 3.  
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Table 3. Refueling line sizing results. 

Parameter Unit Value 

𝑁𝑆𝑇,𝐿𝑃 / 𝑁𝑆𝑇,𝑀𝑃 / 𝑁𝑆𝑇,𝐻𝑃  -  3 / 6 / 9 

𝑉𝑆𝑇 m3 0.7 

H2 main ground storage size (200 bar) kg (m3) 418.6 (27.7) 

 

Figure 8 shows the pressure evolution inside the STs of each bank in the worst-case scenario 

and considering that the 38 refueling events occur in sequence (the total time is 190 min). The 

dispenser pressure for each refueling event is also represented. According to the defined strategy, 

when the pressure at the dispenser increases and gets close to the lower pressure of the storage 

tank, the refueling process shifts to the next storage tank, which may be from the same bank or 

from a different unit that operates under a higher pressure. As an example, for the 1st refueling 

event, the first storage tank of the LP bank (ST1) starts the refueling process, and its pressure 

consequently reduces approaching the dispenser pressure. The process continues switching to 

the ST2 of the same bank and, following the same mode, the refueling continues first with the ST1 

of the MP bank and then with the ST2 of the same bank. The refueling event is completed with the 

ST1 of the HP bank. 

 

 
Figure 8. Pressure evolution in the three-cascade storage system for each refueling event according to the 

required dispenser pressure. 

 

Figure 9 presents the residual H2 mass in the three-cascade storage system after the 38 

refueling events and the hydrogen utilization factor (𝐻𝑈𝐹) for the different STs. The HUF is 

calculated as: 

  

𝐻𝑈𝐹 = 1 − 
𝑚𝐻2,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑚𝐻2,𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 (7) 

 

where 𝑚𝐻2,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the initial H2 mass in the ST, and 𝑚𝐻2,𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 is the residual H2 mass at the end 

of the last refueling event. It is worth noting that the hydrogen utilization factor (HUF) decreases 

moving from the LP to the HP bank. This is in accordance with the pressure trends presented in 

Figure 8, taking into account that the tanks of the HP bank do not excessively reduce their 
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pressure, delivering a lower hydrogen mass to the dispenser compared to the storage banks 

operating at lower pressures. Considering the three different banks of the cascade system, the 

HUF is equal to 75.8%, 45.6%, and 19.7% for the LP, MP, and HP banks, respectively. The hydrogen 

utilization factor of the entire cascade system is equal to 33.9%. 

 

  
A) B) 

 
C) 

 

Figure 9. Residual H2 mass for the low pressure (A), medium pressure (B), and high pressure (C) storage 

tanks after the 38 refueling events. 

 

 

4.3 Hydrogen production section 

Referring to the hydrogen production section, it has been sized according to the proposed 

strategy, considering a constant hourly hydrogen production equal to 7.27 kg/h (it is stored at 

200 bar). Moreover, the size of the PV plant is calculated for satisfying the annual electricity 
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required by the HRS (i.e. the annual electricity consumption of the electrolyzer, of the compression 

units of both HPS and RL, and of the pre-cooling unit of the RL), while the battery size is chosen 

in such a way the net energy stored allows powering the electrolysis unit at full load for 4h. The 

specific energy consumption of the RL’s pre-cooling unit is assumed equal to 2.0 kWh/kg [22] 

while those of the refilling process of the cascade system are assumed equal to 0.9, 1.4, and 2.0 

kWh/kg for the LP, MP, and HP banks, respectively. The specific consumption of the compression 

unit of the HPS is considered equal to 1.2 kWh/kg. The results of the sizing procedure are reported 

in Table 4. 

 
Table 4. Hydrogen production section sizing results. 

Parameter Unit Value 

PV plant size MW  2.44 

Electrolysis unit size kW 500 

Compression unit size kW 10 

Battery pack size MWh 2.3 

 

The plant produces a total annual hydrogen amount equal to about 63.7 tons, with an annual 

electricity excess diverted to the grid equal to 1802.5 MWh, and integrates 1748.1 MWh of 

electricity from the grid over the year. 

5. Conclusions 

In this work, a modeling approach for sizing a small on-site HRS, designed to serve a local 

fleet of light-duty vehicles, is presented. Dynamic models have been developed to predict the 

hydrogen demand and to size both the hydrogen production section and the refueling line. The 

developed numerical approach has been used to size a small on-site grid-connected HRS, which 

uses a PV plant as RES. The main results can be summarized as: 

• A worst-case scenario for the hydrogen demand profile has been identified, in which 

the maximum hourly demand is 32.1 kgH2/h, while the daily flow of hydrogen is equal 

to 174.4 kgH2/day; 

• The three-cascade storage system of the refueling line is composed of 3 LP tanks, 6 

MP tanks, and 9 HP tanks of 0.7 m3 each. The HUF is equal to 75.8%, 45.6%, and 

19.7% for the LP, MP, and HP banks, respectively, while the HUF of the entire cascade 

system is equal to 33.9%. 

• The hydrogen production section is composed of a 2.44 MW PV plant equipped with 

a 2.3 MWh battery pack, a 500 kW electrolysis unit, and a 10 kW compressor unit. It 

produces about 63.7 tons of hydrogen per year, diverting an annual electricity excess 

to the grid equal to 1802.5 MWh, and integrates 1748.1 MWh of electricity from the 

grid over the year. 
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