
Thermodynamic modelling and optimization of a 35MPa hydrogen 
refueling station using MATLAB-Simulink

Roberta Tatti * , Mario Petrollese
Department of Mechanical, Chemical and Material Engineering, University of Cagliari, Cagliari, Italy

A R T I C L E  I N F O

Keywords:
Hydrogen refueling station
Hydrogen storage system
Hydrogen refueling
Heavy-duty refueling
Thermodynamic and dynamic modelling
Parametric analysis

A B S T R A C T

The transport sector accounts for over 20% of global CO2 emissions. Fuel Cell Electric Vehicles represent a 
promising solution for heavy-duty applications. Their deployment, however, depends on efficient Hydrogen 
Refueling Stations.

This study develops a thermodynamic model of a 35 MPa hydrogen refueling station for heavy-duty vehicles in 
Matlab-Simulink, including storage tanks, compressor, hydrogen pre-cooler, and vehicle tanks. Dynamic models 
are used to analyse key parameters and to assess station performance through a parametric and a realistic 
analysis based on bus fleet demand.

Results show that to increase number of refuelings it's necessary to increase the cascade system volume by 30% 
or 45%, while refueling times are between 3 and 7 min. Considering the realistic operation and a bus fleet de
mand, refueling time decrease to 3-4 min. Finally, the control logic for the cascade system, combined with 
precooling temperature of − 10◦C, enables safe and efficient HRS operation under variable demand conditions.

Nomenclature

Symbols ρ Density [kg/m3]
A Area [m2] τ Isobaric expansion
c Specific heat Subscripts
D Diameter [m] C Composite layer
g Gravity acceleration [m/s2] ext External conditions
h Enthalpy [J/kg] H2 Hydrogen
k Heat transfer Coeff. [W/m2 K] in Initial Conditions
l Length [m] int Internal Conditions
m Mass [kg] L Liner layer
ṁ Mass Flow Rate [kg/s] NOM Nominal Conditions
MM Molar Mass [kg/kmol] out Outlet conditions
Nu Nusselt number v Volumetric
p Pressure [bar] w Tank Wall
P Electric Power [W] Acronyms
Q Heat transfer [kW] APRR Average Pressure Ramp Rate
r Radius [m] BEV Battery Electric Vehicle
R Ideal gas constant [J/kg K] FCEV Fuel Cell Electric Vehicle
Ra Rayleigh number GHG Greenhouse Gases
Re Reynolds number HC Hydrogen Compressor
s Tank thickness HG Hydrogen Generator
t Time [h] HPT High pressure tank
T Temperature [◦C] HRS Hydrogen Refueling Station
u Internal Energy [J/kg] HT Hydrogen Tank
V Volume [m3] ICE Internal Combustion Engine

(continued on next column)

(continued )

β Compression ratio LPT Low pressure tank
γ Temperature Coefficient [− ] NWP Nominal Working Pressure
η Efficiency [− ] PC Pre-Cooling
λ Thermal conductivity [W/m K] SOC State of Charge
μ Dynamic viscosity [Pa s] VT Vehicle Tank

1. Introduction

In light of the continuous rise in greenhouse gas emissions in recent 
years, and in order to prevent global average temperatures from 
increasing by more than 1.5◦C [1], sustainable solutions must be 
investigated and promoted. Particularly, the transport sector accounts 
for over 20% of global CO2 emissions, with road transport as the main 
contributor [2].

In this context, sustainable vehicles have begun increase in recent 
years. Referring to electric vehicles, these are typically categorized into 
two main types: Battery Electric Vehicles (BEVs) and Fuel Cell Electric 
Vehicles (FCEVs) [2–4]. While both are emission-free during operation 
[2–4], they differ in how energy is stored and delivered. BEVs rely on 
batteries to supply electricity directly to the motor, whereas FCEVs use 
hydrogen, usually stored at high pressure, which is converted into 
electricity via fuel cells [2–4]. The choice between BEVs and FCEVs 
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become particularly relevant when considering the vehicle class. For 
light-duty vehicles, battery weight is generally manageable, and BEVs 
benefit from higher energy efficiency compared to FCEVs. However, in 
heavy-duty applications, the mass of battery systems can become a 
limiting factor [5–8]. Hydrogen, with its superior gravimetric energy 
density, allows FCEVs to maintain a lower overall system weight, 
making them more suitable for long-range and high-payload operations 
[5,7,8]. One of the key operational advantages of FCEVs is their refu
eling time. Light-duty FCEVs can be refuelled in approximately 3–5 min, 
similar to conventional petrol or diesel vehicles [5,7,8], while 
heavy-duty models may require around 10 min [7]. Despite these ben
efits, FCEVs have not yet seen widespread adoption. Current research is 
focused on improving the efficiency and affordability of hydrogen fuel 
cells, as well as expanding the infrastructure for hydrogen production, 
storage, and distribution. Increasing the number of refueling stations 
and reducing the costs associated with hydrogen logistics are considered 
essential steps toward broader deployment of FCEVs [9].

As the adoption of electric vehicles (both BEVs and FCEVs) continues 
to grow, the number of refueling stations is also increasing: in fact, the 
increase in Hydrogen Refueling Stations (HRS) from 2020 to 2024 has 
almost doubled, reaching just over 1200 units [6]. There are several 
types of HRS configurations: they vary depending on how the hydrogen 
is stored (in liquid or gaseous phase) and where it is produced (on-site or 
off-site). Hydrogen storage technologies can be broadly classified into 
three main categories: compressed gaseous hydrogen, liquid hydrogen, 
and material-based storage systems. Compressed hydrogen is the most 
widely used solution in current refueling infrastructure due to its rela
tive technological maturity and compatibility with fast filling protocols, 
typically operating at 350–700 bar [9–12]. Liquid hydrogen storage 
enables higher volumetric energy density but requires cryogenic tem
peratures (− 253◦C), leading to significant energy penalties associated 
with liquefaction and boil-off management [13–16]. In contrast, 
solid-state storage systems, including metal hydrides and carbon-based 
adsorption materials, offer enhanced safety and potentially higher 
volumetric density, but their practical application is currently limited by 
thermal management constraints, slow kinetics, and system-level weight 
penalties [17–19]. For the storage of gaseous hydrogen, a key aspect of 
storage tank modelling is heating transfer during refueling. In this way, 
semi-empirical and empirical correlations are often used, based on 
dimensionless numbers such as Nusselt, Reynolds, and Rayleigh [20,21]. 
These allow dynamic calculation of the heat transfer coefficient, which 
depends on parameters like mass flow rate, injection geometry, gas 
temperature and pressure. The refueling of high-pressure hydrogen 
tanks presents significant thermodynamic challenges. Rapid gas 
compression and the negative Joule-Thomson effect led to a sharp 
temperature increase during fast fills [22–24]. This thermal rise must be 
carefully controlled to prevent tank deformation, material fatigue or 
failure. To address these risks, the SAE J2601-5 protocol, specific to 
heavy-duty vehicles, establishes strict safety thresholds: a maximum 
temperature of 85◦C and a peak pressure of 1.25 times the nominal 
working pressure [25–27]. To ensure compliance with these limits, 
thermodynamic modelling of HRS systems is essential.

Numerous studies have investigated HRSs, most of them aiming to 
balance refueling speed with thermal safety. De Miguel et al. analysed 
the refueling and emptying phases of two type IV and one type III tanks 
at 70 MPa. Refueling times ranged from 2.6 to 9.7 min, but only one tank 
(19 l, type IV) achieved full State Of Charge (SOC) while meeting SAE 
requirements [28]. Molkov et al. proposed a thermodynamic model for 
two type III and one type IV tanks, but the study placed limited emphasis 
on SAE compliance. Final SOC values were below 100%, as pressure 
targets were reached before full fill [29]. Deng et al. focused on the 
correlation between initial and final temperatures during refueling of 
four tanks (two type III, two type IV), using fixed refueling times from 
literature (3.33–3.67 min), thus without calculating them directly [30]. 
Liu et al. studied both refueling and post-refueling maintenance phases, 
highlighting the need for preliminary cooling due to final temperatures 

exceeding 100◦C. Refueling times were set constant at 3 and 5 min, 
depending on the simulation [31]. Fragiacomo et al. model the refueling 
of a 230 l type IV tank at 35 MPa in Matlab-Simulink, focusing on 
pressure losses and control valves. Refueling times varied between 3.5 
and 10 min, while respecting SAE J2601-2 limits [32]. Luo et al. intro
duce a three-stage cascade refueling strategy, reducing refueling time 
from 40 to 20 min. Their Matlab-Simulink model considered both single 
and multiple tanks at 35 MPa [33]. Xiao et al. implemented a detailed 
heat transfer model for type III and IV tanks, distinguishing between 
hydrogen, tank wall, liner, and shell. Refueling times were around 
3.5 min across various tank volumes (29–171 l) [34]. Tun et al. model 
the full HRS infrastructure for a 1400 l type IV tank at 70 MPa, using two 
configurations (28 × 50 l or 4 × 350 l). Refueling times ranged from 4.7 
to 9 min, depending on SOC and temperature limits [35]. Martorelli 
et al. also studied a 25 l type III tank at 70 MPa, considering infra
structure components. Refueling times varied between 2 and 3.72 min 
[23]. Stops et al. investigated the full hydrogen lifecycle including 
discharge, refueling, and dormancy for gaseous, cryo-compressed, and 
liquid hydrogen. However, no specific refueling times were reported 
[36]. Saferna et al. investigated the thermodynamic behaviour during 
rapid filling of type IV composite tanks with hydrogen, methane, and 
their blends. Results showed hydrogen fills tanks 36% faster than 
methane but stores 28% less energy due to lower density. Hydrogen also 
generates 52% more entropy and reaches higher temperatures during 
filling [37]. Caponi et al. compared single-tank and multi-tank cascade 
hydrogen storage systems for refueling fuel cell buses using a dynamic 
thermodynamic model. Both systems delivered similar refueling time: 
about 38 min to dispense 37.58 kg of hydrogen per bus [38]. Galassi 
et al. investigated fast hydrogen filling using validated CFD simulations 
to assess temperature evolution and safety. Various scenarios are ana
lysed: adiabatic, cold filling, and different pressure-rise profiles. Results 
showed that adiabatic filling leads to a 20% higher temperature and 
10% less hydrogen mass, while cold filling reduces peak temperature by 
5% and increases hydrogen mass by 3.6% [39]. Li et al. presented a 
thermodynamic study of fast filling in a 50 MPa hydrogen storage tank, 
focusing on temperature and pressure evolution. Shorter filling times 
result in higher temperature rise. In this regard, strategies combining 
pre-cooling and variable filling rates are proposed to reduce temperature 
and improve safety [40]. Hall and Ramasamy developed a thermody
namic model to simulate gas temperature during fast filling of hydrogen 
cylinder. Refueling times range from 37 to 200 s, depending on the case 
[41].

The most relevant results from these studies are summarized in 
Table 1, which highlights the key parameters and result.

The literature review highlights several gaps in the current state of 
research. While numerous studies have investigated the thermodynamic 
behaviour during hydrogen refueling, key limitations still persist. Many 
works do not explicitly verify compliance with SAE J2601-5 safety re
quirements, while others focus mainly on tank-level analyses without 
considering the interaction among the different subsystems composing 
the Hydrogen Refueling Station (HRS). Furthermore, several studies rely 
on prescribed refueling times rather than calculating them dynamically, 
or do not provide information regarding the achievable State of Charge 
(SOC). Most importantly, limited attention has been devoted to heavy- 
duty applications requiring large hydrogen capacities and repeated 
consecutive refueling operations.

In addition, despite the widespread adoption of cascade storage 
systems, most previous studies employ conventional operating strategies 
based on preferential depletion of the highest-pressure storage vessels, 
while the replenishment of downstream storage levels is generally 
delayed until the completion of upstream charging processes. As a 
consequence, the influence of alternative cascade management logics on 
station performance and storage utilization has received limited 
attention.

To address these gaps, this work proposes a fully integrated dynamic 
model of a 35 MPa Hydrogen Refueling Station for heavy-duty FCEV 
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applications developed in MATLAB/Simulink. The model includes 
dedicated sub-models for the compressor, pre-cooling unit, cascade 
storage system, control valves and vehicle tanks, allowing the interac
tion among all HRS components to be evaluated under realistic oper
ating conditions while ensuring compliance with SAE J2601-5 
requirements.

Unlike conventional cascade strategies commonly adopted in liter
ature, the present work implements an alternative storage management 
logic in which the replenishment of storage tanks is not postponed until 
the complete charging of upstream vessels. Instead, coordinated filling 
of different storage levels is allowed during station operation. This 
approach is intended to maintain favourable pressure gradients during 
consecutive refueling events, improve the effective utilization of the 
storage capacity and reduce thermal and mechanical stresses experi
enced by the storage tanks.

Moreover, the proposed model provides a flexible simulation 
framework that can be adapted to different tank technologies and 
operating conditions, enabling the analysis of repeated heavy-duty 
refueling scenarios and the assessment of the influence of key design 
and operating parameters on the achievable refueling capacity.

The specific objectives of this study are: 

• the development of comprehensive dynamic models of a 35 MPa 
Hydrogen Refueling Stations to assess and optimize refueling ca
pacity ensuring compliance with SAE J2601-5 safety protocol;

• the study of the maximum number of refuelings that the HRS is able 
to guarantee by varying some fundamental parameters, through a 
parametric analysis.

2. System configuration

This section describes the Hydrogen Refueling Station (HRS) 
modelled in this study, characterized by a Nominal Working Pressure 
(NWP) of 35 MPa. The station is designed to refuel hydrogen buses 
operating at 35 MPa, and the analysis focuses on assessing refueling 
capacity under both parametric analysis and realistic simulation while 

ensuring compliance with SAE J2601-5 safety protocol [42].
The system configuration is shown in Fig. 1. As shown in the figure, 

the HRS layout consists of several key components: a Low-Pressure Tank 
(LPT) for initial hydrogen storage, a Hydrogen Compressor (HC) to 
pressurize the hydrogen, a 3-stage cascade system of High-Pressure 
Tanks (HPT) for intermediate storage, a hydrogen Pre-Cooling (PC) 
system to manage thermal effects during refueling, Vehicle Tanks (VT, 6 
per bus) and various control valves. The figure also indicates the Nom
inal Working Pressures of each component.

The LPT operates at 3.5 MPa, corresponding to the delivery pressure 
from a generic Hydrogen Generator (HG). The cascade system comprises 
3 HPTs with progressively increasing pressures: 35 MPa (HPT3), 40 MPa 
(HPT2), and 45 MPa (HPT1). This configuration was specifically 
designed to enable efficient refueling of buses equipped with 35 MPa 
vehicle tanks. The cascade strategy allows for sequential tank utiliza
tion, optimizing hydrogen transfer and minimizing compression energy. 
To support this architecture, the HC is capable of compressing hydrogen 
to pressures up to 45 MPa, depending on which HPT is being refilled. All 
storage tanks (both the LPT and the HPT cascade system) are assumed to 
be located outdoors, exposed to ambient temperature variations 
throughout the year.

The purpose of the HRS is to supply high-pressure hydrogen 
(35 MPa) to a certain number of hydrogen buses when requested by the 
buses themselves. In order to understand how many buses can be refu
elled without exceeding the limits set by the SAE J2601-5 protocol [27] 
and considering that the HRS will be refuelled with green hydrogen 
produced from renewable sources, a 1-h HRS working period was 
studied in Matlab-Simulink. This makes it possible to carry out a dy
namic study of the thermodynamic behaviour inside all hydrogen tanks, 
particularly those on buses, to verify that the pressure and temperature 
values are always lower than those imposed by the protocol. Further
more, it is possible to know how many buses can be refuelled in 1 h 
(always in compliance with SAE limits), leaving time at the end of the VT 
refueling process to refuel the storage system.

In particular, two simplifications were made during the simulation. 
The refueling of the vehicle tanks was assumed to occur simultaneously, 
meaning that all tanks were considered to experience the same inlet 
conditions and equivalent flow path lengths from the dispenser. 
Although real HRS layouts may involve small differences in pipe lengths 
and transient flow distribution among tanks, this simplification was 
adopted to focus the analysis on the overall thermodynamic behaviour 
of the refueling process and on compliance with SAE J2601-5 con
straints. The assumption is considered acceptable for system-level in
vestigations, where local flow distribution effects are expected to have a 
limited impact on the global filling dynamics.

Pressure losses associated with pipes, valves, elbows, and fittings 
were neglected. A preliminary assessment of typical hydrogen refueling 
station piping systems indicates that the resulting pressure drops are 
significantly smaller than both the system operating pressure level (up to 
35 MPa) and the pressure variations imposed by the cascade refueling 
strategy. This is consistent with findings reported in the literature for 
similar 0D thermodynamic models of hydrogen refueling stations, where 
pressure drops in the piping system were found to remain below 1% of 
the nominal working pressure and therefore not to affect the predicted 
refueling operation [43]. Therefore, their influence on predicted mass 
flow rates and refueling time is limited at system level. However, this 
simplification may still lead to a slight overestimation of the effective 
pressure at the vehicle inlet and a corresponding underestimation of 
refueling duration.

Transient phenomena associated with valve switching operations 
and potential short-time flow instabilities are not explicitly resolved in 
the present 0D quasi-steady formulation. This is a common and accepted 
simplification in system-level thermodynamic models of hydrogen 
refueling: any transients generated by valve switching propagate 
through the system on timescales significantly shorter than the overall 
refueling duration and are therefore slow enough that balance-of-plant 

Table 1 
Studies on the thermodynamic refueling of hydrogen tanks.

Reference Refueling time 
[min]

Tank 
type

Tank capacity 
[l]

Tank 
Pressure 
[MPa]

[28] 2.6 – 9.7 
4.2 – 4.3 
4.8 – 8.1

III 
IV 
IV

40 
29 
19

70 
70 
70

[29] 10.67 
7 
4.17

III 
III 
IV

74 
40 
29

70 
70 
77

[30] 3.33 – 3.67 
3.33 – 3.67 
3.33 – 3.67 
3.33 – 3.67

IV 
III 
IV 
III

174 
40 
29 
25

- 
77 
77 
-

[31] 3 
5

III 
IV

150 35 
70

[32] 3.5 – 10 IV 230 35
[33] 17.8 – 43.3 - 90.5 35
[34] 3.5 

3.5 
3.5 
3.5

IV 
III 
IV 
III-IV

29 
171 
72 
150

70 
35 
35 
35

[35] 4.9 – 9 IV 1400 70
[23] 2 – 3.72 III 25 70
[36] - 

- 
-

III 
- 
III

500 40 
1.6 
70

[37] 1.58 – 4.67 IV 1.2 – 350 35 – 70
[38] 38 III 4030 – 6700 30 – 45
[39] 4 IV 29 70
[40] 0.2 – 3.33 - 342 55
[41] 0.62 – 3.33 III – IV 28.9 – 74.3 77.5
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component transients can be ignored at the system level [44]. Similarly, 
the quasi-steady assumption implies that flow resistance and tempera
ture variations in the piping are neglected, as their effect on the overall 
thermodynamic evolution is considered negligible [45]. These effects 
are expected to influence only local and short-duration pressure oscil
lations, while having negligible impact on the thermodynamic state 
evolution of the storage and vehicle tanks.

Finally, piping layouts and fittings strongly depend on the specific 
HRS design and site configuration, making a generalized and reliable 
estimation of distributed and localized losses difficult within a system- 
level modelling framework. The expected impact of these neglected 
phenomena on the global performance indicators remains limited and 
does not alter the main trends identified in this study.

3. Mathematical models

As mentioned, four main components were modelled in this study: 
hydrogen tanks (both storage and vehicle ones), a hydrogen compressor, 
different expansion valve and the hydrogen pre-cooler. All the pressure 
losses were neglected. In the following, the mathematical models 
implemented to evaluate the expected performance of each component 
will be described.

3.1. Vehicle tanks and hydrogen storage tanks (LPT and HPTs)

3.1.1. Vehicle tanks validation
The VTs were modelled thermodynamically and validated as re

ported in Ref. [46]. Starting with the conservation of mass and energy, 
the two balances are written in Equation (1) and Equation (2). 

dm
dt

= ṁin − ṁout (1) 

m ⋅
du
dt

+ u⋅
dm
dt

= ṁin⋅hin − ṁout ⋅hout − Q̇H2w (2) 

where m and ṁ are the mass stored and the mass flow rate of hydrogen, 
respectively, in and out represent the refueling and emptying phases, t 
represent the time, u is the internal energy per unity of mass, h is the 
enthalpy and Q̇H2w represent the heat transfer from the gas to the tank 
wall, obtained with Equation (3). 

Q̇H2w =Ain ⋅ kH2 ⋅(TH2 − Tw) (3) 

where Ain is the inner surface area of the tank, kH2 is the heat transfer 
coefficient and TH2 and Tw indicate the gas and wall temperature, 
respectively.

The heat transfer coefficient is calculated exploiting the Nusselt 
number (Equation (4)), expressed depending on the Reynolds number, 
Re, and the Rayleigh number, Ra (Equation (5)) [47]. 

Nu=
kH2

λ/Dint
= a1⋅Reb1 + a2⋅Rab2 (4) 

[

Re=
4 ⋅ ṁ

ntank ⋅π⋅ μ⋅ dinlet

]

;

[

Ra=
g ⋅τ⋅ (TH2 − Tw) ⋅cp ⋅ρ2 ⋅D3

int
μ⋅ λ

]

(5) 

where λ is the thermal conductivity, Dint is the characteristic length or 
internal diameter of the tank (since all tanks were assumed to be posi
tioned horizontally), a1, b1, a2, b2 are specific coefficient and exponents 
for the Re and Ra numbers, nt is the total number of tanks, μ is the dy
namic viscosity, Dnozzle is the nozzle diameter, g is the gravity accelera
tion, τ is the isobaric expansion coefficient, cp is the specific heat at 
constant pressure and ρ is the gas density. Regarding the coefficient and 
exponents for the Re and Ra numbers, a1 and b1 were assumed equal to 
0.021 and 0.67, respectively, while a2 and b2 are equal to 0.004 and 
0.352, respectively [48]. These values were kept constant for each tank. 
The adopted empirical correlation, widely used in hydrogen fast-filling 
studies [46–48], is considered suitable for system-level dynamic simu
lations under high-pressure operating conditions, although local tur
bulence and spatial temperature gradients inside the tank are not 
explicitly resolved.

Solving the mass balance equation is possible to calculate the 
hydrogen mass inside a tank at each time step i, according to Equation 
(6). 

dm
dt

= ṁin − ṁout → mi =mi− 1 +
(
ṁin,i − ṁout,i

)
⋅Δti (6) 

Since the hydrogen mass is known, the State of Charge of the tanks, 
SOCi, and the hydrogen pressure, pi, can be calculated as reported in 
Equation (7). 
[

SOCi =
mi

mNOM

]

;

[

pi =
mi⋅Zi⋅TH2 ,i⋅R
MMH2 ⋅ Vtank

]

(7) 

where mNOM is the nominal mass, Zi is the compressibility factor 
(considering hydrogen a real gas), R is the gas constant, MMH2 is the 
hydrogen molecular mass and Vtank is the tank volume. In particular, Zi 
was calculated for each time step, considering the measured tank pres
sure and the average temperature of the gas calculated as reported 
before.

As can be seen, the hydrogen pressure depends on the temperature of 
the gas inside the tank, TH2 ,i, which can be found solving the energy 
balance (Equation (2)) and making some consideration. In fact, since 
ui = cv,i⋅TH2 ,i, hin,i = cp,i⋅Tin,i and hout,i = cp,i⋅Tout,i (where cv is the specific 
heat at constant volume and Tin is the temperature of the supplied 
hydrogen) it is possible to arrive at simplified relations of the variation 

in time of the hydrogen 
(

dTH2
dt

)

and wall 
(

dTw
dt

)

temperatures, as indi

cated in Equation (8) [38,49] and Equation (10) [38], respectively. The 
parameters used to obtain the gas temperature (α, t*, T* and γ) are 

Fig. 1. Schematic system of the Hydrogen Refueling Station.
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reported in Equation (9). 
[
dTH2

dt
=(1+ αi)

T*
i − TH2 ,i

t*
i + t

]

(8) 

[

αi =
Ain⋅kH2 ,i

ṁi⋅ cv,i

]

;

[

t*
i =

m0

ṁi

]

;

[

T*
i =

αi ⋅Tw,i + γi⋅Tin

1 + αi

]

;

[

γi =
cp,i

cv,i

]

(9) 

[
dTw

dt
=

Tw,i − TH2 ,i

t*
w,i

]

;

[

t*
w,i =

mw⋅cp,w

Ain⋅kH2 ,i
=

ρw⋅Vtank⋅cp,w

Ain⋅kH2 ,i

]

(10) 

where m0 is the initial hydrogen mass inside the tank, γ is the ratio be
tween the specific heat at constant pressure and volume, mw is the mass 
of the tank, calculated multiplying the tank density (ρw) and volume 
(Vtank), and cp,w is the specific heat of the wall tank. The hydrogen gas 
temperature is modelled as a spatially lumped, time-dependent average 
state, meaning that no spatial temperature gradients within the gas 
phase are resolved. This assumption is consistent with zero-dimensional 
thermodynamic models commonly used for fast-filling simulations [48].

Since the type III and IV tanks are characterized by two materials, the 
calculation of the wall temperature has been discretized, considering the 
increasing of the area (Aj) and volume (Vj) of the tank wall, as indicated 
in Equation (11) and Equation (12), respectively. In particular, it was 
assumed to consider 10 shell elements for each layer, each one with the 
same length dx [48]. 

Aj = 2 ⋅π⋅
[(

r+(j − 1)⋅dx
]

⋅ lint +4 ⋅ π⋅
[(

r + (j − 1)⋅dx]2 (11) 

Vj = π ⋅
[
(r + j⋅dx)2

− (r + (j − 1)⋅dx)2] ⋅ lint

+
4
3

⋅ π⋅
[
(r + j ⋅dx)3

− (r + (j − 1)⋅dx)3] (12) 

where r is the inner radius of the tank, Lint is the total internal length of 
the tank and j indicates the tank layer. The discretization of the wall 
temperature, as reported in Equation (13), was implemented with 
different parameters (from x1 to x6). Depending on the layer, indexed in 
the first column of Table 2, it is possible to substitute each parameter in 
Equation (13) to obtain the formula for each layer considered. The 
subscript L indicates the liner layer (aluminium), while the C the com
posite one (carbon fibre reinforced polymer). 

dTw,j

dt
=

Aj⋅x1⋅
(

x2 − Twj

)
− Aj+1⋅x3⋅

(
Twj − x4

)

x5⋅x6⋅Vj
(13) 

In particular, the first term in the numerator of Equation (13) considers 
the heat exchanged due to the hydrogen mass flow. Therefore, during 
filling operations (ṁ > 0) it influences the temperature increase, while 
during unloading operations (ṁ < 0) it determines a temperature 
decrease. In stand-by conditions (no mass flow), this contribution has 
been neglected and the evolution of the wall temperature has been 
calculated considering only the second term, which represents the heat 
exchange between the tank wall and the surrounding environment. In 
these conditions, in fact, the gas temperature remains approximately 
constant, while the wall temperature tends to approach thermal 

equilibrium with the ambient temperature.
All the values dependent on the gas pressure and temperature, as cp 

cv, μ, h, u, λ, τ and ρ were obtained by Coolprop, as a function of pressure 
and temperature, at each time step.

The main parameters of the VT validated, such the geometry and 
material properties, are reported in Table 3.

In particular, only 2 cases were analysed and validated of the 3 re
ported in the reference study (due to data availability) [48]: Test no. 4 
and Test no. 12. The characteristics of these tests, as well the initial 
simulation data, are reporter in Table 4.

To evaluate the error between the experimental values and the ones 
calculated with the Matlab- Simulink model, the Root Mean Square 
Error (RMSE) and its percentage value, compared to the average of the 
experimental values 

(
RMSEMEAN

% ), were calculated with Equation (15). 

[

RMSE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n

∑n

i=1
(yi − ŷi)

2

√ ]

;

⎡

⎢
⎢
⎢
⎣

RMSEMEAN
% =

RMSE
1
n
∑n

i=1
yi

⋅ 100

⎤

⎥
⎥
⎥
⎦

(15) 

where n indicates the number of measurement data, yi are the experi
mental values and ŷi are the results calculated with the model at each 
time step. The results are summarized in Table 5.

As can be noted, the percentage error is always lower than 1% for 
both pressure and temperature. Regarding the absolute error for tem
perature, this is just a bit lower or greater than 2.5 K, depending on the 
test, while for pressure the values are very low and included between 
~0.05 and ~0.07 MPa.

Given that the error results fall within acceptable limits, the vali
dated model of the VT was adopted as the basis for the modelling of both 
low- and high-pressure storage tanks.

3.1.2. Hydrogen tanks considered in this study
The LPT and HPT considered are a type I and a type IV tank, 

respectively, with the first modelled from data from Ref. [49], while the 
VTs are type III tank, as the tank validated before. As reported previ
ously, the VTs are 6, accordingly with the hydrogen bus chosen for this 
study [50].

The different types of tanks were modelled with the same principles 
used for the VT validation (from Equation (1) to Equation (13)). Since no 
experimental data are available for this specific study, the increase in VT 
pressure during the refueling phase was calculated considering a con
stant Average Pressure Ramp Rate (APRR), as given in Equation (14). 

pVT,i = pVT,(i− 1) + APRR⋅ti (14) 

where pVT,i and pVT,(i− 1) are the gas pressure at time ti and t(i− 1), 
respectively. The APRR is defined as the average rate of pressure in
crease in the vehicle tank during refueling (MPa/min), and it is used as a 
control parameter to regulate the hydrogen filling process in accordance 
with the SAE J2601-5 protocol. The hydrogen mass inside the VT was 

Table 2 
Parameters used to calculate the discretized wall temperature.

x1 x2 x3 x4 x5 x6

j = 1 kH2 ,i TH2 λL/dxL Twj+1
ρL cpL

1 < j < 10 λL/dxL Twj− 1 λL/dxL Twj+1
ρL cpL

j = 10 λL/dxL Twj− 1 λL + λC

dxL + dxC

Twj+1 ρL cpL

j = 11 λL + λC

dxL + dxC

Twj− 1 λC/dxC Twj+1
ρC cpC

11 < j < 20 λC/dxC Twj− 1 λC/dxC Twj+1
ρC cpC

j = 20 λC/dxC Twj− 1 kH2 ,out Tamb ρC cpC

Table 3 
Properties of the VT tank validated [48].

Parameter VT (type 
III)

Parameter VT (type 
III)

pin − pnom [MPa] 2.99 – 35 Dnoozle [mm] 6
min − mnom [kg] 0.779 – 

7.68
λl− λC [W/ 

mK]
202 – 1

Vtank [m3] 0.32 ρl− ρC [kg/m3] 2700 – 
1494

Dint − Dext [m] 0.337 – 
0.417

cp,l − cp,C [J/kgK] 900 – 938

Lint − Lext [m] 3.05 – 3.13 kout [W/ 
m2K]

8

Tank Thickness – 
dx

[m] 0.04 – 
0.002

​ ​ ​
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then calculated by multiplying the tank volume and density (obtained 
with Coolprop as a function of pressure and temperature), while the 
mass flowrate is a result of Equation (6), since the mass is known.

Since the mass flowrate required by the VTs is known, this value was 
used to empty the HPT cascade system. In particular, the emptied HPT 
depends on the pressure inside both tanks (HPT and VT). Logically, the 
first HPT to be emptied is the one at 35 MPa, while the last one is the 
45 MPa tank. Since the mass flow of the HPTs is known, all other pa
rameters can be calculated.

The LPT was modelled similarly to the HPT modelling, considering in 
this case the compressed hydrogen as mass flow rate to refuel the 
cascade system. Furthermore, since Type I tanks are characterized by a 
single material, the discretization of the tank wall temperature in 
Equation (13) was calculated differently. In particular, only 3 dis
cretization steps of Table 2 for the individual layers are considered: the 
first (j = 1), the second (with 1 < j < 20, where λ, ρ, cp and dx are the 
same for each layer), and the last one (j = 20). All other parameters 
were calculated similarly to the other tank types.

The main parameters of the tanks considered in this study are re
ported in Table 6. Regarding geometries, all tank types were scaled 
starting from data reported in Ref. [46].

The nominal pressure of the LPT is equal to the hydrogen production 
pressure in the HG, while that of the HPT cascade system is able to refuel 
the VT at 35 MPa. The three-stage cascade configuration (HPT1 at 
45 MPa, HPT2 at 40 MPa, and HPT3 at 35 MPa) was selected as the 

optimal balance between refueling efficiency and system complexity 
[51]. Previous studies demonstrated that 3 to 4 tanks represent the 
optimal configuration for cascade systems, as adding more than 4 tanks 
yields energy savings of less than 4% per additional tank [51]. A 2-tank 
cascade would result in excessive pressure drops and longer refueling 
times, particularly in the final phase when the VT approaches 35 MPa, as 
insufficient pressure differential significantly reduces mass transfer rates 
[38]. Conversely, a 4-tank system would provide only marginal im
provements while significantly increasing capital costs, space re
quirements, and maintenance complexity [51].

The chosen 3-stage configuration with approximately 5 MPa pres
sure steps ensures adequate pressure differentials throughout the refu
eling process, maintaining sufficient mass flow rates. Research showed 
that transitioning from a 1-tank to a 3-tank cascade system reduces total 
energy consumption by approximately 30-34% [51,52], while the 
cascading approach optimizes station storage management by mini
mizing pressure differentials between refueling and refuelled tanks 
throughout the process [38]. This pressure gradient allows approxi
mately 70-80% of the hydrogen stored in each HPT to be effectively 
transferred to the downstream tank before pressure equalization limits 
further transfer, thus maximizing the useable capacity of each vessel 
[53]. Regarding the dimensions, the total volume of the 6 VTs was ob
tained to contain in total 35 kg of hydrogen, nominal quantity of 
hydrogen storable in the bus chosen [50].

3.2. Hydrogen compressor

The HC considered in this study is a volumetric compressor 
(continuously operating with variable load and pressure), which has 
been modelled to avoid a final temperature after compression above 
135◦C [54] with the same principles indicated in Ref. [46]. Considering 
a gas inlet temperature always equal to 15◦C (due to an intercooler 
before each stage), a minimum pressure of 1.5 MPa (allowing LPT to 
discharge in a range between 1.5 MPa and 3.5 MPa), and the maximum 
pressures required by the HPTs, it is necessary to have at least 3 stages. 
The average compression ratio for a final pressure of 35 MPa, 40 MPa 
and 45 MPa, β(k), are equal to 2.86, 2.99 and 3.11 respectively.

Fig. 2 shows a simplified scheme of a generic stage k, with all pa
rameters calculated before or after the stage (indicate as HC(k)) and the 
intercooler (IC(k)).

Starting from the initial conditions of pressure and temperature 
(before the first stage) it is possible to define enthalpy (h) and entropy (s) 
with Coolprop. The conditions in the middle of the first stage were ob
tained considering constant entropy and intermediate pressure, through 
which the isentropic temperature and the isentropic enthalpy (his(k)) 
were calculated. These last values were then used to find the stage outlet 
enthalpy (h(k)), as a function of the isentropic efficiency (Equation (14), 
valid for compression ratios between 1.1 and 5 [55]), and the outlet 
temperature (T(k)) with Coolprop. 

ηis(k) =0.1091 ⋅ (ln β(k))
3
− 0.5247⋅(ln β(k))

2
+0.8577 ⋅ ln β(k) + 0.3727

(14) 

As mentioned, an intercooler was modelled at the end of each stage 
to keep the outlet temperature equal to 15◦C. The same approach was 
adapted for all stages. At the end of each stage, it is possible to calculate 
the power needed (Equation (15)), while by adding the power of each 
stage the total power of the compressor can be obtained. 

P(k) =
W(k)

ηis(k)⋅ηv(k)
=

˙mH2 ⋅(h(k) − h(k− 1))

ηis(k)⋅ηv(k)
(15) 

where W(k) is the work of a generic stage and ηv(k) is the stage volumetric 
efficiency, calculated with Equation (16) (Smith, 2005). 

ηv(k) =1 − β(k) − c⋅
(

Zin

Zout
⋅ β1/γ

(k) − 1
)

(16) 

Table 4 
Initial data for Test no. 4 and Test no. 12 simulations [48].

Test no. 4 Test no. 12

Pressure ramp rate [bar/min] 50 100
Pre-cooling [◦C] − 40 0
Ambient temperature [◦C] 15 15
Starting gas temperature [◦C] 15.06 15.35
Starting gas pressure [bar] 30.32 29.47
Starting gas mass [g] 801.56 778.71
Starting gas density [kg/m3] 2.505 2.433

Table 5 
Error results for Test no. 4 and Test no. 12.

Test no.4 Test no. 12

RMSE RMSEMEAN% RMSE RMSEMEAN%

Pressure 0.0731 MPa 0.438% 0.0514 MPa 0.316%
Temperature 2.682 K 0.87% 2.468 K 0.766%

Table 6 
Characteristic of the different tank types considered.

Parameter LPT HPT1 HPT2 HPT3 VT

Type ​ I IV IV IV III
pnom [MPa] 3.5 45 40 35 35
mnom [kg] 425.32 36.03 39.46 41.39 5.83
Vtank [m3] 150 1.25 1.5 1.75 0.27
Dint [m] 2.689 0.693 0.737 0.776 0.328
Dext [m] 2.856 0.757 0.805 0.847 0.406
lint [m] 24.17 2.849 3.028 3.188 2.97
lext [m] 24.5 2.913 3.096 3.259 3.05
AR [− ] 8.58 3.85 3.85 3.85 1.24
s [mm] 83.5 32 34 35.5 39
dx [mm] 4.175 1.6 1.7 1.775 1.95
dinlet [mm] 10.8 5.4 5.4 5.4 6
λL [W/mK] 50 0.3 0.3 0.3 202
ρL [kg/m3] 7850 1050 1050 1050 2700
cp,L [J/kgK] 490 1700 1700 1700 900
λC [W/mK] 50 0.43 0.43 0.43 1
ρC [kg/m3] 7850 1560 1560 1560 1494
cp,C [J/kgK] 490 1102 1102 1102 938
kh,outer [W/m2K] 100 100 100 100 8
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where c is the cylinder clearance (assumed equal to 10%) and Zin and 
Zout are the compressibility factors at the inlet and outlet conditions 
considering all stages, respectively. It is worth noting that the 
compressor is not modelled with a constant efficiency. Instead, the 
isentropic efficiency (Equation (14)) and the volumetric efficiency 
(Equation (15)) are evaluated at each stage as a function of the 
compression ratio β(k). Therefore, the compressor performance varies 
with operating conditions and load, allowing the model to capture 
changes in energy consumption under different pressure levels.

3.3. Expansion valve and hydrogen precooling

The expansion valve located between the HPT cascade system and 
the VT have the important role of regulating the pressure between the 
two mentioned components to keep the APRR constant. During the 
expansion process two simplifications were adopted: 1. the heat 
exchanged with the environment is zero (adiabatic process) and 2. the 
variation of kinetic energy is zero. This means that the enthalpy remains 
constant. These considerations help to find the valve outlet temperature, 
or the inlet temperature of the VTs. In fact, since the HPT and VT 
pressures are known, as well as the temperature of the HPT, it is possible 
to find the required temperature.

Regarding hydrogen pre-cooling, this was modelled with the same 
equation used in HC intercooling to calculate heat removal from 
hydrogen. Since the mass flow rate at the VT inlet is known, along with 
the enthalpy and inlet pressure (which vary depending on the HPT tank 
emptying) and the desired final temperature to which the hydrogen 
must be cooled, the outlet enthalpy was obtained. The heat to be 
removed from the gas was then calculated by multiplying the mass flow 
rate by the enthalpy difference between the initial and final states. 
Regarding electrical energy consumption, since the hydrogen cooling 
temperature per SAE J2601-5 ranges from − 40◦C to 0◦C, different Co
efficients of Performance (COP) were considered depending on the 
cooling temperature, as reported in Table 7 [56]. The electrical power of 
the cooler was therefore obtained by dividing the thermal power Q by 
the COP.

3.4. Strategy management and control logic for the hydrogen refueling 
station

The HRS management strategy was designed to determine the 
maximum number of buses that can be refuelled within 1 h. A 2-min 
pause between consecutive refueling events was assumed, while each 
refueling process was modelled in compliance with the SAE J2601-5 
protocol limits for pressure and temperature. Considering a theoretical 
capacity of the HRS, at the start of each simulation each VT was 
considered to be refuelled from 10% to 100% SOC, whereas the LPT and 
HPT were assumed to be fully charged (SOC = 100%).

The methodology used to calculate all the HRS outputs is represented 
in Fig. 3, which highlight the most relevant output calculated for each 
block modelled with Matlab-Simulink.

The key output of each VT simulation is the mass flow rate requested 
by each of the six VTs, which is identical, and calculated as a function of 
the APRR. This flow rate is essential to determine the overall outflow 
from the HPT cascade system, equal to the sum of the mass flow rates 
requested by all VTs. Specifically, hydrogen is discharged from the HPT 
whose pressure is higher than that of the VT being refuelled. Since at the 
beginning of the simulation the VTs are nearly empty and all HPTs are 
fully charged, priority is given to the HPT with the lowest pressure, i.e., 
HPT3 (35 MPa), followed by HPT2 and HPT1 in order of increasing 
pressure. It is also assumed that cascade switching between storage 
tanks occurs instantaneously and under ideal control conditions, 
without considering actuator delays or control system dynamics. In 
practice, such effects may introduce minor transient deviations in mass 
flow distribution; however, their influence is expected to be limited at 
system-level analysis.

To maximize the number of buses that can be refuelled in 1 h, a 
parallel refueling logic for the HPT cascade system was implemented. 
The HPT logic is represented in Fig. 4, where i-1 highlights the priority of 
HPT3.

In particular, whenever a tank in the cascade is not discharging, it is 
refilled if its SOC is below 100%. Again, priority is given to the tank with 
the lowest pressure, i.e., HPT3. Finally, at the end of the 1-h period, a 
final refueling is carried out so that the cascade system is restored to its 
initial condition (SOC = 100%). Within this management logic, both the 
HPT tank selected for discharge and the corresponding mass flow rate 
(during discharging and refueling phases) and the compression pressure, 
depending on which HPT tank is being refilled, are determined. Tran
sient pressure fluctuations and flow instabilities associated with valve 
switching operations are not explicitly modelled, as the system is treated 
under a quasi-steady-state assumption at each time step. Therefore, the 
model captures the overall mass and energy balances, while neglecting 
fast hydraulic transients that may occur during valve actuation.

Other key parameters derived from calculations within the VT and 
hydrogen storage system include pressure, gas and wall temperatures, 
mass and SOC. Given the pressure and temperature values of the HPT 
cascade system and the pressure of the VTs, it is possible to compute the 
outlet temperature at the valves located downstream of the cascade 
system.

Moreover, depending on which valve is active (based on the 
hydrogen flow from the HPT currently being discharged) it is possible to 
determine the amount of heat that must be removed from hydrogen 
during the cooling phase, as well as the corresponding electrical con
sumption, as previously described.

Similarly, the mass flow rate of the LPT has been calculated. During 
the discharging phase, this mass flow rate matches the demand from the 
HPT cascade system. In particular, the HC compresses the hydrogen to 
the pressure required by the active HPT. Differently from the cascade 
system, the LPT is refuelled with hydrogen produced by the HG during 
all day (if its SOC is lower than 100%), considering hydrogen production 
at nominal power. Thus, the target number of VTs is refuelled every 
hour, while the cascade system is refuelled during and after the VT 

Fig. 2. Simplified scheme for a compressor stage.

Table 7 
Different COP for hydrogen cooling temperature.

Cooling T [◦C] − 40 − 30 − 20 − 10 0
COP 1.95 2.2 2.55 3 3.4
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refueling. The LPT is refuelled hourly at the nominal HG production and 
emptied when required by the buses.

With all relevant parameters known for the LPT, it is also possible to 
calculate the outlet temperatures at the valves located upstream of the 
cascade system and at the valve between the LPT and the HC.

It should be noted that the validation is performed at the component 
level, focusing on the vehicle tank, which governs the thermodynamic 

behavior during refueling. System-level outputs such as refueling time 
are not directly validated against experimental data, as they depend on 
the implemented refueling protocol (SAE J2601-5) and operating con
ditions, and are therefore treated as model predictions. Experimental 
validation of the complete HRS and of the implemented cascade man
agement strategy would require full-scale station measurements under 
controlled operating conditions, which are currently scarcely available 

Fig. 3. HRS output calculation logic.

Fig. 4. HPT cascade system control logic.
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in the open literature, especially for heavy-duty 35 MPa applications.

4. Results and discussion

This section reports the results obtained from the thermodynamic 
model and analysis of the 35 MPa Hydrogen Refueling Stations, to assess 
and optimize refueling capacity under different operational scenarios 
while ensuring compliance with SAE J2601-5 safety protocol. A para
metric analysis is carried to identify optimal initial conditions that 
maximize consecutive refueling in 1 h (5 ÷ 8 refueling with 3 ÷ 7 min 
refueling times).

4.1. HRS thermodynamic model results

The results obtained from the HRS thermodynamic model were 
achieved using the methodology represented in Fig. 3. In particular, 
several simulations were conducted to identify the inputs capable of 
ensuring the desired SOCs (100% for VT and HPT cascade system) and 
the temperature and pressure limits imposed by SAE J2601-5 protocol 
with low energy consumptions. Among these inputs, the APRR plays a 
key role, as it directly governs the refueling dynamics and was therefore 
selected and tuned to meet the target operating conditions. The inputs, 
indicated as base case, are reported in Table 8.

As indicated in the table, a target number of 5 hourly refueling was 
selected. The tank volumes are those indicated in Table 6, which also 
reports the geometric and material characteristics. As previously re
ported, the VT starts from an SOC of 10%, while the storage tanks are 
completely full at the beginning of the simulation. An ambient tem
perature of 20◦C was chosen, while hydrogen is supplied at a tempera
ture of − 10◦C. The mass flow rate required by the VT is influenced by 
the required APRR, set at 4.5 MPa/min, while the compression and 
hydrogen production mass flow rates were initially selected as 60 g/s 
and 14.59 g/s respectively. In particular, the hydrogen production value 
of 14.59 g/s was selected based on the bus demand considered in this 
case study, which will be explained subsequently. This mass flow rate is 
capable of refueling the LPT and bringing it back to an SOC of 100% at 
the end of a working day, always ensuring the hydrogen required by the 
buses during their respective refueling hours. With these values, it is 
possible to reach the desired number of refueling without exceeding the 
pressure and temperature limits, while also ensuring the refueling of the 
cascade system within 1 h. The main results, obtained at the end of the 
simulation, are visible in Table 9.

As just mentioned, the final number of refuelings equals the desired 
value of 5. With the considered APRR each refueling takes just over 
7 min in total, for a total of approximately 45 min dedicated to vehicle 
refueling (considering a 2-min pause between consecutive refuelings). 
This means that the final SOC of each VT is 100%, as well as the HPT 
cascade system tanks are also completely refuelled by the end of the 
hour. Regarding the LPT, this tank is refuelled up to 100% throughout 
the day. The maximum flow rate delivered by the dispenser is 83.26 g/s, 
which is uniformly distributed among the 6 VTs present in one bus.

The pressure limit is respected in every tank, based on the limit 
imposed by the J2601-5 standard at a value equal to 25% above the 
nominal working pressure (1.25•NWP). These limits are, specifically, 
43.75 MPa for the VT and HPT3, 56.25 MPa for HPT1, 50 MPa for HPT2, 

and 4.375 MPa for the LPT. From the results, it can be observed that the 
final pressure value of the VT is slightly lower than the nominal value, 
while in the other tanks the value is slightly higher or equal, but still 
within the limits. This difference is due to the different pressure calcu
lation for the VT, set as a function of the APRR, and for the storage tanks, 
for which the pressure is obtained as a function of the ideal gas equation, 
depending on the established mass flow rates in the downstream tanks. 
Furthermore, the nominal value is exceeded due to the mass increase 
inside the tank, and consequently the temperature increase.

The temperature limit of 85◦C is also not exceeded. The tank that 
comes closest is the HPT3, which is the most stressed during the vehicle 
refueling phase and during the refueling phase through compressed 
hydrogen, reaching a value of approximately 74◦C.

Regarding power of HC and Pre-Cooling, the first reached a 
maximum power of almost 450 kW, while the second reached only 
32.72 kW, which is 7.27% of the compressor. The energy consumption 
values were obtained integrating the power over the considered hourly 
interval: the results are 287.24 kWh and 11.55 kWh for the HC and PC, 
respectively.

Considering a total of approximately 175 kg of hydrogen delivered 
per hour (5 refuelings of 35 kg each), the specific energy consumption is 
about 1.64 kWh/ kgH2 

for compression and 0.066 kWh/ kgH2 
for pre- 

cooling. These values are consistent with literature data, where 
compression typically represents the dominant contribution (on the 
order of 2–5 kWh/kWh/ kgH2

) [57,58], while pre-cooling has a signifi
cantly lower impact (generally below 0.1–0.3 kWh/kWh/ kgH2

) [57,59].
In the following, the graphical results of the trends of the most 

relevant parameters (mass flow rate, SOC, pressure and temperature) for 
all tanks are reported, as well as the consumption and parameters of the 
HC and PC.

Table 8 
Input for HRS model – Base Case.

Parameter Value Parameter Value

APRR [MPa/min] 4.5 N. Ref Target [− ] 5
T Amb [◦C] 20 T Pre-Cooling [◦C] − 10
SOC VT [%] 10 V VT [m3] 0.27
SOC HTP1,2,3 [%] 100 V HPT1,2,3 [m3] 1.25/1.5/1.75
SOC LPT [%] 100 V LPT [m3] 150
MF HC [g/s] 60 MF HG [g/s] 14.59

Table 9 
Results obtained from the base case simulation.

Parameter Value Parameter Value

Ref. Time [min] 7.15 No. Ref. [− ] 5
Max p VT [MPa] 34.79 Max T H2 VT [◦C] 51.05
Max p HTP1 [MPa] 47.12 Max T HTP1 [◦C] 33.63
Max p HTP2 [MPa] 44.3 Max T HTP2 [◦C] 49.93
Max p HTP3 [MPa] 41.69 Max T HTP3 [◦C] 73.53
Max p LPT [MPa] 3.5 Max T LPT [◦C] 20
SOC VT [%] 100 SOC HTP1,2,3 [%] 100
SOC LPT [%] 72.31 Max MF Disp. [g/s] 83.26
Max HC Power [kW] 448.4 HC Consumption [kWh] 287.24
Max PC Power [kW] 32.72 PC Consumption [kWh] 11.55

Fig. 5. Mass Flow, SOC, pressure and temperature of the VT (base case).
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4.1.1. Vehicle tanks results
Fig. 5 presents the VT results obtained from the thermodynamic 

model of the HRS. The figure shows, from top to bottom, the trends of 
mass flow rate, SOC, pressure and gas and wall temperatures.

The mass flow rate trend is typical of refueling with a constant APRR 
and results from two competing thermodynamic effects. Initially, the 
mass flow rate increases rapidly due to the greater pressure difference 
between the HPT cascade system and the VT, which drives hydrogen 
transfer. However, as refueling progresses, the compression of hydrogen 
inside the VT causes a significant temperature increase due to the Joule- 
Thomson heating effect and compression work. This temperature in
crease reduces the hydrogen density inside the tank, which in turn in
creases the internal pressure more rapidly than would occur in an 
isothermal process. Consequently, the pressure differential between the 
source and the VT decreases faster, leading to a reduction in mass flow 
rate. The interplay between these two effects, pressure-driven mass 
transfer (which dominates initially) and temperature-induced pressure 
rise (which dominates later), determines the characteristic declining 
mass flow rate profile observed during the refueling process. As the VT 
pressure approaches that of the active HPT in the cascade, the mass flow 
rate diminishes until the system switches to the next lower-pressure HPT 
to continue refueling.

As assumed by the logic, after refueling a vehicle, a 2-min pause 
begins, during which all the most important parameters are reset. At 
each refueling, the SOC of each VT starts from 10% to reach a full charge 
of 100% in approximately 7 min, as previously reported. The pressure 
trend is analogous to that of the SOC, with the maximum value reached 
close to the nominal conditions.

Regarding temperatures, the initial value is equal to that of the 
ambient temperature (20◦C), while the temperature of the hydrogen 
delivered by the dispenser is close to that set in the PC, equal to − 10◦C. 
The highest value reached by the temperature of hydrogen is approxi
mately 51◦C. The temperature trend is similar to those of the mass flow 
rate, characterized by a high increase at the beginning, followed in this 
case by a more contained increase until the end of the refueling. This 
rapid temperature increase at the beginning is due to the low initial 
pressure and the Joule-Thomson effect. In fact, hydrogen has a negative 
Joule-Thomson coefficient for the considered temperatures, which 
means that a free expansion heats it instead of cooling it. The wall 
temperature assumes lower values instead, with a maximum of 
approximately 5◦C, with an increasing trend.

4.1.2. HPT cascade system results
The results of the cascade system control logic are represented in the 

following figures. Each figure indicates, as already done for the VT, the 
trends of mass flow rate, SOC, pressure and temperature starting from 
HPT3, at the top, down to HPT1, at the bottom.

Fig. 6 shows the mass flow rate trend. As previously reported, the VT 
is refuelled by the cascade system tank characterized by a pressure 
higher than that of the VT itself. The emptying priority is perfectly 
visible in the figure: initially the VT is filled with hydrogen from HPT3 
(characterized by an initial negative mass flow rate), after which HPT2 
and HPT1 are emptied. This trend is repeated for all refueling, as visible. 
Regarding the tank filling logic, HPT3 begins to refuel with compressed 
hydrogen simultaneously with the emptying of HPT2 (with a mass flow 
rate equal to that of compression), just as HPT2 begins to refuel as soon 
as HPT1 starts to empty. Finally, HPT1 refuels during the emptying of 
HPT3. From the graph, the final filling of each tank can also be observed, 
which occurs once the desired number of vehicle refueling is completed 
(after approximately minute 42). Finally, given the logic set with pri
ority to HPT3 both in the filling and emptying phases, it is possible to 
observe that this tank is the most used among the three, while for the 
same reasons HPT1 is the least used.

Fig. 7 shows the gas and wall temperature trends for each HPT. 
Looking at the temperature trends for HPT3, at the beginning both 
temperatures are characterized by a slight decrease, due to the first 

emptying phase of the tank. This is followed by an increase in both 
temperatures, with the gas temperature reaching a slightly higher value. 
These two phases are followed by a brief pause, also visible in the mass 
flow rate graph: in this phase, the gas temperature decreases in a very 
contained and almost imperceptible way, while the wall temperature 
decreases more evidently, although slightly, trying to reach equilibrium 
with the ambient temperature.

This temperature decrease leads to the subsequent emptying phase, 
during which the gas temperature decreases, causing an increase in the 
wall temperature. The observed phenomenon can be explained consid
ering the thermal inertia and energy exchange between gas and tank 
walls. When the subsequent emptying phase begins, the pressure 
decrease causes the gas to cool due to expansion, while the walls are now 
heated by the gas flow which, although colder, creates turbulence and 
favours heat exchange from the environment toward the walls. In the 
subsequent phases, characterized by continuous filling and emptying, 
both temperatures follow the same trend: they increase during refueling 
and decrease during emptying. In the final phase, with no flow rate and 
therefore at rest, both temperatures decrease, with the walls releasing 
more heat to the outside compared to the temperature released by the 
gas.

The same trend occurs in HPT2. This tank presents an initial pause 
phase, followed by emptying, with consequent decrease of both tem
peratures in a very contained manner. At this point there is another 

Fig. 6. Mass Flow of the HPT3, HPT2 and HPT1 (base case).

Fig. 7. Temperature of the HPT3, HPT2 and HPT1 (base case).
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pause, during which the difference in both temperatures is almost 
imperceptible (before minute 10). This is followed by the first filling, 
which instead causes a more evident temperature increase, with the gas 
reaching higher temperatures. Subsequently, another pause occurs, 
during which the gas slightly decreases its temperature, against a greater 
decrease in wall temperature. At the next emptying, as already observed, 
the gas temperature decreases, while that of the walls increases.

HPT1 is also characterized by a similar trend. In summary, it can be 
said that in the initial phase, when a tank has not yet undergone a filling 
phase, the differences in both temperatures are hardly visible. The filling 
phases can instead be identified by the 5 upward peaks of the gas tem
perature, followed by an increase in wall temperature. The post-filling 
pause phases are visible from the downward elbows of the wall tem
perature, more or less evident depending on the duration of the pause. 
Finally, the emptying phases are characterized by opposite temperature 
behaviour: that of the gas decreases, while that of the walls increases.

Ambient temperature variations are expected to affect the thermal 
behaviour of the HRS and the effectiveness of the pre-cooling system. In 
particular, higher ambient temperatures may increase the overall ther
mal load on the system, making deeper pre-cooling more beneficial for 
limiting gas temperature rise during refueling. Conversely, under colder 
ambient conditions, the thermal response of the storage system during 
consecutive refueling operations may differ due to changes in heat ex
change with the surroundings.

As regards the HPT pressure, the values found for each tank always 
respect the limit imposed by the protocol.

4.1.3. Low pressure tanks results
As previously explained, the LPT refuels, whenever its SOC is less 

than 100%, with a mass flow rate equal to that of HG production 
(13.89 g/s). Simultaneously, it empties when required by the HPT 
cascade system (− 60 g/s). Following the logic imposed, when the SOC 
equals 100%, the LPT is not filled, but only emptied when required. 
Instead, in the case where the SOC is below 100% and there is a request 
from the HPTs, the LPT empties by the difference between the com
pressed flow rate and that produced by the HG (close to − 46 g/s). 
Finally, in moments when there is no hydrogen demand downstream 
and when the VTs and HPTs have already reached an SOC of 100%, the 
LPT fills.

The pressure presents a trend analogous to that of the SOC, as pre
viously seen by the other tanks. The initial value starts from the nominal 
pressure value, 3.5 MPa, equal to the hydrogen production pressure by 
the HG.

Regarding temperatures, since the LPT is mainly characterized by 
emptying phases, the gas temperature decreases from ambient temper
ature down to a minimum of − 19.43◦C, then increases in the final filling 
phase with hydrogen arriving from the HG at 55◦C. The wall tempera
ture instead remains almost constant, with a slight decrease visible at the 
end. This phenomenon is primarily due to the significant larger volume 
of the LPT tank (150 m3) compared to the HPTs (1.25-1.75 m3) and VT 
(0.27 m3), which provides substantial thermal mass and inertia. Addi
tionally, the Type I steel construction (thermal conductivity of 50 W/ 
mK) facilitates continuous heat exchange with the ambient environ
ment, maintaining wall temperature close to ambient conditions despite 
gas temperature fluctuations.

4.2. Parametric analysis result

This section reports the results of the parametric analysis, varying 
one or more parameters, with the objective of identifying the maximum 
number of full refueling that the HRS considered in this study is theo
retically capable of guaranteeing. Some of the input parameter values 
presented in Table 8 were varied (less the initial SOCs) to find a number 
of refueling greater than 5, initially hypothesized.

The first parameters to be varied were the APRR (between 4.5 MPa/ 
min and 9.5 MPa/min) and the compressed hydrogen mass flow rate 

(between 60 g/s and 120 g/s). After identifying a baseline APRR value 
ensuring compliance with the target constraints (4.5 MPa/min), the 
APRR value was increased to evaluate the sensitivity of the system 
performance and to assess the potential increase in the number of 
refuelings while maintaining protocol constraints. The selection of these 
two parameters is partly dictated by the system logic. To increase the 
number of refueling, the APRR is adjusted, which increases the hydrogen 
flow rate required from the storage system. However, to ensure that the 
cascade system maintains a sufficient SOC during each refueling, it is 
also necessary to increase the compression flow rate upstream of the 
cascade system itself. Through a parametric analysis varying the two 
aforementioned parameters, the minimum compression flow rate was 
determined to guarantee the required number of refueling, initially set 
at 5, for each APRR considered. Subsequently, with the objective of 
increasing the number of refueling, an analogous parametric analysis 
was performed for target values of 6, 7, and 8 refueling. The results are 
presented in Fig. 8. Only the operating points satisfying all the imposed 
constraints are reported on the curves. In particular, the plotted points 
simultaneously fulfil the target number of refuelings within the hour, the 
SAE temperature limits, the minimum allowable LPT pressure, and a 
final cascade system SOC equal to 100%.

As can be observed, with increasing number of refuelings, the curves 
shift toward higher compressed hydrogen flow rates (rightward), while 
the number of points on the curves decreases. Indeed, in the case of 7 
refuelings, an APRR of 4.5 MPa/min never satisfies the target number of 
refuelings within the hour, whereas a value of 9.5 MPa/min consistently 
exceeds the temperature limit in HPT3. For 8 refuelings, both an APRR 
of 4.5 MPa/min and 5.5 MPa/min fail to satisfy the number of refuel
ings, while again at 9.5 MPa/min the temperature limit in HPT3 is 
exceeded and the LPT pressure drops below the minimum allowable 
value (1.5 MPa). The regions located on the left-hand side of each curve 
correspond to operating conditions for which at least one constraint is 
not satisfied. More specifically, for the case of 5 refuelings, the only 
unmet requirement at lower compressed hydrogen flow rates is the 
target number of refuelings. For 6, 7, and 8 refuelings, lower flow rates 
also lead to violation of the maximum temperature limit in HPT3 (85◦C 
according to the SAE protocol). In addition, for the case of 8 refuelings, 
the minimum allowable LPT pressure is not satisfied at low APRR values. 
The results and the limiting conditions are summarized in Table 10.

To address the temperature issue, the same parametric analysis was 
performed with a cascade system volume increased by 30% compared to 
the initial value. The results are presented in Fig. 9. As can be observed, 
compared to the previous case, some of the obtained values are now 

Fig. 8. Parametric analysis by varying APRR, mass flow HC and number 
of refuelings.
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shifted leftward. This is due to the fact that by increasing the cascade 
system volume, which is characterized by an initial SOC of 100%, a 
lower compression flow rate is required thanks to the greater initial 
hydrogen quantity.

Only the operating points satisfying all the imposed constraints are 
reported on the curves. The points corresponding to APRR values that do 
not satisfy the target number of refuelings for the cases of 7 and 8 
refuelings (i.e., 4.5 MPa/min and 5.5 MPa/min) are not shown in the 
figure. Conversely, the points characterized by an APRR of 9.5 MPa/ 
min, which were absent in the previous case, now satisfy the tempera
ture and pressure constraints.

The regions located on the left-hand side of each curve correspond to 
operating conditions for which at least one of the target constraints is 
not satisfied. In these regions, the most frequently violated constraint at 
lower compressed hydrogen flow rates is the target number of refuel
ings, particularly for the cases of 5, 6, and 7 refuelings. Furthermore, for 
7 and 8 refuelings, the HPT3 temperature constraint is exceeded at high 
APRR values. Finally, in the case of 8 refuelings and lower compressed 
hydrogen flow rates, the minimum allowable LPT pressure is never 
satisfied. Thes summarized results are shown in Table 11.

To ensure compliance with the temperature constraint even at high 
APRR values, a final parametric analysis was performed, this time 
considering a 45% increase in the cascade system volume compared to 
the initial value. The results are presented in Fig. 10. As previously 
observed, the minimum compressed flow rate values obtained are 
partially shifted leftward. As before, only the operating points satisfying 
all the imposed constraints are reported on the curves.

Considering lower flow rates (the regions located on the left-hand 
side of each curve), the least satisfied parameter remains the target 
number of refuelings, while the temperature values are now always 
satisfied. Another parameter that is not satisfied at lower flow rates is 
the LPT pressure in the case of 8 refuelings. In this regard, the LPT 
volume could be increased; however, since the hydrogen production 
flow rate and consequently the hydrogen stored in the LPT will be 
optimized subsequently, it was decided to maintain a constant tank 
volume at this stage. A final consideration concerns the minimum flow 
rates obtained for an APRR of 4.5 MPa/min (6 refuelings) and 5.5 MPa/ 
min (7 refuelings). These points exhibit a minimum flow rate higher 
than that obtained for the immediately subsequent APRR: for 6 refuel
ings, a flow rate of 65 g/s is required at 4.5 MPa/min compared to 60 g/s 
at 5.5 MPa/min, while for 7 refuelings, a flow rate of 75 g/s was found at 
5.5 MPa/min versus 70 g/s at 6.5 MPa/min. This aspect is primarily 
related to the final refilling of the cascade system (rather than to the 
refueling of the VTs), which must be completed within the hour: to 
ensure this is possible, it was necessary to increase the compression flow 
rate. The results are reported in Table 12.

In summary, the parametric analysis varying one or more parameters 
showed satisfactory results, regarding the number of refuelings guar
anteed, for either 6, 7 or 8 refuelings in 1 h. This approach allows the 
identification of operating conditions that improve system performance 
(in terms of number of refuelings) while ensuring compliance with all 
constraints and limiting energy consumption.

Regarding the HRS components, major problems occurred with 
HPT3: these were remedied by increasing the volume of the cascade 
system, in cases where HPT3 temperature exceeded the limit of 85◦C. 
The LPT also contributed to the failure of some simulations, but only for 
those characterized by a high number of refuelings and a high com
pressed flow rate.

Of the initial inputs, it was decided not to vary all parameters. As said 
before, the LPT volume was kept constant in all simulations during this 
phase, as it does not affect the achievement of the target number of 
refuelings. The hydrogen production mass flow rate was also kept con
stant: in fact, it was calculated to satisfy the required refuelings and to 

Table 10 
Results obtained after the first parametric analysis.

N◦

Refuelings
Feasible APRR 
range [MPa/min]

Minimum H2 
Flow Rate [g/s]

Limiting constrain 
(Lower APRR or flow 
rate)

5 4.5 – 9.5 60 – 95 Refueling target
6 4.5 – 9.5 60 – 105 HPT3 Temperature
7 5.5 – 8.5 80 – 110 HPT3 Temperature
8 6.5 – 8.5 95 – 120 HPT3 Temperature and 

LPT Pressure

Fig. 9. Parametric analysis by varying APRR, mass flow HC, number of refu
elings and cascade system volume by 30%.

Table 11 
Results obtained after the second parametric analysis.

N◦

Refuelings
Feasible APRR 
range [MPa/min]

Minimum H2 
Flow Rate [g/s]

Limiting constrain 
(Lower APRR or flow 
rate)

5 4.5 – 9.5 60 – 90 Refueling target
6 4.5 – 9.5 60 – 90 Refueling target
7 5.5 – 9.5 70 – 100 Refueling target and 

HPT3 Temperature
8 6.5 – 9.5 90 – 120 HPT3 Temperature and 

LPT Pressure
Fig. 10. Parametric analysis by varying APRR, mass flow HC, number of 
refuelings and cascade system volume by 45%.
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refuel the LPT throughout the day. Furthermore, the solution with a 
production of approximately 15 g/s of hydrogen is already energy- 
intensive, and not suitable in the case where vehicles are to be refu
elled with green hydrogen, as the electrolyzer would run most of the day 
to refuel the LPT. This aspect will therefore be improved subsequently. 
Also, the precooling temperature was left constant and equal to − 10◦C: 
this temperature, in fact, influences only the gas temperature inside the 
VTs, already under control with the selected ambient temperature. Like 
the PC temperature, the ambient temperature was left constant, 
considering this temperature as average throughout the year. This 
choice can be acceptable for the theoretical functioning of HRS opera
tion and will be further investigated subsequently. Finally, additional 
tests were not performed, as the results obtained for the satisfactory tests 
were close to the temperature or pressure limits or would almost 
certainly have increased consumption.

Regarding the results of the satisfactory tests just analysed, as 
explained, the number of refuelings is the same as the target. The 
refueling time is strictly related to the maximum hydrogen flow rate 
delivered by the dispenser: indeed, the shorter the refueling time, the 
higher the hydrogen flow rate, which is influenced by the APRR value. 
The shortest times were obtained, for obvious reasons, with higher 
APRR values and range overall between 3.45 min (APRR = 9.5 MPa/ 
min) and 7.15 min (APRR = 4.5 MPa/min). These values correspond to 
the highest delivered flow rate, approximately 180.62 g/s, and the 
lowest, 83.26 g/s.

As for the pressure, the tank characterized by a value close to the 
limit is HPT3, followed by HPT2, VT and HPT1. As previously high
lighted, HPT3 is indeed the most stressed tank during refueling, ac
cording to the established priority logic. For the LPT, conversely, the 
values found tend more toward the lower limit. Regarding temperature, 
the tank characterized by values close to the limit of 85◦C is HPT3, now 
followed by HPT2 and the VT. Lower temperatures are found in HPT1, 
which is last in the cascade system management logic, and the LPT, 
which predominantly undergoes emptying phases that do not increase 
temperature. As for pressure, the results do not vary visibly from one test 
to another, except for the LPT, which presents a more or less marked 
decrease in results (with the end values comprises between 
− 20◦C ÷ − 55◦C).

The low temperatures observed in the LPT are associated with 
hydrogen expansion during tank emptying, leading to a temperature 
decrease consistent with the thermodynamic behaviour of the gas. While 
the present model focuses on system-level performance, such conditions 
should be taken into account in practical applications through appro
priate engineering design.

Regarding the SOC values, the tank that is emptied the most is HPT3, 
as established by the logic. Consequently, HPT2 is less depleted, while 
HPT1 has values close to 100%.

Finally, the highest power required by the compressor was found for 
higher compressed flow rates (120 g/s), while the highest value of PC 
power is due to the higher APRR value considered (9.5 MPa/min), while 
higher power does not correspond to higher consumption. Furthermore, 
the PC power is between 6.74% ÷ 8.25% of the HC power, while at the 
consumption level the percentage decreases 3.62% ÷ 4.6%. In general, 
among the different tests (or the points in 8, 9 and 10), there is no 
evident change between the results found.

Overall, the performed parametric analyses also provide an indirect 
assessment of the sensitivity of the HRS performance to the main 
operating parameters. Variations of APRR, compression mass flow rate, 
and cascade storage volume allowed evaluating the robustness of the 
model predictions and identifying the parameters having the greatest 
influence on the achievable number of refuelings and on temperature 
and pressure constraints. The results show that the general trends and 
system behaviour remain consistent over a relatively wide range of 
operating conditions. Furthermore, as discussed in Section 2, neglected 
hydraulic losses and short-duration valve-switching transients are ex
pected to have a limited impact on the global performance indicators 
considered in this work. A rigorous uncertainty propagation analysis 
was considered beyond the scope of the present study and will be 
addressed in future developments.

Furthermore, the low temperatures observed in the LPT (down to 
approximately − 55◦C) suggest that future work should investigate ma
terial compatibility and structural integrity under cryogenic-like oper
ating conditions, as well as possible mitigation strategies such as thermal 
insulation or auxiliary heating systems to ensure safe and reliable 
operation.

5. Conclusions

In this study, the development of a mathematical and thermody
namic model of a 35 MPa HRS was designed. The model, implemented in 
MATLAB-Simulink, integrates all main station components, or LPT, HC, 
HPT cascade system, PC, and VTs.

A comprehensive thermodynamic analysis of critical parameters 
(hydrogen mass flow rate, pressure, temperature) was conducted for 
each system component. A parametric analysis was then performed to 
identify optimal initial conditions maximizing the number of consecu
tive refueling, starting from initially empty vehicles (VT SOC = 10%). 
Favourable configurations were identified for 5, 6, 7, and 8 consecutive 
refueling. Results demonstrated that pressure and temperature remain 
consistently below the limits imposed by the SAE J2601-5 protocol, with 
minimum energy consumption for 6 refueling and refueling times 
ranging from 3.45 to 7.15 min.

Overall, the results demonstrate that the proposed control logic for 
the cascade system, combined with precooling of the supplied hydrogen 
(− 10◦C), enables safe and efficient HRS operation under variable de
mand conditions. However, winter operation requires additional ther
mal management strategies, such as extended idle periods or strategic 
tank rotation, to prevent long-term heat accumulation and ensure sus
tained compliance with temperature limits. The validated model pro
vides a flexible tool for adapting station design and control strategies to 
different seasonal and operational scenarios.

Beyond confirming expected trends associated with cascade storage 
and thermal management, the proposed model provides a system-level 
framework for identifying feasible operating regions and for evalu
ating the interactions among APRR, compressor capacity, and cascade 
storage volume under heavy-duty refueling conditions. The parametric 
analysis showed that the limiting factors governing station throughput 
are not fixed, but depend on the combined effects of temperature con
straints in HPT3 and minimum pressure requirements in the LPT. 
Therefore, the model can support the design and sizing of HRS compo
nents and operating strategies for different demand scenarios, providing 
practical guidelines for heavy-duty hydrogen refueling applications.

Furthermore, the low temperatures observed in the LPT during 
intense emptying phases suggest that future work should investigate 
material compatibility and possible mitigation strategies, such as ther
mal insulation or auxiliary heating, to ensure reliable operation under 
low-temperature conditions.

The next steps of the study concern: 1) the integration of the analysed 
HRS into a renewable energy-based microgrid, considering different 
energy management strategies; 2) the microgrid model optimization, to 
determine the optimal component sizing for two objective functions: 

Table 12 
Results obtained after the final parametric analysis.

N◦

Refuelings
Feasible APRR 
range [MPa/min]

Minimum H2 
Flow Rate [g/s]

Limiting constrain 
(Lower APRR or flow 
rate)

5 4.5 – 9.5 60 – 85 Refueling target
6 4.5 – 9.5 60 – 85 Refueling target
7 5.5 – 9.5 70 – 85 Refueling target
8 6.5 – 9.5 90 – 120 LPT Pressure
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maximizing the Self-Sufficiency Ratio and minimizing the Levelized Cost 
of Hydrogen; 3) a comprehensive cost analysis, considering both the 
revenue from surplus electricity sales and the expected decrease in 
Hydrogen Generator costs in the coming years; 4) the calculation of the 
avoided CO2 emissions for each EMS, including both emissions from 
Fuel Cell Electric Vehicle operation and those related to the renewable 
electricity powering the electrolyzer and HRS components.
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