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Abstract

A preliminary analysis of aircraft refueling using liquid hydrogen (LH2) for a future
short–medium-range aircraft is presented. The focus is on how selected refueling pa-
rameters influence pressure buildup and the release of boil-off gas (BOG), in order to
establishing guidelines towards efficient refueling. The flow physics uses a 0-D multi-phase
lump model, which accounts for the effects of the injected LH2, BOG release, heat fluxes
and phase changes. Refueling is controlled by volumetric compression during the filling,
and relaxation afterwards. Mass-flow profile and refueling protocol have little influence on
the amount of BOG vented (~1%), but control the duration of the process, with variations
close to 50%. Low initial pressure can significantly reduce the amount of BOG.

Keywords: liquid hydrogen; LH2 refueling; storage tank; boil-off gas; cross-feeding

1. Introduction
The adoption of liquid hydrogen (LH2) as fuel is a possible way to support the

fundamental shift from conventional hydrocarbon fuels required for the civil aviation
industry [1–3]. However, this introduces significant technical and operational challenges,
introducing enormous complexity in aircraft system design, materials’ selection, and
thermal management [3,4]. A critical operational hurdle is the on-ground refueling process,
which must be executed safely, efficiently, and remain within a timescale close to the tight
turnaround times of current airline operations [5,6]. The fast transfer of large quantities
of LH2 into the aircraft tanks can induce rapid pressure variation and the formation of
boil-off gas (BOG), which leads to the venting of gaseous hydrogen. This is not only a
loss of fuel, but also a safety and environmental hazard. Therefore, BOG management is
a critical aspect of LH2 handling [7,8]. The viability of LH2-powered aircraft requires the
development of efficient refueling procedures to mitigate pressure buildup and minimize
BOG release.

Based on the activities undertaken by the ALRIGH2T project [9], this paper presents
a preliminary study on the selected parameters of the aircraft LH2 refueling process
for a short-medium-range (SMR) aircraft, which is considered a promising platform for
the introduction of a LH2-based propulsion system: incoming mass-flow profile, initial
fluid conditions (pressure and temperature), and an initial comparison of two refueling
paradigms (parallel refueling vs. cross-feeding). The aim is to provide foundational insights

Eng. Proc. 2026, 133, 45 https://doi.org/10.3390/engproc2026133045

https://crossmark.crossref.org/dialog?doi=10.3390/engproc2026133045&domain=pdf&date_stamp=2026-04-27
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/engproc
https://www.mdpi.com
https://orcid.org/0000-0003-4820-6166
https://orcid.org/0009-0000-8205-5934
https://orcid.org/0009-0005-3735-9396
https://doi.org/10.3390/engproc2026133045


Eng. Proc. 2026, 133, 45 2 of 9

for the development of safe, efficient, and commercially viable hydrogen refueling systems
and associated procedures for the next generation of sustainable aircraft.

2. Modeling
The methodology is consistent with state-of-the art 0-D modeling for cryogenic

tanks [10–12]. The thermodynamic formulation of the two-phase fluid inside the tank
is presented first, with the key variables and parameters, the set of ordinary differential
equations utilized, and the assumptions made due to the simplified nature of the prob-
lem and the lack of an extensive dataset for validation. The fluid model is completed by
a problem-specific venting model, the description of the tank geometry and insulation
properties, and the assumed mass-flow profiles for refueling. The calculations use the 0-D
library HyTank [13], modified to account for cold LH2 entering the tank during refueling.

2.1. Thermodynamic Modeling

The conservation equations for mass and energy are applied to both liquid and gas vol-
umes, whose respective thermodynamic states are assumed uniform (i.e., no stratification
is included). An equation for heat exchange evaporation at the interface connects the two
control volumes. The interface is approximated to a massless, infinitesimally thin layer at
saturation conditions. The self-pressurization uses a Thermal Multi-Zone Model, a thermal
non-equilibrium model capable of capturing the transient of boil-off. The boil-off model is
a modified version of the work of Mendez-Ramos [14], and includes incoming LH2 mass
flow. The environment heat input

.
Qenv is distributed to the liquid (

.
Qel) on the “wet” tank

area and gas (
.

Qeg) on the “dry” tank area, respectively. Custom heat input
.

Qhex can be
added as active control. Figure 1 shows the main quantities of the thermodynamic model.

Figure 1. Control volumes and main quantities used, adapted from [10].

The mass conservation equations for the liquid (ml) and the gas (mg) over time are
as follows:

dml
dt

=
.

ml =
.

ml,in −
.

mevap (1)

dmg

dt
=

.
mg =

.
mevap −

.
mvent (2)

where
.

ml,in is the refueling mass-flow rate (differently from [13], signed and positive if
entering the tank to account for filling),

.
mevap is the boil-off mass flow and

.
mvent is the mass

flow vented via boil-off. The energy conservation equations (Equations (3) and (4)) are
arranged to highlight the liquid (Tl) and gas (Tg) temperature variation over time, as in [13].
The equation for the liquid variation, modified by adding the evaporation term − .

mevaphl ,
reads as follows:

dTl
dt

=
.
Tl =

.
Qel −

.
Qli +

.
Qhex − P

.
V +

.
ml,inhl, in −

.
mevaphl −

.
mlul

mlcp,l
, (3)
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where hl, in is the enthalpy of the LH2 entering the tank;
.

Qel and
.

Qli are the heat fluxes
from the environment to the liquid and from the liquid to the interface; and hl , ul and cp,l

are the liquid enthalpy, internal energy and specific heat at constant pressure taken at Tl .
No custom heat input is considered. The equation for the gas temperature variation is
as follows:

dTg

dt
=

.
Tg =

.
Qeg −

.
Qgi + P

.
V +

.
mg

(
hg − ug

)
mgcv,g

, (4)

where
.

Qeg and
.

Qgi are the heat fluxes from the environment to gas and from the gas to

interface, respectively. P
.

V is the volumetric work of the liquid on the gas. hg, ug and cv,g

are, respectively, the gas enthalpy, internal energy and specific heat at constant volume for
a
(
Tg, P

)
temperature–pressure pair. The additional equation for boil-off mass flow

.
mevap

at the interface is as follows:
.

mevap =

.
Qli +

.
Qgi

hg − hl
, (5)

and is derived from the massless (zero internal energy) boiling-layer assumption. The
layer is assumed to be at saturation temperature, which is generally different from the gas
and liquid temperatures, implying non-zero heat fluxes and, thus, boil-off. Negative

.
mevap

implies condensation, which can happen when a jet of subcooled liquid enters a tank with
saturated ullage, or when Tg < Tg, sat− the latter being unlikely during refueling due to
the fast increase in pressure (and, consequently, of Tg).

Since the total tank volume is fixed and the liquid is assumed to be incompressible,
the volume changes between gas and liquid are connected by

.
Vl = −

.
Vg =

.
ml/ρl , where ρl

is the liquid density. Table 1 summarizes the modeling of heat fluxes. Convection models
with Newton’s law of cooling and simple empirical correlations are deemed sufficient for a
preliminary tool. Future developments of the code will implement more refined models,
such as those proposed in [15,16].

Table 1. Types of heat-flux variables.

Heat Flux Model Type Heat-Transfer Coefficient Values
.

Qli Natural convection Nusselt and Rayleigh [17] Cn = 0.0135, n = 0.25 [13]
.

Qgi Natural convection Nusselt and Rayleigh [17] Cn = 0.27, n = 0.25 [13]
.

Qel Empirical Eq. 4.56 Keller et al. [18] MLI (see below)
.

Qeg Empirical Eq. 4.56 Keller et al. [18] MLI (see below)

2.2. Venting Model

During refilling, the liquid does work on the gas, reducing its volume and increasing
its pressure. Venting is required to release GH2 and prevent excessive pressure buildup.
When the tank pressure reaches the venting threshold Pvent, a valve opens until the pressure
reaches an operating pressure Pop. The pressure levels are indicative, as there is a trade-off
between tank weight and the vented gas, which is not explored here. For simplicity, the
valve effect is included in Equation (6) for the vented mass flow during refueling:

.
mvent = 0.07

∣∣ .
ml,in

∣∣√Pvent − Patm FL (6)

The fill level FL is the fractional height of the tank volume occupied by liquid and
Patm is the ambient pressure. Equation (6) does not consider dormancy venting, since the
timescale of the refueling is much shorter (minutes vs. hours).
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2.3. Geometry and Insulation

Only the LH2 tanks are sized in this work. Two identical, connected tanks are con-
sidered for redundancy. Their sizing relies on very approximate assumptions, since an
LH2-powered aircraft is very far from mature design. A reasonable starting point is to
assume the same tube-and-wing layout, fuselage diameter and fuel energy of the A320
(chosen as representative SMR). Scaling the maximum fuel weight with the energy density
of LH2 yields a capacity of 3.6 tons of LH2, corresponding to a volume of ~50 m3 per
tank (3.5 times larger than existing A320). The tanks will likely be installed at the rear
of the fuselage; consequently, each tank features a cylindric main body (2.86 m length)
sided by two hemispherical endcaps (3.7 m internal diameter) for combination of good
gravimetric index and insulation performance. No other tank features are modelled. Im-
portantly, impacts on aircraft design and performance are considered out of scope. The
tanks are in aluminum, to combine lightness and mechanical properties. The insulation
consists of a 2 cm vacuum (1 × 10−6 torr pressure) and a multi-layer insulation (MLI) with
57 layers, involving 30 layers/cm, as in [13]. The solid and gas conduction parameters are
89.8 × 10−9 and 1.46 × 104, respectively, derived from Eq. 6.2 and 6.3 of Keller [18]. The
radiation coefficient is 5.39 × 10−10 and the emittance is 0.031. The insulation provides
an environment specific heat input of ~1.5 W/m2, in line with existing state-of-the-art
insulation [19].

2.4. Refueling Conditions

All calculations assume that refueling starts at 15% FL and ends at 95% FL. The
default tank’s initial pressure is 1.4 bar, to avoid external gas contamination. Saturation
conditions are assumed for both the liquid and the gas at t = 0, i.e., a temperature of 21.5 K.
The refueling mass flow is described in Equation (7) by a canonical logistic curve profile,
realistic with respect to classical pump commands and control strategies:

.
ml, in( t) =

.
mmax

(
1
2

(
1 + tanh

(
(t − tin)Rin

2π

)) )
− Fout(t − tout) (7)

where
.

ml,max is the maximum mass flow achievable, Rin = 5 min−1 the pump reactiveness,
and tout is the time at which pump derating is applied. This profile is smooth and derivable
also at t = 0, which helps its implementation in complex models. However, its formulation
is a physics-educated assumption coherent with a pressure-based loading of the tank, as
in [10], considering that no known aviation-specific refueling profile is available. The
derating function Fout(.) in Equation (8) controls the last part of the refueling (FL > 75%),
where most of the venting happens:

Fout(t) =
.

ml,max(1 − exp(−Routt)H(t)) (8)

Rout is the derating rate and H(.) the Heaviside step function.
Four mass-flow profiles are considered, as shown in Figure 2:

- Purple (control case): lower peak mass flow, no derating—fills the tank in 35 min, for
a turnaround time of ~60 min, which is closer to forecastable technology.

- Red: very high peak mass flow, no derating—fills the tank in 15–20 min, for a very
ambitious turnaround time of ~30–40 min, which is closer to current SMR operations.

- Blue: very high peak mass flow and slow exponential derating.
- Green: very high peak mass flow and fast exponential derating.
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Figure 2. Inlet mass-flow profiles considered (left) and volumetric fill level progression (right).

Additionally, two refueling paradigms are also considered: parallel refilling and
cross-feeding. In parallel refilling, both tanks are filled at the same given liquid mass flow.
Cross-feeding assumes that one tank is filled first, to a given FL, then a valve opens, keeping
the first tank at constant FL but feeding the second tank. After the second tank reaches the
target FL, a final parallel refueling sequence for both tanks is performed.

3. Results
3.1. Sensitivity to Mass-Flow Profile

Figure 3 presents the results of the pressure variation for the four inlet mass-flow
profiles. The initial pressure increase is dominated by the volumetric work, while the
oscillations are due to venting, which never appears before 70% FL. After the refueling
is completed, venting stops and pressure relaxation is observed, which is due to the
temperature-driven heat fluxes through the interface. The time evolution of the gas temper-
ature is similar to that shown in Figure 4 (bottom). The total amount (i.e., time integrated)
of vented GH2 for a single tank is around 64.8 kg, i.e., 1.8% of the stored mass. The four
profiles show a negligible relative difference in terms of vented gas (below 0.5%), with the
“high mass flow” ones having an operational advantage in terms of required time. No
strong trend for mass-flow rate or derating is noted; however, this may be due to the model
assumptions and/or accuracy, the assessment of which requires more detailed analysis.

Figure 3. Effects of inlet mass-flow profiles on tank pressure and vented gas (in legend).

3.2. Sensitivity to Fluid Initial Conditions

Figure 4 shows the effects of changing the tank’s initial conditions for the control case
in Section 2.4 (purple). Lowering the initial liquid temperature (subcooling) by 3 K slightly
reduces the amount of vented gas by 1% (0.8 kg) for an initial pressure of 1.4 bar.

https://doi.org/10.3390/engproc2026133045
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Figure 4. Effect of initial liquid temperature (top) and pressure (bottom) on pressure build-up.

Considering the short timescale of the refueling, the main driver for the reduction
is the change in volumetric work. Another contributor is the lower evaporation rate (see
Equation (5)), which decreases pressure buildup and GH2 mass and acts across longer
timescales. This supports the use of subcooled LH2 to reduce evaporation and venting.
This effect is stronger with a lower initial FL.

Changing the initial pressure significantly influences the BOG released and the onset
of venting. A reduction down to 1.2 bar reduces the amount of BOG by 14% (54.7 kg), while
an increase to 2 bar results in an increase of 45% (92.6 kg) and consequent early venting, in
line with the considerations made by Mangold [6]. Changes in initial pressure also alters
the initial temperature of gas and liquid because of the saturation hypothesis.

3.3. Preliminary Assessment of Cross-Feeding

Cross-feeding explores the operational context where refueling is performed at one
access point for the entire fuel system, and also investigates the effect of pressure and
temperature relaxation after the refueling to reduce the venting. Three paradigm scenarios
are presented: “parallel refilling”, where the two aircraft tanks are fed simultaneously
(Figure 5a) and two cross-feeding alternatives, where tanks are first fed alternately up to
50% and 75% FL (respectively, Figure 5b and 5c), and then the remaining part is filled by a
parallel refilling at lower mass flow. The maximum mass flow allowed inside one tank is
the same as for the control case in Section 2.4, (i.e., compatible with a refilling of ~30–35 min,
if kept constant), with the initial ramp-up excluded to facilitate the comparison between
paradigm scenarios, given its negligible impact on BOG.

Cross-feeding reduces the amount of vented BOG by 0.4% circa (129.8 kg at 50% or
129.6 kg at 75%), compared to parallel filling (130.1 kg). The driver for the difference is
the interfacial heat flux that acts for a longer time and cools down the gas. The effect of
the compression work of the liquid on the gas is identical across the scenarios considered,
as it acts across a much shorter timescale. Differences between different FL switches are
marginal, resulting from the combination of the time (and pressure) at which relaxation
occurs and the interfacial heat flux. Cross-feeding becomes less advantageous as average
mass flow increases, as relaxation acts for less time.

From an operational perspective, cross-feeding takes twice the time of parallel filling
under the set of current assumptions, but requires a smaller pump or a single access point
for the entire fuel system, which is a crucial design feature. This means that the choice

https://doi.org/10.3390/engproc2026133045
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between the paradigms is more dictated by the fuel system layout and operational criteria
rather than by the tank thermodynamics.

Figure 5. Results of cross-feeding paradigms.

4. Conclusions
A set of preliminary 0-D analyses is performed to study the impact of selected process

parameters (mass-flow profile, tank initial pressure and temperature, and tank feeding
strategies) for the LH2 refueling process for future SMR civil aircraft. The main objective
is to quantify the amount of BOG vented during the refueling, to envisage strategies for
its minimization. The results indicate that mass flow, initial temperature and feeding
strategies cause the amount of released BOG to vary by ~1%, while low initial pressure
can greatly reduce the amount of BOG. The tank thermodynamic is controlled by the
volumetric work of compression during the initial refueling, and by the relaxation of gas
and pressure after; venting takes place in the last phase of the refueling according to
specified pressure thresholds. The average mass flow strongly influences the refueling time,
with considerable impact on operations. Future work will consider the improved physics
of hydrogen and heat transfer, including stratification and refinement of the models; an
enhanced simulation environment, considering valves, fuel lines and pumps; inclusion of
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airport operational constraints; and consideration of tanks of different size, shape, materials,
and insulation type.
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