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A B S T R A C T

Multilayer Insulation (MLI) systems are a mature technology for cryogenic liquid hydrogen (LH2) tank thermal 
insulation. Recent tests evidenced that MLI materials may be damaged when exposed to fire, resulting in critical 
safety issues in the case of accidents. Thus, an innovative approach to the performance assessment of aluminum 
and polyester-based MLIs for LH2 tanks in fire scenarios was developed. A specific model integrating the high- 
temperature degradation of MLIs and the thermodynamic modeling of the tank lading was coupled to specific 
key performance indicators. Results of the analysis applied to a vehicle-scale tank equipped with 80 MLI layers 
indicate that MLI degradation and consequent tank failure may occur in less than 20 min for external shell 
temperatures above 1160 K in the presence of full engulfment, regardless of insulation used. Conversely, 
degradation does not occur earlier than 3600s below 603 and 928 K for polyester and aluminum-based MLI, 
respectively.

Nomenclature

A preexponential factor, 1/s
AL liquid-wetted surface area, m2

APRV PRV opening section, m2

ASi inner shell surface area, m2

AV vapor-wetted surface area, m3

C2 empirical constant for the spacer material, -
cp specific heat capacity at constant pressure, J/(kg⋅K)
D tank diameter, m
Dx spacer thickness, m
Ea activation energy, J/mol
f relative density of the spacer to the solid spacer material, -
g gravitational acceleration, m2/s
Gr Grashof number, -
h heat transfer coefficient, W/(m2*K)
H characteristic length of the vacuum enclosure, m
ĤPRV specific enthalpy of hydrogen vapor outflowing from the PRV, J/kg
k thermal conductivity, W/(m⋅K)
Kd PRV discharge coefficient, -
L tank length, m
m mass, kg
ṁ mass flow, kg/s

(continued on next column)

(continued )

M molecular weight, kg/mol
n reaction order, -
N number of radiative layers, -
Nu Nusselt number, -
P pressure within the tank (absolute), Pa
Pg gauge pressure within the tank, Pa
Po pressure at PRV outlet, Pa (101325 Pa)
PPRV, open PRV opening pressure, Pa
PPRV, close PRV closing pressure, Pa
Pr residual gas pressure, Pa
Pr Prandtl number, -
q heat flux, kW/m2

Q̇ thermal power, W
R universal gas constant, J/(mol⋅K)
Ra Rayleigh number, -
t time, s
tod onset of degradation time, s
ttd total degradation time, s
tPRV time of the first PRV opening, s
ttf time to mechanical failure of the tank, s
T temperature, K
T average temperature between two adjacent MLI reflective layers, K

(continued on next page)
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(continued )

Û specific internal energy, J/kg
VSi volume of the inner tank, m3

Ys solid mass at instant t normalized on the initial value, -
Greek letters
α coefficient of volume expansion, K− 1

β heating rate, K/min
γ heat capacity ratio, -
δ thickness, m
ε emissivity of the material surface, -
ζ atomic degrees of freedom of the gas (it equals 2 for air and nitrogen), -
θ accommodation factor, -
ν kinematic viscosity, m2/s
μ dynamic viscosity, Pa⋅s
ρ density, kg/m3

σ Stefan-Boltzmann coefficient, W/(m2⋅K4)
σv equivalent mechanical stress, Pa
σy yield strength, Pa
σl longitudinal primary stress, Pa
σh circumferential primary stress, Pa
σr radial primary stress, Pa
ϕ weight factor, -
ψf dumping factor for standard fire curve correlation, -
Δx vacuum gap thickness between the double walls of the tank, -
Abbreviations
CFD Computational fluid dynamics
LH2 Liquefied hydrogen
MLI Multilayer insulation
PRV Pressure relief valve
KPI Key performance indicator
RT Reference time
Subscripts and Superscripts
cond conduction
conv convection
exp experimental
f fire
g gas
i i-th reflective layer
H2 hydrogen fluid
L liquid
N outermost reflective layer
rad radiation
rl reflective layer
s solid
Se external shell
Se,out external shell, side facing fire
Si internal shell
V vapor
0 initial condition
1 innermost reflective layer

1. Introduction

Climate change imposes the transition to clean and green renewable 
energy sources worldwide. In this context, hydrogen is emerging as a 
promising alternative energy carrier with a reduced environmental 
footprint [1,2]. Storage and transportation of hydrogen as a cryogenic 
liquid (LH2) within specific tanks represents one of the most effective 
solutions to achieve a high volumetric energy density [3,4]. However, 
the low storage temperature of cryogenic hydrogen poses several chal
lenges in minimizing heat transfer from the environment to avoid 
excessive boil-off losses.

To this purpose, thermal superinsulation materials such as perlite, 
hollow glass microspheres, aerogel, glass bubbles, fiber-reinforced 
plastic, and multilayer insulation (MLI), also combined with vacuum 
and active components as vapor-cooled shields or coolers, have been 
developed [5]. Among the most mature insulation technologies, MLI 
systems have the smallest volume requirement and the lowest density 
[6]. Thus, they represent one of the preferred choices in the trans
portation sector, especially on a small to medium scale, where space and 
weight constraints play a crucial role [7].

Despite the undoubted advantages arising from the widespread 
adoption of LH2 storage and transportation technologies, several haz
ards must be considered due to the wide flammability range and low 

ignition energy of hydrogen-air mixtures [8,9]. Accidental releases may 
trigger dangerous events, such as flash fires [10], vapor cloud explosions 
[11], and jet fires [12,13], with the potential of triggering domino ef
fects [14].

Tests by Pehr and van Wingerden et al. [15,16] involving real-scale 
LH2 cryogenic tanks showed that, despite the presence of an MLI system, 
Boiling Liquid Expanding Vapor Explosions (BLEVEs) [17] and fireballs 
[18] may result from the catastrophic failure of the tank upon exposure 
to external fires. This was ascribed to the degradation of the insulation 
material. Eberwein et al. [19–21] confirmed this hypothesis experi
mentally, showing that high-temperature exposure can severely deteri
orate MLIs (whether or not the vacuum is lost in the double wall cavity 
of the tank), leaving the tank unprotected from the fire heat flux. As a 
result, the tank pressurizes while its wall attains temperature values that 
induce a drop in mechanical resistance. The combination of these factors 
represents a significant threat to the tank integrity.

Understanding the thermodynamic response of LH2 tanks to fire 
exposure is crucial to assessing and improving tank safety and sup
porting emergency management. Although fire tests can be considered 
the most robust approach to assess the behaviour of (LH2) tanks in fire 
conditions and prove compliance with standards, they present several 
drawbacks.

Fire test campaigns are expensive and time-consuming, limiting the 
number of scenarios that can be considered. They also pose relevant 
safety and environmental issues. Ensuring test repeatability is chal
lenging, especially in large-scale experiments. Fire test results are case- 
specific: the assessment of a tank with a modified design (e.g. the 
installation of a different insulation system and/or pressure relief device 
in an LH2 tank) requires the development of specific testing procedures. 
Validated numerical models represent useful tools that can be used to 
integrate fire test results and explore tank behaviour over a wider range 
of conditions and scenarios. They can also be employed as a virtual 
workbench to assess different alternatives in the early design stages. 
Recently, both lumped parameters (i.e., based on a sub-division of the 
tank domain into zones and on the solution of heat and mass balance for 
each of them) and CFD (Computational Fluid Dynamics) models were 
developed to simulate the behaviour of tanks for the storage of cryogenic 
liquids (LH2 and LNG) engulfed in fire. Examples and details of both 
categories of models are reported in the literature [22,23]. These models 
require empirical adjustments addressing the MLI effective thermal 
conductivity in order to match the experimental results since a sys
tematic and robust model for the prediction of MLI performance 
degradation is still lacking. Thus, their application is constrained to the 
specific case considered. To overcome this limitation, two numerical 
models were recently developed and validated to simulate the heat 
transfer through MLI in case of deterioration induced by high temper
atures. Camplese et al. [24] devoted their efforts to MLI systems based 
on polyester, while Hajhariri et al. and Camplese et al. [25,26] extended 
the approach to non-combustible MLIs. These models provide an accu
rate quantification of the heat flux to the tank during fire scenarios. 
However, they do not address the simulation of the tank response.

This study proposes an innovative approach to the safety assessment 
of LH2 tanks equipped with MLI systems, based on an advanced 
modeling approach that integrates the high-temperature degradation of 
MLIs and the thermodynamic modeling of the behaviour of the fluid 
stored in the tank. An original lumped model was developed to simulate 
the tank heat-up and pressurization resulting from fire exposure. The 
model accounts for the action of the pressure relief valve (PRV) and 
includes a simplified mechanical stress analysis to investigate the pos
sibility of tank failure. The degradation of the MLIs performances at high 
temperatures was simulated using the approaches proposed by Camp
lese et al. [24,26] and Hajhariri et al. [25].

The model was then applied to a case study that considers a typical 
vehicle-scale LH2 storage tank. The response of the tank to different fire 
scenarios was assessed considering the categories of MLI materials most 
frequently applied: aluminum-based and polyester-based MLIs. The 
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systematic assessment and comparison of the MLI performances were 
carried out through the definition of specific key performance indicators 
(KPIs) and the identification of reference times (RTs) useful to charac
terize the evolution of the accident scenario.

In the following, Section 2 introduces the approach developed and 
the features of the MLI materials considered. Section 3 presents the 
model developed for MLI degradation and the KPIs defined to assess MLI 
performance. Section 4 introduces a case-study. In section 5 the results 
are presented and discussed. Section 6 draws some conclusions.

2. Overview of the approach

2.1. Phases of the study

An innovative approach was developed to assess the performance of 
MLI systems applied to LH2 tanks during fire scenarios. This is based on a 
specific model coupled to KPIs aimed at MLI performance assessment. In 
order to obtain the innovative approach, the study was divided into four 
phases, as shown in Fig. 1.

The preliminary phase of the study was devoted to the identification 
and selection of the MLI systems to be considered in the study. The most 
popular MLIs for vehicle-scale cryogenic LH2 storage and transportation 
tanks (phase 0 in Fig. 1) were selected.

Then, in the first phase of the study, a model for the simulation of the 
behaviour of LH2 tanks in fire scenarios was developed. This was ob
tained as the combination of two sub-models: one that simulates the heat 
transfer and the thermal degradation processes in the insulation systems 
(Step 1.1), the other that uses a lumped approach to describe the ther
momechanical response of the LH2 tank (Step 1.2), including the 
hydrogen stored inside. This model calculates the pressurization and the 
mechanical stress in the tank shell, also taking into account the effect of 
the PRV action, allowing to estimate the time to failure based on a 
widely adopted failure criterion. A specific set of key performance in
dicators (KPIs) and reference times (RTs) were then defined to assess and 
compare the performance of MLI systems when exposed to realistic fire 
scenarios (Step 1.3).

In the second phase of the study, a test case was set up for the 
application of the performance assessment. This encompassed the 
identification of the constructive characteristics of a vehicle-scale LH2 
tank (Step 2.1) and its insulation system (Step 2.2), and the definition of 
a set of realistic fire scenarios based on a standard fire curve (Step 2.3). 
Finally, a sensitivity analysis was carried out to assess the effect of the 
variation of the values of the input parameters on the results (Step 2.4).

The following sections describe in detail each phase of the study, 
following the flowchart illustrated in Fig. 1.

2.2. Selection of MLI systems for LH2 tanks

MLI systems consist of a series of thin reflective layers (typically 10 
to 80 [27,28]) made of low-emissivity material, alternatively spaced by 
low-thermal-conductivity and high-void-fraction spacers. For cryogenic 
storage services, MLIs are placed within the double wall of the tank, 
where high-vacuum pressure conditions (around 10− 3 Pa) are main
tained [27]. This configuration minimizes the contributions of all the 
heat transfer mechanisms (i.e., radiation, conduction, and convection), 
resulting in very low heat fluxes into the tank (typically from 0.2 to 2 
W/m2 for liquid hydrogen storage [29]), and limiting boil-off (0.1–1 
%/Day [30]). The most used reflective layers are pure aluminum foils 
and Double-Aluminized Mylar (DAM) [31]. The first ones are typically 
interleaved with fiberglass fleece or paper, while DAM reflective layers, 
which consist of a high-density polyester main core with both surfaces 
coated with ultra-thin aluminum, are coupled with polyester, silk, or 
fabric spacers. Depending on the reflective materials used, MLI systems 
can be grouped into two main categories: “aluminum-based” (i.e., with 
pure aluminum reflective layers) and “polyester-based” MLIs (i.e., with 
DAM reflective layers).

Over the last decades, both MLI categories were tested and adopted 
on large-scale (LH2) cryogenic tanks for both static and spacecraft pro
pellant storage purposes [32,33].

Recently issued standards, such as ISO and ADR [34,35], introduced 
a further distinction between “combustible” and “non-combustible” 
MLIs, based on the capacity of their constitutive materials to sustain or 
not combustion in case of ignition in oxygen-enriched atmospheres [36]. 
The ISO standard [34] forbids the use of “combustible” MLIs, such as 
polyester-based MLIs, for LH2 applications. The ADR [35] states that this 
type of MLIs can be used for small tanks only. The GTR 13 [37] does not 
provide any limitation on this aspect. Although polyester-based MLIs 
may possibly be excluded from the use in the hydrogen value chain in 
the near future, their application will still be possible for other cryogenic 
fluids such as LNG.

Since the present approach aimed to provide a comprehensive 
overview of the performances of the most widely adopted MLIs in fire 
scenarios, two systems were selected for the assessment: DAM with 
polyester net spacer and aluminum foil reflective layer with glass fleece 
(see Section 4.2 for material and geometrical properties details). These 
are representative of the two macro categories discussed above: “poly
ester-based (combustible)” and “aluminum-based (non-combustible)” 
MLIs.Fig. 1. Flowchart of activities.
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3. Model

The performance of the MLI systems considered in the present study 
was assessed by developing a specific model for the simulation of LH2 
tank behavior under fire exposure. This consists of the two sub-models 
described in the following: i) the MLI heat transfer and thermal degra
dation model (Section 3.1), and ii) the LH2 tank thermomechanical 
model (Section 3.2).

3.1. Step 1.1: MLI heat transfer and thermal degradation model

The MLI thermal degradation model adopted in the present study is 
based on the approach proposed by Camplese et al. [24] for 
polyester-based MLIs, extended by Hajhariri et al. [25] to 
aluminum-based MLIs. Both approaches were validated against data 
from an experimental apparatus specifically designed to study the per
formance of MLI under fire-like conditions. Experimental data obtained 
by Thermogravimetric Analysis (TGA) and Differential Scanning Calo
rimetry (DSC) were used to characterize the relevant degradation pro
cesses. The model exploits a thermal node discretization, in which the 
insulation system is divided in N+2 nodes as shown in Fig. 2. A single 
node is assigned to each of the N reflective layers, while two additional 
thermal nodes are used to represent the external shell, Se, and the in
ternal shell Si. A transient one-dimensional heat balance is written for 
each node and solved to obtain its temperature-time correlation. The 
heat balance equations are reported in Table 1 (Eqs. (1)–(5)) together 
with the other model equations. The net heat flux (qrl,i) between nodes i 
and i-1 is calculated as the sum of thermal radiation (Eq. (7) of Table 1), 
solid conduction (Eq. (8) of Table 1), and heat transfer mechanisms in 
the gas phase (i.e., conduction or convection, depending on the vacuum 
pressure and fluid-dynamic regime: see Eqs. (9)–(15) in Table 1). As 
clear from Eqs. (8)–(11), the spacer properties required are only needed 
to calculate the heat flux terms related to spacer conduction and gas 
conduction/convection.

The method to calculate the heat transfer contribution of the gas 
(qg,i) relies on the Sherman-Less relation for conduction and transitions 
to convection at high Grashof (Gr) and Rayleigh (Ra) numbers. This 
approach ensures the application of the model in all relevant pressure 
ranges, from standard operating conditions (1.33⋅10− 4 to 1.33 Pa, as 
specified in Ref. [27]) to scenarios involving partial or complete vacuum 
loss, such as those observed in fire tests conducted by Wingerden et al. 
[16]. Further details of each contribution as well as of their physical 
parameters are provided elsewhere [24].

Thermal balances for the external shell and internal shell nodes 
require specific considerations. The heat flux terms in the external shell 

thermal balance (Eq. (1) in Table 1) represent the fire heat load (qf), 
which is discussed in Section 3.2, and f is the heat transfer to the 
outermost (intact) MLI layer. The latter involves only radiation and gas 
heat transfer mechanisms, since a vacuum gap is usually present be
tween these two surfaces. Eq. (5) in Table 1 is used to calculate the inner 
shell temperature and thus the heat flux from the inner shell to tank 
lading (qH2). The last term is governed by the heat transfer coefficient in 
cryogenic fluid wetting the wall as described in Section 3.2.

Fig. 2. Schematic representation of the thermal node discretization adopted to describe the heat transfer problem. Se = external shell, Si = internal shell. Nodes 1 to 
N refer to the MLI radiative layers.

Table 1 
Set of equations used in the MLI heat transfer model. The symbols in the 
equations are defined in the nomenclature section (Eq. N◦; equation number).

Node Variable Equation Eq. 
N◦

Se TSe δSe ρSe
cp,Se

dTSe

dt
= qf −

1
(

1
εSe

+
1
εN

− 1
) σ

(
T4

Se
− T4

N

)
−

qg,Se

(1)

N TN δrl,Nρrlcp,rl
dTN

dt
= qg,Se +

1
(

1
εSe

+
1
εN

− 1
) σ

(
T4

Se
− T4

N

)
−

qrl,N

(2)

i Ti δrl,iρrlcp,rl
dTi

dt
= qrl,i+1 − qrl,i

(3)

1 T1 δrl,1ρrlcp,rl
dT1

dt
= qrl,2 − qrl,1

(4)

Si TSi δSi ρSi
cp,Si

dTSi

dt
= qrl,1 − qH2

(5)

– qrl,i qrl,i = qrad,i + qs,cond,i + qg,i (6)
– qrad,i qrad,i =

σ
(

1
εi
+

1
εi− 1

− 1
)
(
T4

i − T4
i− 1

) (7)

– qs,cond,i
qs,cond,i =

fi2ks

Dx
(Ti − Ti− 1)

(8)

– qg,i qg,i =

{
qg,cond,i if Gr< 2860
qg,conv,i if Gr ≥ 2860

(9)

– Gr
Gr =

gαΔTDx
3

ν2

(10)

– qg,cond,i

qg,cond,i =

⎡

⎢
⎢
⎣

Dx

kg
+

2 − θ
θ

⋅

̅̅̅̅̅̅̅̅̅̅
πMT
2R

√

(
1 +

ζ
4

)
Pr

⎤

⎥
⎥
⎦

− 1

(Ti − Ti− 1)

(11)

– qg,conv,i qg,conv,i = Nu
kg

Dx
(Ti − Ti− 1)

(12)

– Nu ⎧
⎪⎨

⎪⎩

Nu = 0.197Ra1/4
(δ

H

)1/9
,2 × 103 < Ra < 2 × 105

Nu = 0.073Ra1/3
(δ

H

)1/9
,2 × 105 < Ra < 1.1 × 107

(13)

– Ra Ra = Gr⋅Pr (14)
– Pr Pr =

μcp,g

kg

(15)
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In order to take into account the possible high-temperature degra
dation of MLI materials, two distinct approaches are used, depending on 
the MLI type considered. The associated sets of equations are reported in 
Table 2.

In the case of polyester-based MLI, both the relative density of the i- 
th spacer (fi) and the layer thickness (δrl,i) vary as a function of the solid 
material mass loss (Eqs. (16) and (17) in Table 2), according to the 
approach proposed by Camplese et al. [24]. The terms f0 and δrl,0 

represent the initial nominal values of fi and δrl,i, respectively. The 
sample residual fraction, Ys,i, is defined by Eq. (18) in Table 2 and 
represents the residual mass of the i-th layer (ms,i) normalized to its 
initial value (ms,0). This is calculated at each time step by solving the 
kinetic model of Eq. (19) in Table 2 for each reflective layer. n, A and Ea 
represent the apparent order of reaction, pre-exponential factor, and 
activation energy respectively, which were estimated from thermogra
vimetric analysis [24]. Factors fi and δrl,i are updated at each time step 
until degradation threshold Ys,T (i.e., the value of the residual mass 
fraction, Ys, at which the radiative layer is considered to be destroyed; 
Ys,T = 0.16, is reached [24]. Then, both the i-th reflective layer and the 
i-th spacer are assumed to be destroyed and removed from the simula
tion. This approach allows to simulate a gradual degradation of both the 
reflective layer and spacer material.

In the case of aluminum-based MLI, the complete deterioration of 
each reflective layer is assumed to occur instantaneously when its 

temperature reaches the melting point of aluminum (933.5 K [38]). At 
this temperature, fiberglass spacers typically used in these types of MLI 
may remain intact in place, maintaining their original configuration, 
even in case of complete degradation of the reflective layers [25]. Haj
hariri et al. [25] highlighted that the spacer may absorb a fraction of the 
incident heat radiation, but a reliable correlation for its quantification is 
still missing. Therefore, in the present model, in order to obtain con
servative results, the i-th spacer layer of aluminum-based MLI is 
removed instantaneously when the i-th reflective layer fails, neglecting 
the limited shielding effect provided by the spacer. Before the degra
dation takes place, the properties of both the i-th reflective layer and the 
i-th spacer are assumed as constant and equal to their initial nominal 
values (see Eqs (20) and (21) in Table 2), as suggested in previous 
studies [25,26].

3.2. Step 1.2: LH2 tank thermomechanical model

A single-zone lumped equilibrium model is used to simulate the 
pressurization inside the tank. The fluid domain is schematized with one 
thermal node (H2; see Fig. 2) for which mass and thermal balances are 
defined assuming a uniform temperature, TH2, and thermodynamic 
equilibrium between the liquid and gaseous hydrogen phases (see Eqs. 
23 and 24 in Table 3), thus neglecting the effect of thermal stratification. 
Studies addressing tanks under fire exposure show that this assumption 
is reasonable for small-sized tanks [39,40] as the one analysed in the 
present study. In the case of larger tanks, experimental evidence shows 
that thermal stratification ends after the PRV opening [41,42]. Both 
balance equations consider the action of the pressure relief valve (PRV) 
through the activation factor ϕ, which is 0 when the valve is closed and 1 
when is open, and the outlet mass flow term ṁPRV. This is calculated 
using Eq. 27 [43], assuming a vapor fraction of 1 for the outlet stream. 
The specific enthalpy of the PRV outlet is calculated according to this 
assumption. The PRV cross-sectional area (APRV) and its opening and 
closing set point pressures (PPRV,open and PPRV,close) derive from the PRV 
sizing criteria. The values assumed in the case-study are reported in 
Section 4.1.

The term qH2 in the energy balance (Eq. (24) in Table 3) represents 
the heat flux from the inner shell and is calculated according to Eq. (29) 
(Table 3), where ASi, TSi, and h are the inner shell surface, inner shell 

Table 2 
Degradation kinetics of the two types of MLI addressed in the study. The symbols 
in the equations are defined in the nomenclature section. The equation numbers 
are reported in the third and fifth column of the table respectively for polyester- 
based and Aluminum-based MLIs.

Variable Polyester-based MLI Eq. 
N◦

Aluminum- 
based MLI

Eq. 
N◦

fi fi = f0⋅Ys,i (16) fi = f0 (20)
δrl,i δrl,i = δrl,0⋅Ys,i (17) δrl,i = δrl,0 (21)
Ys,i

⎧
⎪⎨

⎪⎩

Ys,i = ms,i/ms,0

dYs,i

dt
= − A exp

(

−
Ea

RTi

)

Ys,i
n

(18) 
(19)

Ys,i = 1 (22)

Degradation 
criterion

Ys,i = 0.16 – Ti =

660.3 ◦C
–

Table 3 
Set of equations used in the tank pressurization model. The symbols in the equations are defined in the nomenclature section (Eq. N◦; equation number).

Node Variable Equation Eq. N◦

H2 mH2 dmH2

dt
= − ϕṁPRV

(23)

H2 ÛH2 d(mH2 ÛH2)

dt
= qH2ASi − ϕṁPRV ĤPRV

(24)

H2 Pa P = f(ρH2, ÛH2) (25)
- ϕb

ϕ =

{
0,PRV close
1, PRV open

(26)

- ṁPRV
c

ṁPRV =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

KdAPRV

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

γρP
(

2
γ + 1

)

(
γ+1
γ− 1

)√
√
√
√
√

,
Po

P
≤

(
2
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- Kb

Kb =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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]

(
2
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√
√
√
√
√
√
√
√
√

(28)

- qH2 qH2 = h(TSi − TH2) (29)
- h h = (hLAL + hVAV)/ASi (30)

a The equation of state is solved through the “Coolprop” tool. Further details are reported elshewhere [42,43].
b the valve remains closed until the pressure reaches PPRV, open, and it remains so until the pressure below PPRV, close.
c Kd is the discharge coefficient of the PRV and is assumed equal to 0.82 [46].
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temperature, and the heat transfer coefficient of the fluid in contact with 
the wall. The heat transfer coefficient is obtained by Eq. (30) (Table 3) as 
the weighted sum of the liquid and vapor coefficients (namely, hL and 
hV) considering the tank surface areas wetted by the liquid and the vapor 
phases respectively (namely, AL and AV). hL was calculated according to 
Wang et al. [44] which suggested a set of correlations to estimate the 
heat transfer coefficient between the tank wall and the LH2 for each 
region of the boiling curve. hV was calculated through the equations 
proposed by Churchill and Usagi [45].

At each timestep, the mass and energy balances for the LH2 tank are 
solved to find the specific internal energy (ÛH2) and the mass of 
hydrogen lading (mH2). The other thermodynamic properties of the 
hydrogen phases are obtained from the “Coolprop” database [47], 
assuming thermodynamic equilibrium between liquid and vapor phases 
(until both are present inside the tank, as in the case-study considered). 
Fluids properties in “Coolprop” are based on Helmholtz energy formu
lation and on the equation of state specifically developed for hydrogen 
by Leachman et al. [48] which requires two independent variables as 
input parameters. In the proposed model, the pressure of hydrogen in
side the tank, P, is calculated by the “Coolprop” tool using ÛH2, and the 
hydrogen density, ρH2, (directly obtained from mH2 and the tank volume 
VSi) are used as input parameters (see Eq. (25) in Table 3).

On the one hand, it is important to remark that the lumped model 
proposed neglects the effect of thermal stratification, which is known to 
speed up tank pressurization [49]. Although several multi-zone models 
that account for this phenomenon have been proposed in the last de
cades, all rely on adjustable parameters fine-tuned to match the results 
of specific sets of experimental data (which depend on tank geometry 
and operating conditions). On the other hand, the advantage of CFD 
models, not needing the use of such adjustable parameters comes at a 
high computational cost, which hinders their use for systematic studies 
that require a high number of simulations.

Since the focus of the present study is the systematic comparative 
assessment of MLI performances in fire scenarios rather than on detailed 
thermo-fluid dynamic analysis of the hydrogen behaviour in the tank 
exposed to the fire, also considering that the thermal stratification tends 
to vanish as a result of boiling-induced mixing caused by the opening of 
the PRV [50], the single-node equilibrium modeling approach described 
above was considered the most suitable for the purpose. This is in line 
with the methodology proposed by ISO 21014:2019 for the determina
tion of the performance of cryogenic insulation [51]. The current liter
ature lacks sufficiently detailed experimental data concerning LH2 tanks 
featuring MLI systems under fire exposure. For instance, in the real-scale 
fire tests reported by Pehr [15] and van Wingerden et al. [16], details on 
the insulation system used were not provided. Furthermore, in part of 
the tests, the fire engulfment was not uniform and varied considerably 
over the duration of the experimental run, making the resulting mea
surements unsuitable for validation purposes. Therefore, following the 
approach of several previous studies on hydrogen tanks [52,53], the 
validation process for the pressurization submodel was based on 
experimental data on the self-pressurization of a liquid nitrogen tank, 
that were considered the best available data to provide at least a pre
liminary model validation.

The possibility of inner tank failure due to mechanical stresses is 
evaluated in the model by applying the Von Mises yield (maximum 
distortion energy) criterion. In particular, in order to assess the integrity 
of the tank at each timestep, it is assumed that the failure of the inner 
vessel occurs when the equivalent mechanical stress induced by pressure 
build-up (σV) equals the yield strength of the shell material (σy), as 
described by Eq. (31). 

σV = σy (31) 

The first term (σV) is obtained by Eqs. (32)–(35), where σl, σh, and σr 

are the longitudinal, circumferential, and radial primary stresses, 
calculated according to the thin-wall assumption [54], r and δSi 

represent the inner shell radius and thickness, and Pg is the inner tank 
gauge pressure. 

σV =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(σl − σh)
2
+ (σh − σr)

2
+ (σl − σr)

2

2

√

(32) 

σl =
Pg⋅r
2δSi

(33) 

σh =
Pg⋅r
δSi

(34) 

σr = − Pg (35) 

The yield strength of the shell material (σy
)

is calculated at each 
timestep accounting for the effect of temperature according to the 
strength reduction coefficients provided by the standard [55]. The 
maximum inner shell temperature (TSi,max) is estimated using Eq. (36), 
which is derived from Eq. (5) eliminating the heat transferred from the 
shell to the fluid in the tank (i.e. qH2 = 0) 

δSiρSicp,Si
dTSi ,max

dt
= qrl,1 (36) 

This assumption allows obtaining a conservative estimation of the 
shell temperature, avoiding introducing uncertainties related to the 
value of the heat transfer coefficient.

The fire boundary condition is defined assuming a full engulfment 
scenario, modeled as indicated by ISO 21843 [56]. The heat flux 
entering the external wall of the thank, qf , is computed at each time step 
according to Eqs. (37)–(39), where qrad,f and qconv,f represent the fire 
radiative and convective heat fluxes, εf is the flame emissivity (here 
assumed equal to 1), Tf and TSe are the flame and external shell tem
peratures, εSe,out is the emissivity of the external wall on the side facing 
the fire, and hf is the fire convective heat transfer coefficient (here set to 
10 W/(m2⋅K). 

qf = qrad,f + qconv,f (37) 

qrad,f = σεSe,out
(
εfTf

4 − TSe
4) (38) 

qconv,f = hf
(
Tf − TSe

)
(39) 

Before each simulation run, the steady-state temperature profile 
obtained with TSe = 293 K and a fluid hydrogen temperature, TH2, of 20 
K (corresponding to the saturation temperature of hydrogen at atmo
spheric pressure [38]) are set as the initial conditions through the tank 
and MLI system. It should be considered that, as discussed in the 
following, the actual operating temperature is between 20 and 26 K, 
where the latter value is the saturation temperature corresponding to 
PPRV,open (see Table 4). At each timestep, mass and thermal balances 
considered in both MLI degradation and tank pressurization models are 
solved iteratively using a fully implicit discretization scheme [57] up to 
the point where the highest (among all nodes) relative deviation of the 
temperature calculated at two consecutive iterations drops below 10− 7.

3.3. Step 1.3: Performance assessment of MLI systems under fire exposure

The performance and the resistance of MLI systems play a key role in 
determining whether or not a cryogenic tank can withstand fire expo
sure. The capacity of protection against the external heat load is strongly 
affected by the rate and extent of deterioration of the material at high 
temperatures [20].

The numerical model presented above calculates the dynamic evo
lution of several parameters, such as the temperature and the heat flux 
through the insulation system and the tank walls, the extent of the 
degradation of each MLI layer, the pressurization rate, and the high- 
temperature weakening of the steel structure. These are all elemental 
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aspects needed to investigate in detail the tank response to external fire. 
Many other studies proposed Key Performance Indicators (KPIs) to 
summarize the information obtained from complex modelling ap
proaches and to identify hazardous operating regions, thus supporting 
the improvement of storage safety and emergency management in fire 
scenarios [61]. Following this rationale, a set of KPIs and reference times 
were identified to assess and compare MLI systems based on a systematic 
approach.

Two KPIs were introduced to quantify the insulation performance of 
MLIs during and after fire exposure: the Degradation Index for Fire 
conditions (DIF) and the Degradation Index for Post-fire exposure con
ditions (DIP). These are based on the concept of effective thermal con
ductivity (keff), calculated by Eq. (39). This parameter is used in many 
standards and regulations [31,36,62] to quantify and compare the MLI 
insulation performances and can be directly linked to the heat leaking 
into the tank either in normal operating conditions and in fire conditions 
(see Eq. (39)). Therefore, monitoring the extent of keff variation with 
respect to initial or normal operating conditions allows for a quantita
tive evaluation of performance deterioration under fire attack.

Based on these principles, the DIF is defined as the ratio between the 
instantaneous effective thermal conductivity of the MLI system during 
fire exposure, keff,F, and keff,Std, the effective thermal conductivity ob
tained in steady-state normal operating conditions (tank inner temper
ature of 20 K and an ambient temperature of 293 K) calculated using Eq. 
(41). This indicator provides a measure of the system performance 
deterioration during fire exposure: a higher DIF corresponds to higher 
heat fluxes into the tank and, as a consequence, to an accelerated 
pressurization and temperature increase in the wall, inducing structural 
weakening and thus increasing the risk of failure before fire suppression.

The second KPI introduced, DIP, quantifies the loss of insulation 
performance after the fire is extinguished, providing an indication of 
how fast the tank will be prone to self-pressurize in the aftermath of the 
fire, thus supporting the post-fire emergency management. This is 
defined by Eq. (42), where the keff,P represents the effective thermal 
conductivity at normal operating conditions after the fire exposure (tank 
inner temperature of 20 K and ambient temperature of 293 K). 

keff =
qrl,1⋅Δx

(TSe − TSi)
(40) 

DIF=
keff,F

keff,std
(41) 

DIP=
keff,P

keff,std
(42) 

Besides the KPIs that quantify the performance of the insulation, a set 
of Reference Times (RTs) was defined, considering key events that 
indicate to what extent the integrity of the tank can be threatened by a 
given fire scenario. Four RTs corresponding to key events during fire 
exposure were identified. 

i. the onset of degradation time (tod), defined as the time taken by 
the outermost reflective layer to reach 99 % of the total weight 
loss for polyester-based MLI or 99 % of the degradation temper
ature for aluminum-based MLI (i.e., 923 K);

ii. the total degradation time(ttd), defined as the time it takes for the 
entire MLI system to completely degrade;

iii. the time of the first PRV opening (tPRV);
iv. the time to failure (ttf), calculated as described in Section 3.2.

4. Case-study

The model developed was applied to test and compare the perfor
mances of polyester and aluminum-based MLIs, simulating the behavior 
of a vehicle-scale double-walled tank filled with liquid hydrogen under 
realistic fire conditions. In the following sections, the tank design (see 
Section 4.1), MLI systems properties (see Section 4.2), and the reference 
fire scenarios (see Section 4.3) considered in the case-study are 
presented.

4.1. Step 2.1: Tank design features

The LH2 tank considered in this study is a double-walled horizontal 
cylindrical tank with two elliptical ends. The geometrical characteristics 
of the tank were derived from standards for cryogenic tanks for vehicle 
application [34,46,60]. The inner tank has a length of 2.1 m and a 
diameter of 0.55 m. By approximating the tank surface to a cylinder, the 
resulting inner volume, VSi, and internal surface area, ASi, are 0.5 m3 and 

Table 4 
Tank features and material properties.

Section Parameter Symbol Value Unit of measure Source

Internal tank Length L 0.72 m –
Diameter D 0.46 m –
Volume VSi 0.12 m3 –
Inner tank surface ASi 1.34 m2 –
Wall thickness δSi 0.002 m –
Wall density ρSi 7944 kg/m3 [58]
Wall heat capacity cp,Si 500 J/(kg⋅K) [58]
Wall thermal conductivity kSi 15 W/(m⋅K) [58]
Internal wall emissivity εSi

c 1 – [19]
Yield strength σy σy,293K

a⋅ky(TSi,max)b MPa [55,59]
PRV opening section APRV 5.11⋅10− 4 m2 [46]
PRV opening pressure PPRV, open 0.47 MPa [15]
PRV closing pressure PPRV, close 0.47 MPa [60]

External tank Wall thickness δSe 0.002 m –
Vacuum gap thickness Δx 0.035 m [15]
Wall density ρSe 7944 kg/m3 [58]
Wall heat capacity cp,Se 500 J/(kg⋅K) [58]
Wall thermal conductivity kSe 15 W/(m⋅K) [58]
Wall emissivity (side facing the fire) εSe,out 0.5 – [24]
Wall emissivity (side facing the inner tank wall) εSe

c 0.44 – [19]

a σy,293K is the yield strength at 293 K and was considered equal to 240 MPa [59].
b ky(TSi,max) is the reduction factor (relative to the yield strength) and varies between 1 and 0 within 293 and 1473 K, according to EN 1993-1-2:2024 for the steel 

type considered [55].
c The experimental values are reported from Eberwein et al. [19] and derived from a test involving a polyester-based MLI system at a maximum temperature of 1023 

K.
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4.1 m2, respectively. The thickness of the gap between the internal and 
external walls is equal to 0.035 m. These dimensions are representative 
of LH2-powered heavy-duty vehicles [7].

The tank is designed to operate at atmospheric pressure and is 
equipped with a pressure relief valve (PRV). The liquid hydrogen tem
perature was assumed equal to the saturation temperature at atmo
spheric pressure (20 K). The maximum allowable working pressure 
(MAWP) was set to 3.9⋅105 Pa as in the LH2 tank used in the fire test by 
Pehr [15]. The corresponding range of the liquid hydrogen temperature 
(20–26 K) has a negligible effect on modelling results.

The opening and closing set point pressures (PPRV,open and PPRV,close
)

were calculated according to the ISO 13985:2006 [34] as the 121 % of 
the MAWP (4.7⋅105 Pa) and the 90 % of PPRV,open (4.2⋅105 Pa), 
respectively.

The PRV opening section (APRV) was sized through the ISO 
21013–3:2016 [46], assuming the worst-case scenario among those 
proposed by the standard: tank under fire conditions with loss of vacuum 
with air or nitrogen. This resulted in a circular discharging section of 
1.4⋅10− 3 m2.

AISI 316L (i.e., austenitic steel number 1.4404 according to EN 
10027–2:2015 [63]) was assumed as the material of the tank shell, as 
particularly suitable for cryogenic applications [64]. The yield strength 
(σy) was calculated at each timestep during the simulation by scaling the 
reference value at 293 K (i.e., 240 MPa; [59]) by a reducing factor (ky) 
that depends on the temperature according to EN 1993-1-2:2024 [55]. 
The inner and outer shell thicknesses (namely, δSi and δSe) were both set 
to 0.002 m, upon verification of compliance with the minimum re
quirements imposed by regulations (Annex E of ISO 21009–1:2022 
[60]). The other material properties required for model equations are 
listed in Table 4.

In the present study, it is assumed that 50 % of the inner tank volume 
is occupied by liquid hydrogen in equilibrium with its vapor according 
to the fire test performed by Pehr [15] on a vehicle-scale liquid hydrogen 
tank. Simulations considering a higher fill level (80 %, corresponding to 
the minimum filling level according to CGA H-3 standard) were also 
carried out, the results of which are reported in the Supplementary 
Material (see Section S.C of the Supplementary Material).

4.2. Step 2.2: Definition of materials and properties of MLI systems

Two different MLI systems were considered in the case-study. These 
were selected to be representative of the two main types of materials 
identified in Section 2.2. The first is aluminum-based and consists of 
pure aluminum reflective foils and fiberglass fleece spacers. The second 
is polyester-based with DAM reflective layers and polyester (Dacron net) 
spacers. The properties of the two MLI materials are summarized in 
Table 5 and have been selected according to previous studies [24,25], 
where the specific assumptions and the sources of the values assumed for 
the properties of the materials are listed.

The insulation systems are applied within the vacuum gap between 
the double walls of the tank, with the inner wall in direct contact with 
the first spacer layer, while the last (outermost one) reflective layer is 
separated from the external wall by a vacuum gap. For both MLI sys
tems, 80 layers are selected as those used in the vehicle-scale LH2 tanks 
[66]. According to previous studies [24], the pressure in the vacuum gap 
was considered equal to 10− 3 Pa and was assumed constant throughout 
the simulation, disregarding the possible loss of vacuum.

4.3. Step 2.3: Definition of reference fire scenarios

Fire scenarios involving LH2 tanks can vary from local to full 
engulfment modes. While, especially for large tanks, the first type of 
scenario is often more representative of a real accident [67], when 
considering transport accidents involving small tanks, full engulfment is 
representative of conditions that occurred in several past accidents. 
Thus, full engulfment is widely used as the reference scenario in fire test 
standards and regulations [56,68]. Indeed, this was the target fire con
dition for the LH2 tank fire tests available in the literature [15,16]. 
Therefore, full engulfment conditions were assumed in the present 
study.

The dynamic evolution of the heat flux on the tank outer wall is 
obtained from Eqs. (37)–(39) (see Section 3.2), in which the flame 
temperature 

(
Tf
)

may be obtained from fire safety standards [69–72]. 
The flame temperature vs time curve reported in EN 1363–2:1999 [70] 
to represent a typical hydrocarbon pool fire is taken as a reference in the 
present study. This is described by Eq. (43). When the coefficient ψ f is 
equal to 1, Eq. (43) corresponds to the EN 1363–2:1999 standard curve 
[70]. The coefficient ψ f was introduced in the present assessment to 
explore a wide range of fire intensities without varying the fire growth 
dynamic of the reference curve. A total of 8 simulations were performed 
for each MLI type, varying ψ f between 0.3 and 1 with a step of 0.1. The 
resulting flame temperature curves are presented in Fig. 3. 

Tf =1080 ⋅ ψ f
(
1 − 0.325e− 0.167t − 0.675e2.5t)+ 293.15 (43) 

4.4. Step 2.4: Sensitivity analysis

The tank geometry and the insulation properties considered for the 
case study (see Sections 4.1 and 4.2) are representative of the state-of- 
the-art solutions adopted in LH2-fuelled vehicles. Nevertheless, the 
input parameters may vary when different applications are considered. 
Actually, the specific target boil-off rates adopted in different applica
tion require different insulation performances. This reflects on potential 
differences affecting: i) the number of MLI reflective layers [51]; ii) the 
space and weight constraints affecting the insulation gap thickness be
tween the space available for insulation [7]; iii) the MLI installation 
methods, determining the layer density [27]; and iv) the specific 
application, that may orient the selection of different MLI materials 

Table 5 
Materials properties of the MLI systems considered in the case-study.

Component Property Symbol Polyester-based MLIa Aluminum-based MLIb Unit

Reflective layer Material – Double-Aluminizad Mylar (DAM) Pure aluminum ​
Layers number N 80 80 –
Thickness δrl,0 1.2⋅10− 5 9⋅10− 6 m
Specific heat capacity cp,rl 1000 950 J/(kg⋅K)
Density ρrl 1380 2700 kg/m3

Emissivity εi 0.04 7.2⋅10− 5⋅Ti+3.2⋅10− 3c –

Spacer Material – Dacron net Fiberglass fleece –
Relative density of the spacer to the solid material f0 0.0358 0.0164 –
Spacer thickness Dx 2.88⋅10− 4 3.66⋅10− 4 m
Thermal conductivity of the solid spacer material ks 0.195 0.8 W/(m⋅K)

a from Camplese et al. [24], also reporting the sources of material physical properties.
b from Hajhariri et al. [25], also reporting the sources of material physical properties.
c The emissivity is expressed according to Ref. [65] correlation, where Ti is the temperature of the ith reflective layer.
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[35]. Therefore, a sensitivity analysis was performed to assess the in
fluence of the selected model parameters on the model results. The 
analysis is aimed at assessing the robustness of the model and at 
providing a detailed insight concerning the uncertainty associated with 
parameter selection. The parameters are grouped in three main cate
gories: empirical fluid dynamic and heat transfer parameters, parame
ters of the insulation system, and tank operating parameters, as listed in 
Table 6.

The sensitivity analysis was performed systematically varying each 
of the selected parameters of ±10 % with respect to the reference value 
reported in Section 4.1 or 4.2. The results are presented in Section S.D of 
the Supplementary Material.

5. Results and discussions

5.1. Results of case-study

Fig. 4 reports the pressure build-up, the flame temperature, and the 
maximum internal shell temperatures evolution calculated in the case- 
study for the LH2 tank equipped with Aluminium-based (Fig. 4a–c, 
and e) and Polyester-based (Fig. 4b–d, and f) MLI under three different 
fire scenarios, corresponding to ψ f = 1, 0.7, and 0.5. Details on the other 
parameters, such as the MLI layer temperature, the heat flux into the 
inner tank wall and liquid hydrogen mass variation over time are re
ported in the Supplementary Material, together with the results obtained 
considering alternative fire curves.

In the first period of fire exposure, the duration of which varies with 
the fire intensity and the material deterioration of MLI, the tank pressure 
and the inner tank maximum temperature remain close to their initial 
values despite the fast growth in the fire curve.

Focusing on the most severe fire curve (ψ f = 1, see Fig. 4a and b), it is 
possible to observe that this initial phase extends beyond the onset of 
degradation (tod). Then, a sudden increase in both pressure and tem
perature is registered, which occurs immediately after the time at which 
the total degradation of the MLI system (ttd) is reached, leading to the 

Fig. 3. Fire scenarios considered in the present study: flame temperature vs time curves for different flame intensity factors (ψf).

Table 6 
List of parameters considered in the sensitivity analysis.

Empirical fluid dynamic and heat transfer parameters

h Hydrogen convective heat transfer coefficients
Kdr PRV discharge coefficient
Parameters of the insulation system
N Number of MLI reflective layers
εrl Surface emissivity of the reflective layer
εSi Surface emissivity of the inner tank wall
εSe Surface emissivity of the outer tank wall (side facing the MLI)
ks Thermal conductivity of the spacer material
f Relative density of the spacer to the solid spacer material
Dx Spacer thickness
Pr Vacuum pressure within the insulation system
Tank operating parameters
Δx Vacuum gap thickness between the double walls of the tank
P0 Initial pressure of stored liquid hydrogen

Table 7 
Comparison of the values of the reference times (see section 3.3) obtained for 
polyester-based MLI and aluminum-based MLI considering the most severe fire 
curve (ψf = 1). The relative increase of reference times for aluminum-based MLIs 
with respect to polyester-based MLIs is also calculated.

RT unit Polyester-based MLI Aluminum-based MLI Relative increase

tod s 126 174 38 %
ttd s 396 528 33 %
tPRV s 402 534 33 %
ttf s 714 798 12 %
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activation of the PRV. After several PRV opening and closing cycles, the 
tank fails (i.e. the ttf is reached) due to the decrease in its mechanical 
strength, caused by the high temperature of the inner shell (see Section 
3.2). The results in Fig. 4a and b shows that aluminum-based MLI has a 
higher resistance to fire exposure as compared to polyester-based MLI, 
providing a longer protection to the tank. This is reflected in the values 
of the reference times defined in section 3.3 and reported in Table 7: for 

the most severe fire curve.
When milder fire conditions are considered, a delay in the pressur

ization and in the increase of the inner shell temperature is recorded. For 
ψ f = 0.7 (Fig. 4c and d), the tank survives the 3600 s fire exposure 
regardless of the MLI material considered. However, while the polyester- 
based MLI is totally degraded after less than 840 s (14 min), part of the 
aluminum-based one (1 layer in this specific case) remains in place, 

Fig. 4. Pressure (blue line), flame (dashed red line), and maximum inner shell (continuous red line) temperature history obtained for the case study considering 
different values of ψf. Panels (a), (c), and (e) refer to Aluminum-based MLI, while (b), (d), and (f) refer to polyester-based MLI. The values calculated for the reference 
times tod, ttd, and ttf (see Section 3.3) are also reported. Results in the shaded region refer to simulation times higher than the ttf and are reported for the sake of 
completeness. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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resulting in a delayed and slower increase of the pressure and the inner 
shell temperature. Finally, when the fire intensity is further decreased 
(ψ f = 0.5, see Fig. 4e and f), the aluminum-based system shows no sign of 
degradation, providing effective protection to the tank (the pressure and 
inner shell temperature increase is negligible). On the contrary, the 
polyester-based MLI undergoes a slow, yet complete degradation, which 
causes the tank to pressurize up to the PRV opening set point. The 
pressurization rate varies considerably, depending on both the insu
lation type and the fire intensity. This variability reflects the values of 
the heat flux to the inner tank calculated for the case studies and re
ported in the Supplementary Material (see Figure B4 in Section S.B of the 
Supplementary Material). The pressure increase obtained in the most 
severe fire conditions is compatible with the measurements from fire 
tests on aluminum MLI-insulated liquid hydrogen tanks with a size 
similar to that considered in the present study. In the test by Pehr [15], 
where the maximum fire temperature was approximately 1200 K (thus 
in line with the fire intensity when 0.8 ≤ ψ f ≤ 0.9), the pressure in
creases from atmospheric to the PRV opening set point (i.e., 0.47 MPa as 
in the present study) in around 180 s. In a test featuring milder fire 
conditions (average fire temperature of 1140 K, with the flame engulf
ment mainly limited to the lower half of the tank) Van Wingerden et al. 
[16] measured an average pressurization rate of 1500 Pa/s, with peaks 
of 3300 Pa/s, compatible with the 2000 Pa/s and 3300 Pa/s obtained in 
the case where ψ f = 0.7 and 0.8, respectively. It is worth remarking that 
the EN 1363–2:1999 standard curve (i.e., for ψ f = 1) results in a fire load 
that is more severe than that applied in any aluminum MLI insulated 
liquid hydrogen tank fire test reported in the literature to date (no test 
on polyester MLI insulated tanks is publicly available). Thus, the rele
vant results, including the very fast pressurization illustrated in Fig. 4a 
and b, can be considered as a worst-case scenario. Further details are 

reported in the Supplementary Material.
Overall, the specific results shown in Fig. 4 provide a detailed insight 

into the tank and MLI system response to fire exposure, which can be 
summarized as follows. 

- The insulation system prevents the increase of tank pressure and 
shell temperature for a lag time that depends on the severity of the 
fire and the MLI material;

- When the integrity of the MLI system is fully preserved, the tank can 
survive prolonged fire exposure (see Fig. 4c);

- In case of partial degradation, the MLI system is still able to delay and 
slow down pressurization to the point that, if the PRV sizing is 
appropriate, the tank failure can be avoided.

These are key aspects to be regarded in the emergency response 
planning and the risk assessment of LH2 tanks. The following section 
generalizes and systematizes such considerations analyzing the outcome 
of the MLI system performance assessment presented in Section 3.3.

5.2. Assessment of MLI performance effectiveness under fire exposure

Fig. 5 reports the values of DIF and DIP (defined in Section 3.3) as a 
function of the exposure time (data showed with a step of 300 s) for the 
reference fire scenarios considered in this study. Fig. 5a and c refer to 
aluminum-based MLI, while Fig. 5b and d refer to polyester-based MLI.

As the figure clearly shows, in the case of severe fires (ψ f from 0.8 to 
1), the DIF values evidence that the capacity of both MLIs to insulate the 
tank degrades within the first 10–15 min of exposure (see Fig. 5a and b). 
For longer times, keff,F increases by several orders of magnitude with 
respect to normal operating conditions (4 for aluminum-based MLIs, 5 

Fig. 5. Values of the DIF and DIP KPIs calculated for aluminum-based MLI (panels a and c) and polyester-based MLI (panels b and d) as a function of time of exposure 
for different ψf factors characterizing the fire scenarios as reported in Fig. 3 (the severity of fire intensity increases with ψf). The corresponding value of the effective 
thermal conductivity of the insulation in fire conditions (keff,F) when considering DIF is shown on the right y-axis.
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for polyester-based MLIs). The maximum thermal conductivity values 
reached under fire exposure are 12 W/(m⋅K) and 16 W/(m⋅K) for 
aluminum-based and polyester-based materials, respectively. The DIP 
indicates that, in the fire aftermath (i.e. when the tank is exposed again 
to atmospheric conditions), the value of keff,F for aluminum-based MLIs 
is up to 200 times higher compared to that before thermal exposure. The 
DIP value reaches 1000 for polyester-based MLIs. In terms of insulation 
performance degradation, this is comparable with the effect of loss of 
vacuum within the double wall, which is recognized to increase the 
effective thermal conductivity by 2–3 orders of magnitude [27].

At lower fire intensities, the two MLI systems show a more pro
nounced difference in fire resistance. The Aluminum-based MLI is only 
partially affected when ψ f = 0.7, while almost no degradation at lower 
values. In practice, for ψ f ≤ 0.6, the calculated DIF and DIP values (DIF 
values lower than 1 are due to the simplifications introduced by the 
definition of keff,F) indicate that the insulation performance during and 
after fire exposure is close to that of a system before thermal exposure. 
On the other hand, the insulation capacity of Polyester-based MLI drops 
severely also for ψ f = 0.6 (0.5 if the fire lasts more than 2700 s), and only 
when ψ f ≤ 0.4 does the degree of fire-induced degradation become 
negligible.

These results are reflected in the outcome of the analysis of the 
reference times (RTs) identified in Section 3.3. The values calculated are 
reported in Fig. 6 as a function of the exposure time and of the fire 
scenario, defined by the ψf parameter.

In the case of aluminum-based MLI, the fire scenarios characterized 
by ψ f ≤ 0.5 induce no damage to the insulation system, while tod drops 
quickly in more severe fire scenarios. On the contrary, polyester-based 
MLI appears more vulnerable, with much smaller tod. For example, for 
ψ f = 0.4, the first degradation appears already after 660 s (11 min). For 
both MLI systems, the time of total degradation (ttd) follows tod by a time 
lag decreasing as ψ f increases. In most of the cases, the first opening of 
the PRV occurs immediately after ttd. As in the case of the tod, the ttd and 
the tPRV obtained for aluminum-based MLI are lower than those calcu
lated for polyester-based one.

On the contrary, the values of ttf are quite similar. Tank failure is 
observed only for the two most severe fire conditions (i.e., for ψ f equal to 
0.9 and 1). In both cases and for both MLI types, this occurs after the 
insulation system is destroyed (i.e., ttf > ttd). On the contrary, the results 
obtained for ψ f ≤ 0.8 show that the total degradation of the MLI does not 
always imply that the tank failure will follow. This suggests that, for a 

given exposure time, a threshold value for ψ f (and thus for the flame 
temperature) exists below which failure does not occur. For an exposure 
time of 3600 s (60 min), this is comprised between 0.9 and 0.8. These 
findings are further discussed in Section 5.3.

5.3. The influence of external shell temperature on the thermal insulation 
performance

The results illustrated in the previous sections indicate that both 
polyester- and aluminum-based MLI systems undergo severe degrada
tion when exposed to realistic fire scenarios and provide thermal pro
tection to the tank for a limited period of time. The ttf as well as the other 
RTs depend on the severity of the fire scenario (i.e. on the value of ψ f) 
and, ultimately, on the flame temperature. The flame temperature is one 
of the most relevant factors that characterize the fire intensity and is 
considered in several standards as a target parameter to define the fire 
testing conditions of superinsulated tanks [69–72]. However, the fire 
temperature alone is not sufficient to quantify the heat flux to an object 
(e.g. an LH2 tank) exposed to fire. As reported in Eq.s (37)–(39), the 
emissivity of the fire and of the external wall, as well as the flame heat 
transfer coefficient also play a relevant role [56]. Different values of heat 
flux can thus result from fires featuring the same flame temperature.

Therefore, in order to provide a systematic definition of threshold 
temperature conditions that are independent of the several parameters 
characterizing a specific fire scenario, the external shell temperature 
(TSe) is considered as the reference for the discussion that follows. This 
approach presents two main advantages. 

- It allows the calculation of the heat flux to the tank on the basis of a 
single value of temperature (TSe) as a boundary condition, elimi
nating the uncertainties related to the fire characteristics;

- The value of TSe is easily and reliably measurable during fire tests 
compared to the flame temperature.

Fig. 7 illustrates the impact of TSe on the four RTs defined in Section 
3.3. The charts were obtained as the outcome of 900 simulations run by 
varying the temperature of the external shell in the interval 573–1373 K 
with steps of 1 K. TSe was kept constant in each simulation.

The results show that for external shell temperatures above 1157 K, 
the failure of the tank occurs within a few minutes (less than 19 min, 
1140 s). Such temperatures are similar to those measured in real-scale 

Fig. 6. Values of Reference Times (RTs, see section 2.4) reported versus fire exposure time and ψf factors characterizing the fire scenarios as reported in Fig. 3 (the 
severity of fire intensity increases with ψ f). Panel a refers to polyester-based MLI while Panel b to aluminum-based one. The absence of RT marker(s) indicates that 
the relevant event(s) does not occur for the specific value of ψf during the 3600 s (60 min) of fire exposure.
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fire tests involving cryogenic tanks [15,73], thus representing credible 
fire scenarios. In such conditions, the MLI systems completely degrade 
within a maximum of 360 s (6 min), leaving the tank unprotected. On 
the contrary, the degradation is significantly delayed (ttd > 3600 s) when 
TSe is lower than 808 K for polyester-based MLI and 1093 K for 
aluminum-based one, while it can be considered to be avoided (tod >

3600 s) for wall temperatures not exceeding 608 K for polyester-based 
MLIs and 928 K aluminum-based MLIs.

From a safety standpoint, the tod, ttd, tPRV, and ttf curves in Fig. 7
identify 4 regions that can be used to assess the hazard of given fire 
scenarios. On the basis of the conservative assumption that TSe reaches 
immediately the fire temperature, scenarios for which the fire is sup
pressed before tod can be deemed safe (S, green shaded region). On the 
other hand, fires engulfing the tank longer than tod can lead to different 
outcomes, which depend on the duration of the fire. In the worst case, 
the MLI is completely degraded, followed by rapid pressurization and 
consequent tank failure. Exposure times longer than ttf identify the 
failure zone (F, black-shaded region), representing the most severe 
evolution of the fire accident, with dramatic consequences for people, 
vehicles, and structures nearby.

For exposure times lower than ttf, a highly hazardous (HH) region, 
identified by the orange-shaded area in Fig. 7, is defined where ttd or tPRV 
(the lowest one for the case considered) is reached. In this scenario, the 
PRV opening has already happened or is about to take place. If the 
released fluid is flammable, as in the case of hydrogen, this can generate 
a jet fire.

Finally, a region where a lower hazard is present (H) is yellow- 
shaded in Fig. 7, delimited by the tod and the lowest between tPRV and 
ttd curves. In this region the MLI system is partially damaged. Although 
the failure of the system as well as dangerous releases can be excluded in 
this situation, unsafe scenarios related to self-pressurization more rapid 
than in normal operating conditions cannot be ruled out in the fire 
aftermath.

The model application oriented to the identification of the temper
atures bounding the safety zones and their extension represents an 
innovative methodology for the assessment and comparison of thermal 
performances of insulation material for LH2 tanks under fire scenarios. 
This can potentially be extended to LNG (and other cryogenic fluids) 
tanks.

5.4. Discussion

The above results show that the KPIs proposed, and in particular the 
quantification of the RTs, provide valuable insights into the MLI per
formances and tank resistance to fire, offering key information for 
emergency planning: the later these events occur, the higher the time 
available for responders to mitigate the fire and prevent severe escala
tion. Overall, the KPIs and RTs analysis provide useful and valuable 
metrics for the assessment of thermal insulation performance under fire 
conditions.

The results of the sensitivity analysis, reported in Section D of the 
Supplementary Material, confirm the robustness of the model. The 
model output variation is always lower than 5 % when considering a 
±10 % variation of the parameters listed in Table 6 with respect to the 
reference values used in the model.

The results also highlight the strong connection between the safety of 
LH2 tanks and the integrity of the MLI materials during fire exposure. An 
intact or partially damaged MLI effectively prevents tank failure and 
delays hazardous hydrogen releases within a period that allows the 
effective application of fire mitigation measures. However, when the 
MLI completely degrades, the scenario changes dramatically, with a 
high risk of hydrogen release and tank failure. These results suggest that 
an inherently safe MLI-equipped LH2 tank shall feature an insulation 
system able to withstand all the fire scenarios that are credible for a 
given application.

According to the ISO 13985:2006 [34], an MLI-insulated LH2 storage 
tank for mobile applications is accepted for use on the basis of a thermal 
autonomy test under specific fire conditions. This is performed by 
exposing the tank (as designed for final application) to a fire with an 
average temperature of the space 10 mm below the tank of at least 863 K 
until the blow-off of the pressure relief valve is completed. The insu
lation system is deemed acceptable if the time required for the inner tank 
pressure to rise from a starting pressure equal to the saturation pressure 
of hydrogen in the tank (atmospheric pressure in the present study) to 
the value of the first PRV opening is equal to or higher than 300 s (5 
min). Similar requirements are defined in regulations for the approval of 
LH2 and LNG tanks [37,74]. However, when looking at Fig. 7, the fire 
scenario prescribed by ISO 13985:2006 [34] (which is represented by 
the crossed dot in Fig. 7) would produce no effect on the LH2 tank taken 
as reference in the present study if this was equipped with the 

Fig. 7. Values calculated for the Reference times versus the fire exposure time considering a constant temperature of the external wall of the tank (the corresponding 
flame temperature factors, ψf, are reported on the upper x-axis). (a) aluminum-based MLI; (b) polyester-based MLI.

D. Camplese et al.                                                                                                                                                                                                                              International Journal of Hydrogen Energy 135 (2025) 537–552 

549 



aluminum-based MLI system described in Table 5, while it would 
partially damage the tank equipped with polyester-based MLI. In both 
cases, the PRV would not be activated. Thus, both insulation systems 
would pass the ISO 13985:2006 thermal autonomy test. However, Fig. 7
shows that exposing the tank (with either MLI system) to more severe, 
yet credible fire scenarios, could result in very unsafe or even failure 
conditions.

Therefore, these findings provide key insights for the fire safety 
improvement of LH2 mobile tanks. A first issue concerns the need for the 
revision and improvement of the current standard fire testing conditions 
based on a comprehensive characterization of the typical fire scenarios 
that can involve LH2 tanks (depending on the application sector).

A second issue concerns the resistance of MLI materials to fire sce
narios. The results obtained show that the most widely adopted MLI 
materials, which are based on polyester, may not withstand all the po
tential fire accident scenarios involving LH2 storage and transportation 
tanks. However, keeping the external shell temperature under control 
during fire exposure can effectively ensure the safety of cryogenic liquid 
tanks equipped with MLI. In this perspective, the application of fire
proofing to the tank outer shell may represent an effective solution to 
preserve the MLI system performance both during and after the fire. 
Future research efforts should focus on exploring innovative MLIs, 
including hybrid systems made of fire-resistant materials with higher 
degradation temperatures to improve performance in severe conditions. 
These improvements may contribute to prolonging the time available to 
emergency response teams to suppress the fire and evacuate the 
personnel, and avoid pressure relief devices activation in the fire after
math. In this framework, the time to first PRV opening (tPRV) calculated 
by the proposed model may represent a key parameter for rescue teams 
as it suggests the maximum evacuation time before the PRV release and, 
even worse, the catastrophic failure of the tank occurs.

Focusing on the modeling approach developed, it is important to 
highlight a few issues. The first concerns the validation of the model. 
This relies on experimental data on MLI degradation [24,25] and cryo
genic liquid tank pressurization at a lab scale [75,76]. Unfortunately, 
measurements from liquid hydrogen fire tests available in the literature 
lack the level of detail required for a more comprehensive validation of 
the approach (see Section 3.2). A further consideration regards the effect 
of the pressure in the gap between the inner and outer walls. Experi
ments have shown that MLI degradation during fire exposure may come 
together with the generation of gaseous decomposition products and 
consequent vacuum loss [24]. This may cause a transition in the heat 
transfer regime from being dominated by radiation to being dominated 
by gas convection. Although the proposed model may account for this 
transition (based on the value of the pressure), it is not able to predict 
how the pressure evolves within the gap (more details on this aspect can 
be found in Ref. [24]). This is due to the lack of correlations linking the 
amount of gaseous compounds generated during the MLI degradation 
process. For this reason, the loss of vacuum was not explored in the 
present study and it was assumed that the pressure remains constant. For 
what concerns the tank pressurization, the model neglects thermal 
stratification effects. This assumption is reasonable for small-size tanks, 
such as those used in hydrogen-fuelled vehicles (e.g. heavy-duty trucks) 
and analysed in the present study, for which the effect of stratification is 
negligible [39,40]. For larger tanks (such as those for static storage or 
bulk transportation), the stratification accelerates the pressurization, 
but it tends to vanish when the PRV activates [41,42]. Based on this, it is 
possible to expect that the proposed model may underestimate the 
pressurization rate before PRV activation when applied to large tanks. 
Therefore, its reliability is mainly limited to small-scale liquid hydrogen 
(LH2) storage tanks. It is also worth mentioning that the model assumes 
a uniform full engulfment fire condition. Thus, the use of the model to 
analyse localized fire scenarios would produce conservative results.

The tank geometry and insulation properties considered for the case 
study (see Sections 4.1 and 4.2) are representative of the most common 
solutions adopted in LH2-fuelled tanks. The sensitivity of the model 

results to the variation of the input parameters was assessed and the 
results are presented in Section S.D of the Supplementary Material. The 
outcomes of the analysis demonstrate the robustness of the modelling 
approach.

Although the quantitative results reported in Section 5 refer to the 
specific case study analysed, the methodology proposed for the perfor
mance assessment of the MLI systems has a general validity. Actually, 
the model may consider both different MLI geometries (for instance, 
different numbers of layers and layer density, also including variable 
density MLIs [77]) and materials (upon characterization of the proper 
degradation kinetics [24]). Moreover, MLI systems combined with 
vapor-cooled shields (VCS) may also be addressed by incorporating one 
or more thermal nodes in the model, depending on the system type, to 
account for the energy sink represented by the VCS [78]. Finally, the 
approach can be applied to tanks with different storage conditions (for 
instance, different liquid levels and storage pressure). All these aspects 
demonstrate the robustness and flexibility of the novel methodology 
proposed in this study.

6. Conclusions

The present study proposes an innovative approach to the compar
ative assessment of the thermal performance of typical MLI systems for 
LH2 cryogenic tanks under full engulfment fires. This was achieved by 
coupling heat transfer and thermal degradation models for the MLI 
system with a lumped model developed for this purpose.

The outcome of the case study, based on a vehicle scale LH2 tank in a 
full engulfing pool fire scenario evidenced that aluminum-based MLIs 
feature superior fire resistance to polyester-based ones. However, both 
aluminum-based and polyester-based MLIs degrade severely when 
typical hydrocarbon pool fire conditions are considered, leaving the 
tank unprotected in 300–900 s (5–15 min) of exposure and inducing 
tank failure despite the activation of the PRV. Compliance with the 
acceptance criteria based on the thermal autonomy test proposed by ISO 
13985:2006 [34] does not ensure the survival of the tank in realistic fire 
scenarios. These results emphasize the key role that MLI systems play in 
the response of cryogenic tanks to fire exposure, the understanding of 
which is paramount to improving the safety of LH2-powered vehicle 
safety and assisting emergency planning.

The original approach developed in the present study represents an 
innovative method for the assessment of fire scenarios affecting LH2 
tanks equipped with MLI systems. The identification of failure and 
hazard regions provided by the approach can be used in early design 
stages to select the safest solutions and identify appropriate protection 
measures. The reference times defined also provide valuable informa
tion to support emergency response planning in case of fire accidents.

Overall, the approach developed provides specific tools able to 
support the design and risk assessment of cryogenic tanks for liquefied 
hydrogen storage.
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