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Abstract: Modeling of metal hydride storage tanks remains a challenging issue. In most of
the literature, the charge and discharge of metal hydride storage tanks are controlled by the
hydrogen flow rate. However, the case of controlling the charge and discharge of metal hydride
tanks by pipe pressure has rarely been reported in the literature. Aiming at this problem,
this work presents a two-dimensional state-space model that takes the pipe pressure as the
system input and assumes that the tank temperature can be measured. Then, the First-order
Trajectory Sensitivity Analysis method is used to analyze the parameter sensitivity of several
selected unknown parameters. The results of the sensitivity analysis indicate that six parameters:
entropy change for desorption ASy, enthalpy change for desorption AH, activation energy for
absorption F,, activation energy for desorption F,, plateau flatness coefficient ¢ and plateau
hysteresis coefficient 8 have higher sensitivity to the model state.
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1. INTRODUCTION

Solid-state hydrogen storage is one of the important hydro-
gen storage technologies (Tarhan and Cil (2021)). Metal
hydride (MH) hydrogen storage tanks have received wide
attention as a container for solid-state hydrogen storage.
To study the internal states of the MH tank and further es-
timate the state of charge (SOC) of the tank, a reasonable
model for the MH tank is required.

Many researchers have studied the reaction kinetics model
of the MH tank. Fgrde et al. (2007) proposed a kinetic
expression for AB5-type alloy and they designed an exper-
iment to verify the validity of the proposed kinetics model.
The sorption kinetics of ABs-type alloy were studied and
modeled by Hariyadi et al. (2022). They found that the
reaction kinetics of ABs-type alloy follows the Johnson-
Mehl-Avrami-Kolmogorov (JMAK) model and obtained
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the value of the exponent for both absorption and des-
orption. The expressions of the kinetics mentioned in the
above two literature are commonly used for analysis. Nas-
rallah and Jemni (1997) used an expression containing
terms relating to the density of the MH to describe the
reaction rate, and the equation they proposed was more
convenient to use in the modeling. The equilibrium pres-
sure of MH tanks is usually calculated using the Van’t
Hoff equation. However, the standard Van’t Hoff equation
only can be used for fixed hydrogen-to-metal atomic ratios
(H/M) and the pressure-composition-temperature (PCT)
curve of metal alloy has hysteresis. Thus, Jemni and Nas-
rallah (1995a) used a 5-order polynomial to calculate the
equilibrium pressure and Nishizaki et al. (1983) added
several hysteresis and slope constants in the equilibrium
pressure equation.

Parameters in the model may have different effects on
model states, so it is necessary to perform sensitivity
analysis on different model parameters to determine the
magnitude of the effect of each parameter on model states.
Christopher Frey and Patil (2002) classified sensitivity
analysis methods into three main categories: mathematical
method, statistical method and graphical method. They
selected ten different sensitivity analysis methods and
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analyzed them in comparison with some criteria. Choi
et al. (1999) used Multi-Parametric Sensitivity Analysis
(MPSA) to analyze the relative importance of factors in-
fluencing the natural attenuation of mining contaminants.
Similarly, Correa et al. (2005) used MPSA to analyze
parameter sensitivity in the PEMFC model. MPSA re-
quires the determination of nominal parameters and a
large number of Monte Carlo simulations are needed to
perform the analysis, which can be time-consuming when
the number of parameters is large. Benchluch and Chow
(1993) used the trajectory sensitivity technique to analyze
the parameter sensitivity of nonlinear excitation system
models. This method does not require linearization of the
model and can be used to obtain the sensitivity directly
from the nonlinear model. The same approach was used
in (Kong et al. (2015)) to analyze the effect of param-
eter variations on the displacement step response of the
system for nine different operating conditions of the valve-
controlled cylinder. For MH tanks, Sudrez et al. (2022)
investigated the sensitivity of three parameters of MH
tanks that change significantly from healthy to degraded
state. Xiao et al. (2023) proposed a new multi-parameter
sensitivity analysis method, which is based on Latin hy-
percube sampling and the rank correlation method, then
they investigated the sensitivity ranking of 10 parameters
in the PCT curve model according to the new method.

In most mathematical models of the MH tank, the mass
balance equation for hydrogenation reactions usually con-
tains a mass flow rate term which can be calculated by
the flow rate data from flow meters. When the charging
and discharging process of the MH tank are tuned by pipe
pressure, the mass balance equation including the mass
flow rate cannot be directly applied and this scenario is
rarely considered in most literature. Concerning this fact,
this work proposes a two-dimensional state-space model of
the MH tank where a simple pipe model is introduced to
calculate the mass flow rate using the pressure difference
between the tank and pipe. Besides, to investigate the sen-
sitivity of the model parameters, a trajectory sensitivity
analysis method is used in this work.

This paper is organized as follows: Section 2 describes the
general structure of the MH tank. Section 3 presents the
physical model and two-dimensional state-space model.
The sensitivity analysis of the proposed model is intro-
duced in Section 4, and some conclusions are drawn in
Section 5.

2. SYSTEM DESCRIPTION OF THE MH TANK

Figure 1 shows the schematic of the MH tank charging
process. Hydrogen enters the tank through the outlet. As
the pressure increases, the hydrogen starts to react with
the metal alloy inside the tank when the tank pressure is
larger than the absorption equilibrium pressure and this
process is known as hydrogen absorption. The desorption
happens when the tank pressure is lower than the des-
orption equilibrium pressure. The chemical equation of
the sorption (absorption and desorption) process is (Afzal
et al. (2017))

absogtion

M + gHQ MH, + AH, 1)

desorption

Metal Hydride

“External Environment

Fig. 1. Schematic of the MH tank (the process of charge).

where M is the metal alloy, MH, is the MH and AH is the
heat of reaction.

The absorption process of hydrogen releases heat while
the desorption process absorbs heat. When leakage occurs
in the MH tank, the pressure inside the tank decreases,
allowing hydrogen to be released from the MH. This pro-
cess absorbs a large amount of heat, so the temperature of
the tank decreases, which slows down the rate of hydrogen
desorption reaction. This property makes the solid-state
hydrogen storage technique safer than the compressed
hydrogen storage technique and liquid hydrogen storage
technique.

Remark 1. Here charge refers to the process of hydrogen
entering the internal space of the MH tank from the
pipe while absorption refers to the process of hydrogen
reacting with metal alloy. Charging only depends on the
pressure difference between the pipe pressure and the tank
pressure while absorption only depends on the pressure
difference between the tank pressure and the absorption
equilibrium pressure. The difference between discharging
and desorption is similar.

3. TWO-DIMENSIONAL STATE-SPACE MODEL

We first consider the physical model of the MH tank.
Several assumptions widely used in the modeling of MH

tanks are listed to simplify the modeling process (Busqué
et al. (2018), Keow et al. (2021)):

(1) The heat transfer coefficient of the MH tank shell is
sufficiently large.

(2) The gas satisfies the ideal gas law.

(3) Neglect the change of MH volume during absorption
and desorption.

Considering the mass balance of gaseous hydrogen in the
MH tank one can get:

i /
dpg _ Mip — My

At Vienk — Varm + Vw - € 2)
where pg is the density of hydrogen, m}, (kg/s) is the mass
flow rate of hydrogen (charge:+, discharge:-), m!.(kg/s) is
the sorption mass flow rate of hydrogen (absorption:+,
desorption:-), Viank and Vasg are the volumes of the tank
and the MH, respectively, € is the porosity of the MH.
The numerator of the right term represents the change in
mass of gaseous hydrogen in the MH tank per unit time,
while the denominator represents the volume of gaseous
hydrogen in the MH tank. Equation (2) can be normalized
by Varg and it can be rewritten that
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dp fzn - fr
—& = ) (3)
dt Vy
where ,
min
fin & o (4)

Viw
is the normalized mass flow rate of hydrogen,

/
a m

T = 5
I )
is the normalized sorption mass flow rate of hydrogen, and
V
A Viank
= —14+¢ 6
g9 V]\/[H ( )

is the normalized volume of hydrogen.

Considering the mass balance of the MH:
dps m!

T
dt VMH—VMH'E’ (7)
where p; is the density of the MH. The numerator of the
right term represents the change in mass of the MH per
unit time, while the denominator represents the volume of

the MH. Similarly, (7) can be rewritten as

dps _ Ir

& v (8)
where

Vitl—e¢ (9)

is the normalized volume of the MH.

The calculation of the normalized mass flow rate f;,, based
on pressure is a challenge. Gehring et al. (2024) utilize the
polytropic and reversible adiabatic outflow equation of an
ideal gas to calculate the mass flow rate into the tank. To
decrease the computation cost, a simple pipe model is used
in this work:

fin:kp'Pdif'lo_sa (10)
where £k, is the proportional coefficient, and
Pdiféppipe_P (11)

is the pressure difference between the pipe pressure and
tank pressure.

Remark 2. In (10), we use a proportion model to calculate
the normalized mass flow rate f;,. Using a polynomial on
the pressure difference Py may give a better fit to the
actual mass flow rate, but it also increases the number of
unknown parameters.

Tank pressure can be calculated based on the ideal gas

law:
TR

Pzﬂgm, (12)
2

where Mp, is the molar mass of hydrogen, T is the
temperature of the MH tank which can be measured by
the thermocouple and R is the universal gas constant. The
normalized sorption mass flow rate of hydrogen f, can be
expressed as (Jemni and Nasrallah (1995a,b)):

> (pss - ps)7P > Peq,a

Cae*% In (

€q,a

r = £ P— Pe
f Cqe™ 7F (M) (ps = ps0),P < Pega
Peq,d

0, otherwise

where C, and Cy are the absorption and desorption con-
stants, F, and E, are the activation energy for absorption
and desorption, Py, and P, q are the equilibrium pres-
sure for absorption and desorption, respectively. pgs is the
saturated density of the MH with complete absorption of
hydrogen and psg is the empty density of the MH without
any hydrogen. Equilibrium pressures can be expressed as
(Gonzatti et al. (2018)):

P, AS, AH —
In 602 _ 22d d+(<p+¢p0)tan - w_oﬁ +£’
Py R RT Pss — PsO 2
(14)
P, AS AH — ps
In Zea,d = d _ d + (¢ — po) tan | Ps 7 PsO 0.5 — é,
Po R RT Pss — PsO 2

(15)

where AH, is the enthalpy change for desorption, ASy is
the entropy change for desorption, P, is the atmospheric
pressure, ¢ and ¢q are the plateau flatness coefficients and
B is the plateau hysteresis coefficient.

Based on the above deduction, the two-dimensional state-
space model for the MH tank can be finally obtained:
z1u1 R

Ky - (uz — 1070 — f,
p o (u2 MHQ) 0 I
).(: Vg

I
v,

where

O L R e

are the states, inputs and output of the system, respec-
tively.

4. PARAMETER SENSITIVITY ANALYSIS

The First-order Trajectory Sensitivity Analysis (FOTSA)
method (Kong et al. (2015)) can effectively analyze the
sensitivity of parameters in nonlinear systems.

For a given system:
% = f(x,u,0), (19)

y = h(x,u,8), (20)
where x € R” denotes the state vector; u € R™ is the input
vector; 8 € RP is a constant parameter vector; f € R" is
the vector field and h € R! is the output function.

For the dynamic system defined by (19) and (20), we
define X (¢,t0,x¢,,u,80) as the trajectory of the solution
which depends on the interval ¢ € [tg, t4], the initial state

X¢, 2 x (tg), the system inputs u and the parameters .
For the sake of simplicity, define X £ X (t,t0,%y,,u, 0)

S A BX(t,to,xt ,u,B)
and X & 2200 00),

To investigate the variations in system states caused by

the variations in the system unknown parameters A, the
first-order Taylor expansion of (19) is expressed as follows:

aX ()
0

X(0+A0):X(0)+( >-A0+o(0). (21)
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Defining the changes in the trajectory of the system
solution AX £ X (6 + A@) — X (0), (21) can be rewritten

) sx= (29 0.0,

20 (22)

where 0(0) is the Taylor residual. If the term 90X (0)/06
can be computed, then the relationship between state vari-
ation AX caused by parameter variation A6 is obtained.

Therefore, we compute the sensitivity of the derivative of
the solution as
ox _of ox
00  0X 06

of Ou Of
du 00 90
Assuming the system input u is independent of the system
unknown parameters 6, then

ou

(23)

2 —0eR™P, 24
99 — 0 € (24)
Consequently, (23) can be simplified to
oxX  of ox of
o = 2
90— 0X 98 ' 90 (25)
Note that 8{}’? = 8237;5 and define FOTSF as
o0X
é b Rnxp 2
A 20 € , (26)
then (25) is rewritten as
. Of of
= At = 2
A 8X)\+ 20 (27)

We assume the initial value of FOTSF is independent of
6. Consequently A(tg) = 0.

Substituting (26) into (21), we can get

AX =X- A0+ 0(0). (28)
The solution of A can be obtained by solving (27), which
shows the effect on the state of the system, x, caused by
the variations in the unknown parameters 6.

Each state variation caused by a single parameter variation
is

AXI = /\iJ . Agj + 0(6), (29)
where ¢ = 1,2 is the component of the states and j =
1,2---p is the component of sensitivity and parameters.

The maximum absolute value of each AX; under the same
percentage of each parameter Af; during ¢t € [to,tq] is
chosen as the sensitivity index s;, which can be expressed
as:

$; = max |AX;]. (30)
For all unknown parameters, one can calculate the corre-
sponding sensitivity index. The parameter with a higher
sensitivity index has a greater impact on the trajectory
of the system state while the parameter with a lower
sensitivity index has a smaller impact.

We check the sensitivity of the following unknown parame-
ters in the two-dimensional model: 8 = [ASy, AHy, ¢, ¢o,
ﬂa Caa Cda an Ed] Cé.

An operating profile which includes the charging and dis-
charging process is defined to analyze the sensitivity. In the

model (16) (17), temperature is considered a measurable
variable. To calculate the sensitivity index of the param-
eters in numerical simulations, the temperature dynamics
model needs to be used to generate the temperature data.
The temperature of the MH tank can be calculated as
(Nasrallah and Jemni (1997)):

- fr]\%ii + f’r‘T(Cpg - Cps) + Q
B VyCrgpg + ViCpsps

where Cp4 and C),s are the specific heat of hydrogen and
the MH, respectively.

, (31)

The heat exchange per unit volume @ from the ambient
air to the MH tank can be simplified by

kamb : Tamb =T

g = s 1)
MH

where k,mp is the overall heat exchange coeflicient between

the ambient air and the MH tank, and T, is the ambient
temperature.

; (32)

To compute the coefficient items matrix (9f/0X), free
items matrix (0f/00,,) and further calculate the sensitiv-
ity index s; in numerical simulations, nominal values of
0, need to be determined in advance. Nominal values can
be chosen based on a reasonable range of reference values
that have appeared in the literature (Kélbig et al. (2019);
Barale et al. (2023); Capurso et al. (2016)). Table 1 and
Table 2 list the nominal values and other parameters used
in numerical simulations.

Table 1. FOTSF nominal values of parameters
(Chen et al. (2024))

Parameter Symbol Nominal value
Entropy change for desorption ASy 111.77 J /mol /K
Enthalpy change for desorption AHy 2.668 x 10* J/mol
Plateau flatness coefficient ® 0.1843
Plateau flatness coefficient ©o 0.0042
Plateau hysteresis coefficient B 0.2355
Absorption constant C, 3928.11/s
Desorption constant Cy 4952.21/s
Activation energy for absorption E, 3.8236 x 10* J/mol
Activation energy for desorption Eq 3.0915 x 10* J/mol

Table 2. Other parameters used in the model
(Keow et al. (2021))

Symbol Value Symbol Value
€ 0.6997 Vue 0.353 x 10~3 m?
P50 6211.1kg/m3 PH, 0.0897 kg/m3
R 8.314 J/(mol K) Py 101325 Pa
My, 2.016 x 10~ 3kg/mol  Typms 298.15 K
Viank 0.48 x 1073 m?3 kp 0.06 s/m
Vi, 0.35m3 kamb 0.7J/(s - K)
Chg 148907/ (kg K) Chs 400J/(kg K)

The initial conditions of operating profile are defined as
py(t0)=0.0813 kg/m? and ps(ty) = 6217.5kg/m>. The
operating profile is divided into three parts: The first part
is the charging process. The initial pipe pressure is 0.1 MPa
and pipe pressure increases by 0.2 MPa every 1500s until
2.1 MPa during t € [0,15000s); In the second part, we keep
the pipe pressure at 2.1 MPa during ¢ € [15000s, 30000s).
The third part is the discharging process and pipe pressure
decreases by 0.15 MPa every 1500s until 0.6 MPa during
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Fig. 2. The mixed charging & discharging profile of sensi-
tivity analysis.

t € [30000s,45000s); Figure 2 shows the system dynamics
for the mixed charging & discharging process.

According to (27), the FOTSF )\, ; for p, and p, of each
select parameter in the mixed charging & discharging
process are shown in Figure 3 and Figure 4. We can observe
that two parameters AS; and AH,; have sustainable
effects on the dynamic performance of the system state p,
and p,. Three parameters ¢, (o, 3 affect the state p, at the
beginning of the charging and discharging process but have
sustainable effects on p,. Parameters C, and F, affect the
state p, only during charge as the trajectories keep zero
while Cy and E, affect the state p, only during discharge.
The reason for zero trajectory is that the reaction kinetics
fr contain different parameters in the expressions for
the charging and discharging processes. For instance, Cj,
and E, only appear in the expression for charging, and
when the system dynamics of the MH tank switches
from charging to discharging, the system dynamics do not
contain information about the constants C, and FE,, and
therefore the trajectory of these two parameters is always
zero in discharging process. The trajectories of Cy and Ey
have zero trajectories in the charging process for the same
reason.

The sensitivity index for p; and ps are computed and listed
in Table 3. Sensitivities for pg, in descending order, are
AS; > AHy > E, > ¢ > E4 > 8 and sensitivities for py,
in descending order, are ASy; > AHy > > ¢ > E, > Fy.
Comparison results of sensitivity indicate that the six
parameters ASy, AHy, ¢, B, E, and E4 have more impact
on system states.

5. CONCLUSION

A two-dimensional model is proposed in this work, then
the FOTSA method is used to analyze the sensitivity of
unknown parameters. The results of the analysis show
that in the process including charge and discharge, the
minor variations of six parameters: entropy change for
desorption ASy, enthalpy change for desorption AHj,
activation energy for absorption F,, activation energy for
desorption Fj, plateau flatness coefficient ¢ and plateau
hysteresis coefficient § cause larger state changes relative
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Fig. 4. Parameter sensitivity function for p, of mixed
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to other parameters. The proposed model also can be used
to estimate the unknown state ps of the MH tank in a
scenario where pipeline pressure is used as a control input
and further used to estimate the SOC of the MH tank.
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