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Abstract

Hydrogen has been identified as an energy carrier that could play a major role in decarbonization. Large-scale hydrogen storage is
required to face future challenges in terms of energy and environmental transition. Underground Hydrogen Storage (UHS) in depleted
gas reservoirs is broadly recognized as a promising strategy to safely store large quantities of hydrogen, which can be injected into the
porous rocks as a pure component (100% of Hy) or as a mixture with methane. In order to properly design storage activity in a depleted
gas reservoir, it is extremely important to define a reliable 3D reservoir dynamic model able to simulate the behavior of the system under
all the possible considered operating conditions. To properly represent the interaction between injected hydrogen or mixture with the
reservoir fluids, the Equations of State adopted in the compositional simulation must be validated against laboratory data in the pressure
and temperature ranges representative of possible operating conditions, and if necessary, properly calibrated.

In this paper, we provide the results of experiments carried out on H,-CH4 mixtures within ranges of temperature and pressure conditions
representative of depleted gas candidates for storage activities. Constant Mass Expansion (CME) tests were performed using a PVT cell.
Pressures up to 300 bar and a temperature range from 30 to 60°C, representing the typical range for a gas storage reservoir in Italy and
Europe, were applied. Four different mixtures were considered: pure Hy, 50 mole% H>-50 mole% CHa, 10% H>-90 mole% CHoa, pure
CHas. Results are represented in terms of gas compressibility factor (z factor) curves as a function of pressure for different temperatures
and compositions. Furthermore, the obtained results are compared with the GERG-2008 equation of state (EoS).

In the considered pressure and temperature ranges, the GERG-2008 EoS provides a satisfactory match with the experimental data for
all the considered cases.

Introduction

In recent years, hydrogen has been pursued as a sustainable energy carrier (Yue et al., 2021). Hydrogen allows for emission-free power
generation and aims to reduce the world’s dependence on fossil fuels. It has the potential to reduce greenhouse gas emissions and
mitigate climate change. When used as a fuel, it does not produce carbon dioxide. Among the list of proposed alternative energy sources,
hydrogen appears to be the most promising large-scale fuel due to its high specific energy (Yue et al., 2021), efficient storage over time,
and clean combustion (Dunn, 2002). One hydrogen-related approach that has been put forward for making a transition towards a carbon-
free economy is adding hydrogen into existing natural gas transport and distribution systems (Melaina et al., 2013; Messaoudani et al.,
2016; Polman et al., 2003; Schouten, 2004; Tabak, 2009). (Capocelli & De Falco, 2016) stated that enriched methane is a pathway to
introduce hydrogen in the established and consolidated energy infrastructure (Hernandez-Gémez, Tuma, Lozano-Martin, et al., 2018).
Moreover, hydrogen can be used as an energy carrier to store energy produced from renewable sources for balancing intermittent
production; the electrolytic production of hydrogen using excess electricity from renewable energy sources can contribute to a more
flexible energy supply and a reduction of the demand for carbonaceous primary energy (Beckmiller et al., 2021). This supply pathway
is called Power-to-Gas (P2G). As hydrogen is playing an increasingly important role in future energy scenarios, the concept of a
Hydrogen-based Energy Storage System (HydESS) is gaining potential as a cost-effective solution for large-scale RE storage, transport,
and export. A vast expansion of the H, economy requires a massive storage capacity which can be achieved in geological storage, such
as deep aquifers, and depleted oil and gas reservoirs. Underground Hydrogen Storage (UHS) is a challenging process that involves
various factors such as containment security (Benetatos et al., 2021; Salina Borello et al., 2024), pore-scale phenomena, and large-scale
storage capacity. These factors are greatly influenced by the thermodynamic behavior of hydrogen (Hz) and its mixture with cushion



gases and reservoir fluids. For instance, when the hydrogen storage site is a depleted gas reservoir that has been used for the storage of
natural gas (typically, mostly methane), the presence of a mixture of methane and hydrogen is expected in the primary phase of hydrogen
storage.

The thermodynamic behavior of hydrogen and its mixtures are needed for the development of theoretical models necessary for the
introduction of hydrogen as a promising energy carrier in the near future (Lozano-Martin et al., 2022). This knowledge plays a significant
role in designing and operating processes related to hydrogen production, transport, storage, and utilization.

Significant effort has been made to investigate the thermodynamic properties of hydrogen-containing mixtures (Hernandez-Gomez,
Tuma, Pérez, et al., 2018; Jaeschke et al., 1996; Kritscheveskii & Levchenko, 1941; Magee et al., 1985; Mihara et al., 1977). However,
while the knowledge of pure H, thermodynamics is well established (Michels & Goudeket, 1941; Seward & Franck, E.U., 1981)
published properties of gas mixtures in relation to geological hydrogen storage do not cover the full range of additional gases and often
do not encompass the pressures and temperatures encountered within the hydrogen storage system (Hassanpouryouzband et al., 2020).

The current work aims to provide an experimental estimation of the compressibility factor (z-factor) of hydrogen, methane, and their
binary mixtures, at reservoir pressures and temperatures. To this aim, Constant Mass Expansion (CME) tests were conducted with a
PVT cell for different Ho-CH4 mixtures (pure hydrogen; 10 mole% Hz, and 90 mole% CH.; 50 mole% H. and 50 mole% CHya, pure
methane). Several temperatures in the range of interest of an underground storage system were considered (T = 20, 30, 40, 50, and
60°C). A pressure range of 1-300 bar, representing the typical range for a gas storage reservoir in Italy and Europe, was investigated.
The experimental results of the compressibility factor are also compared with the GERG-2008 equation of state (EoS).

Materials and Methods
Theoretical background

An equation of state (EoS) is an analytical expression relating the pressure p, the temperature T, and the volume V. The objective of an
EoS is to accurately represent the volumetric behavior, vapor/liquid equilibrium, and thermodynamic properties of a substance in both
its liquid and gaseous states.

In 1662, Boyle empirically proved that the volume of the given mass of a dry gas is inversely proportional to its pressure (Boyle &
Sharrock, 1662). In 1787, Charles (Levine, 2009) stated empirically that the pressure of the given volume of a dry gas is proportional to
its absolute temperature for a fixed volume. In 1802, Guy-Lussac stated empirically that the volume of a dry gas at given pressure is
proportional to its absolute temperature (Gay-Lussac, 1802). Avogadro postulated that the volume of a gas is directly proportional to
the number of moles of gas present, at constant pressure and temperature (Avogadro, 1811). Clapeyron summarized the empirical laws
above and proposed the ideal gas EoS (Clapeyron, 1834). The mathematical expression of the ideal gas equation of state is expressed as
follows:

pV = nRT €y

where p is the pressure in Pa, V is the volume in m, n is the number of moles (mole), R is the gas constant (8.314 m®Pa.K-*mol), and
T is the temperature in Kelvin (K).

In this EoS, four assumptions were made (Ahmed, 2007)

The total volume of the individual molecules is magnitudes smaller than the volume that the gas occupies.

There are no attractive or repulsive forces between the molecules or the walls of the container.

Collisions between the molecules are purely elastic, implying no losses on collision.

The molecules are constantly in motion, and the distance between two molecules is significantly larger than the size of an
individual molecule.

This EoS has limitations when describing the behavior of real fluids at a broader range of pressures and temperatures. The generalization
to real gases reads:

pV = nZRT 2

where Z is the compressibility factor. Z-factor is considered as the ratio between the volume occupied by a real gas at a specific pressure
and temperature to the volume occupied by it under the same thermodynamic conditions if it were ideal.



Z-factor is not a constant but varies with temperature, pressure and fluid composition. Such a trend has to be characterized, either
experimentally or by an empirical or analytical model (EoS). At low pressure and high temperature, intermolecular forces become
negligible, so real gases approach ideal gas behavior. Thus, at standard conditions Z = 1.

Once the behavior of the compressibility factor (Z) is characterized as a function of pressure and temperature, either experimentally or
from EoS, density and volume factor can be easily obtained. In fact, from the real gas law, the formation volume factor can be obtained
as a function of pressure and temperature as follows:
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where Ty, = 15°C and p,. = 1 atm are the temperature and pressure at standard conditions, respectively.

Analogously, the gas density can be written as a function of pressure and temperature as follows:
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where M is the molar mass.

Z factor from experimental data

Experimental data are collected in terms of volumes (V) as a function of pressure (p), temperature (T), and gas composition. According
to the real gas law (eq. 2), the Z-factor is calculated from measured volumes as follows:

pV T
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Z(p,T) =

where T, = 15°C and p,. = 1 atm are temperature and pressure at standard conditions, respectively, and V. is the volume of the
gasometer plus the dead volume of the cell, both reported at standard conditions.

Z factor from GERG-2008 EoS

Z factor obtained from experimental data was compared with the Z-factor from the GERG-2008 equation of state. The GERG-2008
(Kunz & Wagner, 2012) is an empirical EoS for natural gases and mixtures of natural gas components based on a multi-fluid
approximation. Developed by the Gas Research Group (GERG), this equation provides an accurate representation of the behavior of
multi-component gas mixtures under various thermodynamic conditions. Properties of mixtures over a wide range of compositions of
21 components including hydrogen, methane, nitrogen, and carbon dioxide, are predicted. It was adopted as an ISO Standard (ISO
20765-2) for natural gases and similar mixtures.

Unlike most EoSs, GERG takes density and temperature as the independent variables, while the pressure is calculated by an iterative

technique. Helmholtz’s free energy definition is the starting point for developing GERG-2008 EoS. For a mixture, the Helmholtz free
energy as a function of density (p) temperature (T), and compositions (x) is defined as follows (Kunz & Wagner, 2012):

a(6,1,x) =a’(p,T,x) +a"(4,T,x), (6)

where a® and a” represents the ideal part and the residual part of the gas mixture, respectively; § and 7 are the reduced fluid mixture
density and inverse reduced temperature, respectively:

5= 14 _ Tr(xi)
= ;T =
pr(xi) T

(7

where 1/p, and T, are expressed as a linear combination of the composition. Details are given in (ISO 20765-2:2015, 2015; Kunz &
Wagner, 2012).

The ideal part of Helmholtz free energy could be defined by (Kunz & Wagner, 2012):



N

a’(p,T,x) = Z xi[adi(p, T) + Ln(x))] ®

i=1

in which, a?;(p,T) and ¥V, x;Ln(x;) are the ideal dimensionless Helmholtz free energy and entropy production due to the mixing of
component i, respectively; N is the total number of components in the mixture.

The residual part a” of the reduced Helmholtz free energy of the mixture is given by (Kunz & Wagner, 2012):

N N-1 N
a”(5,7,x) = Z X0l (8,7) + Z z X%yl (8,7), ©)

i=1 i=1 j=i+1

Eq.7 takes into account the residual behavior of the mixture at the reduced mixture variables § and 7. The first sum in this equation is
the linear contribution of the reduced residual Helmholtz free energy of the pure substance equations of state multiplied by the mole
fractions x;. The double summation in Eq.7 is the departure function Aa™ (8, t,x ) which is the summation over all binary specific and
generalized departure functions Aa;;(8,,x) developed for the respective binary mixtures. Fj; is the EoS parameters and a;;(8, 7) is
temperature and density dependence of specific departure functions. a;;(8, ) was developed either for a specific binary mixture or for
a group of binary mixtures. Departure functions are expressed as (Kunz & Wagner, 2012):

Kpolij KpolijtKexp,ij
r _ d: tis dii tis 2
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The coefficients n;jx, dij, and t;jx, Mijx » €ijk » Bijx » and y;j, are the EoS parameters and constant. They could be found in ISO

20765—2. Experimental data were used to determine the structures, coefficients, and parameters of the correlation equations (Kunz &
Wagner, 2012).

Finally, the compressibility factor could be computed as (Kunz & Wagner, 2012):

T

a6

z=1+5< )m (11

There are two ranges for using the GERG-2008 EoS (Kunz & Wagner, 2012): the normal and the extended range. In the normal range,
the temperature is between 90 K and 450 K and the pressure is up to 35MPa. In the extended range, the temperature is between 60 K
and 700 K and the pressure can reach 70 MPa. The uncertainty of GERG-2008 in gas-phase density is 0.1 % over the temperature range
from 250 to 450 K at pressures up to 35 MPa (Kunz & Wagner, 2012) .

(Hassanpouryouzband et al., 2020) used the GERG-2008 EoS to predict the thermo-physical properties of H, mixed with a typical
natural gas from the North Sea and for binary mixtures of hydrogen with selected components of natural gas (CHa, N2, CO,). The
predictions are performed over wide ranges of the mole fraction of H, (10-90 mol %), pressures (0.01-100 MPa), and temperatures
(200-500 K). Benchmarks comparing various cubic (PR, SRK, BM-PR, VTPR) and noncubic EoS (PC-SAFT and GERG-2008)
(Alanazi et al., 2022) individuated GERG-2008 as very accurate in predicting the thermophysical properties of binary and ternary H-
blend mixtures. (Beckmuller et al., 2021) reported the percentage deviation of homogeneous density data from GERG-2008 for the
binary system CHa4 + H, with respect to literature experimental data for some mixture proportions.

Test procedure and experimental setup

Several temperatures in the range of interest of an underground storage system were considered (T = 20, 30, 40, 50, and 60°C) in a
pressure range of 1-300 bar. Different mixtures of hydrogen in methane are considered:

pure hydrogen (100 mole% H,)
10 mole% H; and 90 mole% CH4
50 mole% H; and 50 mole% CH.
pure methane (100 mole% CH.)



For each of the considered gas mixtures and each of the target temperatures, a Constant Mass Expansion (CME) test was conducted by
adopting a PVT cell. Keeping the desired temperature constant, starting from 300 bar, the pressure is reduced in successive steps (Ap
=20 bar) by expanding the volume of the cell. At each step, pressure and volume values are recorded, after stabilization is reached.

The PVT cell is an instrument for the study of the thermodynamic properties and phase behavior of fluids. It is equipped with an accurate
pressure transducer and an electric heater for temperature control. The internal parts in contact with the fluid are made of Hastelloy to
be safely used with hydrogen and its mixtures. The cell also has an external reference pressure sensor that is used to calibrate the internal
pressure Sensor.

To increase the precision of the volume measurements, the flow at the inlet of the cell is regulated through a mass flow specific for
hydrogen mixtures, while at the outlet, the gas volume brought to standard conditions is measured by a gasometer. Adopted instruments
are shown in Figure 1 and their specifications are summarized in Table 1.

Figure 1: (a) PVT cell; (b) gasometer

Table 1: Instruments specifications and accuracy

PVT cell Pressure range 1 to 700 bar
Temperature range 200 200 °C
PVT cell volume 300 ml
Visual Volume 300 ml
Pressure Accuracy +0.1 bar
Temperature Accuracy +0.1°C
Liquid deposit 0.005 ml
Bubble/Dew point repeatability +0.35 bar
Resisting corrosive abilities CO; and H,S
Gasometer Volume 4000 ml
Pressure range Vacuum to 2 bar
Temperature Ambient
Volume accuracy +0.1ml
Pressure accuracy + 0.1 mbar
Temperature accuracy +0.1°C
Mass flow Flow range 0-50 ml/min
Accuracy (incl. linearity) +0,5% RD plus £0,1% FS
Operating pressure Up to 200 bar
Operating Temperature -10to +70 °C
Pressure sensitivity 0,01% Rd/bar typical H,
Temperature sensitivity zero: < 0,05% FS/°C; span:
< 0,05% Rd/°C




Results & Discussion

From the volumes measured for changing pressure at fixed temperature and mixture composition, the compressibility factor, density,
and formation volume factor were calculated. Z factor results are compared with GERG-2008 EoS in Figure 2. Significantly different
trends are shown for different mixtures. Correlation trends and experimental data are in discreet agreement. GERG-2008 slightly
overestimates Z values in all scenarios. The corresponding density and volume factor trends, compared with GERG-2008, are shown in
Figure 3 and Figure 4, respectively.
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1.2 1.2 1.2 1.2
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Figure 2: Z factor: comparison between experimental data and GERG2008 correlation for different temperatures and different H,-CH, mixtures:
(a) pure methane, (b) 10% H,, (c) 50% H,, (d) 100% H.
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Figure 3: Density as a function of pressure and temperature and for different H,-CH, mixtures: (a) pure methane, (b) 10% H, (c) 50% H,, (d) 100%
H..
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Figure 4: Volume factor as a function of pressure and temperature and for different H,-CH,4 mixtures: (a) pure methane, (b) 10% H,, (c) 50% H,
(d) 100% H,.



The analysis of the relative discrepancy between the compressibility factor obtained by experimental data (Z;) and by GERG (Z;) as a
function of temperature and pressure is shown in Figure 5 and a summary boxplot is shown in Figure 6. Notice that, being B and p

proportional to Z and 1/Z respectively (eq. (3) and (4)), the relative deviations on B, and p coincide (or almost coincide) with the relative
deviations on Z. In fact, from eq. (3) and (4) it follows, respectively:

SC?
= = 7
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M(L_L)

lpc —pel _ RT\Z;  Zj _|ZE_ZG|Z _1Ze — Zg| )
PE ﬂ(i) ZZy * Zg
T\Z;

Discrepancy trend increasing with temperature and pressure (especially for p > 100 bar) is observed (Figure 5) in all scenarios. The
deviation is always below 4%, mostly lower than 3% (Figure 5 and Figure 6). The maximum discrepancy is observed for 50% H, 50%
CH,4 mixture at the maximum considered temperature, while the minimum discrepancy is observed for 10% H, 90% CH4 mixture. The
observed discrepancy range is in line with (Beckmiiller et al., 2021) who found a deviation of density data within 3% between GERG-
2008 and literature experimental data for the binary system CH, + H; in the temperature range of interest.

In the considered pressure and temperature ranges, GERG-2008 is adequate to reproduce the PVT behavior of the mixtures considered.
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Figure 5: Discrepancy between experimental data and GERG-2008 correlation as a function of temperature and pressure for different H-CH,4
mixtures: (a) pure methane, (b) 10% H, (c) 50% H,, (d) 100% H..
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Figure 6: Discrepancy between experimental data and GERG-2008 correlation for different H,-CH, mixtures.

Conclusions

This work provides the results of experiments carried out on Hx-CHs mixtures (0%, 10% 50%, and 100% H) within ranges of
temperature (30-60°C) and pressure (up to 300 bar) conditions representative of depleted gas candidates for storage activities. Tests of
Constant Mass Expansion (CME) were performed using a PVT cell. The obtained gas compressibility factor curves as functions of
pressures for the different temperatures and compositions are compared with the one obtained by GERG-2008 EoS.

In the pressure and temperature ranges considered, a discreet agreement is observed between experimental data and GERG-2008 EoS
for all the considered cases, with a maximum discrepancy of 4%. GERG-2008 was confirmed to be a feasible EoS for the dynamic
simulations of the storage cycles of hydrogen-methane mixtures for design purposes. However, considering that GERG EoS is not
available in many commercial simulators, a calibration of the most diffused EoS such as Peng and Robinson will be part of our future
work.

The experimental results of this study help understand the PVT behavior of the H,-CH4 gas mixtures, an essential knowledge in designing
and operating processes related to underground hydrogen storage.
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